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Abstract. To achieve the goal of sustainable and competitive production of bat-
tery electrodes, the integration of recycling approaches into the product life cycle
is becoming increasingly important. In addition to the fixed recycling quotas for
end-of-life batteries, which are legally stipulated for the future, production scrap
also plays a decisive role.

Production scrap is a result of quality requirements, which are directly cor-
related to production parameters. As a result, up to 40% of the material used in
battery cell production is scrap, which also needs to be recycled to close the value
chain. Currently, there are two established processes for recycling the functional
materials of lithium ion batteries (LIBs), namely pyrometallurgical and hydromet-
allurgical recycling. An alternative process, which is not yet established due to the
complexity of the physical and chemical relationships, is direct battery recycling.
This function-preserving recycling enables a direct return to the LIBs value chain
while simultaneously processing the materials in an environmentally friendly and
resource-saving manner. Therefore, this paper presents technological approaches
in the form of a process chain for the direct recycling of active materials (lithium
iron phosphate and graphite) in order to significantly improve the battery sustain-
ability. Anode layers with defined structural properties are treated in the process
chain consisting of decoating, dispersing and thickening.

Initial tests have looked at two different decoating methods. The mechanical
removal of anode active material from the collector foil using brushes and removal
in a high-power ultrasonic bath are demonstrated. Furthermore, the process for
the preparation of the recyclate is presented. This involves dispersing the decoated
material to break up large agglomerates. Finally, the anode suspension is thickened
so that the concentrate has the same solids concentration as a newly produced paste.

Keywords: Direct recycling - Battery electrodes - Scrap - Active material
© The Author(s) 2025
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1 Introduction

Closing value chains through recycling and reuse is essential to ensure a stable supply
of raw materials while demand for environmentally friendly products grows in order
to achieve the goal of a high-performance ecosystem. A sustainable circular economy
is the goal of important strategies of the European Union (EU). The EU directive on
batteries and waste batteries EU No. 2019/1020 requires recycling rates of 95% for
cobalt (Co), copper (Cu) and nickel (Ni) and 70% for lithium (Li) in 2030 [1]. The
initiative “Resource-efficient battery cycles - driving electromobility with a circular
economy” even aims to achieve a recycling rate of 90% for Co, Cu and Ni and 85% for
Li [2]. These high recycling rates are essential, as the market for LIBs with its steadily
increasing number of applications in automotive, e-bikes, crafts, DIY, mobile phones
and notebooks is likely to lead to a shortage of raw materials. The targeted interaction of
product development, production and recycling along complex value chains is essential
in order to meet the growing demand for raw materials for battery cell production in a
sustainable way. The focus of recycling is particularly on the efficient recovery of the
cathode active material and the current collectors. However, the recovery of the anode
active material graphite is also becoming increasingly important. Although graphite is
significantly cheaper than cathode active materials, there is a strong dependency on
China as the world market leader in graphite production [3], which has been made even
more apparent by the recent export regulations. Furthermore, production facilities for
LIBs are usually not operated at their optimum operating point, as production capacity
needs to be increased to meet the growing demand. Production scrap is caused by quality
requirements that are directly related to production parameters or material properties.
This can result in an overall scrap in battery cell production of up to 40% [4],
which must also be subjected to a recycling step in order to close the value chain. There
are currently two established processes for recycling the functional materials of LIBs:
pyrometallurgical and hydrometallurgical recycling. In the pyrometallurgical recycling
process the lithium ion batterie cells are thermally decomposed at high temperatures,
recovering the metallic elements as melt and slag. In addition to the high energy input, the
low yield of the process is a disadvantage, as graphite and conductive carbon black are
completely lost in the harmful exhaust gas stream. The principle of hydrometallurgical
recycling is based on the leaching of lithium and critical elements such as nickel and
cobalt in their elemental form, followed by gradual selective precipitation and filtration.
However, the high use of chemicals and the technical complexity of the equipment
contradict a sustainable and environmentally friendly value chain. An alternative to the
processes described, but one that has not yet been established due to the complexity of
the physical and chemical relationships, is direct battery recycling. It enables material-
friendly reprocessing of the cathode and anode active materials at the particulate level. In
the case of function-preserving recycling, a direct return to the value chain of the LIBs is
possible, while at the same time processing the materials in an environmentally friendly
and resource-saving manner [5]. Due to the high level of complexity, purely mechanical
recycling of the black mass has not yet been implemented on a technical scale. Initial
tests on the fractionation of a mixture of lithium iron phosphate (LFP) and carbon black
show a yield of approximately 97% in the processing of cathode material and confirm
the promising concept of direct recycling [6]. The aim of the concept described in this
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paper is to develop technological approaches in the form of a process chain for the
direct recycling of active materials (LFP and graphite) in order to significantly improve
the battery ecosystem. The starting point are coated and dried electrode sheets, which
are processed in the process chain consisting of decoating, dispersing, centrifuging and
filtering. For the proof of function of the process routes under consideration, the focus
of this paper is on the recovery of anode material, as shown schematically in Fig. 1.

Coated electrode as Mechanical removal = scope of this paper
state of the art < emaining New electrode with
() collector foil 3
‘g‘ recycled material
14
@ _<X &
© » » =
3 Removed
14 black
Ultrasonic bath ac mass Dispersion Thickening

Fig. 1. Schematic flow of the direct recycling process routes with mechanical removal (A) or
ultrasonic bath (B).

The electrodes under consideration, typically from the first stages of production,
are single-variety electrodes that have not yet been in contact with electrolyte. For this
purpose, corresponding electrodes are produced and characterized in a defined manner,
which ensures comparable and reproducible results. The focus of this paper is on two
process routes for decoating. On the one hand, mechanical removal using brushes is
considered (Fig, 1-A), which is intended to achieve high productivity and low solvent
consumption in continuous webs. Alternatively, the active material is removed from the
collector foil in an ultrasonic bath filled with an electrode-specific solvent (Fig, 1-B).
This route promises easy handling and the processability of already shredded or damaged
material. Subsequent dispersing and thickening is considered for both process routes.

2 Impact of Material and Production on Recycling

When processing the material in the two process routes under consideration, the delami-
nation behavior of the electrodes is of particular interest for the success of the decoating
step. The mechanical integrity of electrodes relies on the cohesion force between the
particles and particle adhesion force to the current collector foil. High adhesion force
between the active layer and the current-collector foil is a decisive quality criterion in
electrode production, and particularly determines the delamination behavior.

In graphite anodes, styrene-butadiene rubber (SBR) usually acts as adhesion agent,
while in LFP cathodes, polyvinylidene fluoride (PVDF) is mostly used. The adhesion
force is closely related to the selection, amount and local distribution of the binder in
the coating [7, 8], but is also significantly influenced by the formation of the network
in the dried electrode. This in turn depends on the surface properties, including particle
morphology, of the active materials and conductive additive, as well as the processing
of the electrode. During processing, these are mainly the drying and the calendering
step. Drying conditions substantially affect the adhesion force, with increasing drying
rates often leading to a decrease in adhesion [8—11]. This phenomenon is attributed to
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the migration of the mobile binder within the interparticle pore network, resulting in its
accumulation at the top of the electrode and depletion at the current collector [8—14].
In contrast, the structural altering caused by calendering, in which the porous structure
of the electrode film is compacted from the initial dry film height to the final porosity,
leads to an increase in the adhesion force [8, 15].

Hierarchically structured multilayer electrodes (example of a cathode shown in
Fig. 2) with different binder proportions and/or particle morphologies in the individ-
ual layers and special pre-coatings with very thin primer layers are effective methods
for an even more targeted increase/ adjustment of the adhesion force of electrodes [15,
16]. These approaches hold the potential to establish robust mechanical integrity in
the electrodes throughout the battery’s operational lifetime, concurrently facilitating the
decoating under stress during the recycling process.

| 10pm EHT = 4.00 kv Signal A = SE2 DB-75 ML P3
| — WD = 65mm Photo No. = 125299 Mag= 800X  IAM-ESS/KERAMIK

Fig. 2. Two-layer cathode with hierarchic structure of particle morphologies and binder propor-
tions: the bottom layer contains porous and the top layer compact active material particles. To
compensate for possible binder migration, the bottom layer is produced with increased binder
content. [14]

3 Methods and Results

The aim of the approaches presented is the direct recycling of the active material from
battery electrodes and the subsequent use of the recyclate for the coating of new elec-
trodes. The two approaches, removal by brush or an ultrasonic bath, target different
forms of scrap. In addition to the form of the starting material, for example shredded or
continuous coil, different solvent requirements are expected.

3.1 Electrode Production and Characterization

The water-based anode with the two binders carboxymethyl cellulose (CMC) and SBR
with relevant mechanical properties is produced from a slurry of the composition shown



Concept for Direct Recycling of Battery Electrodes ... 7

in Table 1. The use of the same composition and solids content as in previous works [13]
provides an indication of the expected adhesive force. The anode slurry is applied to the
copper conductor foils in a continuous slot die coating system. Subsequently, the wet
film is dried in a convective dryer with an air inlet temperature of 120 °C at an average
heat transfer coefficient of 40 W m~2 K~!. In the presented paper only uncalendered
anodes were considered.

Table 1 Composition of the anode slurry.

Graphite / wt% Carbon Black / wt% CMC / wt% SBR / wt% Solids / wt%
93.00 1.40 1.87 3.73 43.00

The electrodes are then characterized by measuring the adhesion force between
the substrate and the dried coating using 90° peel tests in an AMETEK LS1 (Lloyd
Instruments Ltd., UK) universal testing machine and a 10 N load cell. Sample strips
with a width of 30 mm were cut out of the anodes and attached to an adhesive strip with
the coated side. The current collector foil was then peeled off the coating at a constant
speed of 100 mm min~! at a 90° angle by the testing machine. The films delaminate
at the interface between the graphite layer and the substrate with only small amounts
of the film sticking to the substrate. For better comparability with literature values the
measured pull-off force was divided by the sample width to obtain the line adhesion
force. In addition, the dry film thickness is determined. Table 2 shows the measured
values.

Table 2 Properties of the uncalendered anode with two-dimensional scanning with 3 cm spacing
at 20 dots for the dry film thickness and three repetitions for adhesion force and area weigh.

Dry film thickness / pum Adhesion force / N-m~! Area weight / g-m_2

105.1 £ 3.1 104 £0.1 92+19

3.2 Mechanical Delamination of the Active Material

The mechanical removal of the active material using brushes offers various advantages
in the context of battery recycling. This process allows mechanical force to be applied
to the active material, reducing the use of solvents. In order to reduce an additional
thickening step to a minimum, a solvent content lower or equal to the coating process
is aimed for. Sword brushes with a rotating belt enable the processing of continuous
webs in a similar way to cleaning or deburring systems. The question of how a similar
setup can be used for the decoating of battery electrodes was addressed by carrying out
manual tests on the removal behavior of various brushes. The aim of these tests was
to check the suitability of different brushes and to demonstrate the general feasibility
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of this approach. The tests were carried out on uncalendered anodes, with wet and dry
processing. For wet processing water was used. The test setup consists of a clamping
device which holds the electrode in place (see Fig. 3 - (1)). The accessible area is 40
- 160 mm?, which contains an active material of 0.589 g for the anodes used. Three
different state of the art brushes for cleaning and abrasion were used for the tests. In a
first screening these have each shown the best delamination results with either dry or
wet processing. The materials and dimensions of the filaments are shown in Table 3. A
precision scale was used to determine the weight of the electrode piece and the material
removed.

Table 3 Material and dimensions of the brush filament with decoating results (three repetitions
each).

Brush Nr. | filament filament | filament processing | material material
diameter | length material removal (% | collected

of coated
material)

B1 0.5 mm 25 mm polyamide 6 | dry 0.532¢ 0442 ¢
(90%)

B2 0.2 mm 25 mm brass dry 0.565 ¢ 0.530 g
(96%)

B3 0.3 mm 10 mm polyamide 6 | wet 0.579 g -
(98%)

The active material was successfully detached from the collector foil in all of the
experiments carried out. The following effects in particular were observed. As can be
seenin Fig. 3 - (2), partially wrinkles form in the edge areas of the coating. These wrinkles
can initially be attributed to the drying process. Nevertheless, the brushing movement
intensifies them and can lead to the film tearing if the applied pressure is too high. In
general, good removal was achieved in the tests with all brushes and the recyclate could
be collected as powder after dry processing (Fig. 3 - (5)). Especially promising are the
high removal rates of 90% (B1 with dry processing) up to 98% (B3 with wet processing)
as well as the rates of the removed material recovered. For B1 an average of 83% of
the removed material could be collected with a maximum of 94% for one repetition.
This fluctuation between the repetitions can be attributed to residues in the brush used
and should reach a constant high level for a continuous operation. For the manual tests
with wet processing the recovery of the material was only possible partially, as a larger
amount of the material remains in the brush. In a continuous process after reaching a
saturation of the residues in the brush it is expected to achieve similar rates as shown in
the dry processing.

When the tests were carried out manually, a lower contact pressure was observed for
B2. Nevertheless, more significant scratches appeared in the film. The optically visible
removal result was judged to be comparable for B1 and B2. Average values over three
repetitions with each brush for the material removed from the electrode and the material
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collected are shown in Table 3. Further, a clear gray residue of the active material on
the foil and grooves in the direction of processing can be observed. The film is therefore
scratched by the treatment. Figure 3 - (3) shows a treated area of the electrode with and
without coating. In contrast, hardly any visible residue of the active material remains
after wet processing. For this, the brush is immersed in water beforehand in order to
achieve only slight moistening. Since it is expected that the moistening would lead to
weakening of the mechanical integrity of the electrode, a finer brush is used (B3). This
is suitable for gentle cleaning of sensitive surfaces and therefore does not scratch the
film. Dry processing is not possible with this brush, this only produces a polishing effect
on the surface and no recognizable removal.

Fig. 3 (1) Anode clamped on sample carrier; (2) Waviness in the edge area of the coating; (3)
Dry removal with scratches in the conductor foil; (4) Electrode after wet removal; (5) Recyclate
after dry removal.

In addition to efficient removal, the avoidance of impurities is essential for the suc-
cessful recovery of recyclate. Due to the high purity requirements of the battery industry,
even small amounts of foreign material are critical. As the tests with dry processing (B1
and B2) partially produced visible scratches in the collector foil, the result was also
examined using SEM imaging and EDX analyses. It was found that no copper residues
could be detected for either B1 or B3. In the case of B2, up to 1.3 wt% copper was
detected. Figure 4 clearly shows the traces of the brass brush (B2) on both the uncoated
and coated area. Decoating is therefore possible with all of the brushes considered, but
due to the copper residues it cannot be classified as suitable with B2.
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Fig. 4. SEM-Analysis of an electrode after processing with B2. Areas can be divided in coated
(right half) and brushed (upper half).

3.3 Ultrasonic Delamination

In addition to the option of using mechanical brushes to remove the coatings from the
collector foil, there is also the ultrasonic decoating process. While previous work in this
field mainly investigated the delamination of the coating in pure solvent, the ultrasonic
decoating process presented in the paper is also intended to function as a thickener.
After the ultrasonic treatment process, the anode suspension should therefore already
have a high solid mass concentration in order to simplify the subsequent filtration step.
To investigate the delamination characteristics, defined anode-samples are placed in an
aqueous ultrasonic bath, where the coating can be dissolved using ultrasonic waves.
Initial tests show that this method can be used to remove the coating without damaging
the foil or the coating material. The copper foils emerge from the process step as valuable
material, whereas the coating materials are present in particulate form in an aqueous
solution. This makes the aqueous suspension directly suitable for further processing in the
subsequent filtration step. In addition to the influence of the decoating on the particles of
the anode paste, the solid mass concentrations that can be achieved in the ultrasonic bath
are of particular interest. This raises the question of the critical solid mass concentration
in the ultrasonic bath up to which there is still a high level of decoating efficiency. If
the aim is to return the recycled paste directly to lithium-ion battery production, a mass
concentration that corresponds to the mass concentration of newly produced anode paste
should be aimed for. If high mass concentrations can already be achieved in the ultrasonic
decoating process, less water has to be removed in a downstream filtration process at
great expense. Figure 5 shows a schematic representation of ultrasonic decoating. On the
left-hand side, a coated anode foil is shown before the decoating process. The right part
of the illustration shows a picture of the same foil after ultrasonic decoating. The good
cleaning result is clearly visible. No conductive carbon black or graphite residues can be
seen on the foil after the cleaning process. The film shown was decoated in particle-free,
fully demineralized water.
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Fig. 5. Schematic process of the decoating in an ultrasonic bath.

Initial tests show that the decoating results of identical, coated anode foils depend sig-
nificantly on the treatment time, frequency and solid mass concentration in the ultrasonic
bath. The decoating efficiency of the copper foils can be determined gravimetrically. For
this purpose, coated anode foils were produced which had a reproducibly equal area
of copper. The coating mass can be determined by weighing the foils and subtracting
the copper foil mass. After the decoating process, drying took place in a drying oven
at 50 °C for at least 4 h. The mass of the residual coating can then be determined by
reweighing. The decoating efficiency ¢ is then calculated from Eq. (1) as follows:

e = Mcoating before treatment — Mcoating after treatment

(D
Mcoating before treatment

Assuming that no copper foil comes off or solves, a decoating efficiency of 100%
means that the entire mass of the coating was removed during decoating. A decoating
efficiency of 0%, on the other hand, means that no coating was removed at all. In the
course of decoating tests, an average decoating efficiency of (98.6 £ 0.7) % was achieved
across solid mass concentrations from 0% to 21% in the ultrasonic bath at a frequency
of 40 kHz, an ultrasonic power of 200 W and a decoating time of 10 min. Good results
are also expected for higher solid content which will be continued with the aim of direct
reuse in production. Potential is also seen in varying the frequency. These investigations
suggest that similarly high degrees of decoating can be achieved at optimized frequencies
in significantly less time.

3.4 Determination of the Particle Size Distribution of the Recyclate

In order to be able to recover the anode materials graphite and conductive carbon black
in a holistic and function-preserving manner as part of mechanical direct recycling, the
particle sizes and properties of both materials must not be affected by the recycling
process. Only then the materials can be used directly as starting products for new LIBs.
In order to be able to assess the particle quality of graphite and conductive carbon
black, a particle size distribution of both materials can be determined after the recycling
step. Subsequent comparison with the particle size distributions of the materials before
recycling makes it possible to assess the influence of recycling on the particles. As an
ideal separation of the graphite and carbon black materials for an analytical determination
of the separate particle size distributions is not possible, a method for the qualitative and
quantitative analysis of anode pastes has been developed. Using a spatially and time-
resolved extinction measurement in the LUMiSizer® measuring device, qualitative and
quantitative statements can be made about the carbon black and graphite particles in



12 F. Denk et al.

anode pastes using an optimized analysis method. More detailed information on the
exact application of the method, in particular the sample preparation and the analyzer
used, is described by Yildiz et al. [17]. Figure 6 shows three particle size distributions
created using the measurement method. The blue curve shows the equivalent particle
size distribution of an anode paste without graphite, and the red one a particle size
distribution of a paste without carbon black. An anode paste containing both substances
produces a curve like the black one. The height and position of the saddle point depends
on the ratio of conductive carbon black and graphite. Further reference measurements
and explanations of the distributions can also be found in Yildiz et al. [17].

The measurement method with the LUMiSizer® as presented here can be used to
assess the influence of decoating with brushes, the ultrasonic bath and of the thickening
process in the cross-flow filter on the particle size distribution of the anode slurry. It
therefore is seen as a useful tool for investigating and evaluatingprocesses for direct
recycling of battery electrodes.

—o— Conductive carbon black
—e— Graphite

—s— Anode slurry

cumulative intensity distribution Q(x) / %

=Y

0.01 0.1 1 10
particle size equivalent / um

Fig. 6. Equivalent particle size distribution of conductive carbon black (blue), graphite (red) and
an anode slurry (black) before processing, determined using the described analytical method. [17]

3.5 Thickening of Anode Slurries in a Cross-Flow Filtration Plant

As already shown, the coating of an anode foil can be recovered to a high degree with
brushes or in an ultrasonic bath. After decoating with a solvent, it is possible to thicken
the suspension in a cross-flow filter to further reduce the fluid content. This should make
the recycled paste directly usable for the production of new lithium-ion batteries. Cross-
flow filters are particularly promising for demanding pastes. The filter resistance can
be reduced by applying high shear forces, which increases the filter speed compared to
other processes. In order to investigate the possibilities for recycling production waste
from lithium-ion battery production, a system with a dynamic shear-gap cross-flow filter
was set up (see Fig. 7). The cross-flow in the filtration chamber is generated by a rotor
driven by a motor. The suspension, on the other hand, is conveyed by a peristaltic pump.
This allows the degree of cross-flow and the flow rate to be adjusted independently of
each other. The process flowchart is shown in Fig. 7.
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Fig. 7. Filter system with filter chamber and motor (A), storage tank (B), storage tank stirrer (C),
peristaltic suspension pump (D) and cooling water periphery (E).

Initial tests have shown that the filtration system can be used to thicken aqueous
anode suspensions to the initial solids content of 43 wt%. This corresponds to the mass
concentration of anode pastes commonly used in industry as shown in Sect. 3.1. The
filter curve of a test at varying rotor speed is shown as an example in Fig. 8. The
filtration took place with a 1 pm membrane and an overpressure of 1 bar. The membrane
therefore has a pore size through which conductive carbon black can pass. The primary
particles and aggregates of conductive carbon black are smaller than the pore size of the
membrane. It has been found that the effects of blocking pores and the formation of a
covering layer lead to the retention of such particles during filtration. The concentrate
was pumped through the filter chamber and then mixed again with the suspension in the
receiver tank. An agitator in the receiver tank ensures sufficient mixing. The filtration
test was started at a solids mass concentration of 17%. After an initial cloudiness of
soot, the filtrate clarified due to the resulting covering layer and the blocking of pores.
As expected, the filtrate curve (black) flattens out in the course of thickening. This is
due to the filter resistances that build up. Similarly, the flux is reduced from an initial
85 L per hour and square meter of membrane surface (L-h™"-m~2) to 32 L-h~'-m~2 at
a mass concentration of 36%. After this point, the rotor speed was increased during the
investigation, which increased the shear forces in the filter chamber.

This leads to a reduction in the filter resistance and the flux increases again. How-
ever, this is accompanied by the penetration of carbon black particles, as the increased
shear forces reduce the filtering surface layer and can also unblock pores. The test was
terminated after a mass concentration of 45% was reached.

The experiment demonstrates the possibility of filtering aqueous black mass. The
anode materials graphite and conductive carbon black were successfully filtered. The
binder additives CMC and SBR are not the focus of the investigations shown. However,
ongoing tests with finer membranes show that it is also possible to retain or pass these
substances in the concentrate. Insights from investigations of the filtrates will contribute
to the understanding and design of the process. The extent to which the individual process
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Fig. 8. Filtrate and flux curve over the solid mass concentration of the thickening concentrate.

steps affect the properties of the coating and the battery cell is also the subject of current
research.

4 Conclusion and Outlook

It has been successfully demonstrated that electrode material can be recovered from
production scrap using suitable brushes or an ultrasonic bath. According to the results
of the EDX analysis, both dry operation with a dry polyamide 6 (PA6) brush and wet
operation with a fine PA6 brush are possible. Despite the good decoating result, a brush
with brass filament is not suitable due to the copper abrasion. In addition, a design with
PAG6 brushes in wet operation (B3) should be pursued, particularly because of the high
removal rates and the low force requirement. The lower force requirement in particular
promises more robust operation in the event of minor damage to the electrode, such as
more pronounced wrinkles of any kind or cracks in the substrate. A semi-automated set-
up will provide a more stable test to be carried out and allow continuous operation with a
sword brush to be simulated close to the application. When recovering the material in the
ultrasonic bath, it has been shown that a high decoating efficiency can be achieved even
with solids content up to 21%. With this process route the high decoating efficiency of
(98.6 £ 0.7) % after 10 min is especially promising for scrap parts or residues from the
singularization process. Ongoing tests show, that similar high decoating efficiencies can
be achieved at optimized frequencies in significantly less time. Due to the achieved mass
concentrations of 21% in the ultrasonic bath, an additional thickening step is required
to attain a solid content of 43% for coating. Therefor the presented dynamic shear-gap
filtration plant provides a suitable and energy efficient method for further thickening
the suspension. An important aspect is to consider the effects of the recyclate on cell
performance and stability compared to conventional material, as this is the only way to
conclusively evaluate the recycling process.

The optimization of the slurry composition and electrode processing with a focus
on enhancing recyclability will be subject of future research. In this context, the inter-
dependencies between input material, recycling process, output material and eventually
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cell quality have to be considered. It is to be investigated to what extent approaches such
as hierarchically structured multilayers and thin primer layers can be used to improve
the mechanical properties within the electrode coating with respect to delamination in
the recycling process in the sense of design for recycling. Furthermore, it is essential
to assess the content, distribution and structure of the binder in the recyclate, the eval-
uation of potential material degradation and the determination of optimum admixture
proportions in slurry production. Answering these questions is crucial for the successful
integration of sustainable processes into industrial processes. Parallel to the increasing
process understanding also the further development of the realization of these concepts
on an industrial scale should be further advanced and investigated to work towards rapid
implementation.
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Abstract. The lack of circularity in the automotive industry leads to the loss
of valuable and important raw materials. Resulting economic dependencies in
procurement and environmental burdens could be reduced by implementing a
strategy to systematically retrieve secondary raw materials and components for
vehicle production. In this context, in 2023 the EU proposed a new regulation for
handling End-of-Life Vehicles (ELVs) to support circular economy practices in
the automotive industry. Semi-automated processes offer efficiency and scalability
for the handling of ELVs. This results in the need to analyze the feasibility of
automation steps in order to make decisions for process development.

For this purpose, a systematic approach to identify automation potentials for
automotive disassembly and to embed associated processes into a larger economic
assessment is developed. In order to achieve this, the complexity and suitability
of the automated processes is evaluated, based on relevant automation criteria and
theoretical approaches from literature. In combination with the economic assess-
ment of the alternative manual route, a comparison of both variants is performed
that delivers insights into the conditions under which automation is possible and
sensible as well as the circumstances under which manual process control is more
appropriate. The application of our evaluation methodology allows for a detailed
assessment of the consequences of establishing automated disassembly and thus
helps in the development of component-specific disassembly process decisions.
The presented case study exemplarily demonstrates the methodological approach
for the evaluation of economic effects of automation technologies. It is pointed
out that the quantity of processes to be performed as well as the period under
consideration have an effect on the economic differentiation between manual and
automated disassembly.

Keywords: Automation potential - Automated disassembly - Economic
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1 Introduction

The nine End of Life (EoL) strategies outlined in the DIN standardization roadmap aim
to increase material reclamation and reduce the environmental impact of products at
their EoL stage [1]. Strategies R3 (reuse) to R7 (repurpose), focusing on an extension
of the period of use of a product, require a certain degree of non-destructive disman-
tling in order to be applied successfully. Automation is crucial when anticipating high
volumes of product returns with similar designs, as it facilitates scale effects [2]. The
utilization of robots can enhance the productivity and affect the number and skillset of
workers required. This is dependent on the nature of the specific process in question [3].
Automation in the disassembly of EoL products is thus far only applied to a selected few
of companies that use automation to treat their own products. This is at least partially
due to the fact that recycling companies lack information on the EoL product in ques-
tion [4]. It often seems unclear to what extent EoL processing is actually economically,
ecologically, and technically feasible to be automated as this depends on a large variety
of factors [4-8]. One specific factor distinguishing the automation of disassembly from
assembly processes is the uncertainty of the condition of the component and its connec-
tions [7], which hinders the implementation. It would be beneficial for these companies
to find ways to quantify both, the economic and the technological feasibility of EoL
automation and compare it with manual disassembly in order to allow conclusions to be
drawn about optimal process design. The result might often be a mixture of automated
and manual disassembly, depending on the specific task.

Overview of literature on automated EoL processing
Various studies examine the implementation and appropriateness of automation in man-
ufacturing processes [9]. They identify financial and non-financial information to be
necessary to provide an informed decision support [10]. The latter considers the design
of the components, such as their weight and physical dimensions [11], whereas the eco-
nomic criteria can for example include the number of parts to be processed in a given
time frame. Numerous EoL automation studies focus on “Design for Disassembly,” inte-
grating automated disassembly requirements into product development. Studies such as
[12] and [13] utilize quantification methods to calculate design-dependent disassembly
times. However, this forward-looking approach does not address immediate challenges
posed by products returning in the short term without disassembly-friendly designs. This
applies particularly for usage scenarios that can span several decades, as is common in
the automotive industry. Herrmann et al. applied a criteria catalogue that covers the eval-
uation of the technical possibilities of automated process operation and the necessity to
carry out these processes automatically for the case of automotive lithium-ion battery
disassembly. The catalogue covers various criteria to assess the suitability and usefulness
of automating individual processes and respects the specific circumstances of disassem-
bly (in contrast to assembly). However, this approach only includes a rough estimation
of the equipment cost, thereby subordinately treating the financial evaluation [5].
Literature analysis reveals a gap in researching the automation feasibility of end-of-
life (EoL) processes compared to assembly processes. Adapting manufacturing process
assessment approaches to EoL processing specifics is necessary. Focusing on component
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design, which directly influences EoL process complexity, can enhance EoL analyses.
Assessing automation feasibility and economic viability should consider this complexity.

2 Method

In the following, the developed method for the evaluation of automation possibilities of
EoL processes is introduced. The method includes the assessment of part variations, that
have direct influence on the process complexity and from that derives an evaluation of
process-specific automation possibilities. The costs of automated and manual process
implementations are compared as well, enabling financial recommendations regarding
the level of automation. The developed method answers two questions:

e To what extent is automation of the considered process possible?
e To what extent is automation more beneficial than manual disassembly?
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Fig. 1 Method for automation decisions in disassembly operations

Figure 1 schematically shows the logic applied to evaluate EoL processes. The
method consists of 5 steps. First, the EoL disassembly process is analyzed to derive
information about its complexity to evaluate the technical feasibility of automation (I).
Next the time effort associated with manual (Il.a) and automated (II.m) handling is
evaluated that also relies on the EoL process data. The third step involves the cost
assessment (IIL.a/Ill.m) of both routes that is primarily based on either duration. In
the subsequent comparison (IV), the economically favorable process route is identified
under the consideration of specific framework conditions. Finally, the procedure can be
used as means for supporting decisions on process automation (V). This method and
underlying assumptions are explained in more detail the following sections.
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2.1 Assessment of Automatability of Processes

The assessment of the automatability of the considered EoL processes depends on the
complexity factor, which is calculated on the basis of information on component design
and disassembly processes, that are performed to remove the component.

2.1.1 End of Life Disassembly Process Information and Component-Properties

In a holistic approach the general technological and economic feasibility of an auto-
mated disassembly of vehicle parts on a level of individual processes are analyzed.
Automation possibilities of processes are largely dependent on the characteristics of the
targeted components [5, 13]. For a differentiated assessment of the properties of these
components, various categories are considered. Based on different approaches for the
evaluation of automated disassembly feasibility the proposed evaluation categories are
the variance in the characteristics of the component and its condition, the surfaces and
their requirements as well as geometric and physical properties, which include weight,
size and shape as well as stiffness [4-8, 13-21]. To evaluate and quantify the processes
in a comparable manner, a standardized scale based on a scoring model can be used.
We propose a scale from “0”—not feasible for automation to “S”—most favorable for
automation, which enables a detailed evaluation. The optimal degree of differentiation
can be determined by the choice of the scale limit. For this purpose, criteria for quan-
tification must be identified in each category or an expert assessment must be carried
out. It is crucial to normalize the evaluation scale in every category to enable further
calculations. The so found quantification can be utilized for further calculations of the
complexity and in conclusion the economic evaluation.

2.1.2 Complexity Factors for Automation

For the assessment of the individual process automation complexity, disassembly factors
are identified based on existing literature and their influence is determined. In the method
proposed here, seven different evaluation criteria on process level for individual disas-
sembly steps are considered. These criteria are used for the calculation of a complexity
factor for each disassembly process.

Criterion 1 - Variance in the characteristics (Cy, ) [4, 7, 19]: This criterion contains
the variability of the components and their positions (C1,) as well as the current condition
of the components and joining compounds (C1p). The condition is especially relevant
in EoL product treatment [4]. The variances require the use of sensor technology to
recognize the individual case at hand and a reacting, flexible control of the systems to
adapt the processes accordingly [7]. In addition, the variety of the connection types and
quantities influence the overall assessment of the automation feasibility like Sabaghi
et al. indicate [19]. Within the proposed assessment method, the latter is respected
indirectly. This method focusses on the assessment of individual processes. Therefore,
each connection is represented separately. The respected tool changes and trajectory
times add to the total sums. In this way, a high variety in this regard will be respected in
the final evaluation.
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To assess the variance in the characteristics and quantify it on the desired scale, a
case specific system has to be installed. It can include a number of possible target item
variations and/or conditions to categorize them. The assessment has to be carried out by
experts.

Criterion 2 - Surface requirements (C,) [16, 17, 20]: The surface properties of the
target item have a significant influence on the automated handling. It is influencing
the feasibility of different gripper technologies [16, 17, 20]. The surface requirements
also influence the process. If a surface must remain in flawless condition due to optical
requirements or if it is not resistant to external influences, the process must be designed
according to these specific requirements and possibly the degree of automation, not only
in the choice of hardware but also in the movement itself, need to be adapted.

To assess the complexity influences of the surface requirements, a normalized scale
can be utilized, where the different possible surfaces are valued. This assessment is based
on experts’ estimation.

Criteria 3a-c — Geometric and physical properties (Cs,..) [5, 6, 8, 15, 18, 21]: The
geometric and physical properties of the target item are crucial for automation [5, 6, 8,
15, 18, 21], because they determine the size, layout and configuration of the disassembly
system. For an adequate representation of these influences, a distinction is made between
three characteristics of the target item: Size and dimensions (Csz,), weight (C3p) as well
as stiffness or deformability (Cs3c).

These properties influence the choice of hardware and the handling system. It has
to be capable of handling items with the corresponding characteristics. Especially the
stiffness of an item strongly effects the automatability because the handling will be
significantly more complex if the part changes shape, orientation or position before,
during or after the handling process [18, 21]. Most handling processes are based on the
principles of form or force closure, which cannot or just partly be applied to objects with
a high degree of freedom [18].

A quantification and representation on a normalized scale is less complicated in
the first and second category. The assessed dimensions can be described in discrete
values which can be put in ratio on the aforementioned scale. The representation of the
stiffness on a normalized scale remains a challenge, since it is not just depending on
the material but also on the geometry of the item. If the stiffness is not quantifiable
by material and geometric properties and the other geometrical and physical properties
are not representable by fixed measures, an expert’s estimation for the evaluation is
necessary.

Criterion 4 - Accessibility (C4) [13—15, 19]: The accessibility of a target item is rel-
evant for the disassembly [13] but also significant for the complexity of an automation
process [19]. Therefore, the accessibility is a relevant factor in the automation feasibility
assessment of disassembly processes [13—15, 19]. Limited space and obstacles lead to
more complex hardware and movement designs.

The expression of the accessibility can be supported by measures like a lack of the
space and obstacles but has to be at least supplemented by expert estimations.



22 S. J. Gorgens et al.

2.1.3 Complexity Factor (Cy)

The aforementioned criteria (C—4) are designed to evaluate the complexity of an automa-
tion process. An analysis of more than 150 repair guides shows that it is necessary to
carry out this assessment for every single process step which is necessary to retrieve the
target item. An evaluation of an item itself is not sufficient to estimate the automation
effort since different joining connections and parts have to be respected in the overall
retrieving process of the part.

A differentiated assessment of individual process steps also enables the result of
the suggestion of a partly automated process. To create an applicable scenario, the
normalized scale used in these categories is determined to be from zero to five, where a
Zero means a process is not automatable in this category, a one means it is automatable
but very difficult and a five means the most uncomplicated automation condition. So,
a higher value on this normalized scale would mean a lower complexity. To enable
further calculations, the evaluated complexity of the process steps has to be determined.
Therefore, the value of complexity in the individual categories for each process step can
be combined to one complexity factor, which is the quotient of the summarized criteria
with the number of categories (N¢,;). One way to make this factor more conclusive is
to weight the total—similar to a weighted sum model approach like e.g. Sabaghi et al.,
James et al. or Tang et al. proposed [6, 7, 19]. This will be represented by an individual
weighting factor (g;) for each category. Equation 1 shows this approach to calculate the
complexity factor for each process step.

Nca
(Zi:clt ci*gi)

Cr =
Ncat

ey

When one or multiple categories show that one characteristic is preventing any
automation attempts, a zero at the specific assessment indicates that an automation is
not advised. This factor can be utilized in different following steps. The first would be a
general evaluation of the feasibility or possibility to realize an automation. The second
utilization of this factor is an adjustment of the estimated automation costs. A more
complex system means usually more necessary effort and therefor it usually means a
more expensive development, realization and operation.

2.2 Cost Assessment of Automation

To assess the profitability of automation, it is essential to compare the costs of the
automation project with the costs of manual dismantling. Not only the operational costs,
but also the initial costs incurred by acquiring the necessary tools that enable automation
need to be considered. The cost analysis therefore includes the initial or investment costs,
the specific fixed costs and the variable costs. For the sake of simplified modeling, jump
fixed costs are not considered separately.

In cost analysis, the utilization of approximations is paramount due to the intricacies
and impracticality associated with recording exact costs comprehensively. The prag-
matic use of estimates proves to be a central strategy that takes into account the great
complexity of cost evaluation. Furthermore, the delimitation of a focused time frame is
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of central importance in the cost assessment, especially in the determination of the initial
depreciation costs and the variability of the costs depending on the number of units.

2.2.1 Costs of Automated Disassembly (K ;)

The costs of automation are created by a combination of various elements. Equations
for calculating the investment costs, the fixed costs and the variable costs are presented
in the following.

Investment Costs (Kjy,,): Initially, the processes must be defined in order to be able to
implement automation (step IIl.a). Secondly, the necessary hardware has to be derived.
The choice and number of machines and systems is dependent on their flexibility, the
number of considered items and their quantity. More complex and flexible processes
lead to more complex hardware, programming and implementations.

Another crucial point for automation costs and the automation feasibility are the
operating times [13, 15] (step II.a), which include the time for preparation, moving, dis-
assembly and post-processing [15] or can be expressed as the Total Time for Disassembly
as proposed by Gungor and Cupta [22]. These process times can be recorded in different
ways, such as simulations, standardized values or measurements in real environments.

In addition to the process time, a loading or a changeover time between the vehicles
(T,) canbe taken into account. On the assumption that industrial robots are predominantly
utilized for automation, the number of robots required (R) can be determined using the
cumulative operation times of each process (COT) required for the disassembly of a
vehicle with the average operating time of a robot (F,,,) in the period under consideration
(PUC). For this assumption, the number of planned processes must be known, which
in turn can be approximated using the assumed number of vehicles (V') to be processed
within the same time. The initial investment required for the robots (Kg) can then be
calculated by multiplying the acquisition price (Pg).

Alongside the robots required, the end effectors (EE) have to be purchased as well.
Their number can be derived from the investigated processes for automation and their
acquisition price (Pgg) has to be considered. Also, the costs for the periphery must be
included (Fperi). The interaction between robots and humans within a semi-automated
working environment also influences the initial costs, as safety measures have to be
implemented (F,r ). The average complexity factor will be added as a factor to consider
the influence of complexity on costs. When considering a defined quantity of vehicles,
a fixed time frame is to be set. To derive the investment costs, the timeframe has to be
set against depreciation times for the investments. If the PUC exceeds the depreciation
time, this might be disregarded. K;,,, can then be calculated as shown in Eq. 2, assuming
linear depreciation, with a number of individual processes (7).

" C
((S92Y) s Pr) 5 (14 Fperi + Fuar + 55 ) + (S(EE  Pep)

depreciation time

Kinv = * (PUC)

2

Fixed Costs (Kfixa): The fixed costs for an automated or semi-automated workspace
differ from an entirely manual disassembly. The hardware for an automated process will
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cause another need for space. Also, buffer and necessary storage space can vary from
case to case. Derived from the analysis of the processes this will result in a necessary
area for automated processes (AR4). The required area has to be considered with a
certain square meter price (P,.,). In addition, the technical building services may vary
in volume and the energy demand is expected to be different, which has to be respected
with a dedicated cost factor (Fypaa). This results in different property costs (Kpopa)-
Another area of fixed costs to note are security and insurance costs. The not directly
disassembly ascribed labor costs (Kj,4) in terms of over-head and maintenance staff can
also have an influence on the profitability assessment. The fixed costs, calculated as
shown in Eq. 3, can only be calculated after determining the number of required robots
as space requirements and, subsequently, property and not directly ascribed labor costs
directly depend on the number of robots deployed.

KﬁxA = ((Parea * ARA) + (Fipaa * AR4)) + Kjua (3)

Variable Costs (K44 ): The variable costs for an automated or semi-automated process
are proportional to the quantity of operations. Therefore, the variable costs include
any costs which are directly related and scaling with each processed item. To estimate
these costs, the time a specific hardware element is used for a specific process (4,;) is
considered. If combined with a factor of energy demand (F,,44) and energy prices (P,;)
the energy costs for each process are calculated. All necessary processes have to be
summed up in the next step. Also, an action rate (F,,) can be applied for each hardware
item which can combine an average of different costs which at least statistically increase
per use like maintenance costs or operation resources. The costs of demanded energy
(Kenergy) could also be calculated by multiplying the cumulated energy demand by the
energy price (Pgy).

Kyara = (Z(taut * Fopaa * Pen)) + Far (4)

It is crucial to multiply the variable costs with the number of processed items within
the period under consideration (V') when calculating the overall costs.

Kaur = Kiny + (KﬁxA * PUC) + (Kyara * V) &)

2.2.2 Costs Assessment of Manual Disassembly (K1)

To obtain a reference value for assessing the economic benefits of automation, the manual
execution of the processes, must also be assessed (step III.m).

Personnel costs (Kp.ry): Regarding personnel costs for deployed disassembly work-
ers (Kperm ), €ach process step requires assignment to a qualification level (Q,). This
assignment must be based on company data and experts’ estimations. To determine the
number of required employees of each qualification level (NEgj), the processing times
of manual disassembly are considered. Equally to the time tracking of automated dis-
assembly processes, the processing times during the manual disassembly need to be
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determined (step II.m) as the processing times directly influence the number of disas-
sembly workers required to execute all disassembly processes. These processing times
can be recorded by simulations, standardized values or measurements. To calculate the
number of necessary employees (NEp,) meeting the cumulated time requirements of
each process in the respective qualification level, the total processing times of processes
assigned to a qualification level are multiplied by the assumed number of vehicles (V)
requiring disassembly. The resulting total processing time per qualification level is then
divided by the average workhours of one disassembly worker in the PUC (Fy4,). The
personnel costs (Kperar ), shown in Eq. 6, are the product of the number of disassembly
workers of each qualification level (NVEg,) and the employment costs per worker of each
qualification level (K¢mpon), Which include the salary and the employer’s social security
and general surcharge.

QOmax .
Processtimep;,, * V
errM = Z ((Z o ) * Kemen) (6)

Ql’l=1 Fman

Fixed Costs (Kfxpr): The fixed costs for the manual disassembly (K. ) are calculated
analogously to the fixed costs for the automated disassembly. They consist of the property
costs (Kpropm ), not directly disassembly ascribed labor costs (Kjuy ). These costs can be
calculated as the labor costs of a number of employees (NEyppg,), set as a percentage of
the number of necessary employees per qualification level (NEgy,). Fixed costs (Kpxr)
are calculated based on the required assembly workers, factoring in space requirements.
Property and labor costs are directly tied to the number of workplaces needed in the
PUC. The costs for the necessary tools (K;y;) can also be regarded as an element of the
fixed costs since they are not directly related to the number of items worked on, but to
the number of workplaces that require the specific tools.

KﬁxM = KpmpM + Kiam + Kiool (7N

Variable Costs (K,4,37): In manual disassembly, personnel costs constitute a significant
portion of variable costs. Similar to the automated process, variable costs for manual
disassembly are directly proportional to the quantity of operations, encompassing all
expenses directly linked and scaling with each processed vehicle. To estimate these
costs, the time (#,4,) a specific hardware element (i.e., tools) is in use for a specific
process is combined with the energy demand (F,, 4, ) and energy prices (P,;), whereof
the energy costs for each process can be calculated. As in the automated process, an action
rate (F,p7) can be applied for each hardware item, which can combine an average of
different costs, which at least statistically increase per use, like maintenance costs or
operation resources.

Kvarm = (Z(tmzm * Fepapy * Pen)) + Farm (8)

To derive the total costs for the manual disassembly (K;,45), the variable costs need
to be multiplied with the estimated or known number of processed vehicles within the
period under consideration (V).

Kinan = Kperm + (KﬁxM * PUC) + Kyvarm *V 9
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3 Use Case

An exemplary process to apply the method is derived from the analysis of workshop
guidelines created for manual vehicle disassembly in the course of repairing or replacing
a part. Although not being designed for automated disassembly, the guidelines contain
process chains that are suitable to demonstrate the application of the methodology. Some
assumptions have to be made for external factors and input data, that have to be provided
by the company and its environment when applying the method. In this case these factors
rely on estimations to compensate a lack of data and are shown in Table 1, 2 and 3.

The methodology is presented for the disassembly of a propeller shaft with the
necessary process steps: Unscrewing the nuts, removing the cover, unscrewing bolts and
finally removing the propeller shaft. Results of necessary calculations according to the
equations presented in Sect. 2 are shown in Tables 1, and 3. Table 1 and 2 display the
estimated process complexity and time recordings, whereas in Table 3 the automated
and manual disassembly is compared. The threshold value (Cpr) indicating the limit
for inadvisable automation is set at 0.4. None of the studied processes fall below this
threshold, categorizing all as automatable. Additional factors and values are detailed in
Table 3.

Table 1 Propeller shaft disassembly process assessment, complexity.

Propeller shaft process complexity Categories: 7 @Cg = 0.45
Weighting factor [g;] 0.17 |0.17 [0.05 |0.11 [0.05 022 [023 |Cg
Unscrewing nuts 4 3 4 4 5 5 3 0.55286
Cover removal 4 3 5 2 5 3 1 0.40000
Unscrewing bolts 2 4 4 3 5 4 1 0.41571
Propeller shaft removal |2 4 2 4 5 3 2 0.41857

For the manual disassembly it is estimated that all processes listed in Table 1 and
2 can be executed by employees of qualification level one (Q1). It is assumed that
the processes take the same time as an automated treatment. Further, for administrative,
planning, supervising and other overhead tasks at least one further person of qualification
level 2 ((») is necessary for two-thirds of the operating time.

The comparison shown in Table 3 and Fig. 2 display that automated dismantling is
economically advantageous for the processes under consideration, independent of the
number of vehicles. This can be explained by the high personnel costs, that primarily
influences the manual disassembly route. In contrast, the variable costs appear to be
significantly higher for automated disassembly.

One reason for the high influence of personnel costs is the fact that they are subject
to rounding up inaccuracies as only whole integers for the number of personnel can be
considered. In general, economies of scale and synergy effects can be seen, that show an
increase of economic feasibility of robot utilization with the number of processes and
products to be treated. In the case of a component where only some of the disassembly
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Table 3 Estimations (*) and calculations of automated and manual propeller shaft disassembly.

General factors A d di bly Manual disassembly
Number of indiv. processes 4 K,. =296,714 € Ky = 438,551 €
Cum. of all processes 10 Variables  Units Robot/general End effectors|Variables Unit NEg; NEg, NEg; General
P 65K [€] For® %] 10 Q, total [n]  0.685 0 0
Pic* 15K [€] R [h] 0.640 Fow [ 1337 1337 1337
Py 750 [€] cor [h] 0.685 ton  [N] 0.685
Pure® 30.00 [€m?/mon]|  F,y, [h] 2,674 Q,0H [l 000 046 0.00
PUC 1 [Year(s)] EE 3| NEq, 1.28  0.85 0.00
v 2,500 [1/PUC] Fpui® (%] 60 60| Fepan® [KWh] 1
Tc* 0.25 [h] AR,  [m] 95 Fou®  [€] 0.10
Po* 0.30 [€/kWh] Fou® %] 100 ARy [m7] 71.25
Depreciation time 10 [Year(s)] taut [h] s. table 2 s. table 2 Fgan*  [%] 75
Adm. Surcharge* 40 [%] Feaa®  [kWh/h] 7 1Fxexpbon [%] 10 15 10
Social security surchage* 20 [%] F,* [€] 0.70 0.15|NEnppon 0.13  0.13 0.00
Qi Net annual salary (NAS)* 72K [€p.a.] Kiaa [€] 192K Additional variables
Q2 NAS* 88K [€p.a.] Kara [€] 7.14 Q, OH = Sum (Q, OH rate * quantity of process *
Qs NAS* 104K [€ pa.] OH Q, 0 process time)
Workdays per year* 251 [Days] OH Q, 1 Q, OH rate = Allocated process time share at Q,
Working hours per day* 7[h] OH Qs 1 Fyam = Tech. building services costs factor, manual
Robot operation time per day* 14 [h] F,,cum. EE  [€] 2.70|Fxgnppon = Percentage of NEq,, overhead task rate
Downtime / comp. Days* 60 [Days] F, cum. R [€] 2.80 NExppon = Sum (Fxexnpon * NEqgn), = Number of
Annual working hours 1,337 [h] Keneray (€] 1.64 not directly disassembly allocated employees

processes are considered as automatable based on the complexity factor, both the cal-
culation steps of the automatic and manual analysis are used in the calculation for the
respective assigned processes.

1,200,000 T T r I . . :
{ |—— Cost, automated (K,) .
1,000,000 - |—o— Cost, manual (K,n) 7
1 |—2— Difference |
Y 800,000 I Diff. linear approximation i
+ 600,000 i
o il .
© 400,000 ]
200,000 -

0 T T T T T T T T T T T T

0 2,000 4,000 6,000 8,000 10,000 12,000
Number of Vehicles (V) at PUC =1

Fig. 2 Comparison of Kayt & Kman with increasing number of vehicles (V) at PUC = 1 year

4 Conclusion, Limitation and Outlook

The study introduces a method for evaluating automation possibilities within vehicle
disassembly processes. In a first step, the complexity of a disassembly task is evalu-
ated which demonstrates the extent to which automated disassembly is recommended or
even possible. In the second step, a comparison between manual and automated process
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layouts is undertaken. This comparison is based on the analysis of complexity and time
measures, which serve as the basis for economic considerations. In summary, quanti-
fying the economic benefits of EoL process automation supports decision-making. Its
successful application in an Excel-based tool confirms its viability for practical use in
industrial settings. The case examined shows that complexity and process time deter-
mine the economic advantage of automation as a function of the number of processes.
It also suggests that a synergy of different processes can reduce the costs per process.

Key areas that require further investigation are highlighted in the study. The devel-
opment of normalized scales for the subjective assessment of complexity is demanded.
Additionally as some studies suggest, the integration of forces to be applied for joint
separation lead to a more comprehensive evaluation [6, 8, 12, 13]. This could enhance the
complexity factor calculation. Challenges persist in time tracking due to uncertainties,
primarily due to process planning and operational variability in the field of disassem-
bly. Additionally, diverse factors, e.g., maintenance rates, can be introduced to enhance
the precision. Other factors like the not directly disassembly related labor costs (Kjar),
which are derived as a percentage of the disassembly ascribed labor, can enhance the
precision of the analysis.

The principle of only considering full-time positions can also be disputed. In the use
case, described in this publication, rounding inaccuracies might be present, that have an
influence on the overall results. This influence would decrease if more processes and
therefore more employees are considered. Furthermore, the process times for manual
disassembly are approximated based on the times of automated disassembly, which
should be replaced by recorded disassembly times in the future.

The method can be strengthened by integrating life cycle assessment (LCA) results
for environmental considerations, providing a broader perspective on sustainability. Fur-
thermore, decision-making between disassembly cell and line layouts, that are impacted
by vehicle numbers and logistical considerations, could be explored for their influence
on an automation scheme’s economic impact. Moreover, extending this method’s appli-
cation beyond automotive disassembly to other fields emerges as an avenue for future
research.
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Abstract. Thermal direct joining with hyJOIN® enables quick and reliable con-
nections between metal and plastics without any additional material like screws,
rivets or adhesives. Due to its reversibility, it facilitates the implementation of new
repair and recycling strategies while at the same time minimizing the consumption
of resources.

During joining the parts are pressed together. At the same time, electromag-
netically induced eddy currents heat the metal. The plastics softens in the contact
area and binds to the metal surface during cooling. As plastics often adhere poorly
to metal, the surface is structured or coated during a pre-process.

Within the paper the hyJOIN® process is applied to generate media-tight
connections between metal and plastics. To analyze the connection performance
a burst pressure test specimen, made of an aluminum plate and a glass fiber rein-
forced PAG6 plastic container, was developed. During the feasibility study the influ-
ence of interface design and joining process parameter to tightness and burst pres-
sure level was evaluated. The main results will be shown in this paper. Finally,
the transfer of the process knowledge to new, compact and easy to recycle hybrid
part designs will be discussed. hyJOIN® systems thus offers the possibility for
innovative and smart production.

Keywords: Thermal joining - Hybrid part - Metal plastic connections -
Lightweight design

1 Introduction

Modern lightweight construction no longer relies solely on the use of lightweight and
functionally integrated fiber composite structures. The targeted selection of the right
material in the right place is becoming increasingly important. As a result, the demands
on new joining technologies are growing to produce complex hybrid assemblies from
different material classes. While productive welding processes are used for connections
of the same material type, multi-material connections between metal and plastics are
often screwed or glued.
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For some years now, there has been an alternative to traditional adhesive bonding of
metal to plastics: thermal direct joining or press joining. In this process, the metal partner
is heated in the joining area. Subsequently or simultaneously, the thermoplastic part is
pressed together with the metal. The plastics reaches the glass transition temperature and
melts at the contact area. After cooling the plastic solidifies and adheres onto the metal
surface. To achieve a strong and media-tight connection, it is recommended to roughen
or coat the metal surface in the joining area. In this way, a microscopic or macroscopic
form and force fit can be achieved. The scientific and technical principles have been and
are being developed in various research projects [1-6].

In addition, the first industrial applications and suitable system technology are
already available on the market, e.g. KIST 4+ ESCHERICH with hyJOIN® [7].

In general, the hyJOIN® process involves an ablative pre-treatment of the metal. The
assembly is pressed together. During pressing the metal is heated locally by inductive
eddy currents so that the plastic melts and can anchor itself to the metal surface (Fig. 1).

4 | 2 1
metal metal
* W A 3
0 Part preparation 1 Part fixation 2 Short-time heating 3 Cooling and opening of the
| joining tool

Fig. 1. Schematic diagram of the process steps for metal plastic connections made by hyJOIN®.

Although the process is being used successfully in initial series applications, there
is still a need for intensive research to develop a comprehensive understanding of the
process. One of the reasons for this is that the technology can be used for an extremely
wide range of applications. A major area of application is the implementation of compact
thermal management solutions such as actively cooled housings for energy storage,
sensor technology or electronics. In this area of application, the thermal direct joining
of a metallic heat sink with a plastic injection molded part offers advantages: screws
and additional seals can be removed. It is also often possible to reduce the width of the
joining flange and therefore make the design more compact. At the end of the life cycle,
the connection can then simply be thermally separated.

A generic hybrid cooler was developed to meet customer requirements for know-how
protection. This publication therefore presents initial research results on the fabrication
of media-tight connections using hyJOIN®.

2 Materials and Methods

2.1 Burst Pressure Container

To evaluate the media tightness of metal plastic connections, a test specimen design
was developed and fabricated as a first step (Fig. 2). The test specimen consists out of
a flat metal plate with sufficient rigidity. In this case, a material thickness of 3—4 mm
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was used for the aluminum alloys (wrought alloy or die-cast aluminum). An injection
molding tool was created for the plastic cover. Different melting rib geometries were
realized by exchanging individual segments. Three different geometries were used in the
comparative study (Fig. 3). The test specimen also has a connection for the test media
(water or pressurized air). [8].

A_A( 1 . 1 ) Connection to Pressurized
. Liquid
wl @ Injection Molded Part
F 't
Joining Interface
A A

I \ Metal Plate

90

Fig. 2. Burst pressure test specimen.

Fig. 3. Melting rib geometries (series A, B, C).

2.2 Materials and Part Preparation

The following materials were used for the tests:

Metal AlMg3 90 mm x 60 mm x 4 mm with pretreatment
Plastics PA6-GF30 85 mm x 55 mm; melting rib geometry: 3 mm, 6 mm, 3 mm tip

To achieve good joint strength, the metallic surface must be pre-treated before joining.
Various ablative or coating processes can be used [9]. In this case, the pre-treatment was
carried out on both sides using a chemical etching process [ 10]. In this (electro-) chemical
process, individual alloying elements are leached out of the area close to the surface,
resulting in micro-roughness and micro-anchoring on the surface. This 3D nanoscale-
sculptured surface ensures that the melted plastic can adhere well to the aluminum.

The plastic cover was not pretreated, precleaned, dried or conditioned before joining.
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2.3 Test Procedures

To compare the joint properties achieved, the tests listed in Table 1 were carried out
on all test specimens. In the bubble leak test, the test specimen is inflated with air and
held under water. The air bubbles rising to the water surface within one minute are then
counted (Fig. 4). In the pressure loss test, the container is pressurized with compressed
air and the air supply is closed after a rest period. A pressure gauge is used to determine
the pressure drop after a predefined time (Fig. 5).

Finally, the samples are subjected to burst tests, where the samples are destroyed
(Fig. 6). The container is filled with water. A manually operated piston pump is used to
increase the water pressure until the container fails. The maximum pressure achieved is
documented. [8].

Table 1. Overview of test procedures.

Test routine Test specs Evaluation

Bubble leak test Part under water, air 2 bar, 60 s Number of air bubbles
Pressure drop testing Air 5 bar, 10 min Pressure difference
Burst test with piston pump Water, time till bust: approx. 5 s Value [bar]

Compressed air

/ Box Pipe
Valve

Sample Water

Bubbles \ Supply
\O

Fig. 4. Air bubble leak test. [8]

3 Experimental Setups

3.1 Joining Tool and Machine

Two different joining tools were designed and manufactured for the fabrication of the
test specimens. Basically, such a tool consists of an upper part and a lower part. The
two parts fix the joining partners to each other and enable the two parts to be pressed
together. To heat the metal in the joining area, a geometry-adapted inductor is integrated
either in the upper movable pressure die (Fig. 7 left) or in the lower tool (Fig. 7 right).
In both cases, inductive heating takes place through the flange of the plastic part. This
concept will also enable the plastic part to be attached to larger and more complex metal
housings in the future.
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. Sensor
Compressed air

\ Valve
Sample Supply
~
Box |
—DC power supply

Sample
Water connection Hose
Al profile Manometer
Water
Pump handle R \Water Box

Fig. 6. Burst pressure test. [8]

In both experimental setups, a servo drive enables force and path control during the
joining process. In this way, the joining force as well as the displacement distance' can
be controlled and monitored during joining. An induction generator with a maximum

output of 30 kW at medium frequency was used for the inductive heating of the metal
plate.

! The displacement distance is the value by which the assembly is pressed together during heating.
Depending on the component tolerances, a typical displacement distance of 0.2 mm to 0.5 mm
is typical for assemblies with a flat joining surface. Observing the displacement distance is
essential for the dimensional accuracy of the joined assembly.
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The tests carried out in the publication were performed exclusively on the laboratory
joining station (Fig. 7 right), as this setup allowed simplified thermal field monitoring.

k)sT g
—y// escHEI!

coreJOIN

-

Fig. 7. Experimental joining setup: coreJOIN® modular press (left); Lab joining station (right).

3.2 Joining Matrix

The results of the thermal direct joining process are influenced by a variety of param-
eters. An important influencing factor is the plastic material, its composition and the
dimensional tolerances. The following parameters can be used as setting parameters for
the joining process:

— Joining force [kN]: Force with which both parts are pressed together during heating

— Joining path or displacement distance [mm]: Change in path due to the melting of
the joining rib

— Heating power [%]: Generator power in percent

— Heating time [s]: Heating time of the part

In preliminary tests, the basic parameters were selected so that the melting ribs could
bond to the metal over the entire circumference. Due to the distortion of the injection
molded parts, 0.4 mm was defined as the minimum required displacement distance. At
the same time, care was taken visually to ensure that the melt did not escape to the
outside. Based on these framework conditions, the heating time was varied for the fixed
parameters: joining force (3 kN, 6 kN), heating power (50%, 100%) and rib geometry.
To validate the results, 5 test specimens were joined with the identical parameters.
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4 Results and Discussion

As part of the comparative tests, 60 test specimens were produced and tested as described
in Sect. 2.3. It was found that only one specimen from test series A4 (3 mm melting rib,

50% power, 6 kN joining force) exhibited a slight leak. Table 2 shows the parameters
used in the individual test series as well as the test results.

Table 2. Overview of parameter setup for different trials and test results.

Serie Rib Induction Joining Heating Bubble leak Pressure
geometry power [%] force[kN] time[s] test drop test
Al 3 mm 100 3 5.8 no 100%
A2 3 mm 100 6 5,8 no 100%
A3 3 mm 50 3 13 no 100%
A4 3 mm 50 6 12,4 *30 bubbles *32%
B1 6 mm 100 3 6,3 no 100%
B2 6 mm 100 6 5,6 no 100%
B3 6 mm 50 3 13,3 no 100%
B4 6 mm 50 6 12,7 no 100%
Cl1 3 mm tip 100 3 6 no 100%
Cc2 3 mm tip 100 6 5,7 no 100%
Cc3 3 mm tip 50 3 12,2 no 100%
C4 3 mm tip 50 6 12,2 no 100%

*one of five test specimens

Asdescribed in 2.3, all test specimens were initially tested for leaks. 59 test specimens
successfully passed the bubble leak test (no air bubble) and the pressure drop test (no
pressure loss = 100%). Only one test specimen was leaky (Table 2). After the leak test,
a destructive burst pressure test was carried out.

Figure 8 shows the bursting pressure strength determined for the individual test
series. Test series B (melting rib 6 mm) were generally able to achieve average burst
pressures between 20 and 27 bar. It was observed that the test series with a joining force
of 3 kN showed the highest burst pressures. A direct proportionality between the melting
rib width and the maximum bursting pressure could not be proven. Comparable failure
thresholds were determined for test series A (3 mm) and C (3 mm tip).

In general, it can be stated that tight and stable connections can be produced both at
high joining forces (6 kN) and moderate joining forces (3 kN). A higher joining force
tends to result in a slightly lower necessary heating energy. The test evaluation showed
that it is possible to create highly resilient joints even with short joining times of less
than 10 s. This was done with 100% generator output. By using field concentrators, the
coupling of the eddy currents into the aluminum could be optimized so that the melting
temperature of the plastic could be reached within a few seconds.
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Since a displacement distance of 0.4 mm was aimed for in each of the tests, the
different melting rib geometries result in significantly different melting volumes. For
this reason, the heating time had to be determined experimentally for each parameter set
individually. Since, in addition to the displacement distance, the recognizable melt exit
was also visually evaluated and considered when determining the heating time, there
is a degree of uncertainty which must be considered in a detailed error analysis. To
evaluate the joining efficiency, the heating energy applied was therefore set in relation
to the volume to be melted. The 6 mm rib geometry shows the lowest energy input per
volume. This is due to the large contact surface to the metal. The heat generated can be
transferred quickly and evenly into the plastics. In comparison, test series C (melting
rib 3 mm tip) show a significantly higher energy input per melting volume. The risk of
overheating and thus damage to the plastics is increased.

35 10
® Burst pressure
A rel. energy per volume 9
30
8

25 +% 7

E
£
o >
3 e =
= A o
2 20 ° t t s £
2 5 3
g >
a 15 A A A + ]
B - 4 e
S R &
[J]
10 i 2
A A A 2 T}
5 A A4 =

4 1

0 0

Al A2 A3 A4 Bl B2 B3 B4 Cl1 C2 (C3 4

Fig. 8. Results of burst pressure and energy input per volume of different melting rib geometries

After bursting of the samples, the fracture surfaces were analyzed at a light micro-
scope. The results showed a predominantly adhesive failure in the joint (Fig. 9 right).
Some samples also showed localized fracture in the plastics. Figure 9 left shows a typi-
cal cross-section through the joint. A continuous bond without air inclusions or gaps is
recognizable. Excess melt is pushed laterally out of the joint.
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Cohesive failure
of plastic

/ Melt film

Fig. 9. Crosscut of hybrid connection with 3 mm melting rib (left); Breaking surface of hybrid
connection with 6 mm melting rib (right).

5 Conclusions

The publication shows the results of basic tests on the thermal direct joining of alu-
minum with glass fiber reinforced PA6 using hyJOIN® technology. A burst pressure
test specimen was developed with which airtight and watertight joints can be produced.
Depending on the melting rib geometry and the joining parameters, failure pressures
between 15 and 32 bar could be achieved. Almost all the joined and destructively tested
hybrid specimens were completely airtight up to 5 bar. It has been shown that tight joints
can be produced with melting rib widths of just 3 mm. The successfully tested parameter
settings show that there is a large process window in which media-tight connections can
be created.

The test specimen geometry makes it possible to carry out reproducible comparative
tests with other material combinations or surface treatments. As the process is reversible,
the container can also be used to develop repair strategies. The assembly is heated in
the joining area with the help of the joining tool. As soon as the plastic begins to melt,
the plastic part is removed by applying gentle pressure. Any plastic residue remaining
in the structure is then melted again when a new plastic part is attached and does not
impair the joint performance, or only to a small extent.

In summary, the work proves that metal plastic joints produced with hyJOIN® are
media tight. The process can therefore replace the classic screwing of assemblies with an
additional seal. Through the substitution of additional materials and process reversibility,
the technology enables material resources to be saved and alternative repair and recycling
concepts to be implemented in the future.
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Abstract. The production of plastics has increased exponentially in the past two
decades, with packaging making up a large portion of usage. Environmental con-
cerns have surged due to the disposal of plastic waste, with only a small percentage
being recycled while the rest is either burned or ending up in landfills. As a result,
there is a growing need for alternatives, including biodegradable materials like
mycelium, the structural part of fungi. While mycelium holds promise for tech-
nical applications, the manufacturing process is mainly manual, which hampers
efficiency and scaling to large scale series applications. Therefore, automating the
manufacturing process of mycelium-based products has the potential to improve
precision, efficiency, and cost-effectiveness of the manufacturing. One potential
method of automation is the Fiber Injection Molding (FIM) process. The char-
acteristics of this process is the injection of a mixture of structural fibers and a
thermoplastic binder into a mold by means of a large volume airflow. This study
aims to investigate the applicability of the FIM process for manufacturing natural
products bound by mycelium and the required adaptions to an existing plant, using
two different types of fungal spores, namely Trametes Versicolor and Pleurotus
Ostreatus. The spores were grown on fibers of hemp, straw, and wood and form-
filling was conducted via FIM. The results of the study include a summary of the
challenges faced when using FIM for manufacturing mycelium-based products,
optimized process parameters and concepts for adapted machinery equipment.
The study found that FIM is a suitable method for producing mycelium-based
products, and the optimal process parameters varied depending on the type of
fungal spores and fiber used. However, the study also identifies some challenges,
such as the transportation of materials in the large airflow. In conclusion, the FIM
process can be used to manufacture mycelium-based products effectively.
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1 Motivation

The issue of plastic waste has gained considerable attention in recent years due to its neg-
ative impact on the environment. Consumer goods are among the main sources of plastic
waste. As a result, the packaging industry has been seeking alternatives to traditional
plastic packaging. One of the promising solutions is the usage of bio-based compounds
as custom-molded elements [1—4]. The mechanical integrity of these composites can be
achieved by mycelium, the vegetative lower part of fungi. It grows due to its symbiotic
relationship with the materials that feed it, forming entangled networks of branching
fiber [5-7]. These properties qualify the material for applications where waste materials
could be used as primary material, such as packaging. The materials have the advantage
of after usage being able to rot without causing any negative impact on the environment.
Mycelium compounds have additionally been adopted in a broad variety of applications
other than packaging due to their benefits in sustainability. However, the manufacturing
process is primarily manual in today’s state of the art, which hinders large-scale appli-
cations [8, 9]. To address this issue, a study is conducted to examine the applicability of
the so-called Fiber Injection Molding (FIM) process for the automated manufacturing
of mycelium compounds. FIM is a technology from the field of textile fiber processing
for direct processing of short to medium long fibers (length of 80 to 100 mm). Fehler:
Verweis nicht gefunden (a) contains a schematic visualization of the included process
steps. At first, the fiber material is prepared, as a mixture of structural and binder fibers.
It is then transported via an airflow and blown into an air-permeable mold. The binding
is activated by inducing heat and a pressing in form, resulting in a thermal consolidation.
This generates a contour-accurate 3D preform that is manageable and available for fur-
ther use in for example the resin transfer molding process chain. The main advantages of
FIM include the almost waste-free component production, the possibility of producing
different wall thicknesses and the wide range of materials that can be used. The method
has only a few process steps and offers many degrees of freedom with regard to the
use of material and the part geometry. Depending on the planned application and the
required number of components, sliding table systems (for small series and pilot plant
operation) and rotary systems (for series applications) can be used.

The approach followed within this contribution, to use FIM for mycelium compound
manufacturing relies on maintaining the mold filling and as many of the other process
steps as possible alike. The mycelium is intended to replace the thermoplastic binder.

2 State of the Art

The contribution of Elsacker et al. [10] gives a comprehensive summary of the manu-
facturing pipeline for mycelium-based products. The authors condense it as a seven-step
manufacturing process.

(1) The mycelium is initially grown on agar plates, in grain-substrate, in a liquid nutrient
solution, or in the pre-grown homogenised substrate;

(2) The substrate is autoclaved or pasteurised to eliminate any type of already present
microorganisms on the substrate and thereby preventing contamination during the
growth and incubation process;
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(3) A specific amount of the mycelium tissue is added to the substrate. If the substrate
was not humidified before autoclaving (step 2) an amount of sterile water is added.
To improve growth, a sterile solution of nutrients can also be added;

(4) The inoculated substrate is hand-packed in a sterilized mould which has the desired
shape. The mould is sealed with a filtered air-permeable cover to maintain a micro-
climate;

(5) The mycelium grows through the substrate in a controlled environment. The material
can be grown in two phases, first in a mould to bind the fibres, and secondly outside
the mould to solidify the outer skin of the material during a period;

(6) The grown material is heat-treated at a specific temperature for several hours to end
the growth process and dehydrate the material;

(7) A coating or post-processing can be applied to the material to improve its properties.

Fabrication method of mycelium-based composites per Elsacker et al [10].

growth (1) Add Mould Growth P g
mycelium (3), Filling (4) phase (5)
preparation
(a)

FIM process

Structural
fibres Fibre Airflow mold Activation of § Cooling & Npost-processin
preparation filling form binder Demolding

lastic fibre:
. (b)

Fig. 1. Comparative visualisation of the regarded process chains

Figure 1 shows both manufacturing process chains in comparison. The similarity of
the approaches is thereby underlined. Consequently, the emerging research question can
be formulated to: What changes to the plant technology and what process variables are
necessary to enable FIM plants for the manufacturing of mycelium-based products?

Jiang et al. and Houette et al. [11, 12] present similar fabrication steps to retrieve
qualitative acceptable mycelium compound parts. The adaptions to the plant technology
primarily depend on the manufactured product, since it determines the type of sub-
strate and fungal genus. In order to develop suitable components and technologies for
the adaption of the plant technology, current industrial applications of mycelium com-
pounds are analyzed along with the respective manufacturing technology. Nowadays,
multiple industrial operators on the field of mycelium composite products have estab-
lished. Applications of mycelium-based products include the construction sector with
insulating panels, acoustic tiles and architectural elements. One of the companies oper-
ating in that field is MOGU S.r.1. from Italy. The design sector includes applications of
leather-like material combinations or other textiles used in fashion. For packaging mate-
rials, the major companies are Ecovative Design LLC, Antalis Verpackungen GmbH
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and Krown-Design BV. Typical packaging products today include structural packaging
elements and form packaging elements.

With currently available technology, a large part of the manufacturing process con-
sists of manual labor. This includes above all the material preparation, mold filling and
the in-house handling of molds. The selection of substrate and fungal spores mainly are
subject to intellectual property restrictions and therefore material combinations are not
known to the public. The current applications in industrial sector underline the selection
of mycelium-based products for packaging applications as a suitable use-case. For the
used material mixes, one can assume the manufacturability of wood chips and hemp
fibers. Besides the characterization of material properties, academia has also addressed
questions in the domain of production science. Appels et al. have conducted a study, in
which various fabrication variables were analyzed in relation to the resulting product’s
properties [13]. The study produced nine material samples by growing Trametes Multi-
color on sawdust and straw, with or without heat pressing, and Pleurotus Ostreatus on
cotton with heat pressing, cold pressing, and no pressing, as well as on straw with heat
pressing, cold pressing, and no pressing. The findings indicate that different mushroom
strains have varying effects on the colonization level and thickness of the air-exposed
mycelium, which influences the stiffness and water resistance of the resulting materials.
Heat pressing increases the stiffness, strength, and homogeneity of the materials, causing
them to transition from a “foam-like appearance” to a “cork- or wood-like” appearance.
Additionally, the materials’ visual appearance significantly changes as a result of these
various parameters.

Furthermore, researching possible material combinations has perceived attention.
Materials under research include kenaf, hemp, corn stover, Biotex Jute, Biotex Flax,
[14] and hemp hurd, wood chips, hemp mat, hemp fibers, non-woven mats [15].

A first approach in examination of the application of FIM for the manufacturing
of Mycelium compounds has been presented by Mangold et al. [16]. The study finds
that FIM is conceptually applicable without giving further information on necessary
adoptions on the manufacturing plant or process parameters. The process consists of
some preprocessing of the fibers before injection. Firstly, the fibers have to be inoculated
with fungi spores and the mold has to be sterilized. In the FIM process these fibers get
automated transported into the mold via airflow. Later on, the mold is closed and fibers
get pressed into it. After a growth time the mycelium composite gets heated up to stop
mycelium growth and activate the natural binder. At last postprocessing like pressing to
achieve a certain density is possible.

Summarizing the state of the art, one can state that currently available manufacturing
methods lack of automation which enable for large scale application of the products. At
the same time, FIM appears as promising candidate for the automated manufacturing of
mycelium compounds.
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3 Material Assessment

To qualify FIM plants for the automated production of mycelium compounds, some
requirements have to be met by the material systems and the environment. A list of
requirements on the material system as derived from a use-case analysis and an extraction
of it is presented in Table 1.

For an economically feasible application, a fast growth rate in the mold (Step (5) in
Fig. 1) is required. This aspect reduces the number of mandatory molds for the man-
ufacturing in operative environments. In order to identify promising fungal spores that
meet these requirements, a literature review was conducted. The review revealed Tram-
etes Versicolor and Pleurotus Ostreatus as promising candidates for usage in automated
manufacturing processes. In addition to identifying suitable fungal spores, the review
also analyzed different potential substrates for the fungal spores. Hemp fibers and straw
fibers were identified as qualifying substrates for the processing by FIM. Several mate-
rial probes were prepared inside the laboratory scale FIM plant with the derived material
combinations. Ambient humidity and temperature during the growth phase was approx-
imately 50% and 21 °C. Probes were grown for 7 days before drying in the above
described ambient.

Table 1 Extract of the requirements as from analysis.

Requirement Minimum Optimum Maximum
Growth time in mold 3d 5d 7d

Fiber Lengths 5 mm 50 mm 100 mm
Transportable by airflow (Pneumatic conveying) Yes

Heat resistance 60 °C 80 °C 100 °C
Good separability from mold after growth Yes

To further qualify the materials, specimens were manufactured and tested for their
ultimate tensile strength according to ISO 527-1 and ISO 527-2. The prepared geometries
were according to DIN EN ISO 20753, with slight adoptions due to shrinkage in the
drying phase. Tests were conducted on a ZwickRoell test machine with a controlled
strain rate via an extensiometer in a closed loop (type Al).

The results of the ultimate strength tests show a brittle material behavior of the
probes. Figure 2 shows two selected stress-strain curves of the different material mixes,
bound by mycelium of Trametes Versicolor.
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Fig. 2. Stress-strain-curves

The ultimate tensile strengths of four successfully measured probes were averaged
and calculated to 0.148 MPa for straw fibers and 0.278 for hemp fibers. Thus, the material
characteristics are comparable to those of silicone rubbers, polyurethane foam materials
or expanded polystyrene — the chosen benchmark. For determining the manufacturing
properties of the material by FIM process, a reference geometry was selected. It is
depicted in. Fig. 6. (a). The selected geometry is a form, originally made from Polystyrene
material used to upholster corners of an easily damageable good. It was modelled in CAD
environment and molds for the FIM plant were designed and manufactured.

4 Preparation of Fim Plant

For the study, a lab-scale FIM plant designed for middle-scale series production is used,
as depicted in Fig. 3. The plant was developed and tailored to the examinations in
laboratory environment, as described by Moll [17]. In said prior work, especially the
mold filling with conventional fibers and binder materials was examined. Therefore,
an image processing system was included in the plant. In order to use the new fungi-
based material system, several adaptations are necessary, which are generalizable to
other similar FIM plants. The key adaptation required is the material preparation unit,
consisting of the cutting unit and the fiber supply. The material preparation unit is an
essential component and the preparation plays a critical role in ensuring the proper
material delivery to the mold. The fiber supply unit of the material preparation unit is
responsible for loading the pre-grown substrate material into the FIM plant. It is designed
to provide a consistent and steady flow of material, which is crucial for ensuring that the
FIM parts have uniform properties and dimensions.

To use straw and hemp materials, larger cutting forces than processing carbon fibers
are required. Additionally, when processing fungi material systems, the handled materi-
als are soaked and thus partly adhesive. This makes existing material preparation modules
unsuitable. To overcome these challenges, a concept of a newly cutting and portioning
unit is introduced in Fig. 4.
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Fig. 3. Rendering of the utilized and adopted FIM plant [§]
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Fig. 4. (a) Cutting blades of the material preparation unit; (b) portioning unit.

Mounted to the feeding unit, the preparation unit employs rotary blades to cut the
material into smaller portions. This cutting process is crucial, as it allows the material to
be more effectively mixed and fed into the mold. The motor driving the rotary blades is
electrically actuated, ensuring smooth and precise cutting operations. Once the material
has been cut, it falls into the portioning unit. This unit is responsible for feeding a pre-
cisely measured amount of substrate into the radial fan of the FIM plant. To accomplish
this, a rotary portioning element is employed. This element ensures that a consistent
amount of material is fed into the radial fan, which facilitates the injection of the mate-
rial into the mold. Overall, the fiber preparation unit enables the process controller to
set specific values for the process control.

Secondly, the air-permeable mold used in the FIM process requires adaption accord-
ing to the dimensions of the processed fibers. The inhomogeneous lengths of the bio-
logical fibers pose special challenges to the system. In order to find suitable dimensions,
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the molds were tested in practical experiments. Perforated plates with round holes in
staggered rows with a hole diameter of 3 mm proved to be suitable for the material
combinations used. It stopped the fibers in the mold but allowed for a consistent airflow.
The form utilized in this study comprises a series of five individual molds arranged in
a linear configuration. It is specifically designed as a two-part structure to facilitate the
demolding, allowing also for an easy removal of the form from the system to accommo-
date the insertion of new, and empty molds. Mold filling takes place from the top, where
the material is introduced into the mold. For material growth under pressure, each mold
is equipped with springs that enable it to be firmly secured and braced. This ensures that
the material within the mold is subject to the necessary pressure for successful growth
(Fig. 5).

(a) (b)

Fig. 5. Separable form consisting of upper part (a) and lower, air-permeable part (b)

Thirdly, process parameters, such as set target points for the press and the set air-
flow require updates. The best mold filling was achieved at a rotational speed of the
radial fan of 2500 rpm. Too low airflow speeds result in fiber batches clinging to plant
parts before the mold and too high speeds lead to a rather inhomogeneous distribution
of fibers. Manufactured parts were dried in an external oven as the needed tempera-
tures are more efficiently achieved there. Having these adoptions of the plant at hand,
the manufacturability of the reference geometry was determined by means of practical
experiments.

5 Results

For the practical test runs on the adopted plant, the qualified material systems are used.
Figure 6 shows a selection of the manufactured parts, which have non-grown mycelium
areas. During manufacturing of these parts, some challenges occurred, which were
unforeseen, yet not specific to the FIM plant and thus require further examinations
in future applications.

To transport the material into the mold by airflow, the material passes through the
radial fan. If the set speed is too large, material is pushed to the housing of the fan and
sticks due to its adhesive properties. Future applications need to consider that behavior
when working with fans primarily intended to transport dry materials. Furthermore,
blowing the material in the air-permeable form reduces the humidity in the material.
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Thus, chances hold that the subsequent growth stage of the material may be disturbed
since the fungi requires a certain amount of humidity for growing. One solution could
be in the integration of moisture sensors into the mold. In the presented study, no sensor
was used and just by experimental data, the process was tested. The variety in moisture
is also considered to be the reason for the lack of mycelium growth in some areas of the
part (Fig. 6).

(b)

Fig. 6. Reference part (a), samples of the manufactured mycelium-composite parts with almost
fully-grown mycelium (b) and partly not grown mycelium (c)

Another challenge to the FIM process is the actual growth time of mycelium itself.
It would be beneficial if pre-grown mycelium parts could be blown into a mold. Also,
new geometries require a new mold and plant parameter sets have to be adjusted again.

On the contrary, the cleanliness of the plant exhibited a surprisingly favorable out-
come. Employing an alcohol-based surface cleaning method on the critical points of
material interaction, the prepared probes demonstrated robust growth phases with mini-
mal impurities attributable to competing fungi within the probes. An air filter was used
in addition to surface cleaning. A strict hygiene is crucial to prevent growth of mold reed.
Another point to mention is the increased homogeneity of the distribution of fibers in
the mold comparing it with a manual filling process. The automated natural fiber cutting
to a certain length helped to build this homogeneity, thus helping to reduce the rather
high differences of mechanical properties comparing it to expanded polystyrene.

6 Conclusions

The conducted study reveals detailed insights to a promising process for the automated
manufacturing of mycelium compounds. The possible advantages of the application
of FIM technology also provoke several restrictions and disadvantages which require
further examinations and improvements before industrial applications. Among others,
the growth of the mycelium compound within the form presents an economic challenge
since it requires numerous expensive forms. Additionally, the form bound process has
disadvantages regarding adaptability to new product geometries for it is form bound.
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Therefore, using FIM for mycelium compound manufacturing raises concerns regarding
its economic feasibility, which necessitates a comprehensive analysis once the process
parameters and conditions are better understood. As part of the study, mold filling was
carried out to explore the viability of the approach. However, the selected reference part
posed significant challenges because of its geometry and successful mycelium growth
was not consistently achieved in the end. Therefore, further investigation and analysis
of a wider range of material systems and process parameters are necessary to overcome
these limitations and explore more feasible alternatives.

On the other side an automation offered advantages in better process hygiene and a
higher reproducibility of the form filling process and fiber homogenization. In the future
further research will be done on optimizing the inhomogeneous moisture distributed
over the mold. In the end it can be said, that FIM has its drawbacks but offers some
promising advantages over a manual production of mycelium-composite parts.
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Abstract. The production of lithium-ion battery cells (LIBs) for electric vehicles
requires a considerable amount of energy and raw materials. Due to the increasing
added value along the production chain, it is essential to recognise deviations in
the intermediate products as early as possible using 100% inline measurement
processes. For this reason, LIBs are inspected during cell assembly using plain
radiography to qualitatively check their internal geometry. For safety-critical fea-
tures, such as the anode-cathode-overhang (AC-overhang) in the composite, mea-
suring methods are required that are not fulfilled by plain radiography. The use of
computer tomography (CT) offers a solution for this demand. However, to realise
a 100% CT inspection, the scan time of conventional systems and the number of
applications along the cell assembly must be reduced.

This research presents an approach to overcome this limitation in the form
of a cross-process X-ray inspection strategy based on a technical and economic
analysis of the cell assembly. To reduce scan time and the number of X-ray appli-
cations, multiple internal features are measured in a single CT scan prior to elec-
trolyte filling. An initial feasibility assessment of this inspection position is being
investigated using a state-of-the-art metal-jet tube and photon counting detec-
tor. This provides an inspection time of 1 s, enabling detailed inspection to be
combined in a time-efficient process. However, moving the CT inspection down-
stream would contradict the key objective of early defect detection. To overcome
these challenges, an upstream vision system was developed. This vision system
detects outliers immediately after the stacking process by detecting the position
of the external feature separator in the electrode separator composite (ESC) with-
out X-rays and at a much lower cost than CT. This approach aligns with the
primary objective of early defect detection in the production chain through the
cross-process inspection strategy.

Keywords: Inspection strategy - Battery production - X-ray inspection - Vision
system - Fast CT
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1 Introduction

The production of LIBs for electric vehicles is very resource intensive. Early defect
detection is therefore crucial to ensure resource efficiency. In addition to ecological
and economic aspects, the properties of the intermediate product must be quantified
during production to guarantee function and safety. Zero-defect production is the goal,
to be achieved through the extensive use of 100% inspection processes. With the current
testing strategy in LIB production, cost-intensive test equipment is used to check the
quality of the product and to continuously optimise production processes. Not all desired
requirements can be fulfilled in mass production, as economic aspects are weighted more
heavily. This applies to the use of X-ray technology in high-throughput cell assembly. In
this production stage individual mechanical parts are assembled to form a component,
whereby the inspection of the internal and external geometry has a central role. Inline-
capable, measuring non-destructive visual inspection can be used at various inspection
points to check the external geometry. In contrast, the inspection of internal geometric
features requires the use of X-rays. Compared to visual inspection technology, the line
integration of X-ray technology is more complex due to the radiation protection and the
acquisition costs are many times higher.

Another important factor for an inline X-ray application is the data acquisition time
of the method. Plain radiography is a method for the assessment of the quality of a region
of interest of the test object with a single image in less than half a second. However, the
precision and accuracy of the process is in many cases insufficient due to the laws of
central beam projection [1]. This is why the use of CT is mandatory for measurement
tasks. In CT, several projections are combined to form a 3D reconstruction. Depending on
the number of projections required, CT scans can take a considerable amount of time. For
this reason, until recently they have only been used for sample testing. Manufacturers are
promising dramatic reductions in the time required for a CT scan with new innovations,
particularly the use of liquid metal-jet tubes [2]. As these systems have only been in use
for a short time, the feasibility of an inline application for LIB hast to be evaluated.

The inspection of features with X-rays can be carried out at various inspection
points in the production chain due to the principle of operation. A feature can either be
inspected in the intermediate product or in the finished LIB at the end of the process
chain. The selection of the position along the production chain of X-ray inspections is a
complex challenge due to the interdependence of economic and technical factors. In this
context, the challenges for the implementation of CT in high-throughput cell assembly
are presented in this research using a manufacturing scenario. A new cross-process X-
ray inspection strategy is then derived based on technical and economic factors. In this
strategy, two approaches are pursued to reduce the measurement effort of CT. The first
strategy is based on the inspection of critical inspection features using a fast CT scan at
a later stage in production. The second is to add a vision system without X-ray after the
stacking process to detect outliers in the cell assembly as early as possible.
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2 X-ray Inspection Strategy in Cell Assembly

This chapter evaluates the inspection options in cell assembly, focusing on X-ray tech-
nology. For the economic analysis of LIB production, the data from the baseline man-
ufacturing plant of [3] is used with the example of Battery 1 from the BatPaC model.
With a capacity of 6 GWh, the production is classified as medium-sized, which has the
advantage of providing a reference point for smaller and larger factories. The NMC622-
G battery has 67 Ah and the total cost can be estimated at 113 $/kWh. In the scenario,
22 million prismatic cells are produced per year on 300 production days with 3 shifts of
8 h each. In cell assembly, the systems are designed with an overproduction of 37%. If
8 production lines are assumed, a cycle time of 6 s/cell must be realised. This process
chain is analysed in more detail below in order to derive an appropriate X-ray inspection
strategy.

2.1 Technical Analysis of Test Equipment and Value Stream Analysis of Process
Chain

Figure 1 shows the production chain of the baseline manufacturing plant from [3] with
the individual steps of cell assembly and possible inspection points with plain radio-
graphy. In addition, a qualitative Sankey diagram illustrates the material flow of the
good and bad parts that arise in the production steps and are identified in the inspection
processes. With plain radiography, there is a risk of good parts being classified as bad
(false negatives). There is also a risk of bad parts being classified as good (false positive)
[1]. In addition, Fig. 1B allocates the value stream along the process chain by specifying
the material and production costs. The manufacturing costs of the product consist of
material and production costs. For the final LIB 20% of the manufacturing costs are
related to production costs and 80% to material costs. In this analysis, the overhead
costs were allocated to the individual process costs [3]. Additionally, the factors general
sales, administration, research and development, profit and warranty were not consid-
ered. The breakdown of production costs for each process step is in accordance with the
cost overview in [4].

The output of electrode production is individual sheets of anode and cathodes con-
sisting of a substrate coated on both sides with active material. Due to the complex man-
ufacturing process and the use of cost-intensive raw materials in electrode production,
61.6% of the total manufacturing costs are already achieved in electrode production [3].
Further analysis of the value and cost increase in cell assembly assumes good material
(true positives) is transferred from electrode and separator production to cell assembly.
Cell assembly comprises the individual steps of stacking, contacting, housing and filling.
All processes are carried out in a dry room atmosphere. Dry room operation is one of the
major cost drivers in cell assembly, so the usable area of systems has a particular impact
on production costs. In the first production step of cell assembly, anodes, cathodes and
the separator are combined to form an ESC. The separator, which is ceramic-coated
on both sides with a central polyethylene layer, is within this analysis considered as a
purchased material and accounts for 15.8% of the total material costs of the finished
LIB [3]. In the ESC, the separators typically exhibit a circumferential overhang to the
anodes (SA-overhang) and the anodes in turn overhang the cathodes circumferentially
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(AC-overhang). The SA-overhang is implemented to prevent electrical contact between
the anode by the cathode. The AC-overhang is relevant to ensure full coverage of the
cathode. The SA-overhang is implemented to prevent an electrical contact between the
anode by the cathode to prevent lithium plating. The position of the separators and elec-
trodes in the process can currently be checked with a visual inspection during the stacking
process [5]. However, simultaneous X-ray detection of the separators and electrodes in
the ESC after the stacking process can only be achieved with long CT scan times due to
the very different X-ray attenuation of the respective materials. For this reason, there is
still no inline test for the inspection of the SA-overhang. Furthermore, the only way to
measure the AC-overhang in all four corners of the ESC is to perform a CT. According to
recent publications, a conventional CT takes several minutes [6]. For this reason, a vision
system during stacking combined with an additional plain radiography is currently the
only option in high-throughput production for quality control.
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Fig. 1. A — Cell assembly process chain of the baseline scenario with possible options for plain
radiography (RG) to test internal features of a LIB; B — Break-down of production, material, and
manufacturing costs by individual production steps (based on [3, 4]).

In the following ultrasonic welding process, the tabs are connected to the arrester.
The tabs are relatively inexpensive nickel-coated copper sheets. The requirements for the
inside of the weld are the absence of pores to achieve a homogeneous current flow and
a mechanically stable connection [7]. At this point, 100% defect inspection is possible
using plain radiography. Plain radiography is considered highly reliable (all true positive
or negative) due to its performance in defect detection, as seen in analogous tests for
weld pore inspection in semiconductor manufacturing [8]. However, to measure the size
and position of the pores in 3D, it is again necessary to perform a CT scan. Compared
to the inspection of the AC-overhang, the requirements of the inspection without CT are
fulfilled by plain radiography.



Cross-Process X-ray Inspection Strategy in Battery Cell Assembly 57

During housing, the ESC is inserted into a can. Due to the narrow tolerances between
the ESC and the housing, there is an increased risk of damaging the ESC in the corner
area when inserting it. It is essential to maintain a defect-free housing to prevent damage
to the ESC and consequently the migration of particles and short circuits [9]. Due to
the required defect detection in the corner area, tests using plain radiography fulfil the
requirements. However, as with the measurement of pores in the weld seam, CT can
reveal more information about the damage and the origin of defects. CT at this point
would allow further analyses to be carried out over a large data set.

The final process step in the cell assembly stage is electrolyte filling, in which liquid
lithium hexafluorophosphate salt, dissolved in a carbonate-based solvent system, is filled
in under vacuum. At 11.8% of the manufacturing costs, the electrolyte is a comparatively
expensive component of the LIB [4]. No other mechanical parts are added, and the LIB
is finally sealed. Therefore, no new internal features are added at this stage.

In the next production stage, formation and ageing, the LIB is being electrochem-
ically activated and the self-discharge rate is determined, followed by the end of line
tests. In proportion, the increase in total value between cell assembly and delivery is
7.4% due to high manufacturing costs resulting from long storage times and expensive
equipment [3, 4].

2.2 Cross-Process X-ray Inspection Strategy

Based on the technical and economic analysis carried out, a proposal for the use of 100%
measuring X-ray inspection in high-throughput cell assembly is given below. Taking
into account the factors influencing the choice of inspection technology, the inspection
position and the harmonisation of the requirements of individual inspections along the
entire cell assembly, the concept developed is referred to as a cross-process inspection
strategy. This is illustrated below and visualised in Fig. 2.

AC-overhang 3 m Multifeature CT: AC-overhang,

Inspection pore in weld + ESC defect
without X-rays
]

Electrode

Separator Tabs Can Electrolyte

’ False negtaive] True positive @] Inspection position

Stacking Welding Housing

i,

Fig. 2. Cross-process X-ray inspection strategy for implementing a multifeature CT in cell
assembly.

The technical challenges of inspecting internal features were discussed. After three
process steps, X-ray technology can be applied. Plain radiography can be applied after
three process steps to generate individual X-ray images to visualise defects. CT scans
with longer inspection times are required for measurement tasks such as determining
the position of electrodes. One approach to directly reduce the measurement time is to
inspect several features in one CT and accelerate the acquisition of each projection. This
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inspection is called multifeature CT and has the advantage of minimising the risk of
false test decisions. (false positive / negative). The idea of multifeature CT is to inspect
the AC-overhang, weld defects and the position of the ESC after housing. A CT in the
cell assembly should not be carried out at the end of the process chain, as the value
stream analysis shows a high level of total value added during the electrolyte filling and
conditioning process. It is recommended to inspect after the housing, as the increase in
total value due to welding and housing is only about 6% (see Fig. 1B). This test position
is also advantageous from a technical point of view, as the probability of a downstream
deviation in the characteristics is estimated to be low. Despite the mentioned benefits,
the concept of zero-defect production is at odds with the idea of multifeature CT at a
later stage in the production chain, since rejects should be identified as early as possible.
However, later inspection is possible if a robust production chain has been demonstrated
or other upstream quality assurance methods can be used to achieve an early identification
of good parts. For this reason, an alternative control should also be implemented after the
stacking process, which identifies bad parts and must be developed in coordination with
the multifeature CT. For this reason, the following chapter describes the development of
a low-cost alternative inspection method without X-rays after the stacking process.

3 Ac-Overhang Inspection Without X-rays after Stacking

This section analyses whether a deviating position of the electrodes of an ESC can be
identified without X-rays. To develop a new inspection process, the causes of a deviating
electrode or separator position in the manufacturing process are first analysed. A new
test criterion is defined based on the root cause analysis. This allows indirect control of
the electrode position via the separator position. A vision system for recording the test
criterion is then set up and tested.

3.1 Root Cause Analysis of Stacking and Definition of a New Test Criterion
for AC-Overhang

In this example, the single sheet stacking process in the Research & Development Line of
PowerCo SE is analysed. Typical position deviations of the sheets (anode A, cathode K,
separator S) are shown in Fig. 3A and B. In the process, the electrodes and the separator
are placed on the stacking table as individual sheets, each with a vacuum gripper. The
stacking table must move to four positions to place the different sheets. The “single
position error” can occur if the sheets are placed in such a way just the top sheet moves.
This deposit error can occur primarily due to incorrect gripper handling. In the process
itself, a vision system can be used above the stacking table after stacking to identify this
typical stacking error [10]. Once a sheet has been deposited, the stack is fixed vertically
by a clamping system. The position of sheets already placed in the stack may be affected
during the ESC build up due to friction and transverse forces applied by the gripper, the
clamping system or by the acceleration of the stack. Typical error patterns are referred to
as “diagonal force errors” and can be categorised as “single step” or “multi step”. This
error is not detected by the vision system above the stacking table, so a further check
must be carried out at to identify this failure.



Cross-Process X-ray Inspection Strategy in Battery Cell Assembly 59

A B C
I I I
I
[
— ——
I I |
— ——
— —
I I I
———————— — [E—
—————— —
SR @ SN QO] SN @

Fig. 3. A - Single position error; B — diagonal force error (left type “single step”; right “multi
step”); C — Test criteria separator position and definition of group 1, 2, 3 of separator, anode and
cathode.

For the “diagonal force error”, it can be assumed that the oblique force applied
to the ESC causes the adjacent sheets to move. In this scenario, or in the presence of
other disturbances causing systematic displacement of adjacent sheets, the electrode
position could be inferred from the position of the separators in one spatial direction.
A new definition of the test criterion is shown in Fig. 3C. If there is a correlation
between the separator, anode and cathode position, an outlier could be identified by
defining a maximum permissible distance between separator in one spatial direction:
Adsy < Ads and Ads = Syax — Smin- For this outlier, it would apply that there is also
a position deviation of the anodes Adsy < Adj where Ady = Apax — Amin and / or
Adgy < Adc where Adc = Cpgy — Chin due to the large deviation of the separator
position determined.

3.2 Vision System for Detection Separator Position

The separator position is an external feature which could be inspected from the lateral
side using a vision system. The first step in the development of a vision system is the
definition of the requirements of the object to be inspected. This data is then used to
make a selection and alignment of the system components. The test object is an ESC
with a total of 31 anodes (graphite), 30 cathodes (NMC622) and 61 separators. SA- and
AC-overhang are 1.5 mm. The theoretical stack thickness is 11.5 mm. The sheet corners
must be placed in a two-dimensional tolerance zone Adsy = Aday = Adcy with a
width of 800 wm in one spatial direction. The smallest feature is the thickness of the
separator, which is 15 pwm, so according to the Shannon theorem, a digital resolution of
at least 7.5 pum must be achieved [11].

The setup illustrated in Fig. 4A is developed based on these requirements. The
resulting lateral image of the ESC is shown in Fig. 4B. A telecentric lens and a 10-
megapixel area sensor with a pixel pitch of 3.45 wm are used for the inspection task. With
the selected aperture (f-number = 10), an optical resolution of 100 lp/mm is achieved.
With the magnification of the lens of 0.55 and the pixel pitch, this results in an effective
resolution of 6.27 pwm/pixel. The required contrast between the separator tip and the
background is achieved by positioning the collimated blue illumination at an angle of
45° to the optical axis and an exposure time of 10 ms. The separators stand out as thin
white lines against the black background. Manipulation of the shape of the separator can
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result from contact between the anode and cathode edges. In addition, an electrostatic
charge can lead to attraction between individual separator sheets. As a result of these
influences, a bend to the right can be seen in all the separator sheets. It would be possible
to correct the separator position by spline interpolation followed by bend correction with
the length of the spline. Due to the qualitatively small differences in the magnitude of
the bend, the position of the separator tip is used as the spatial position without further
corrections (see Fig. 4C).

Fig. 4. A — Setup of vision system optical axis (white) and central beam of illumination (red), 1:
camera, 2: telecentric lens, 3: collimated illuminator, 4: ESC; B — Resulting image of separator
with high contrast of separator tips; C — Tips of every second separator are marked in the red
section of image B.

3.3 Investigation of the Correlation Between Separator, Anode and Cathode
Position

There must be a strong linear correlation in one direction between the position of the
separators and the position of the electrodes in the bad ESC to use the vision system
for outlier detection. For the correlation analysis, bad parts (true negative) are removed
from production after the single sheet stacking process described above. No good parts
are analysed because it is assumed that the position of the sheets correlate when they are
correctly stacked, as the relative position differences of all sheets are small.

The bad parts are identified by CT of the corners of the ESC using the conventional
system (see chapter 4, resolution 15 wm/voxel). Using this CT system, 29 ESC corners
were identified which had a position distance of the long edge of the anode with 0.8mm >
Ady < 3mm and cathodes with 0.8mm > Adc < 3mm. . The tip position of these
corners in the direction of the long edge is then recorded with the developed vision
system. Finally, the tips of the separators and electrodes are labelled using the ImageJ
program (version 1.52a). The pairings are numbered as shown in Fig. 3C. A labelled
example images are shown in Fig. SA. Based on the resolution of the CT and vision
system, the actual position of all sheets is calculated before comparison. The main result
across all pairs of anodes, cathodes and separators is shown in the diagram Fig. 5B and
C. The distribution of the Pearson correlation coefficient (PCC) r across all pairs in the
corner images is centred around 0.95 for the majority of the data. There are only a few
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outliers, which means that this experiment demonstrated a strong correlation between
the positions of adjacent separators, anodes and cathodes in one spatial direction for the
stacking process investigated.

B]

5
SA SC AC

Fig. 5. A -Example section of labelled image data set from the vision system (top) and the CT slice
(bottom); B - The diagram shows the PCC for the pairs of separator-anode (SA), separator-cathode
(SC) and anode-cathode (AC). Over all 29 corner images the data shows a strong correlation. C
- In the diagram, the maximum distance between the separators is plotted against the maximum
distance between the anodes and cathodes of all 29 corners. The diagram visualises the linear
correlation between the distances Adg, Ady and Adc. Compared to the difference between the
anode and the separator, the difference between the cathodes is greater.

For the bad parts the criterion Adgy = 0.5mm < Ads can serve as an indicator for an
outlier, so that for anode Aday = 0.8mm < Ady and cathode Adey = 0.8mm < Adc
also applies in the ESC. This is illustrated by the proof of a correlation between Adg,
Ady und Adc which is shown in Fig. 5C. In the long term, the system must be tested
further to evaluate how high the proportion of incorrect test decisions is (false positive,
false negative).

4 Fast Multifeature Computed Tomography

The requirement for the realisation of a fast CT before electrolyte filling is the recording
of the fastest possible projections during the rotation of the object in the X-ray beam. This
requires a high tube power with a small focal spot in order to enable short exposure times
for the detector [12]. As manufacturers are continuously working on this challenge, great
technical progress has been made in recent years with the development of liquid metal-
jet tubes and photon-counting detectors. In contrast to conventional tubes, which have a
solid metal anode with air or water cooling, liquid metal-jet tubes enable considerably
higher tube outputs. The increased and stable performance with a small focal spot can
be achieved by the greatly improved heat dissipation through a liquid metal target made
of gallium or tungsten [2]. In conventional systems, established flat-panel detectors
(FPD) are also used, which convert the X-rays into an electrical signal in two steps with
a scintillator layer and a photodiode. In contrast, photon-counting detectors convert X-
rays in a single step, often resulting in improved image quality with higher resolution and
contrast sensitivity [13]. In the following, a fast, multifeature CT with such a metal-jet
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system is tested before electrolyte filling. The first part of this chapter describes the data
acquisition procedure. Subsequently, CT reconstructions are presented and compared to
measure several features.

4.1 Methodology

Two systems are available for perform a CT scan. The technical data and the parameters
for setting the CTs are shown in Table 1. Details on the components can be found in
the manufacturers’ data sheets. As defined in the introduction, system 1 is referred to
as a conventional system, as a closed microfocus tube (max. Power 39 W) and a FPD
are installed. System 2 is defined by the use of a liquid metal beam tube (max. Power
1000 W) and a photon counting detector. The first step is to set the placement of the
object and the required magnification. The test object is an ESC housed in pouch foil
without electrolyte, which is shown in Fig. 6. The ESC has the same characteristics as
described in Chapter 3. The results of the pouch cell are assumed to be applicable to
a prismatic cell due to the relatively low X-ray absorption of the aluminium housing
material compared to the ESC material. The inspection area is selected for the analysis
as this is where the features to be inspected are located. An object is chosen which
has all production defects to evaluate the visualisation capability in the different CT
scans. For all CT scans, the object is positioned identically in the X-ray beam with the
central beam between the anodes and cathodes in the corner area and the electrode edges
mirror-symmetrical to the axis of rotation.

As mentioned in Sect. 2.1, the required CT scan times of less than 6 s cannot be
achieved with the conventional system. For this reason, the scan with the conventional
system should be of high quality and not as fast as possible. The reconstruction data is
used as a comparison data set. The combination of exposure time, acceleration voltage
and current is set to maximise the grey scale spectrum. A focal spot of 16.5 pm at
130 kV and 0.1 mA is used for acqusition. A stepwise exposure is performed with 720
projections and an exposure time of 200 ms. The waiting time between projections is
1 s to reduce the influence of vibrations during image acquisition. The time required
to acquire the projections is 144 s. The total CT scan time, including waiting time and
excluding reconstruction, is 864 s.

With the metal-jet system, two CT scans are performed to acquire data as quickly
as possible. To evaluate the dependence of the quality of the CT reconstruction on the
acquisition speed, two fast CT scans are performed with a total scan time of 10 s (scan
2) and 1 s (scan 3). The reconstruction time is not included in this study. In both scans,
1000 projections are acquired at 160 k'V, a focal spot size of 30 pum and 4.4 mA. Scan 3
uses the detector’s minimum exposure time of 1 ms. The reconstructions of all the scans
are carried out with a filtered back projection and have a resolution of 20 pm/voxel. The
reconstructions are aligned equally, and three slices are compared for all defect cases,
which can also be seen in Fig. 6.

4.2 Results and Discussion

The evaluation of fast CT with the metal-jet system is based on a qualitative comparison
of the visibility of the features and various comparative measurements with conventional
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Table 1 Overview of system and CT parameters.

Parameter Conventional System Metal-jet System
Tube Hamamatsu L9181-06 Excillum Metallet E1 +
Dectris Eiger 4M

Detector Rad-icon 3030
Scan 1 2 3
Goal High quality CT Fast CT Fast CT
Scan time 864 s 10s 1s
Power 13W 700 W 700 W
Spot size 16.5 pm 30 wm 30 wm
Voxel size 20 um 20 um 20 wm
Exposure time 200 ms 10 ms 1 ms
Projections 720 1000 1000

Slice B

Weld

inspection
. QQ
Slice e
AC- | RS &
overhang — el
Slice r
ESC
position

Fig. 6. Image of the test object and inspection position of slices

CT. Figure 7 shows the different raw slices of scans 1, 2 and 3. The AC-overhang
(Fig. 7A), the weld seam quality (Fig. 7B) and the position of the ESC in the pouch foil
(Fig. 7C) be evaluated in the slices. Basically, there is a lower signal-to-noise ratio in
the fast CT scan. However, the features can still be easily identified in all scans in the
manual evaluation. This is particularly evident in the qualitative analysis of the images.
The position of the electrode, the weld pore, the cut in the arrester tab and the bent anode
tips in the edge area can be identified in each dataset.

When the AC-overhang in the images in Fig. 7A is evaluated quantitatively using
ImagelJ software, it becomes clear that there are slight deviations in the position and
characteristics of the features between the slices. The manual comparison measurements
with three repetitions exhibit an increased difference of the mean value between the scans
of the two systems. The main influencing factors are assumed to be the deviations in the
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beam hardening artifacts in the anode tip area in the slices of the conventional system
and a deviation in slice position due to a different alignment of the reconstructions. In
contrast, the measurement deviations between scans 2 and 3 are low. In addition, the
standard deviation of the manual repeat measurements is small for all measurements.
Furthermore, the setting of a static threshold filter in Fig. 7C shows that an automated
evaluation of all slices could be possible, since path tracking for the anodes is possible.

Conventional system Metal-jet system
scan time 10 s ‘ scan time 1s

scan time 864 s

max

min

max

min

1 mm

Fig. 7. A — Comparison of AC-overhang measurement; B — Slice of weld defects (cut in arrester
tab and weld pore); C — Visualisation of anode tracing for detect bended tips

The comparison has shown that with a metal-jet system, the acquisition time of the
projections for a multifeature CT can be reduced by using a liquid metal-jet tube and a
photon-counting detector. Even in the shortest scan, which takes only 1 s, all inspection
features can be identified. Further tests must investigate whether the required precision
and accuracy can be achieved with this fast CT. The initial results show that this system
can be used in the future to implement a 100% multi-feature CT inspection with the
proposed cross-process inspection strategy in LIB mass production.

5 Conlusion and Outlook

In this research, a technical and economic analysis was carried out to derive a cross-
process inspection strategy. The strategy replaces the multiple use of plain radiography
with one application of 100% CT scan of internal features of a LIB in cell assembly. The
prioritised inspection position before electrolyte filling is identified as advantageous, as
all relevant inner features can already be inspected here and the economic loss between
the stacking process and electrolyte filling due to the processing of bad parts is low at
6% of the manufacturing costs. Despite the advantages of using multifeature CT, two
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challenges for the feasibility of this concept need to be analysed. Firstly, the cross-
process strategy must ensure a low proportion of defective parts that are processed after
the stacking phase. Therefore, at this stage, a cost-effective additional inspection without
X-ray systems must be developed to identify outliers. These requirements are met by
the vision system investigated in Chapter 3. As an alternative inspection technique, it
was found that the position of the separators can be used to infer misaligned electrode
positions due to the high correlation between adjacent sheets in an ESC. Secondly,
conventional CTs are unable to achieve the inspection times required for 100% inspection
in high throughput cell assembly. The investigation of a fast CT in Chapter 4 provides
an initial benchmark. Using a liquid metal-jet tube and a photon counting detector, a fast
CT scan was performed to measure AC-overhang, detect weld defects and damages of
the ESC.

Further investigations must initially focus on the testing and optimisation of the
vision system and the fast CT. When used in mass production, it is very important for
both systems that the image data can be analysed automatically. Above all, when imple-
menting fast CT, not only the acquisition times of the projections must be considered,
but also the downstream reconstruction times up to the final inspection decision. Due
to the amount of data generated, task-specific and time-optimised algorithms must be
developed. In the future, the intelligent networking of the individual tests will lead to fur-
ther innovations in a cross-process inspection strategy in LIB production. The developed
cross-process inspection strategy can provide a crucial basis for implementing further
approaches to increase efficiency in the use of cost-intensive measuring equipment.
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Abstract. Thermoforming enables the efficient processing of continuous fibre
reinforced thermoplastic (CFRT) such as organo sheets into geometrically com-
plex and structurally advantageous structures; however, resulting components are
often hybrized through additional processes for an increased rigidity. For this,
injection moulding is a widespread option, as it allows for the precise integra-
tion of plastic ribs into the thermoformed products, leading to improved structural
integrity and mechanical stiffness [1, 2]. As thermoforming and injection mould-
ing offer synergistic advantages, especially based on many related process steps,
the processes can be successfully integrated [3]. When further manufacturing
steps such as cutting are combined within this integrated process, the previously
required handling steps are avoided entirely and the overall process cycle time can
be reduced [4].

Within the present research, the integration of multiple process steps into an
integrative process chain is examined through a prototypical experimental setup.
The investigated one-shot injection moulding mould (IMM) combines the ther-
moforming and trimming of the final contour as well as the injection moulding
step within an index plate mould. This enables comparably short process cycles
while maintaining part quality, such as the defined position of CFRT in edge
contours. The process chain is validated and resulting demonstrator components
are analyzed regarding the adhesion between CFRT and applied thermoplastics
by applying tensile loads. Even in comparison to conventionally established pro-
cesses, the investigated integrated process chain enables feasible results. Within
the examined process parameters, the temperatures within the different system
components significantly influence the overall part quality. Overall, the concept
for an integrated process chain shows promise for further investigations, as it offers
significant gains in overall process efficiencies through reduced handling steps and
potential time savings.

Keywords: One-shot process - CFRT sheet-based structures - Injection
moulding - Thermoforming
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1 Introduction

Fibre reinforced plastics offer a high lightweight potential while increasing stiffness
and strength characteristic compared to regular plastic components. Additionally, when
using continuous fibre reinforced thermoplastics (CFRT) an optimized use of the load
path is possible while a repeated formability above the glass transition temperature of
the matrix is possible. As a starting material with a flat, sheet-like geometry, this semi-
finished product can be formed into complex geometric shapes and thus increase rigidity
and strength with fibre reinforcement, especially in flat component areas. In comparison
to unfilled plastics, the wall thickness and material usage can be reduced. Another key
advantage is the possibility of hybridizing the structure using other polymers through
additionally processes, injection moulding is a wide-spread option [3, 5, 6]. In this
case, a material bond can be created with a material of the same type, either through
process-integrated heating of the CFRT by means of a melt or by applying a temperature
in advance, for example from radiation fields [7, 8]. Common functionalizations are
back-injected ribs for stiffening surfaces or the injection moulding of connection points.
There are various suitable areas of application, such as lightweight automotive parts,
large industrial machine parts, thin electronic housings for notebooks or smartphones
but also shoe soles and bicycle components in sport articles are manufactured with these
processes [4, 9].

However, in addition to the mentioned advantages, there are some challenges in terms
of processability. A typical processing method for CFRT components is thermoforming.
For this, the flat semi-finished product is heated to melting temperature and thus to a
flexible state. The subsequent shaping of the semi-finished product is achieved with a
high applied pressure and in a forming tool with subsequent cooling processes. The
polymer is conventionally applied in a separate step, in a separate injection mould. The
temperature control for both the shaping process of the CFRT and the plastic application
are both selected in accordance with the melting point, as they are decisive for the
resulting mechanical properties as well as the overall energy-efficiency. Due to the
usually sequenced process steps, several heating and cooling cycles are conventionally
required and the overall process requires a number of handling steps.

The aim of the paper is to present a mould for injection moulding and its process
chain for the manufacturing of CFRT-plastic components combining the three process
steps of thermoforming, trimming and plastic application. An overview of the state of the
art of process chains are given and advantages and challenges are discussed. The mould
and its functions is shown in detail. The investigation of the production and testing of
specimen based on different CFRT materials is presented. Following on this a discussion
of the results and the reference to the process concludes the paper.

2 Manufacturing Technology of Functionalized CFRT

The production of components from functionalized CFRT is subject to an interplay of
trimming, forming and gating operations. To combine the three process steps in one
mould is the aim of the project. Common process chains from different manufacturers
are conceptually visualized in Fig. 1.
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Fig. 1. Schematic process chains for CFRT sheet-based parts

In accordance with process guidelines as established by Krauss Maffei [10, 11] and
Engel [12, 13], the CFRT semi-finished product is first brought into a near net shape form
[2, 3,9, 14, 15]. The blank is then transferred for example to an IR field located above
the injection moulding mould (IMM) and heated. As soon as the target temperature is
reached on the CFRT, it is placed in the IMM, formed and injected. The advantage of
this process lies in the ability to trim complex geometries using a laser. Hardly any other
trimming process can generate such precise, tool-free and dust-free cuts. The resulting
advantage is the high material utilization of the expensive CFRT semi-finished products.
The integration of thermoforming into the injection moulding process has the energetic
advantage of process heat being used to reach the target temperature window required
for the bond of CFRT and molten thermoplastic matrix [2, 15, 16].

A major disadvantage of decoupled trimming is the necessary accuracy of the posi-
tioning of the blank in the IMM. This leads to indentations at the edges of the component,
which must be overmoulded to ensure a clean edge finish. The position of the blank in
the edge can also not be defined, which can be disadvantageous for applications designed
for high loads.

According to Dieffenbacher [17, 18], another option combines the trimming and
thermoforming step. This is particularly possible with tapes, which are deposited, cut
and consolidated in the target contour. A disadvantage of this process chain is the
additional handling step required for moving the semi-finished part to another tool for
functionalization with plastic in injection moulding.

In general, sequential processes have the advantage of decoupling and therefore
greater flexibility to react to complications in production than integrative processes.
This is a disadvantage when it comes to short process times in mass production. The
integrated process chain suggested within the present publication addresses a solution
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for this conflict of goals by developing a mould and its process to combine the single
steps.

3 Process Definition and Mould Design

In order to achieve the combination of the discussed process steps, a concept for a single
mould enabling all manufacturing steps has to be designed. Since the plastic application
can only take place in an injection mould, the trimming and thermoforming of the CFRT
are integrated into it. Fig. 2 shows a schematic sequence of the different process steps
with their relative durations.
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Fig. 2. Qualitative of progression of process temperature in the process chain for CFRT material
based on Polyamid 6 (PA6)

Heating the CRFT is the longest step of this process. Efficient heating techniques
such as infrared heating minimize this time compared to circulating air heating by oven.
This is followed by the handling step, in which the heated and therefore limp textile is
transferred to the opened mould. With an efficient handling system, only a small amount
of heatis lost viaroom air convection. With the closing of the mould and the resulting full-
surface contact between the blank and the mould surface for the thermoforming process,
the temperature drops drastically to the temperature of the tool. This is followed by a
dwell time in the first mould stage due to the time required for the plastic application in
the second mould stage. The temperature remains constant until the start of the injection
moulding step. Due to the plastic melt, which is heated above the melting temperature for
processing, the formed and trimmed CFRT also experiences an increase in temperature,
which is partially reduced again during the cooling time. During demoulding, when the
part is exposed to ambient air, the temperature is reduced further and the component is
finished.

Within this concept, the temperature control is a key challenge. Features such as the
forming quality of the CFRT sheet, the bond between the CFRT and the plastic component
and the desired time savings compared to other processes are heavily dependent on the
temperature control within the mould. A high temperature in the melt is required for
thermoforming the CFRT (To), while the contact surface in the mould has significantly
lower temperatures for injection moulding (T ). Depending on the material, this can be
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a delta of 170 °C for PA6 (To: 260 °C and Ty,: 80 °C) or a delta of 120 °C for PP (To:
180 °C and Ty,: 60 °C). Due to these high temperature differences, the thermoforming of
the CFRT cannot be fully completed, which means that a higher input temperature of the
CFRT must be selected. This is associated with increased time and energy requirements
as well as an increased risk of degradation effects in the polymer matrix [1]. A further
conflict of objectives in the second mould stage is the temperature during injection on the
CFRT, which is decisive for the bond [1, 19]. Higher temperatures of the inserted CFRT
are beneficial for the resulting overall stability; however, analogous conflicts regarding
heating and cooling times arise, necessitating further investigations and evaluations
regarding an optimal trade-off between a high efficiency and an appropriate resulting
component quality.

Description of mould and functions

The aim was to reproduce the process sequence described in Fig. 2 in an injection mould
using index plate technology. This technology allows the transfer of the formed and cut
CFRT through a rotation from the upper to the lower mould half, moving the ejector
side to the second process step of the plastic application (See Fig. 3). Therefore, in the
ejector side the mould form is identical for the upper and lower half of the mould where
thermoforming and trimming as a first step and injection moulding is realized as a second
process step.
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(2) Injection Moulding

Fig. 3. Schematic design of IMM and its functions (1.) and manufactured mould (r.)

The advantage of this concept is, on the one hand, the possible decoupling of the
process steps to increase quality and reduce process susceptibility. In addition, a finished
part can be ejected with each opening and closing movement. The first part therefore
has a full cycle time, and the output time is reduced by half with each additional part,
thus maximizing the efficiency of the process.

The mould specifications cover a range of crucial functions, including the provision
of a holding fixture designed for the heated CFRT. Additionally, the mould facilitates
the precise thermoforming of the CFRT, employing a dedicated heater for an effective
implementation of the forming punch. Following the thermoforming process, the mould
incorporates a shear cut mechanism, ensuring the desired shape and dimensions. In order
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to facilitate the next process steps, the entire mould half is rotated into the stage of plastic
application.

The schematic for the thermoforming and trimming unit is shown in Fig. 4. In the
nozzle side (1), a spring-loaded mould half (2) is visible, which is pressed in with
the closing movement of the mould and thus releases the cutting sleeve (3) after the
shaping process. By moving the cutting punch (10) inside the cutting sleeve (3) the
shear cut of the CFRT part is enabled after the forming mould (8) is closed completely
and thermoforming is finished.

(3) Cutting

(7) Holder S

(5) CFRT
sensor

(9) Vacuum .
(2) spring-loaded

mould half
(8) Mould half __|
ejector side
(10) Cutting punch 4) H;ating
cartridge

(6) Ejector side (1) Nozzle side

Fig. 4. Schematic mould illustration of mould stage 1: thermoforming and trimming

Shear cutting is an established process with high economic efficiency for the large-
scale production process [20]. It was selected as a suitable trimming process, as it can
be synergetically integrated into an injection mould, utilizing the closing movement for
applying the shearing forces. The entire cutting edge of the specimen is produced in one
stroke. Furthermore, the upper part of the right mould half is heated by heating cartridges
(4) with 2 x 315 W in order to adjust the temperature difference between the mould and
the preheated CFRT sheet more precisely than with a water-based mould temperature
control. The CFRT (5) is held in position on the ejector side (6) by a holder (7). The
aim after thermoforming is for the insert to remain within the mould half of the ejector
side (6) for the purpose of transfer it to the lower mould half for the following injection
moulding step. To ensure the remaining of the CFRT in the ejector side (8), a vacuum
channel (9) is integrated. The upper and lower parts of the ejector side (6) are identical.

The structure of the second functional stage is shown in Fig. 5. The ejector side
(6) is manufactured in the same way as the first functional stage. The nozzle side (1)
contains the hot runner (11) and the injection moulding cavity (12). After the insert has
been rotated into the lower half of the mould, the mould closes and the plastic is applied.
The design of the cavity creates an undercut through which the finished component (15)
is removed from the stripper ring (14) when the mould opens. This replaces the usual
ejector pins on the ejector side (6).

The specimen consists of a circular CFRT sheet insert, which is injected on one
side (see Fig. 6) at the shear-cut edge, an overmoulding is realized through the cavity
geometry. By selecting a circular shape, the influence of the fibre angle to the cutting
plane on possible fraying can be determined [21]. Possible fibre protrusions can thus be
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Fig. 5. Schematic mould illustration of mould stage 2: injection moulding

Organo sheet

Plastic application

Fig. 6. Specimen geometry, size and characteristics

enclosed by the melt during injection and lead to an improved bond between the melt
and the CFRT insert. The outer circle diameter of the functional demonstrator is @ =
77 mm including a 6 mm overmoulding on the sides. The CFRT insert has a diameter of
@ =71 mm, so that 3 mm of the edge is overmoulded all the way around. The six flow
channels are arranged symmetrically at each point and have a rectangular cross-section
of 2 mm?.

4 Processing

4.1 Results on Shear Cutting of CFRT

Three different CFRT materials are investigated as shown in Table 1. All CFRT are
based on textile fabrics in 0°/90° fibre orientation. The weight per unit area and amount
of fibre are different for glass fibre (GF) based and flax fibre (FF) based material.
Overall, the specimens at the cut edge show that the hypothesis of an influence of the
fibre angle cannot be confirmed. No difference can be determined at high and low fibre
angles. It was found that an influence of the tilting of the cutting tools due to gravity
is visible in the cut edge. The contours in the upper area of the specimen mostly result
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Table 1. List of investigated CFRT materials

Material A Material B Material C
Manufacturer Tepex® dynalite Tepex® dynalite Tepex® dynalite
designation 104-RG600(x)/47% 102-RG600(x)/47% 831-F150(x)/41%
Declaration in PP PA6 PLA
testing
Plastic component | Polypropylene Polyamid 6 Polylactic acid
Fibre material Glass fibre Glass fibre Flax fibre
Manufacturing 165 °C 220 °C 150 °C
temperature

in a frayed edge, while the lower area can be cut cleanly. Due to the tilting, the cutting
clearance cannot be kept constant around the whole cutting edge when the cutting tool
plunges into the opposite mould half.

T,= 120 °C
T,=100°C

(1) PP-GF (2) PLA-FF

Fig. 7. Result: side view of cutting-edge characteristic for different materials

The cutting clearance was chosen to be 0.05 mm due to the high demands on leak
tightness in the second tool stage. Despite this small cutting clearance, the fibres are
able to fill the smallest gaps can therefore not be cut but only torn. As a result, fringes
become visible at the edge of the cut.

In Fig. 7 a cutting result for PP-GF (1) and PLA-FF (2) is shown. The figure shows
both fibre fringes (B, D) and matrix leakage (A, C) in the cutting cavity. This occurs as a
result of high temperatures of the heating cartridge (T) and mould (Ty,), which reduce
the temperature difference between CFRT and mould and thus prolong the molten state.
For the PP-GF material, higher fibre fringes and matrix leakage can be determined. The
reason for this is assumed to be the better cuttability of flax fibres as well as the lower
matrix content in the CFRT semi-finished product. In addition, the temperature window
for processing the PLA-FF is comparably small, so that a degradation of the material
can be observed rather than a reduction in the temperature difference between the tool
and the material.

For PA6-GF material, this material degradation has not extensively developed due to
its higher temperature stability. Resulting from a high temperature difference between
material and cutting tool, the material cools down within a comparably short time and
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therefore fibre fringes and matrix leakage is prevented. As shown in Fig. 8 fibre fringes
cannot be entirely overmoulded by the injected melt. The presence of fibres lead as well
to higher accessibility for the injected plastic melt in the sealing area where the resulting
gap is filled.

Fig. 8. Influence of fibre fringes in injection moulding step

Nevertheless, there were specimen of all materials with a low amount of fibre fringes,
which could be used in the following process step of injection moulding. Even after
approximately 3000 strokes, no wear on the cutting-edge tool affecting the process
could be detected. By changing the fibre material an adaption on the wear resistance
might become necessary.

4.2 Results on Testing the Pull-Off Force

To evaluate the functionality of the mould in the process sequence, test specimens were
produced and tested for the pull-off force of the components. The test setup is shown
for an exemplary test in Fig. 9. The test specimen is clamped at the top and bottom and
subjected to tensile force. The clamping jaws allow the injected plastic to be loaded in
shear to the base body of the CFRT so that the pull-off force can be determined. It is
to be expected, that increased temperatures in the injection moulding process results in
improved bonding quality and thus increased the resulting pull-off force.

The test plan resulting from this expectation (see Table 2) varies the temperatures
for the individual materials. The melting temperatures differ depending on the matrix
material. The results can therefore be used to design the temperature control of the
overall process, in which the temperatures of the heating cartridges, mould and plastic
melt are decisive.

There were ten specimen per variation manufactured and at least five were tested
valid. Due to the selected testing procedure, in some specimen the CFRT sheet material
was tested rather than the pull-off force (see Fig. 10). For the further evaluation, merely
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Injected plastic
component

Organosheet

Fig. 9. Test setup for the pull-off test in terms of determining the pull-off force

Table 2. Test plan

Test plan 1 — Reference specimen Test plan 2
PLA/Flax | PP/Glas fibre | PA6/Glas fibre | PP/Glas fibre | PA6/Glas fibre
fibre

Temperature of | 80 100 130 100 130

heating

cartridge Ty, in

°C

Mould 60 60 80 100 120

temperature

T in °C

Temperature of | 180 190 260 190 260

plastic melt Tp

in °C

test results resulting in a detachment of thermoplastic and CFRT sheet were designated
as “valid” and evaluated further.

The pull-off forces determined can be seen in Fig. 11. The highest pull-off force
was determined for PP at a mould temperature Ty, of 100 °C. An increase in the mould
temperature Ty, is accompanied by an increase in the pull-off force, an even stronger
analogue influence is visible for PA6. An increase in Ty, leads to improved bonding
between the base material and the injection-moulded compound (see Fig. 11 r.). For
PP the pull-off force increased by + 34% and for PA6 by + 57% while the mould
temperature difference to the reference value was increased by A = 40 °C.
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Valid test result Invalid test result

50 mm

Fig. 10. Test results for valid testing (1.) and invalid testing (r.)

The forces determined are higher for PLA and PP samples compared to the mechan-
ically superior PA6. This is partly due to the temperature control and the better sample
quality of low-melting polymers due to the lower temperature difference between melt
temperature Tj, and mould temperature Ty,. The temperature input in the bonding surface
takes place almost exclusively via the temperature of the melt.

Pull-off force of different materials, n=5
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= 2000 ‘
<3 7 i
o 1500 Medium fringing
5 Melted cutting
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— =} —_
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Fig. 11. Results for pull-off force (l.) and examples for specimen with different mould tempera-
tures Ty (r.)

By melting the surface of the CFRT sheet insert, welding can be achieved for bonding.
Despite the visible standard deviation, the data basis is sufficient to show a significant
influence of the mould temperature Ty,.

5 Conclusions

With the process presented within the presented research, the possibility of manufactur-
ing small, mass-produced components with an integrated process chain is successfully
demonstrated. Through an integration of trimming and thermoforming within the first
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mould stage distortion and undefined alignments of the CFRT part can be avoided. As the
formed part is left within the mould half without demoulding and rotated into the position
required for injection moulding, intermittent handling steps are avoided entirely. As the
following injection moulding as second mould stage is parallelized and uses the same tool
stroke as the thermoforming and trimming, a scalable high-throughput integrated process
chain was achieved. The overall process was validated with a demonstrator geometry and
a combination of various conventionally used material combinations. Similar to most
established processes for injection moulding CFRT parts, the pull-off of thermoplastic
and CFRT part is mostly dependent on suitably high temperatures during moulding. As
a result, the achieved forces during pull-off force test are comparably low. This could
be compensated through additional heating strategies in line with other approaches for
injection moulding from the state of the art in future experiments. However, possible
individual process optimizations for the sub-process of injection moulding does not
diminish the overall effectivity of the presented process chain. With the validated inte-
grated processes, the basis for a functionally integrated, scalable and highly efficient
thermoforming, trimming and injection moulding is established. Especially the reduc-
tion of required handling tasks as well as heating/cooling cycling times offers promising
future approaches for a more efficient and productive process chain for functionalized
CFRT components.
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Abstract. This paper presents the development of solutions for the autonomous
disassembly of electric motors, a vital component in the realm of e-mobility. With
the escalating growth in electric vehicle (EV) production, exemplified by the regis-
tration of 10.8 million EVs worldwide in 2022 and the substantial sales of specific
electric motor models, the importance of efficient recycling and disassembly pro-
cesses has become more pronounced. Recognizing this, our project “Zirkel” aims
to address the challenges of circular economy and resource efficiency through
innovative disassembly techniques.

Our methodology involved comprehensive pre-disassembly workshops to
familiarize ourselves with the electric motor as a component, understanding its
structure, and identifying potential challenges in the disassembly process. The
workshops provided crucial insights into the specificities of electric motors used
in popular EV models like the Volkswagen ID.3 and ID.4, paving the way for the
development of an autonomous disassembly system.

The technical challenges in developing this system were manifold, tackled
through a multi-staged approach that integrates both sensorial and mechanical pro-
cesses. This approach allowed us to efficiently navigate the complexities associated
with the disassembly of electric motors, ensuring a balance between precision and
practicality.

In the demonstrator section of the paper, we elucidate the step-by-step process
of overcoming these technical hurdles, detailing the development stages and the
innovative solutions we employed. This includes the use of advanced automated
techniques, adaptive designs, and automation of previously manual processes.

Keywords: Autonomous disassembly - Screw detection - Design for recycling -
Circular economy - Electric motors

1 Introduction

In the current era of rapid technological advancement, it is increasingly important to
embrace a circular economy. This approach focuses on optimizing the utilization of
products and materials, minimizing waste and decreasing the demand for raw resources.
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The automotive industry exemplifies significant challenges, particularly in relation to
vehicles and their components often becoming prematurely obsolete before being used
in a second or third life cycle. This results in discarded vehicles being shipped overseas
as used cars before ultimately ending up in scrapyards, depleting resources like rare earth
metals, copper, and high-quality alloys. The global scale of this issue is underscored by
having exported 23 million used vehicles worldwide in the period between 2015 and
2020. Approximately 66% of these vehicles were traded to developing and transition
countries. The European Union (EU) emerges as the main exporter with around 11.5
million units being traded of which 42% were exported outside the EU [1].

Today’s global landscape is characterized by increasing competitive pressures in
various industries, including resource scarcity, rising raw material costs, waste disposal
challenges, pollution concerns, carbon emissions, energy scarcity, and unpredictable cost
increases. In response to these challenges, we introduce “Zirkel”’: a project addressing the
core principles of the circular economy, resource efficiency of e-mobility components.
Zirkel is an innovative initiative featuring a multifaceted strategy that includes advanced
automated disassembly techniques for electric motors, adaptive design and automation
of previously manual disassembly processes [2].

In this paper, the necessary steps towards an autonomous disassembly of electric
motors are discussed. The electric motor is a pivotal component, reflecting the expand-
ing significance of electric vehicles (EVs). In 2022, a notable 10.8 million EVs were
registered worldwide, almost doubling from 6.7 million in 2021. [3] Significantly, the
electric motor model we analyzed—a permanent magnet synchronous motor in hairpin
design from Volkswagen—was sold 253,000 times in 2022 and incorporated into models
such as the ID.3 and ID.4. [4].

This paper is structured to initially provide a comprehensive overview of the current
state of dismantling technologies on electric motors, followed by a detailed explanation
of our methodology. Subsequently, we delve into the development of our demonstrator.
The process of developing this autonomous disassembly system was intricate and multi-
staged, necessitating the overcoming of several technical challenges regarding sensor
technology and the mechanical side. These challenges and their resolutions are explained
in the demonstrator section of this paper.

2 State of the art

Reducing the criticality and increasing the sustainability of rare earth materials are
challenges that are also being tackled by politics, for example in the United Nations
Sustainable Development Goals. [5] On the part of the European Union, the Green Deal
[6] the Circular Economy Act and the Battery Ordinance are guidelines that oblige
OEMs, e.g. of batteries and drives, to create take-back systems, ensure reuse or dispose
of their products in an environmentally friendly manner. The EU BattVO also introduces
adigital battery passport, labeling requirements and documentation of the CO; footprint.

In order to counter the disadvantage for the German industry on the global raw
materials market, a closed recycling loop, especially for rare earth materials, must be
established along the value chain of EVs. These metals are playing an increasingly
important role in society in view of the growing importance of renewable energies and
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e-mobility. The reuse and recycling of traction motors, along with traction batteries, has
one of the greatest leverage effects for this project. When electric motors are scraped, the
rotor and stator are separated. The focus when recycling electric motors is on the copper
of the stator. The rotors are classified as mixed scrap as there is a lack of recycling on
an industrial scale. Both components are currently shredded separately. The shredded
materials are then sorted through various filter systems (e.g. magnetic separators). The
economically strategic rare earth magnets (e.g. neodymium (Nd) or samarium (Sm))
contained therein are not extracted and end up in steel recycling. [3, 4].

To this day, no large-scale industrial magnet recycling system exists. Only a few pro-
cesses are shown to be scalable but are not jet scaled up. There are also research projects
for recycling rare earth materials from electric motors, which are running worldwide.
[7, 8].

The realization of a material cycle usually fails due to economic and technical obsta-
cles. Be it the number of parties involved, a large heterogeneity in terms of specifications
or the OEM’s reluctance to provide information. As there is still no standardization for
Nd magnets in electric motors and the variety of alloys used is large, industrial recycling
is currently uneconomical. Additionally, the disassembly process of e-motors is mostly
performed manually. However, as the growing waste streams from old electrical appli-
ances and wind turbines are expected to be the main source of rare earth materials such
as Nd over the next two decades, a functioning circular economy should be the goal. [3,
6, 7].

Investigations into the dismantling of electric motors have been or are currently
underway in the following projects [9]:

e MORE, 2011-2014, recycling of electric motors [10]

e DeMoBat, 2019-2023, industrial disassembly of battery modules and electric motors
[11]

e ZirkulEA, 2022-2025, circuit capability of the electric drivetrain [12]

e AgiProbot, 2019-2024, agile production system using mobile learning robots [13]

e DemoSens, 2020-2023, digitization of automated disassembly [14]

In the MORE project, the reuse of the magnets from the rotor was tested, as they
are not damaged during operation. In a specially developed process, the magnets were
removed non-destructively from the laminated core, demagnetized and freed from adhe-
sive residues. The recyclates obtained in this way can generally be reused after renewed
magnetization. The magnets were also produced from recycled Nd powder, but these
have a 3% lower remanence. [3].

As part of the Fraunhofer Society, the Fraunhofer IFAM has developed a process
for recovering recyclates from magnetic materials and magnetic material mixtures. The
recycling process is based on a combination of pyrometallurgical and wet-chemical
process steps. The Fraunhofer IWKS is also researching the establishment of a circular
economy for functional components for e-mobility at its Center for Dismantling and
Recycling for Electromobility (ZDR-EMIL). [4, 9].

Detachable and debondable connections, such as screw connections, are an important
means of designing products in a circular way. However, there are many challenges that
need to be overcome when automating disassembly:
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Automated screwhead detection can be challenging due to the small size in com-
parison to mere object identification and potential deformation of screwheads, requiring
increased accuracy. [15] To meet this challenge, a systematic pre-processing method
is used that links edges in the images using a sampling rate adjuster. In addition, the
application of a Gaussian blur filter improves performance by removing noise, and the
Canny edge detection algorithm acts as an edge isolator, removing everything but edges
in the image. Various detection methods are used for screws on flat surfaces. The Hough
Line Transformation identifies the screw thread as two parallel lines but does not pro-
vide information on the tip direction. It has a low error rate on isolated screws but a
higher one when there are distracting features in the background. On the other hand,
boundary-following algorithms offer precise orientation but face challenges in close-
proximity scenarios. To detect overlapping screws, a template-based technique can be
used, although it may have a longer processing time. [16].

To classify different types of screws, a two-step approach is employed. It uses detec-
tors such as R-CNN or YOLOV3, which balances speed and accuracy. First, the screw
head is localized, and then it is classified into discrete classes. Efficiency is improved
through network design optimizations. Comparing YOLOvVS models, it was found that
a larger classifier maintains comparable accuracy but takes twice as long to evalu-
ate the image. To address false alarms, an additional ‘None’ class has been intro-
duced. The second step involves robot motion to configure a tool for disassembly. A
tool recommendation system, which combines the screw image extraction mechanism
and an EfficientNetV2-based image classifier, ensures adaptability to real-time robotic
disassembly with fewer parameters. [15, 17].

3 Methodology

The process of autonomous disassembly can be fundamentally divided into overarching
planning tasks (IT level) and their implementation by the mechatronic system (OT or
field level). The process is described below.

Ideally, at the beginning of the disassembly, the planning is carried out as a form of
“cognition” (Fig. 1, step 1). Semantic information is queried from a database or cloud
environment to retrieve the information model of disassembling a specific component.
This model contains all the necessary information for the disassembly process. Based on
this, the state of the component to be dismantled is initially captured at the disassembly
station (Fig. 1, step 1). The real state, both mechanical (actual geometry) and electrical,
as well as the position and condition of the connecting elements are recorded. These
data form the populated information model representing the entire actual state.

In the analysis of Volkswagen’s electric motors, a comprehensive disassembly guide
was developed using CAD data from the rear axle machine. The guide effectively seg-
mented the disassembly process into 14 manual steps, providing detailed information on
components, joining connections, and specific procedures. Alternative sequences were
considered during development.

During practical disassembly workshops, the overall condition of the motor (Fig. 1,
step 2.4), mechanical components (Fig. 1, step 2.1), and connectors were assessed
(Fig. 1, step 2.3). Photos were taken to document signs of aging, wear, and variations in
connection technology methods.
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Differences between CAD data and the actual motor were noted, and release torques
of screw connections were measured for designing the automated unscrewing process.
Observations during manual disassembly provided insights for a more disassembly-
friendly design, including tool changes, screw accessibility, and gripping points for
loosening components. These observations helped adjust the disassembly sequences and
improve the overall process. Overall, the disassembly guide and practical assessments
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contributed to a better understanding of the electric motor’s condition and informed the
development of more efficient disassembly procedures.

The practical implementation of the disassembly process and its documentation
serves as the basis for populating a database for automated cognition. However, the
cognition itself (Fig. 1, step 1) and its sub-steps, which are relevant for recycling com-
panies, cannot be fully determined at present. This is due to the lack of available data
for economically viable component selection, as well as the absence of a (multicriteria)
evaluation system for decision-making and the preferred dismantling route, including
associated dismantling steps. The exploration of the dismantling route was conducted
manually in the described dismantling workshops. A specific dismantling process was
defined, and an unscrewing process was chosen. The decision to recover the permanent
magnets, for example, was based on a quantity-based analysis of raw material prices for
the overall assembly group. The cognitive process (Fig. 1, step 1) was thus analogized,
and its fundamental characteristics were developed.

The project scope does not allow the development of a fully automated disassembly
of the complete motor, but rather only that of one disassembly process. The basis for
selecting the process was the compilation of materials used in the motor and their value.
Here, alongside the copper of the stator’s hairpins, the permanent magnets in the rotor
are particularly noteworthy. To access these magnets in the rotor design provided by
Volkswagen, four long-slot screws need to be loosened. Subsequently, the balance discs
and the laminated cores with the embedded magnets can be pressed off the rotor shaft.
In manual disassembly, the magnets themselves were driven out of the laminated cores
with a hammer and chisel, requiring minimal effort.

The automation of the selected unscrewing process should be able to react adap-
tively to a wide range of variants and interference parameters. The control sequence
(Fig. 1, step 3) is based on detailed planning, involving the control of various disas-
sembly variants through generalized operations and automated hardware and software
reactions. The VDI 1990 standard provides guidance in this regard. Adaptivity encom-
passes parameters such as infeed depths, disassembly paths, forces, moments, and times.
Zirkel addresses the adaptive challenge by treating each rotor as unknown and adjusting
path planning, screw finding, and screwdriving in real-time. The disassembly process
begins with sensor-based coarse positioning of the end effector, using camera depth data.
A sensor is then used to capture the precise position of the connection element, enabling
fine positioning. After successful positioning (Fig. 1, step 3.3), the control program
is configured with individual PLC sub-cycles. The physical unscrewing process itself
involves establishing form closure (Fig. 1, step 5.1) and subsequently unscrewing and
gripping the disassembled screw (Fig. 1, step 5.2). If unsuccessful, manual intervention
is required.

Upon completion of the process, data including time and torque from each step is
stored in a database or cloud environment, creating a digital twin of the disassembly
process (Fig. 1, step 4.4).
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4 Demonstrator

The necessity and methodology of disassembly for permanent magnet synchronous
motors in the Zirkel project have been rationalized into an automation concept. As
already mentioned, a manageable approach, considering financial and time commit-
ments, has been chosen. Multiple processes with different technical requirements are
necessary to disassemble an electric motor. To handle the complexity, the motor is man-
ually disassembled until the rotor is exposed, as the highest value is in the permanent
magnets. It took 14 disassembly steps, as per DIN 8580, to expose the rotor and test
the automatic unscrewing procedure for shaft bolts. The preceding 14 disassembly steps
involved levering off covers, removing retaining rings, and pulling out shafts. Currently,
there is no accessible digital infrastructure to retrieve component properties and preferred
dismantling routes. Insights from manual dismantling workshops serve as the data basis.
This means that there is no “information marketplace” (Fig. 1, step 4.1), but it needs to
be created and filled in the long term with data from manual disassembly workshops. In
the future, the “cognition” (Fig. 1, step 1) can be automated without manual preliminary
considerations.

The overall target is to automate the disassembly of the four long screws M6 x
125 mm (distinction from the state of the art, see e. g. “DeMoBat”) that secure the rotor
stack and thereby ensure the cohesion between the laminated stacks with embedded
permanent magnets. As a distinctive feature, the entire process is designed to operate
in an adaptive manner, which will be further elaborated. Three core challenges were
identified concerning potential challenges during the planning phase:

1) detection challenges: Changes to the part(s) and joints due to wear, contamination,
and material aging effects are expected. Practically, the screw head and its screw
head profile must be reliably recognized so that both the verification and the position
determination can take place.

2) high loosening torques: Due to load-induced material distortion, contamination,
material aging/compaction of gap fillers/adhesives it is not guaranteed that former
assembly parameters can be adopted for reference torque-values for disassembly.

3) tool accessibility: It cannot be assumed that all parts and joining connections are
accessible without elaborate component handling. Narrow spaces and a wide variety
of standard parts continue to complicate tool accessibility.

These challenges are mainly addressed by three coping strategies:

1) detection challenges: A two-stage detection process is being implemented to
improve process reliability. The first stage involves a coarse-focused camera process
which is followed by a fine-detection process for cross-verification. This enables the
disassembly process to adapt to different screw arrangement patterns and varying
numbers of screws, accommodating deviations in part and process parameters. Cur-
rently, tests are being conducted for screws with TX30 screw head drives, and the
test series will be expanded to include screws from TX25 to TX40.

2) high loosening torques: Using a three-axis system (GANTRY) limits the automation
system regarding its degrees of freedom but simultaneously it provides more stiffness
by limiting torsional flexibility. The measured breakaway torque of 50 Nm can be
handled effectively.
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3) tool accessibility: The market and state-of-the-art research revealed that existing
solutions for screwing technology are, on one hand, heavily focused on assembly and,
on the other hand, come with disproportionately large installation space requirements
in comparison to the prevalent application. The screw connections on the rotor can
all be reached unidirectionally with bits that have a minimum length of 50 mm. There
are no interfering contours that would hinder the accessibility.

The considerations above led to a partly realized automated unscrewing process-flow
that can be broken down into four crucial steps. Figure 2 depicts the process flow within
the disassembly cell. The sensor-verified grip of a screw represents the final step in the
disassembly chain and simultaneously the first step in the automation loop. The coarse
alignment of the tool, step 2a, is only required once for each part, as the rotor is not
moved within the disassembly cell. Afterward, the steps 2b-4 can be iterated in a loop
until all four screws are unscrewed.

In the following, reference is made at appropriate points to the general methodology
presented in Chap. 3. As the unscrewing of the four long shaft screws is a specific use
case that has neither the necessary database (material or value stream-related data twins)
nor the required interconnectivity (digital mapping of the dismantling route including
interface management to cloud management levels), it is not possible to address all points
in a meaningful way.
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Fig. 2. Graphical overview of the specific process flow within the disassembly cell

The disassembly process starts with the detection of the motor’s cartesian position
in the working space of the demonstrator. (Fig. 1, step 2.1) This is accomplished by


https://doi.org/10.1007/978-3-658-45889-8_3

Adaptive Unscrewing Automation for Electric Motors 89

scanning a QR-code that is attached to the clamping device of the rotor. The primary
objective of this initial step is to ensure convenience, as there is no longer a need for a
costly setup: Approximately aligning the rotor’s screw joints intended for disassembly
towards the tool, and by that guaranteeing accessibility, is now sufficient and ensures
adaptive positioning of the tool towards alternating screw joint positions [18, 19]. (Fig. 1,
step 3.2).

To determine the global position of the rotor, cost-effective RGBD cameras are
utilized, offering advantages over expensive laser scanners. RGBD cameras are well-
suited for indoor use with controlled lighting conditions, making them practical for
various applications such as indoor robotics, gaming, 3D modeling, and human-robot
interaction [15, 16]. For coarse detection, a deep learning model called PoseCNN Pytorch
is trained to handle occlusion robustly. The following steps were undertaken to train the
model:

1) Dataset Creation: Synthetic datasets are generated using CAD models of the objects
of interest. These datasets include 3D models with known poses.

2) Rendering: The CAD models are rendered from different viewpoints and under var-
ious lighting conditions to simulate realistic scenarios. This synthetic dataset, con-
sisting of rendered images and corresponding ground truth poses, is used to train the
CNN model.

3) Real Data Validation: After training on synthetic data, the model is validated using
real-world data to ensure its generalizability to unseen, non-synthetic scenarios (as
seen in the GIF below).

4) Pose Estimation on Real Images: Once trained, the CNN model can estimate the
6D poses of objects in real-world images, even though it was primarily trained on
synthetic data.

The major challenges encountered during the model training can be summarized as
follows:

1) Computational Intensity: Advanced pose estimation methods, particularly those
based on deep learning, can be computationally intensive, resulting in lengthy
error-fixing processes.

2) Symmetry and Repetitive Patterns: Objects with symmetrical or repetitive patterns
can pose challenges, as the system may struggle to differentiate between differ-
ent poses. The ambiguity in symmetry makes it difficult to determine the correct
orientation uniquely.

3) Noisy Sensor Data: Noisy sensor data, such as inaccurate depth measurements or
sensor noise, can introduce errors in pose estimation.

In the next step, after the endeffector with the screwing tool was moved roughly
near the screws, the head of the screws are more precisely recognized by using the 3D
camera ZED 2i locally attached at the screwdriver end effector. (Fig. 1, step 2.3) A
fine positioning process is mandatory for aligning the center of the driver bit with the
center of the screw. This precautionary process prevents collisions in the third step: the
screwing tool proceeds to advance the screw until tactile contact is being recognized by
a cluster of auxiliary sensors. As a deep-learning model is in use, the same procedure for
training and implementing the model as it has been done for the coarse part detection
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is necessary. The neural network-based object detection model YOLOv8 was chosen
due to its speed and accuracy. The only difference lies in higher demands regarding
resolution. The disadvantage of this approach of being resource intensive was solved
by choosing this camera as it can take photos individually with the left and right lens,
hence giving data with two different angles in the same image. Moreover, the images
were captured by changing the resolution (2k, 1080p, 720p, VGA) and with different
brightness and contrast values. Overall there are 1503 images on which the model will
be trained initially. Furthermore, to increase the accuracy of the trained model data,
augmentation techniques will be used.

Once the coordinates for the fine-positioning process have been transferred, the
two-staged unfastening process begins. First, the fastening torque of the screw must be
overcome, that may has increased due to aging, pollution or material stress leading to
material distortion. After recognizing the torque breakdown, the unscrewing parameters
are adjusted in terms of productivity what especially results in high rotational speeds of
the tool. (Fig. 1: step 3 “adaptive control sequence”) For the screwing tool itself, a com-
mercially available impact wrench solution is chosen which offers the desired breakaway
and tightening torque for the process. The necessary intelligence is achieved by adding
sensors to the tool. The inclusion of sensors like an encoder, gyroscope, inertia measure-
ment unit, depth-, and proximity sensor(s) and a temperature sensor improve the tool
by adding an adaptive control. The processing of sensor data and derivation of process-
adapted actuator commands are handled by a tool-integrated microcontroller. Again, all
relevant process data will be gathered and processed by the IPC. The unscrewing process
itself marks the physical realization of the disassembly. (Fig. 1, step 5).

During the process of unscrewing, the screw loses its mechanical guidance as it exits
the thread, potentially leading to unstable and challenging-to-control motion behavior.
The implementation of an adaptive gripper, capable of clamping various screwheads,
while also providing support to the threaded rod during unscrewing with mechanical
guiding surfaces represents the final component of the automation process [20]. After
examining gripping tools on the market, it became evident, that an integrated gripper
design within a screwing tool is not available. Yet, simultaneous engineering is hardly
recommended for designing an efficient and space-saving solution. At this stage, three
concepts have been generated. Recognizing the effectiveness of an electromagnetic func-
tion for this task, a concept was developed. The upcoming task involves implementing
the electromagnetic gripper, simulating its functionality, and subsequently conducting
tests.

Figure 3 contains labeled images of the current status of the disassembly demonstra-
tor. (Fig. 1: step 5 “physical implementation”).

5 Conclusion

Through Zirkel’s innovations, we aim to significantly improve resource use and
strengthen supply chains, fostering a sustainable and resilient production sector. Addi-
tionally, our ambition is to develop industrial-grade automation solutions for unscrewing
processes, as they currently have a niche existence compared to the vast selection of
options available for screwing solutions. This research presents a pioneering method for
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Fig. 3. Visualization of the disassembly demonstrator, from left to right: depiction of the
disassembly cell, close-up of the rotor, prototype of the un-screwing tool

the autonomous disassembly of electric motors, an essential component in the realm of
e-mobility. With the increasing sales of electric vehicles, efficient recycling and disas-
sembly processes have gained paramount importance. Our approach, which synergizes
sensor-driven feedback with mechanical precision, effectively tackles the complexities of
electric motor disassembly. This not only proves the technical feasibility of our method
but also enhances the economic and environmental aspects of e-mobility recycling.
Moreover, our work offers substantial implications for future electric motor designs.
By applying ‘Design for Recycling’ principles, our research advocates for products that
consider end-of-life recycling at the design stage, promoting more sustainable and effi-
cient recycling processes. This approach is critical in aligning with global efforts towards
environmental sustainability and resource efficiency in the emerging e-mobility sector.
As the automotive industry rapidly evolves, our research contributes to the broader dis-
cussion of sustainable practices. It underscores the importance of integrating circular
economy principles into vehicle design and manufacturing, addressing the technical,
economic, and environmental dimensions of electric motor recycling. Our study thus
serves as a catalyst for more sustainable practices in e-mobility and sets a precedent for
future research and policymaking in this vital area.
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Abstract. In the context of automotive production, the variability in component
tolerances poses a significant challenge, often leading to production downtimes.
Deviations in dimensional accuracy and geometry can disrupt automated assem-
bly processes, emphasizing the critical link between input quality and assembly
outcomes. As automation gains prominence, robust process monitoring becomes
imperative for quality assurance and maintenance cycle optimization. However, a
prevalent issue persists data fragmentation and underutilization in production. Our
approach is centred on leveraging existing production data to optimize automotive
production and streamline final assembly processes. We investigate the interplay
of upstream process influences on downstream assembly processes within large-
scale production environments. Real-world manufacturing data is analysed and
validated through finite element analysis (FEA) simulations coupled with Monte
Carlo simulations. Focusing on one specific automotive assembly process—the
automated assembly of cockpits—we examine the influence of various body con-
cepts on assembly automation compatibility. Data analysis from two assembly
lines identifies body concepts conducive to efficient assembly, subsequently val-
idated using our innovative coupled simulation method. This holistic approach
identifies production-suitable product concepts and integrates our novel simula-
tion method into the design of future products, bridging the gap between pro-
duction data fragmentation and optimized assembly in the automotive industry.
By connecting real manufacturing processes with product concept suitability, we
enhance production efficiency, advance data mining and simulation methods, and
improve overall production quality.

Keywords: Automotive production - Assembly - Data analytics -
Fem-simulation - Industry 4.0

1 Introduction

The automotive industry’s process chain encompasses a wide spectrum, starting from
crafting individual parts in the press shop, assembling these into units, culminating in
the formation of a vehicle body through intricate joining and welding processes in the
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body shop. Following this, the vehicle undergoes coloration and anti-corrosion treatment
in the paint shop before final assembly, which involves accommodating detailed cus-
tomer specifications encompassing add-on and integrated components. The demand for
process-reliable, production-oriented, design-oriented and function-oriented car body
construction requires the targeted definition of individual part and assembly tolerances,
whereby the assemblies created from the individual parts are subject to a much larger
tolerance range [1-3].

In the modern design of vehicle structures, tolerances are therefore determined on
the basis of individual part analyses and empirical values. However, as automotive pro-
duction is a complex system, the subsequent manufacturing processes are mutually
dependent. Deviations in dimensional accuracy or geometry can lead to disruptions
in downstream assembly processes. Parts cannot be assembled, for example, due to
distortions or incorrectly positioned connecting parts. This phenomenon is even more
apparent in automated assembly processes that rely on compliance with specified tol-
erances, as they cannot react as flexibly as human workers to unforeseen changes [4].
The significance of this problem is further intensified by the increasing level of automa-
tion, particularly in final assembly. New developments in computer technology, robotics,
gripping and handling technology are steadily increasing this degree of automation [4,
5]. Accordingly, the assembly quality depends largely on the quality and dimensional
accuracy of the components provided. It is possible to regulate interdependent processes
through targeted interventions at the point of origin and thus react to errors [6]. Such
and other quality control loops enable potential cost savings of 10%—20% [7]. Assembly
is always the reservoir for all errors in upstream processes, meaning that this is where
the effects are most frequently felt [8]. With the increasing automation of manual final
assembly processes, continuous process monitoring is being introduced. The aim of
monitoring the key process parameters is to ensure the manufactured product quality
and to optimize maintenance cycles. An evaluation of this process data and higher-level
production data enables the increasing complexity of production to be controlled. This
is a possible application of data mining [9]. By evaluating the data, weak points can
be identified and rectified through targeted maintenance or control measures. However,
data mining methods have only rarely been used in production [9, 10].

The greatest potential lies in avoiding additional costs for reworking in production,
avoiding unplanned machine downtimes and increasing production output [11]. The
process data generated in automated assembly processes, which is usually used to control
the process workflow, remains predominantly at the place where it is generated and is
not merged with other data and information [12]. However, there is great potential
here, for example to quantitatively map the effects of different component tolerances on
subsequent assembly processes and, based on this, to carry out product optimizations
or learn for future product generations. The aim of this paper is therefore to develop an
approach that leverages this potential.
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2 Approach

A new simulation method that addresses common assembly process disturbances is pre-
sented in this section. These disruptions often arise from a failure to fully consider the
complex interactions within production processes. Even traditional methods that incor-
porate advanced control variables and feedback mechanisms often fall short, especially
when evaluating the robustness of the body structure in production environments. The
analysis reveals a significant issue in the way production data is utilized in the design of
new vehicles, resulting in inefficiencies and errors during assembly processes [13].

The prevailing method of widening the tolerance zone with increasing assembly
complexity is often insufficient to compensate for the manufacturing influences between
interacting components. Additionally, the approach of simulating complex body struc-
tures as rigid bodies is inadequate if manufacturing impacts on dimensional accuracy
are considered.

On the contrary, the varying component behaviour in relation to individual compo-
nents can compensate for deficits in dimensional accuracy through optimized handling,
clamping and spotwelding. To address these challenges, our approach utilizes a com-
prehensive stochastic simulation that combines the Monte Carlo method with the linear
finite element method. This method combines both structural topology and material
deformations to analyse error propagation across various components. It is particularly
useful for assembling thin sheet metal parts that are prone to deformation under external
forces and exhibit varying stiffness when combined. The Monte Carlo algorithm varies
influencing parameters according to a symmetrical gaussian distribution. It also con-
ducts a sensitivity analysis of the main contributors to identify relevant functional and
connection areas.

We avoid traditional simulations that focus on isolated components or limited sec-
tions of the assembly process. Our methodology provides a comprehensive view of
structural and tolerance analyses by examining the mechanical effects of clamping and
welding and considering the integration of sheet metal parts within a complex car body
structure. It improves theoretical modelling and provides a practical tool for designing
and assembling vehicle bodies. This holistic approach enhances simulation accuracy,
leading to better-designed vehicles and more efficient production lines [14].

3 Validation

This section describes the procedure for validating the idea of the coupled finite element
analysis simulation. To ensure the plausibility of the method a specific structural com-
ponent is selected that leads to assembly problems in two different vehicle concepts in
production, whereby other external factors are limited as far as possible. In large-scale
production with modular construction Kkits, there are variants of substructures that were
developed at different times and consist of different evolutionary stages. This enables
a direct comparison of product concepts that fulfil the same function for the customer.
To select such a comparison case, the entire production and fault data of an assembly
line was evaluated over a period of 3 years and the automatic failure messages and man-
ual error comments that occurred were classified using an natural language processing
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(NLP) algorithm. The causes of faults were then assigned to the individual grouped pro-
duction faults and the associated production processes. This enables production errors
to be identified that are attributable to specific upstream processes. The following table
shows the TOP 5 errors that can be traced back to upstream errors or exceeded tolerances
in the body shop by linking errors in assembly. In total, over 1.4 million data records of
system faults in the assembly line were evaluated and classified. In addition, the data first
had to be prepared for evaluation by structuring the data, eliminating implausibilities
and removing outliers (Table 1).

Table 1. Number of Assembly Errors due to Upstream Processes

Process Error Description Number of Errors
Cockpit Assembly Stud Bolt Placement 258
Door Removal Hinge Jammed 114
Door Installation Dimensional Accuracy Hinge 39
Installation of Trailer Hitch No Overlap 33
Door Installation Hinge Jammed 14

The table shows the cases for approximately 239.000 vehicles built and is sorted
according to the frequency of occurrence. It is noticeable that most of the coupled errors
occur during the assembly of larger assembly modules with several joints, e.g. during
the assembly of the cockpit module, the doors or the trailer hitch. All errors relate to a
deviation in the position tolerance of screws, bolts or threads. The most common error
in this evaluation, with 258 cases, is the incorrect position of the stud bolt, which is
required for mounting the cockpit to the car body. During the assembly of the cockpit,
the influences of intermediate process steps from upstream processes can be limited, as
the screw-on points are used exclusively for the assembly of the cockpit. The following
is an example of an error text that was assigned to this error pattern: “Stud bolt cockpit
mount does not fit > Joining not possible > Assembly line stop”.

In a next step, another vehicle model was identified at a different production site,
where the automated assembly process of the cockpit is carried out using the same
automation technology and a significantly different mounting concept is used in the
cockpit area. This was to enable a detailed comparison of the two component variants
regarding a singular possible error in the automated assembly process. Once again, a
longer period of production errors was evaluated and the procedure was repeated in the
same way as the first evaluation. In this case, only four errors of misplaced stud bolts
were identified during automated cockpit assembly. This leads to the assumption that the
other body concept in the cockpit mounting area has a lower error potential and higher
production robustness. In both cases considered, these are assembly lines that already
produce vehicles in a steady state, so ramp-up effects can be neglected. The following
table compares the error cases and the data of the two product concepts (Table 2).
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Table 2. Comparison of the Body Concepts and their Faults
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Product Concept Concept A: Mounted Angle Concept B: Attached
Elements Mounting Pot

Production Site Plant A Plant B

Period Under Review 2019-2021 2020-2022

Vehicles Produced 239.000 330.000

Evaluated Fault Messages 1.400.000 537.000

Occurred Faults “Stud bolt 258 4

misalignment”

Error Rate per Vehicle 0,1079% 0,0012%

Produced

The data supports the assumption and shows that Concept B leads to the described
error of a misplaced stud bolt in automated cockpit assembly 100 times less frequently.
The next step is to check whether the new simulation approach also reflects this statement.

In order to check this, a simulation model was created for each concept based on the
planned component handling processes, clamping, and joining operations to evaluate the
coherence between the modelling approach of the FEA coupled tolerance simulations and
the frequency of faulty assembly. The effects of geometric deviations are then propagated
into the connection area, which is relevant to the problem under consideration. The
validity of the applied method is confirmed by a simulation result that provides a coherent
explanation with the evaluated production data. The next section describes the structure
and execution of the simulation. Two things need to be checked here: firstly, whether
the simulation can make a trend statement on the suitability of a product concept for
this automation process and, secondly, whether it is possible to illustrate the order of
magnitude of the superiority of one design concept.

4 Theoretical Background

Tolerance analyses and simulations using finite element analysis are widely used in
automotive engineering. Monte Carlo algorithms in connection with tolerance analysis
of car body components offer the potential to obtain stochastic statements about the
distribution of certain characteristics through a large number of random experiments.
By manipulating the distribution of certain input parameters, valid insights into the actual
behavior of systems are obtained [15-18].

4.1 The Cockpit Assembly Process

The process of automated assembly of vehicle cockpits is described in this section. A
robot system picks up the pre-assembled and sequenced cockpit from a conveyor belt
and waits for the corresponding vehicle body to arrive. As soon as this arrives in the work
area, the seventh axis synchronizes with the conveyor speed of the assembly belt and
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moves the cockpit through the door cut-out on the driver’s side into the vehicle interior.
The cockpit is threaded and screwed onto two threaded bolts, known as stud bolts, during
a joining process towards the front of the vehicle. One stud bolt is located on the left and
one on the right side of the vehicle in the area of the A-pillar. The cockpit was previously
mounted on an extruded profile, the module crossbar, which contains the holes required
for threading the stud bolts. Once the cockpit has been installed, this module carrier
is no longer visible to the customer. The schematic diagram below (Fig. 1) shows the
threading on the stud bolts.

Stud 5o|ts

Vehicle Interior S

Module Crossbar
with Mounted Cockpit

Pitch in y-Direction

Fig. 1. Tllustration: Module Crossbar Mounting on Stud Bolts.

If the robot cannot place the cockpit on the two stud bolts, a second attempt is made.
If the stud bolts are not in the correct position, this attempt also fails. This causes the
system to malfunction, which stops the entire assembly line in this section and also
blocks the upstream and downstream assembly cycles. These were the cases identified
in the production data. It is therefore essential to avoid such faults.

The dimension between the two mounting points, the stud bolts, is crucial for dimen-
sional accuracy and may be & 6.7 mm. A slotted hole in the module crossbar can be used
to compensate for fluctuations. The original design parameters of the components allow
tolerances of a maximum of &= 3.9 mm. In theory, this results in an automated threading
process if the tolerances are observed. The important measured variable for the pitch is
the distance between the right and left connection points, i.e. the pitch in the y-direction.
The occurrence of cockpits that cannot be joined due to incorrect positioning of the
stud bolts indicates a tolerance problem in car body construction. There are different
concepts that allow a more frequent misalignment or, on the other hand, allow a less
frequent misalignment.
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4.2 Sensitivity Analysis

The linearity coefficient obtained through sensitivity analysis can be used to determine
the dependency between analysis points in a linear system by making a specific change
within a certain parameter range, determined through sensitivity analysis.

This method can provide information about the importance of components in a tol-
erance chain to a specific analysis criterion when investigating complex body structures.
Thus, a sensitivity analysis can make clear statements about the contribution and the
position of a feature in the tolerance chain.

The modeling strategy refers to the hierarchical structure of the product structure. It
starts with each individual part of the welding group under consideration, and the simu-
lation model includes welding points that determine the geometry, as well as component
handling and clamping points that are critical for successful results. All process factors
defined as boundary conditions were included as potential contributors to the sensitivity
analysis of the random dimension in the combined product structure of the platform ver-
sions considered. It is important to point out that one parameter is changed in each case
and the influence on the sample size is evaluated. Within the simulation process, every
specified process factor is assessed for its sensitivity to the benchmark. The determining
factor for both platform concepts is calculated in the manner described. Real measure-
ment data is also considered within the simulation model for a precise evaluation. The
mean displacement and measurement range are transferred to the main width beams by
determining linearity coefficients [19-21].

5 Results

5.1 Simulation Model

For the specific application in this context, an FEA-coupled tolerance analysis model
was developed based on existing planning data. This includes the positioning of the indi-
vidual parts according to the 3-2-1 principle using defined reference points as well as the
definition of planned clamping and joining points. It should also be noted that only the
geometry-determining weld points are integrated into the model. The meshes relevant
for the calculation of the deformation were created on the basis of the nominal design
data. In order to make full use of the potential of the Monte Carlo method and to consider
the influencing variables in a stochastic way, only linear relationships are simulated. This
means that deviations in the part shape are only considered in the reversible, linear-elastic
case. Furthermore, a 1000-fold variation of the deviation at the relevant clamping and
joining points is performed and the contribution to the functional dimension under con-
sideration is determined for each defined boundary condition. The sensitivity analysis,
which is a part of the investigations, is an objective determination of the most significant
contributors to the functional dimension along the entire tolerance chain. In total, the top
20 contributors of clamping and mating points are responsible for 80% of the influence
on the gauge block. These 20 contributors are the subject of the investigations. Through
the application of sensitivity analysis, the following results were obtained by examining
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the described modelling strategy. The simulation model yielded in a primary finding.
The sensitivity analysis contributors display greater interlinking degrees on Concept A
(Fig. 2), whereas those for the Concept B (Fig. 3) exhibit a shorter effective tolerance
chain. The product structure of both platform concepts is characterized by the fact that
the relevant pitch is formed by the assembly of 4 weld groups. The following images
illustrate the difference in terms of the geometry-determining connection areas of the
weld groups to each other.

Fig. 3. Y-Pitch (Left) and Weld Groups (Right) of Construction Concept B

In addition to the y-aligned connecting flanges in the area of the wheel housing,
product Concept A shows further welding contact in the immediate area of the stud bolt.
Product Concept B is characterized by the fact that the geometry is determined only by
the connection of the welding flanges in Y-alignment around the wheelhouse area. Both
platforms show an area marked in red that differs in complexity. This area is part of a weld
sub-group with many individual components. The large number of interconnections leads
to a systematic transfer of deviations, making it difficult to compensate for deviations in
the functional area.
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5.2 Sensitivity Analysis

As part of the sensitivity analysis, a normally distributed random variable within the
2 mm range was assigned to each clamping and welding point. After running simulations
for both platform concepts, the top 20 contributors to the functional dimension were
identified and analysed. A comparison of the major contributors is shown below (Fig. 4).

I Multi - Component
Tolerance Chain

I Single - Component
Tolerance Chain

\

Fig. 4. Comparison of Major Contributors Focusing Concept A (Left) and Concept B (Right)

The simulation results for Concept B reveal that the welding group, comprising
three individual parts, exerts 90% of the impact on the gauge block. Consequently, the
individual links in the tolerance chain can be indirectly controlled more effectively. The
blue arrows indicate the contribution providers with a larger share of influencing points
and their corresponding direction of effect. The red arrow indicates a contributor in the
tolerance chain of the complex welding group with many individual parts. Even if this
point is part of the interlinked structure, the influence on the tolerances can be controlled
indirectly due to the y-alignment of the flange. After conducting the simulation, it is
evident that the distribution of contributors in product Concept A is different. Notably,
80% of the contribution to the gauge block is on the side of the interconnected weld group,
which is inherently complex. The left-hand figure shows the location and direction of
the clamping and welding points with the greatest influence. The analysis shows that
the most significant influence on the gauge block in this platform design comes from
the deviations of the components located closest to the joining points. Additionally, the
direct connection in the functional area, combined with the higher number of links in
the tolerance chain with different vector directions, complicates tolerance compensation
(Table 3).
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Table 3. Tolerance Chain Relationships

Product Concept Distribution of Proportion on
Top 20 Contributors for y-Pitch Measurement

Concept A Multi - Component

0,
SO Tolerance Chain
20 % Single - Component
Tolerance Chain

Multi - Component

Concept B 10 Tolerance Chain

o
3

Single - Component

90 % .
%0 % Tolerance Chain

The table provides a summary of the top 20 contributors’ ratio concerning tolerances
on the y-pitch in the relevant welded groups. The overview illustrates the proportion of
the top 20 contributors that are a part of a tolerance chain with several components.
Additionally, the table indicates the proportion of contributors that belong to a tolerance
chain with a small number of links, which can be better controlled. The color coding
allows for a rapid evaluation of the relationships between tolerance chains within the
contributor chain. The bar chart summarizes the impact of contributors in the tolerance
chain. Overall, the two concepts differ in terms of the proportion of top 20 contributors in
the tolerance chain. In Concept B, the proportion of contributors in the complex welding
group is significantly lower than Concept A. However, Concept B has a higher proportion
of contributors in the shorter tolerance chain of the flanged welding group.

6 Conclusion

In conclusion, this study reviewed and quantified the failure rates of the different platform
concepts, with a particular focus on module assembly. It was observed that Platform
Concept A had a significantly higher incidence of errors. The study utilized a simulation
approach to investigate the impact of design-geometric and process-related variables
on assembly errors. A detailed simulation model was constructed based on existing
planning data to develop a comprehensive plan for clamping and joining points. The
use of both Monte Carlo simulation and linear finite element analysis enabled a detailed
assessment of stochastic frequency distributions, leading to the accurate identification
of critical factors within the tolerance chain.

During this analysis, we focused on the y-gauge block, which is located among the
stud bolts on the installation side, as a crucial variable. Simulations, which were lim-
ited by predetermined planning variables, revealed that different elements within the
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tolerance chain had varying degrees of impact on the positioning of the gauge block. A
comprehensive sensitivity analysis, along with direct comparisons, highlighted signif-
icant differences in the tolerance chains of the two platform concepts being reviewed.
This distinction was made by examining two fundamentally divergent characteristics
of the tolerance chain, which are shaped by the intrinsic structure of the product. The
study identified two types of tolerance chains: a single component chain, which is associ-
ated with the intended outer welding group and directly transmits changes in individual
components to the overall component dimension, and a more complex multi-component
tolerance chain that describes the inner welded assembly. The second is characterized by
a layered and intricate systematic propagation of deviations, which presents challenges
in interpretability.

After conducting a detailed simulation that objectively ranked the top 20 contributors
for both platform concepts, it was concluded that Platform Concept B is the more robust
design. This conclusion was reached through an indirect evaluation that highlighted the
beneficial impact of systematically introduced measures on the functional dimension.
This finding highlights that Concept B is more compatible with automated assembly in
a multifaceted production process with numerous interconnected steps. Thereby it was
demonstrated that the simulation is capable of making trend statements regarding the
suitability of a product concept for an automated production process. Additionally, the
successful validation of the simulation methodology not only supports its use for future
design concept verification without the need for preliminary error frequency classifica-
tion via data mining but also demonstrates its effectiveness in improving the precision
and efficiency of manufacturing processes.

7 Critical Evaluation and Outlook

The study of interrelated process dynamics across diverse fields utilizing stochastic sim-
ulation models and the linking of the linear finite element analysis has shown notable
advancements in exploring fundamental possibilities. However, it is crucial to critically
observe the level of development of simulation techniques. It is worth mentioning that the
modeled influences adhere to a strictly linear model behavior, and the simulated effects
are solely mechanical in nature. Weld distortions and non-linearities are not simulated.
Using the Pareto principle, it can be concluded that the chosen methodology yields valu-
able results and facilitates a comprehensive evaluation of car body structures in terms of
buildability, tolerance chain investigations, and stochastic tolerance influences. The app-
roach described also enables more sophisticated investigations in the future. In this case,
the simulation was unable to demonstrate the superiority of a design concept in terms
of magnitude. However, this feature is desirable for future simulations. Assuming linear
dependencies in the simulation process and the potential for parallelizing calculations
can yield useful insights on complete body structures in shorter time frames. Moreover,
identifying actual errors in the final assembly and the conducted data mining poses a
certain degree of uncertainty. Undocumented or misclassified errors may have occurred
due to the semi-automated classification process and the large quantity of production
data collected and analyzed.
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Abstract. When assessing the sustainability of novel technologies and materi-
als systems, the question arises as to how a robust sustainability assessment for
technology and material developments with a low readiness level is nevertheless
possible and how the necessary data can be collected for this purpose. Based on
this research question, TAPAS as a new, tiered methodological framework for
a prospective assessment of the sustainability aspects of novel technologies and
materials systems is presented.

Within the conceptual development of TAPAS, important groundwork for
the new methodological framework was devoted to the methodological interface
between biomimetics and sustainability research. We selected the plant growth
form liana as an example; biological concepts were used to sharpen the sustain-
ability strategies of efficiency, consistency, and sufficiency and to derive practical
design principles for more sustainable products in the technosphere.

On this basis, we developed guiding principles for TAPAS and defined a total
of five stages of analysis, allowing self-reflection to be integrated into the research
and innovation process. In some cases, established instruments were adopted or
refined, such as those used in the prospective screening of chemicals and in life
cycle assessment studies. In addition, new methodological ground has been broken
to meet the demand for an integrated and normatively based assessment that covers
both benefit and risk aspects. This applies in particular to the domain of an in-depth
benefit analysis and, for the first time, a set of 30 indicators has been developed
that establish a direct link to the 2030 Agenda and its Sustainable Development
Goals.

© The Author(s) 2025
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We conducted two case studies to test the practical applicability of TAPAS.
They showed that the developed tools are in principle suitable for basic research
projects. Concrete recommendations for more sustainable design options (e.g.,
substitution of toxicologically problematic solvents) were provided.

Keywords: Benefit analysis - /ivMatS - Sustainability assessment - Sustainable
Development Goals - TAPAS

1 Introduction and Background

Sustainability assessments of novel technologies and materials systems face the chal-
lenge of an inverted relationship between the data available for assessment and the
ability to influence technology development. Early in the innovation process, design
options are large, but data availability is often poor. Later, the amount and quality of data
increase significantly, but the design options may be considerably limited by existing
path dependencies. This phenomenon is known as the Collingridge dilemma [1].

Particularly in the case of basic research & development (R&D), new developments
are characterized by a low technology readiness level (TRL), i.e., they are still relatively
far from coming onto the market in the form of tangible products. A characteristic
of technologies with a low TRL is that, on the one hand, little quantitative data is
available concerning subsequent product specifications and potential environmental and
sustainability impacts. On the other hand, addressing sustainability issues at such an
early stage of the innovation process provides an excellent opportunity for identifying
and avoiding potential undesirable consequences (e.g., the use of materials with a high
carbon footprint, the inclusion of problematic substances, or the poor recyclability of
the final product) [2].

Given the constraints of the Collingridge dilemma, an intermediate stage in the R&D
process would be an ideal point at which to assess novel technologies against sustain-
ability criteria. At this juncture, the ability to avoid sustainability risks is still relatively
high, while the amount and quality of data required for a sustainability assessment has
already increased significantly. However, sustainability assessment at the stage of basic
materials research needs to occur well before this ideal moment.

Against this background, the question arises as to how a robust sustainability assess-
ment for technology and material developments with a low readiness level is nevertheless
possible and how the necessary data can be collected for this purpose [3]. Based on this
research question, this paper presents a Tiered Approach for Prospective Assessment
of Benefits and Challenges (TAPAS) as a new, tiered methodological framework for a
prospective assessment of the sustainability aspects of novel technologies and materials
systems.

The conceptual design of TAPAS is embedded in the research and development work
of the DFG Cluster of Excellence “Living, Adaptive and Energy-autonomous Materi-
als Systems” (/ivMatS). This cluster envisions the development of novel, bio-inspired
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materials systems that can autonomously adapt to their environment and thereby exploit
previously untapped energy sources in the sense of “energy harvesting”. In addition,
the materials systems should be damage resistant or capable of selfrepair. Questions
concerning the sustainability of the developed materials systems play an important role
and therefore form an integral part of the work from the very beginning [4].

In the following, the normative framework for sustainability research as well as
biological concepts that have proven to be helpful in sharpening the normative framework
are highlighted (Sect. 2). On this basis, the cornerstones of the TAPAS methodological
framework are outlined and the concrete procedure for sustainability assessment with
its individual instruments is described (Sect. 3). This is complemented by an insight into
the practical application of the new methodology in two ongoing R&D projects within
the livMatS cluster (Sect. 4). Finally, the results and findings are discussed (Sect. 5) and
summarized (Sect. 6).

2 Normative Framework and Biological Concepts

With regard to the normative framework for sustainability assessment, TAPAS is based
on the 2030 Agenda, which was adopted in 2015 by all 193 member states of the United
Nations.

With its 17 Sustainable Development Goals (SDGs), the associated 169 targets, and
its 231 indicators, the 2030 Agenda creates much more clarity and accountability for
the understanding of sustainable development. For the first time, a universal normative
basis for sustainability assessment has been created that covers all three dimensions of
sustainable development, i.e., environmental, economic and social aspects [5—8]. How-
ever, its target system is primarily aimed at states and local authorities. For this reason,
the associated indicators are not fully suitable for an assessment of technologies and
materials systems without prior adaptation. This paper therefore employs an elaborate
procedure and clearly defined criteria to filter out or further develop the indicators that
are suitable for the sustainability assessment of technologies and materials systems.

Furthermore, TAPAS also integrates three basic strategies aiming to achieve more
sustainable production and consumption patterns. These are the strategies of efficiency,
consistency and sufficiency. As many developments at /ivMatS are inspired by biological
models, the methodological interfaces between biomimetics and sustainability research
are highlighted in this context. As Speck et al. [9] have pointed out, biological concepts
can be assigned to the three sustainability strategies. This has been illustrated in an
interdisciplinary study using lianas as an example. Lianas are climbing plants, i.e., a
special plant growth form that has evolved independently many times over the course
of biological evolution in different plant clades. Indeed, lianas and their interactions
with host trees are prime examples of complex interactions and interdependence among
diverse plant species. Despite this complexity, the evolutionary characteristics of lianas
allow only a limited range of biological concepts to be extracted from them, making them
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particularly suitable for alignment with sustainability strategies. Within this context,
several biological concepts were identified that can sharpen and further strengthen the
understanding and management of sustainability strategies.

For example, their non-self-supporting growth form enables climbing lianas in dense
forests to reach the canopy and thus an advantageous position for pollination, fruit, or
seed dispersal and for receiving direct sun light for photosynthesis with little investment
in their own stem material (concept of external support). The resource savings allow
liana to use its metabolic energy for other tasks. Hence, this concept can be attributed to
the sustainability strategy of efficiency [9].

During secondary growth, following the secure attachment of the stem to a host tree,
the newly formed flexible wood increases in volume to such an extent that the closed ring
of strengthening tissue is ruptured. These internal fissures are rapidly sealed by adjacent
thin-walled sealing cells. In the subsequent self-healing phase, some of the thin-walled
sealing cells develop into thick-walled strengthening cells, leading to a partial recovery
of the original mechanical property. This concept of damage repair can be related to the
sustainability strategy of consistency [9].

In the self-healing phase, further thin-walled cells are formed in the fissures, which
lead to the disintegration of the formerly closed strengthening ring into individual parts
connected by the thin-walled cells (concept of less is more). Although the thin-walled
cells cannot completely restore the original mechanical properties, the self-repair is
sufficient to maintain the function of the plant (good enough concept). The concept of
less is more and the good enough concept can be attributed to the sustainability strategy
of sufficiency. This leads not only to interesting theoretical considerations within the
sufficiency debate, which often focuses on the aspect of renunciation, but also to practical
design principles for more sustainable products in the technosphere [9].

3 Cornerstones, Workflow and Instruments of the TAPAS
Framework

Building on the research into the normative framework and the refinement of the sustain-
ability strategies, the cornerstones of the TAPAS framework were developed. Over the
past five decades, a wide range of different methodological approaches and frameworks
to technology assessment have been developed. TAPAS is based on the framework of
Prospective Technology Assessment (ProTA) as described by Liebert and Schmidt [10],
because it seeks to start as early as possible in the innovation process. ProTA aims at
designing new technologies from the perspective of their expected consequences and
realistic potentials. As a participatory approach, it also emphasizes the self-reflection of
the actors involved. In contrast to observations from an external and ex-post perspective
(as practiced in earlier concepts of technology assessment), ProTA should become part
of a self-reflection and self-criticism of scientists and engineers in the R&D phase itself,
which also includes the perspective of social and political actors. To achieve this goal,
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ProTA requires a well-defined normative framework [10]. Reflecting the international
consensus reached by the 2030 Agenda for universally applicable sustainability goals,
the TAPAS assessment framework is consistently aligned with the normative require-
ments of the 17 SDGs and the 169 SDG targets. These normative principles, goals and
targets are considered and implemented in “pragmatic places” [11], i.e., places relevant
to the ongoing innovation process.

As an evolution of the ProTA approach, TAPAS envisages a tiered assessment in
which, depending on the maturity of the analyzed object and the available data, different
low-threshold instruments are applied that are as robust as possible and enable self-
reflection to be integrated into the development process [12]. Against the background
of the methodological cornerstones described above, a total of five analysis stages have
been defined (see Fig. 1).

| Online surveys |

| Cognitive-Affective Maps |

Prospective screening of
chemicals

| Criticality analysis of raw materials

| Benefit analysis |

| Screening Life Cycle Assessments

Benefit aspects Risk aspects

Fig. 1. Tiered workflow and associated instruments of the TAPAS framework, covering both
benefit and risk aspects. Adapted from [12].

In the first stage, qualitative online surveys are used to obtain an understanding of
fundamental features of the analyzed object, such as its functions and the materials
used. In the second stage, “Cognitive-Affective Maps” [12, 14], a method from social
sciences, are used to analyze social acceptance. In the third stage, a prospective screening
of chemicals with “REACH-Radar” [15] and an analysis of the criticality of raw materials
are carried out by means of “OkoRess” [16, 17]. The fourth stage is a detailed benefit
analysis [18] with a set of indicators derived from the 2030 Agenda (see above). In the
case of more advanced technologies or materials systems, life cycle oriented approaches,
e.g., in the form of a life cycle assessment [19, 20], are conducted in a fifth and final
stage.

As a sustainability assessment with a systemic claim, TAPAS is not limited to the
early identification and minimization of existing weaknesses and risk aspects. It also
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provides a strategic “radar” for making optimal use of existing strengths and opportu-
nities, and for strengthening and shaping them at an early stage in line with the nor-
mative goals (see Sect. 2). Therefore, in addition to an “early warning system”, an
“early encouragement system” is an integral part of the TAPAS assessment architecture.
This underlying principle is also reflected in the instruments employed (see Fig. 1). For
example, the online surveys cover both benefit and risk aspects, while the detailed benefit
analysis focuses on the benefit aspects and the prospective screening of critical chem-
icals with “REACH Radar” centers on the risk aspects [12]. Furthermore, the design
of TAPAS allows its users to analyze the potential impacts of their development work
in an autonomous and robust way, even in the earliest stages of the innovation process.
For example, online surveys promote early internal awareness and scoping of relevant
sustainability aspects as a starting point for in-depth analysis. Cognitive-affective maps
enable early stakeholder engagement and external verification of sustainability claims.
Prospective chemical screening and criticality analysis of raw materials help to identify
potential lock-in effects and path dependencies at an early stage. Through the self-
reflection of the scientists involved in the innovation process, TAPAS ensures that the
best possible data basis is available for the prospective sustainability assessment [12].

4 Results of Initial Case Studies

In order to evaluate the practical applicability of TAPAS, two case studies have been
carried out in the /ivMatS context in which selected instruments of TAPAS are applied
and tested in cooperation with the livMatS projects “SolStore” and “ThermoBatS.”
Both projects pursue the goal of supplying the /ivMatS materials systems with energy:
“SolStore” involves integrated energy storage systems based on perovskite solar cells
[12], whereas “ThermoBatS” uses thermoelectric micro-generators to produce electrical
energy [12].

The case studies show that the developed tools are generally suitable for research and
development projects in the field of basic research. Furthermore, their application also
provides specific suggestions for the substitution of solvents of toxicological concern.
In addition, the “SolStore” project conducted a detailed benefit analysis based on the
newly developed set of indicators. The results show potential positive contributions to
the 2030 Agenda in eleven of the 30 benefit indicators. In this context, some concrete
fields of application for the newly developed materials system could already be outlined,
especially in the field of off-grid sensors, see Table 1.
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Table 1. Results of the benefit analysis for the SolStore materials system (B=Benefit). Adapted

from [12].
# SDG Indicator Relevance for SolStore materials system
target / suggestions for application fields
Bl |[2.1,2.2 | Reduction of hunger and malnutrition
B2 |23 Increasing incomes of small-scale food producers Currently no contribution recognizable
B3 |2.4,2.5 | Strengthening sustainable food production systems
B4 |3.1,3.2, |Reducing mortality
33,34
B5 |35 Strengthening the prevention and treatment of Currently no contribution recognizable
substance abuse
B6 |3.6 Reducing deaths / injuries from road traffic
accidents
B7 |39 Reducing deaths / injuries from hazardous
chemicals and air, water and soil pollution and
contamination
B8 |4.4,4.7 | Strengthening knowledge and skills related to Currently no contribution recognizable
sustainability issues
B9 |6.1,6.2 | Improving the access to safe drinking water, Currently no contribution recognizable
sanitation and hygiene
B10|6.3 Improving water quality by reducing the release of | Currently no contribution recognizable
hazardous chemicals and materials
Bl1|6.4 Increasing water-use efficiency and strengthening | Currently no contribution recognizabic
sustainable supply of freshwater
B12 (7.2 Enabling / increasing the production of renewable
energy
B13 |73 Enabling / increasing energy efficiency Currently no contribution recognizable
B14|8.5,8.6 | Creation of well-paid jobs / reducing youth Currently no contribution recognizable
unemployment
B15|8.8 Strengthening secure working conditions
B16|8.9 Strengthening sustainable tourism Currently no contribution recognizable
B17 | 8.10 Expanding the access to banking, insurance and
financial services
B18 9.4 Fostering decarbonization and resource efficiency | Currently no contribution recognizable
of industries
B19 | 11.5 Reducing deaths / people affected by disasters
B20 | 11.6 Improving urban air quality
B21 (122 Strengthening sustainable management and Currently no contribution recognizable
efficient use of natural resources
B22|12.3 Reducing food losses and food waste
B23| 124 Reducing the release of chemicals / hazardous Currently no contribution recognizable
waste into air, water and soil
B24|12.5 Reducing waste generation through waste Currently no contribution recognizable
prevention, recyclability and reusability
B25|13.2 Significant contribution to GHG emission Currently no contribution recognizable
reductions
B26 | 14.1 Reducing marine pollution / marine littering Currently no contribution recognizable
B27 | 14.7 Strengthening the sustainable use of marine Currently no contribution recognizable
resources (fisheries, aquaculture and tourism)
B28 | 15.1 Fostering the conservation and sustainable use of | Currently no contribution recognizable
ecosystems / biodiversity
B29 | 16.10 Strengthen public access to information Currently no contribution recognizable
B30 | 1.3,3.8, | Strengthening the availability of affordable and Currently no contribution recognizable
..., 11.2 | sustainable products / services
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S Discussion

Until recently, the criteria and indicators for sustainability assessments in science and
practice had to be determined subjectively or intersubjectively through time-consuming
stakeholder panels, because there was no universal, normative reference framework.

In contrast to this rather unsatisfactory practice of the past, TAPAS is consistently
aligned with the globally accepted SDGs of the 2030 Agenda, creating an evaluation
framework with much greater clarity and accountability. In an integrated approach, both
benefits and risks are the subject of the analysis, in the sense of an early warning system
for the early detection of risks, but also as a strategic radar for the proactive positive
shaping of the normative goals of the SDGs. In this context, new methodological ground
has been broken in the area of detailed benefit analysis, as for the first time a set of 30
indicators has been developed that establish a direct link to the 2030 Agenda.

Moreover, one of the core strengths of TAPAS is the interdisciplinary interaction
between biology, biomimetics and sustainability research during its development phase.
We have carefully investigated the methodological interface between biomimetics and
sustainability research and have carried out an in-depth analysis of fundamental bio-
logical concepts in order to specify the central sustainability strategies of efficiency,
consistency and sufficiency with respect to their application in the context of TAPAS.
This finally formed an important basis for the development of analytical instruments
suitable for the evaluation of the bio-inspired materials systems of the livMatS cluster.
In addition, the design of the methodological framework as a multi-stage approach and
the implementation of the sustainability assessment in the context of self-reflection by
the actors of the innovation process proved to be particularly beneficial and expedient
for the successful implementation of TAPAS.

However, the consequent use of TAPAS and its instruments can cause additional
workload for the users and may initially slow down the development of novel technolo-
gies. This is particularly the case if the data required for the analysis are not available
or can only be obtained with great effort. On the other hand, the integration of sustain-
ability assessment into the innovation process and the approach of self-reflection can
also significantly enhance the ability of science to respond to the challenges of ever
faster development and more consequential influence of technologies [21, 22]. Con-
sciously pausing at important milestones in research and development can therefore
shorten society’s overall reaction time if existing benefits and risks are recognized as
early as possible and lead to concrete, targeted and pragmatic adjustments in ongoing
innovation processes [3].

6 Conclusions

In summary, TAPAS provides a field-proven methodology for an early sustainability
assessment of novel technologies and materials systems. In order to enable sustainabil-
ity assessments depending on the level of technological maturity and existing data, a
stepwise and iterative approach combines low-threshold instruments even for the ear-
liest stages of the innovation process, e.g., in the field of basic research. Consistently
aligned with the 2030 Agenda and the Sustainable Development Goals, TAPAS com-
bines a high level of commitment regarding its indicators with the pragmatic approach
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of self-reflection. For example, a set of 30 indicators has been derived from the 169 SDG
targets of the 2030 Agenda for the purpose of a detailed benefit assessment that allows
TAPAS users to analyze not only the risks, but also the benefits of novel technologies
and materials systems. By placing the analysis and assessment steps in the hands of the
actors of the innovation process, the best possible database can be provided. Further
advantages arise in terms of “capacity building”, i.e., strengthening the methodological
knowledge and skills for sustainability assessment among the users.

Acknowledgements. Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy — EXC-2193/1 — 390951807.

References

1. Collingridge, D.: The social control of technology. Frances Pinter, London (1980).

2. Kohler, A. R., Som, C.: Risk preventative innovation strategies for emerging technologies the
cases of nano-textiles and smart textiles. Technovation 34, 420—430 (2014). https://doi.org/
10.1016/j.technovation.2013.07.002.

3. Moller, M., Hofele, P., Reuter, L., Tauber, F. J., GrieBhammer, R.: How to assess technological
developments in basic research? Enabling formative interventions regarding sustainability,
ethics and consumer issues at an early stage. TATuP — Journal for Technology Assessment in
Theory and Practice 30(1), 56-62 (2021). https://doi.org/10.14512/tatup.30.1.56.

4. livMatS Homepage, https://www.livmats.uni-freiburg.de/en, last accessed 2024/03/12.

5. United Nations Homepage, https://www.un.org/en/development/desa/population/migration/
generalassembly/docs/globalcompact/A_RES_70_1_E.pdf, last accessed 2024/01/17.

6. BMUV Homepage, https://www.bmuv.de/en/topics/sustainability/overview-sustainability/
2030-agenda, last accessed 2024/01/17.

7. SDGF Homepage, https://www.sdgfund.org/sites/default/files/Report-Universality-and-the-
SDGs.pdf, last accessed 2024/01/17.

8. United Nations Homepage, https://unsdg.un.org/2030-agenda/universal-values/leave-no-
one-behind, last accessed 2024/01/17.

9. Speck, O., Moller, M., GrieBhammer, R., Speck, T.: Biological concepts as a source of inspi-
ration for efficiency, consistency, and sufficiency. Sustainability 14(14), 8892 (2022). https://
doi.org/10.3390/su14148892.

10. Liebert, W., Schmidt, J. C.: Towards a prospective technology assessment: Challenges and
requirements for technology assessment in the age of technoscience. Poiesis and Praxis 7,
99-116 (2010).

11. Grunwald, A.: Ethische Grenzen der Technik? Reflexionen zum Verhéltnis von Ethik und
Praxis. In: Stephan Saupe and Armin Grunwald (eds.): Ethik in der Technikgestaltung. Prak-
tische Relevanz und Legitimation, pp. 221-252. Springer, Berlin (1999). https://doi.org/10.
1007/978-3-642-60033-3_11.

12. Moller, M.: Entwicklung eines mehrstufigen Methodenrahmens fiir eine prospektive Nach-
haltigkeitsbewertung von neuartigen Technologien und Materialsystemen (TAPAS). Disser-
tation, University of Freiburg (2022). https://doi.org/10.6094/UNIFR/235292

13. Hofele, P, Reuter, L., Estadieu, L., Livanec, S., Stumpf, M., Kiesel, A.: Connecting the meth-
ods of psychology and philosophy: Applying Cognitive-Affective Maps (CAMs) to iden-
tify ethical principles underlying the evaluation of bioinspired technologies. Philosophical
Psychology 1-24 (2022). https://doi.org/10.1080/09515089.2022.2113770.


https://doi.org/10.1016/j.technovation.2013.07.002
https://doi.org/10.14512/tatup.30.1.56
https://www.livmats.uni-freiburg.de/en
https://www.un.org/en/development/desa/population/migration/generalassembly/docs/globalcompact/A_RES_70_1_E.pdf
https://www.bmuv.de/en/topics/sustainability/overview-sustainability/2030-agenda
https://www.sdgfund.org/sites/default/files/Report-Universality-and-the-SDGs.pdf
https://unsdg.un.org/2030-agenda/universal-values/leave-no-one-behind
https://doi.org/10.3390/su14148892
https://doi.org/10.1007/978-3-642-60033-3_11
https://doi.org/10.6094/UNIFR/235292
https://doi.org/10.1080/09515089.2022.2113770

15.
16.

17.

18.

19.

20.

21.

22.

Tiered Approach for Prospective Sustainability ... 119

. Thagard, P.. EMPATHICA: A computer support system with visual representations for

cognitive-affective mapping. In: K. McGregor (Ed.), Proceedings of the workshop on visual
reasoning and representation, pp. 79-81. AAAI Press (2010).

Oko-Institut Homepage, https://www.oeko.de/reach-radar, last accessed 2024/01/17.
Dehoust, G., Manhart, A., Mock, A., KieBling, L., Vogt, R., Kdmper, C., Giegrich, J.,
Auberger, A., Priester, M., Rechlin, A., Dolega, P.: Erorterung 6kologischer Grenzen der
Primérrohstoffgewinnung und Entwicklung einer Methode zur Bewertung der kologischen
Rohstoffverfiigharkeit zur Weiterentwicklung des Kritikalititskonzeptes (OkoRess I). UBA-
Texte 87/2017. Oeko-Institut (2017), https://www.umweltbundesamt.de/sites/default/files/
medien/1410/publikationen/2017-09-28_texte_87-2017_oekoress_konzeptband_2.pdf, last
accessed 2024/01/17.

Dehoust, G., Manhart, A., Dolega, P., Vogt, R., Auberger, A., Kdmper, C., von Ack-
ern, P., Riittinger, L., Rechlin, A., Priester, M.: Weiterentwicklung von Handlungsop-
tionen einer okologischen Rohstoffpolitik (OkoRess II). UBA-Texte 79/2020. Oeko-
Institut (2020), https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikati
onen/2020-06-17_texte_79-2020_oekoressii_abschlussbericht.pdf.

Moller, M., GrieBhammer, R.: Product-related benefit analysis based on the Sustainable Devel-
opment Goals — integrating the voice of society into Life Cycle Sustainability Assessment.
Journal of Industrial Ecology 28, 397-409 (2024). https://doi.org/10.1111/jiec.13464.

ISO 14040: Environmental management—Ilife cycle assessment—principles and framework
ISO 14040:2006. Beuth, Berlin (2006).

ISO 14044: Environmental management—Ilife cycle assessment—requirements and guide-
lines ISO 14044:2006. Beuth, Berlin (2006).

Steffen, W., Grinevald, J., Crutzen, P., McNeill, J.: The Anthropocene: conceptual and his-
torical perspectives. Philosophical Transactions of the Royal Society A 369(1938), 842-867
(2011). https://doi.org/10.1098/rsta.2010.0327.

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., Ludwig, C.: The trajectory of the
Anthropocene: The Great Acceleration. Anthropocene Review 2(1), 81-98 (2015). https://
doi.org/10.1177/2053019614564785.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative

Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


https://www.oeko.de/reach-radar
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2017-09-28_texte_87-2017_oekoress_konzeptband_2.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2020-06-17_texte_79-2020_oekoressii_abschlussbericht.pdf
https://doi.org/10.1111/jiec.13464
https://doi.org/10.1098/rsta.2010.0327
https://doi.org/10.1177/2053019614564785
http://creativecommons.org/licenses/by/4.0/

q

Check for
updates

Analysis of Model Specific Features
for the Development of a Non-Contact Reference
Point System on a Flexible Gripper

Julia-Christina Sattler! ®_ Marcel Todtermuschke?, Alexander Voigtl,
and Steffen Ihlenfeldt?3

1 Volkswagen AG, Berliner Ring 2, 38440 Wolfsburg, Germany
Julia-Christina.Sattlerl@volkswagen.de
2 Fraunhofer Institute for Machine Tools and Forming Technology IWU, Reichenhainer Strafie
88, 09126 Chemnitz, Germany
3 Institute for Mechatronic Engineering, TU Dresden, Helmholtzstrae 7a, 01069 Dresden,
Germany

Abstract. The increasing diversity of models and variants in the automotive
industry is leading to new challenges in the flexibilization of the body shop produc-
tion process, especially the gripper systems. One way of making the component
handling process more flexible by using type-variable grippers is to replace the
mechanical reference point pins with virtual sensor technology, which ensures
positionally and repeatedly accurate handling per component.

One major challenge in using sensory technology for type-variable compo-
nents is determining the necessary measuring range, which depends on the varying
position and size of the reference points per model. In order to design a sustainable
solution, the definition of a measurement range for both current and future model
types is essential as well.

According to the current state of the art, no optimal sensor parameters are
known for the use case described. Additionally there are no existing studies that
provide a guideline for the recommended position of reference points depending
on the sensor technology used.

This paper presents the approach of investigating characteristics of various
reference points with regard to their position and geometry in order to define a
measurement range for the usage of sensor technology. To optimize the determined
measuring ranges, various scenarios of component alignment are examined and
their influence on the sensor parameters identified. Here the example of interior
door parts of different vehicle segments is applied as a use case.

In the result, a system framework for positioning reference points is defined
based on the investigated use case and a recommendation is made for the parame-
ters of the sensor technology to be used. Furthermore the systematic alignment of
components leads to a reduction of sensor parameters. These results can be used
for positioning reference points in future models.

Keywords: Automotive - Flexibility - Reference point system - Position
determination - Body-in-white
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1 Introduction

The flexibilization of production processes has become unavoidable in the course of
increasing model and variant diversity in the automotive industry. In addition type-
specific devices with mechanical fixtures for centering objects are also used in other
branches of industry. Examples can be found in the component clamping in milling
and turning machines or the automated tire assembly [1, 2]. In all areas, reducing the
complexity of the handling system results in increased flexibility and improved process
efficiency of the overall system [3].

With a degree of automation of around 95%, flexibilization is a major challenge, par-
ticularly in body shop processes, in order to counteract a greater variety of models while
maintaining quality and keeping costs low [3]. In a conventional body shop production
plant, 2-3 vehicle models are usually manufactured on one production line. Each model
requires type-specific grippers and fixtures with customized mechanical fixture parts and
contour pieces. In particular, the individual design of the type-specific reference point
system (RPS) requires additional planning effort and increased investment costs [4]. The
adaptation of the conventional RPS is essential when making handling systems more
flexible and is therefore considered in more detail below.

The mechanical RPS consists of pins on the gripper and matching holes on the com-
ponent, thus ensuring that the component is spatially fixed in all six degrees of freedom.
The positioning of the holes and pins varies per each component and gripper. A type-
variable design of the mechanical RPS using movable pin units is not possible due to the
limited installation space of the gripping systems or devices and adherence with cycle
time specifications [5]. Due to the model-specificity of the mechanical RPS, reusability
of the grippers for subsequent models is also not ensured [4]. A non-contact measuring
system is therefore required for handling several model types, which substitutes the func-
tion of a mechanical RPS and ensures flexible handling for both current and subsequent
models.

The concept of a non-contact RPS is based on the principle of determining the
position of the component by recording RPS position data via measuring sensors and
the calculation of the actual position and orientation via a calculation unit. The final
position correction of the component replaces the mechanical positioning with the pin-
hole principle of conventional RPS. The first step in the development of a non-contact
RPS is therefore to analyze the image acquisition process and the relevant sensor and
component parameters.

For this purpose it is necessary to analyze a use case of position data of model-specific
RPS holes and their relation to geometric parameters of the components. The aim of this
paper is to use the determined data to identify the required sensor parameters and to
define a limitation of the non-contact RPS for flexible further utilization for subsequent
models.

In the first part, the relevant component and sensor parameters and their dependencies
and interrelationships for the image acquisition process are identified for the applied use
case. For this purpose an overall system consisting of a flexible gripper, components
(here: interior door parts) and measurement sensors (2D camera) is used. Based on the
results a RPS framework is defined and a suitable sensor system is recommended. Finally,



122 J.-C. Sattler et al.

the optimization of the system is verified by systematically arranging the components
to reduce the necessary sensory parameters.

2 Approach

There are different approaches for measuring component geometries and features using
sensor technology. A distinction is made between non-contact and tactile measurement
principles. A major advantage of non-contact measurement technology is the measure-
ment speed and the possibility of measuring very large components, such as those used in
shipbuilding or aircraft construction [6]. Tactile measuring systems are mainly used via
coordinate measuring machines with touch probes for the high-precision measurement
of components, e.g. in engine or transmission construction, and are not discussed further
in this paper [7]. Non-contact measuring principles can be divided into optical, electro-
magnetic, acoustic and capacitive measuring methods in terms of their functionality [8].
Optical systems are often used for measuring geometries, position determination and
alignment correction, but also for quality control and part recognition [9]. The other mea-
suring principles are mainly used for distance measurement of large or small distances
and for position control [9, 10].

The following section focuses on the non-contact, optical measurement of component
geometry and alignment using two-dimensional cameras. Area scan cameras enable the
position of the component to be determined via optical detection of RPS features and
subsequent data conversion into coordinates by a calculation unit. The fundamental
challenge of sensor-based measurement of type-variable components lies in a variable
required measuring range with a fixed measuring distance between the measuring system
and the object. The appropriate selection of technical parameters as well as the optimum
positioning and alignment of the 2D-cameras to the measurement object is decisive.

There are a few publications in the literature on the optimum positioning of sen-
sors depending on the measurement object. However, these are specific to the respective
application and do not consider variable measurement parameter (e.g. [11, 12]). Further-
more, there are some approaches for optimizing the camera position via the development
of image processing algorithms (e.g. [13—15]), but these are not considered further in
this paper.

Overall, there is still no study that analyzes the optimal measuring range of cameras
in the flexible gripping system with type-variable components. Furthermore, there are
no publications on the positioning of known and (as yet) unknown RPS features for a
sustainable use of 2D cameras on a flexible gripping system. In order to consider these
focal points, the first step is to identify the required features of the non-contact RPS.

Precise data measurement requires the determination of the external and internal
technical parameters of the camera system [16]. Calibration of the camera and subsequent
image data processing are further topics that are not covered in detail here. Examples
for analyzing the influence of data processing and calibration parameters are given in or
in the analyses of [16, 17].
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The question of positioning and the suitable number of cameras as external param-
eters are decisive for the optimal detection of all features [18]. These not only affect the
image recognition and post-processing time of the data, but also the measurement accu-
racy and the covered image area of the object surface [15]. To determine the positioning
and number of cameras, it is first necessary to define the required field of view (FOV).
For precise feature detection, the FOV must cover the entire area of all necessary RPS
features (in this case: holes) across all components. In the case of flexible model com-
positions, the positions of the RPS features and therefore the required size of the FOV
per model vary. If the hole positions vary on a large scale, the selected FOV for a com-
ponent may be too small and may not cover the RPS features of all components. The
FOV can be maximized, for example, by using several cameras at different positions or
a moving camera [17]. However, moving the cameras is not feasible in this use case due
to the small installation space and the inline measurement (compliance with cycle time).
Furthermore, the complexity of the overall system must be kept low, as the computing
effort and the calculation time of the overall system increase as the number of cameras
increases [15]. Another way of increasing the FOV is to increase the working distance
WD to the object. A flexible gripping system is characterized by its compact design,
which enables the handling of components with different geometries. For this reason,
the working distance to the object should be kept as small as possible.

Furthermore, the RPS features must not only be in the FOV, but also in the DOF
(depth of field) range, as this range ensures the optimum focus for detecting the features.
The DOF is influenced by the aperture opening. With a constant aperture setting, an
increase in the FOV can be achieved by increasing the focal length with a smaller depth
of field.

In addition to the variable parameters mentioned above, there are also constant inter-
nal, technical parameters that are fixed when the sensor is selected. These include the
sensor size, the resolution (including pixel size and number of pixels) and the magnifi-
cation, which have an influence on the measuring accuracy. All relevant parameters for
the alignment of sensors on the flexible gripping system are shown in the figure below
(Fig. 1).

Camera
Sensor

F Focal length

Focal point

WD Working
distance [mm]

T T 1
¢ Resolution  FOV Field of
[pm/mm]  View [mm?]

Fig. 1. Schematic representation of the necessary parameters for the alignment of sensors on the
flexible gripping system
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In summary, the challenge of determining the necessary measuring range of cameras
in the flexible gripping system lies in maximizing the FOV and depth of field to cover
all current and future features while minimizing the working distance and number of
cameras. In addition, sufficient measurement accuracy must be ensured via the technical
parameters.

3 Method for Part Analysis

For the analysis of possible positioning criteria and patterns of RPS features depending
on the component geometry, 15 interior door parts (front left door) of vehicle segments
A, B, C,D, M, J (designation according to EU Commission) were used. In order to cover
a variable sample size, interior door parts of various sizes and widths were used in the
component selection (see table below) (Table 1).

Table 1. Naming and definition of components examined for analysis

No Vehicle segm | Designation Production Start | Feature

1,2 A Microcar 2012 2-, 4-door

3,4 B Small car 2018 2-, 4-door

5 J Sport utility & off-road vehicle | 2019

6,7 C Middle class 2020, 2021 ICE-, E-vehicle
8,9 J Sport utility & off-road vehicle |2021,2018 E-, ICE-vehicle
10 M Multivan 2007

11,12 |J Sport utility & off-road vehicle | 2017, 2018

13,14 |D Upper middle class 2011, 2018

15 J Sport utility & off-road vehicle | 2019

Two of the 15 interior door parts are from electric vehicles (no. 7, 8), two others are
from 2-door vehicles (no. 1, 3). The production start of the components is between 2007
and 2021. For data acquisition, the components were measured manually using a CAD
program, aligned in the vehicle coordinate system. A round hole (RPS/) and a slotted
hole (RPS2) are used as RPS features in this use case. For the analysis, geometric input
variables of the component and the RPS feature are considered, which have an influence
on the positioning. The recorded input variables are analyzed in three investigation steps
L, II, IIT and are listed below with regard to the designation, measurement unit and the
measured coordinates (Table 2):
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Table 2. Definition of input variables and naming of variables

No | Parameter Description Unit/vehicle coordinate

Analysis part 1

1 Br Wide door [mm] in X
2 Hr Door height [mm] in Z
3 dRrpsi Diameter RPS1 [mm]
4 dRrps? Diameter longest side RPS2 [mm)]

Analysis Part II

5 Ap.RrpSi-2, Avrpsi-2 | Distance RPS1-2 hor. Resp. [mm]in X or Z

Vert
6 Ao,RPS1, AO,RPS2 Distance top edge to RPS [mm] in Z
feature
7 | ALRPSI, AR RPS?2 Distance left - RPS1 or right - | [mm] in X
RPS2
Analysis Part IIT
8 Wrpsi, Wrps2 Size viewing window RPS Width X * Height Z * Depth Y
feature [mm)]

9 X,Y.ZRPSI; %Y.2rps2 | Position RPS feature in x,y,z | X,Y,Z

The parameters are measured using a predefined scheme that can be used for com-
ponents with a rectangular shape. In principle, the component geometry is determined
by the average value of the maximum and minimum height and width of the component.
Using the example of the inner door part, the height is defined as the length between the
window well and sill edge (Z value) and the width as the length between the edge of the
A and B pillars (X value).

Aprps1 Arrps2
Ao rps1 Ao rps2
C\ An,rps1-2
H. J A
+z T dgpsy | AvRPS1T2 T
N
dgps2
1%
+y RPS1 By > Hy
Wgps2
+X
Br

Fig. 2. Schematic representation of the measurement method applied to the use case
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The diameter of the RPS holes drps;, rps2 is described via the horizontal, longest
side. The measurement of the positions x,y,zgps; and x,y,zrps? is carried out via the collar
hole center point in maximum Y-value (Fig. 2).

4 Results

4.1 Analysis Part I: General Influencing Variables, System Delimitation

To restrict the system space, the geometric dimensions of the component and RPS feature
are first analyzed. The measured average component heights in Z-direction and widths
in X-direction are shown below (Fig. 3):
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600
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Vehicle segment

Fig. 3. Heights and widths of the examined sample parts depending on the vehicle class

The tested samples have a height of 663.6 to 831 mm, measured from the window
shaft to the sill. This results in an average height of 724.54 mm. The values of the samples
from vehicle segments A, B, C, D and M are in the range between 663.6 and 729.9 mm.
Samples 5, 8, 9, 11, 12, 15 (vehicle segment J), on the other hand, have door heights
in the range between 739.65 and 831 mm. The door width of the sample parts of all
vehicle segments considered is between 1017 and 1108.6 mm. Exceptions are samples
1 and 3 (2-door) with a width of 1306 and 1356.6 mm. Overall, the average width of all
15 sample parts is 1102.81 mm.

In summary, the geometry of the doors under consideration varies more in height
(A 167.4 mm) than in width (A 91.6 mm without samples 1 and 3, A 339.6 mm including
samples 1 and 3:

BT > HT (1)

For this reason, a greater scattering of the RPS features in the Z direction is to be
expected. The results of the analysis of the RPS hole diameters dgps; and drps> are
shown graphically below (Fig. 4):
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Fig. 4. Diameter of the RPS holes of the examined components

The values of dgps; are between 13.5 and 15.7 mm. The most frequent value is
15 mm (9 samples). Samples 7, 8 (electric vehicles) and 15 have an RPS1 diameter of
13.5 mm. Sample 10 (Production Start 2007) differs from the other samples with a value
of 15.7 mm.

The vertical diameter of RPS1 corresponds to the vertical diameter of RPS2 per
component (not shown here). This implies that the same RPS pin diameter is used per
component. Exceptions are samples 1 and 2 with a vertical RPS diameter of 20 mm
compared to 15 mm (RPS1). As the horizontal diameter of RPS2 of all samples varies
more, these values are used for the analysis of drps>. Values between 16 and 25 mm are
measured here.

To summarize, the horizontal diameter of RPS2 within the sample set under con-
sideration is larger than the diameter of RPS1. It can therefore be assumed that a larger
FOV is required for RPS2. Therefore it can be concluded:

drps1 < drps2 2

4.2 Analysis Part Ii: Positioning of RPS Features Depending on the Component
Geometry

In the second part, the distances of the RPS features to each other and to the edge of the
component are examined in order to draw conclusions about positioning patterns. The
distances between RPS1 and RPS2 are measured parallel to the X-axis (horizontal) or
Z-axis (vertical) (Fig. 5).
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Fig. 5. Distances between RPS1 and 2 as a function of component height/width
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The measured distances Ay gps;—2> are between 671.5 and 899 mm (figure on the
right). Strong deviations can be seen in samples 1 and 3 with values between 899 and
871 mm. The remaining sample values are between 680 and 773.5 mm. A linear rela-
tionship between increasing component width and increasing distance from RPS1-2 in
the vehicle X direction can be seen for the majority of the samples examined:

Aprpsi—2 ~ Br 3

This implies that the distance between the features and the edge of the component remains
the same or becomes smaller as the component width increases. This can be explained by
the need to ensure component stability during the handling process. Maximum stability
during the handling process is ensured by the greatest possible distance between the RPS
features in direction of the longest component side.

When examining the distance in the vehicle-Z direction (A, gps;—2), no comparable
correlation is recognizable (figure on the left). The smallest value is 3 mm, the maximum
distances are 217 mm, 184 mm and 151 mm (sample 1, 2, 12). These findings correlate
with the results from Analysis I: Due to the high scattering of the component heights,
the distances between the RPS features vary in the Z-direction with a similar degree of
severity. As the values of A, gps;_2 does not increase linearly, no uniform pattern can be
recognized here. This may be due to necessary, component-specific cut-outs that prevent
the positioning of RPS features for space reasons. It can therefore be concluded that.

ApRPS1—2 < Ay RPS1-2 4

The next step is to analyze the distances to the nearest component edge in vehicle Z
direction (upper edge) and vehicle X direction (left and right edge) (Fig. 6):
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Fig. 6. Distances from RPS1-2 to the upper or left/right edge as a function of the component
height or width

The values of Ag rps; are between 151.1 mm and 329.6 mm (figure on the left),
whereas the values of Ap gps2 are between 130.6 mm and 460.3 mm. On average, the
distance from the upper edge to RPS1 is smaller compared to RPS2 (248.7 mm vs.
257.64 mm):

Ao.RPS1 < A0.RPS2 )

This deduces that RPS1 features are more frequently positioned in a certain area near
the upper edge. Furthermore, the values of RPS2 scatter more than the values of RPS1 in
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the vehicle Z-direction (standard deviation & 50 mm vs. £ 102 mm). This supports the
hypothesis that a larger FOV in Z-direction is necessary to capture all RPS2 and RPS1
features. In addition, there is no linear correlation between the component height and
the positioning of RPS features in Z-direction.

The analysis of the distances to the left and right edge (Ar rps1, Ar rps2) results in
an average lower value for RPS2 with 162.2 mm compared to RPS1 with 200.3 mm.
This may be related to the specificity of the examined component (inner door part). The
rebate edge on the left side of the com-ponent is larger, which implies a greater distance
requirement for the placement of the RPS1 feature:

Ar.RPS1 > AR RPS2 (6)

Overall, a linear relationship between increasing component width and increasing dis-
tance of both RPS features to the left or right edge can be seen in a larger number of
samples examined:

AL RPS1:ARRPS1 ~ Br @)

4.3 Analysis Part III: Theoretical Window Size in Vehicle Coordinate System

To investigate the theoretical viewing window size in all three spatial directions, the
position coordinates of the RPS features x,y,zgps; and x,y,zgps2 in their absolute position
in the vehicle coordinate system are compared with each other (Fig. 7):
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Fig. 7. Positions RPS1, RPS2 in XZ and YZ planes and theoretical window sizes for scenario VO

Here, the width and height of the theoretical FOV is analyzed via the positions of the
RPS holes in the X and Z directions (figure on the left). Overall, the necessary FOV in
the XZ plane is smaller for RPS1 than for RPS2. In addition, the standard deviation for
RPS1 is smaller in both the Z and X directions (+£59.3 mm and + 30.4 mm) compared
to the standard deviation of the RPS2 coordinates in the Z and X directions (£95.4 mm
and =+ 80.3 mm). This implies the necessity of a larger FOV as well as the consideration
of a larger tolerance in the edge area for RPS2 features.

ZRPS1,XRPS1 < ZRPS2,XRPS2 (3
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The necessary depth of field DOF of the theoretical viewing window is defined by the
distance in the Y direction (figure on the right). For all component samples, ygps; is
between —830.6 and —689. Consequently, the range of the necessary depth of field
YRPSI,max — YRPSImin Of 141 mm is greater than the distance yrps2,max — YRPS2,min Of
114 mm.

|)’RPSl,max - }’RPSI,min| > |}’RPS2,max - yRPSZ,min’ 9

With a value of & 37.0 mm, the standard deviation of the values for yrps; is also higher
than the standard deviation of the values for all ygrps> (£28.4 mm). The reason for the
greater variation of the values in the depth for RPS1 may lie in the necessary “bulges”
for loudspeakers, for example.

In summary, the findings from Analysis III can be summarized as follows:

Wrps1 < Wrps2 (10)

In addition, the viewing windows Wgps; and Wgps> can be combined into an overall
theoretical viewing window W . In this window, a large area with a length of 500 mm in
the X direction can be identified in which no RPS features are placed. If two sensors are
used, this area could be saved in the form of the FOV. The same applies to the different
heights of the viewing windows in Z direction, where the FOV for RPS1 could also be
reduced by a range of approx. 100 mm.

The results of this analysis describe the theoretical viewing window size in relation
to the absolute position of the RPS features in the vehicle coordinate system (scenario
V0). The systematic alignment of the components is necessary to further reduce the
viewing window size.

4.4 Analysis Part IV: Systematic Alignment of Components to Reduce
the Viewing Window

The systematic alignment of the components to reduce the viewing windows is consid-
ered in three scenarios V1, V2, V3. The components are moved parallel to the vehicle
coordinate system.

One way of reducing W g is to minimize one viewing window (here: Wgps; ) to the
position of a coordinate point (Scenario V1). Scenario V2 describes the alignment of
the components based on the center of the distance between RPS1 and RPS2 in all three
spatial directions (typical constructive use case). For scenario V3, the components are
positioned that Wgps; and Wgps, are minimal and of the same size (verification of the
use of two sensor systems with the same parameters).

The following figure shows the results of scenarios V1, V2 and V3 for the XZ plane
as an example. In addition, the determined viewing window of scenario VO is shown
(Fig. 8, Fig. 9).
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Fig. 8. Positions RPS1, RPS2 in the XZ planes and theoretical window sizes for scenario V1-V2

650

600 _
., 550
£ 500 -
'; 450 -
£ 400 -
" 350 -

300

250

400 600 800 1000 1200 1400 1600
XRPS1; XRPS2

Fig. 9. Positions RPS1, RPS2 in the XZ planes and theoretical window sizes for scenario V3

As a result, the maximum reduction of the FOV to one coordinate point due to
geometric dependencies of the RPS features leads to an enlargement of Wgpg» (V1).
The maximum window size is 227 x 368 x 46.8 mm. The alignment of the components
in their center of gravity position (V2) leads to a reduction of Wgps» and an increase of
Wrpsi. The reason for this is the initial position of the components in VO: the original
alignment of the components along the A-pillar of the vehicle results in areduced window
width Wgrps; whereas a centered alignment along the X-axis results in a similar window
width of 155 mm (RPS1) and 183 mm (RPS2). Placing the components with the aim of
minimizing the viewing windows Wrps; und Wgps> to the same size (V3) results in a
reduction of both viewing windows compared to scenario V0. This results in a minimum
FOV of 113.75 x 184 x 23.4 mm.

5 Conclusion

To narrow down the examined system, the considered use case can be represented using
the following geometric values (Table 3):
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Table 3. Determined system limits and parameters of the examined overall system of the 15
sample parts

No Parameter Average value System limit min System limit max

1 Bt 1102,8 1017 1356,2

2 Hr 724,5 663,6 831

3 drpsi 14,2 12 15,7

4 drps2 21,4 16 25

5 Ap.RPSI-2 741,1 6715 899
A\ RPSI-2 82 3 217

6 AQ,RPSI, 248,7 151,1 329,6
A0.RPS2 257,6 130,6 460,3

7 AL RPSI, 200,3 140,9 288
AR RPS2 162,2 118,2 207,3

The alignment of the components and the geometric dependencies of the RPS features
on each other have an influence on the three theoretical viewing windows W ges rheors
W 1,theor and W2 sheor. Taking into account the maximum RPS point diameter drpsi max
and dgps 2,max as well as a tolerance of 0.1 mm for a possible circle of confusion in the
edge area of the sensor system, the real viewing windows (Wges rears Wi reas W2, real)
could be calculated. The following table lists the theoretical and calculated real viewing
window sizes exemplary for VO (Table 4).

Table 4. Calculated viewing windows (theoretical and real) for the examined sample parts VO

Volume

Viewing window

Theoretical [mm]

(width x * height z * depth y)

Real [mm)]

(width x * height z * depth y) [mm?3]

Wges 966%264,5%141,6 986,5%284,7*141,8 39.827.477,3
Wi 95%194*141,6 110,9%209,9%141,8 3.300.807,64
W 278,5%264,5%115,2 303,7%284,7*115,4 9.977.875,2

To determine a suitable sensor system for the described use case, the required accu-
racy for the process must be taken into account. With a required accuracy of 0.2 mm
for joining processes, a 5-fold higher accuracy is specified for the sensor technology
in order to compensate for possible tolerances due to external and internal influences.
Accordingly, a pixel pitch of 0.4 mm/px is required. The necessary resolutions for all
scenarios VO-V3 are shown below (Table 5).
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Table 5. Necessary resolution of the camera systems for the examined scenarios VO-V3

Total resolution [MP] and percentage deviation compared to VO [%]

Vo Vi V2 V3
Wes 175,544 | 223,106  +27,09% | 200,264  +14,08% | 136,323  -22,34%
Wi 14,549 0,158 -99.91% 27,480 +65,03% 16,198 -72,26%
W, 54,04 61,311 +47,49% 41,568 -16,95% 17,733 -71,08%

To summarize, the systematic alignment of the components enables a reduction in the
viewing windows and, based on this, a reduction in the sensor parameters. The maximum
reduction of the viewing window W, is achieved by the uniform alignment of the RPS
features on equally sized, minimal viewing windows (V3). The parameter drps; 2 and
the geometric relationships between the RPS features (e.g. Aj.rpsi—2, Ayrpsi—2) have
a significant influence on the viewing window size and the required resolution of the
sensor system. In this use case a sensor system with a resolution of at least 136 MP is
required to detect all RPS features in the specified range (V3). This high resolution is due
to the widely varying positions of the RPS features. Nevertheless approximately 80,5%
of the area covered by the viewing window contains no RPS features. For this reason, it
is recommended to use one sensor per RPS feature. This allows a lower resolution per
sensor to be selected. In this case, a resolution of 16 MP is required for RPS1 features
and a resolution of approx. 17 MP for RPS2 features due to the higher RPS diameter.
As camera systems in the range between 5 and 21 MP are usually used in industry,
scenario V3 is recommended as a suitable variant for reducing the viewing windows
and sensor parameters A reduction in the sensor parameters (e.g. resolution, depth of
field) is achieved by selecting similar geometric positioning parameters for RPS1 and
RPS2 across all models. The aim is to achieve similarly large distances between RPS1
and 2 (Ap.rpsi-2, Avrpsi-2), and to minimize the system limits min and max of dgrps;
und dgps> respectively. The reduction of the viewing window is proportionally related
to the required resolution.

These results can be used as a basis for further investigation of the systematic align-
ment of components for the reduction of RPS viewing windows and sensor parameters.
However, the third system component must be taken into account for a holistic view of
the application of a virtual RPS within a flexible gripping system. The inclusion of this
third system component and the effects on the viewing window has to be checked in the
next step.
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Abstract. Electric mobility depends on batteries, which typically require a ther-
mal management system. Those systems are often realized as sheet metal plates
with integrated channel structures. Rollbonding technology is one of the most
promising technologies to produce such cooling plates due to the competitive
cost structure in combination with its unmatched design freedom. However, the
design of a cooling plate manufactured using rollbonding is challenging. Such
a design requires thermal and hydraulic targets to be considered while manu-
facturing constraints must be satisfied. Due to the given design freedom and the
conflicting targets manual design of cooling plates is challenging and requires sig-
nificant development time and effort. Topology optimization is a popular method
for automated and optimal design of components.

In this paper, the authors present a strategy to design rollbonded cooling plates
by topology optimization, taking thermal, hydraulic, and manufacturing require-
ments into account. State-of-the-art methods usually consider channel shapes
with rectangular cross-sections, ignoring the effects of realistically curved chan-
nel cross-sections as they result from the manufacturing technology. The authors
present a novel parametrization strategy, considering the 3D channel shape in a
realistic manner. The mathematical formulation of the novel modelling approach
is shown and validated based on a small, simplified test case. The methodol-
ogy is implemented into a custom, solver-agnostic framework and coupled with
commercial Finite Element software.

Keywords: Topology Optimization - Battery Cooling Plate - Rollbonding -
Foced Convection - Flow - Thermal
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1 Introduction

Thermal management of batteries for automotive applications is one of the key challenges
of electric mobility, since it influences charging speeds, efficiency in operation and
prevents premature ageing effects. Heat is transferred by forced convection of a fluid
that passes through a channel structure inside sheet metal cooling plates. One of the most
promising technologies for the production of such cooling plates is rollbonding due to its
unmatched design freedom and its competitive cost structure for high and low-volume
applications. Nevertheless, designing optimal channel structures is challenging due to
conflicting thermal and hydraulic targets. The maximum temperature over the plate shall
be low while the pressure loss from inlet to outlet shall be small. Topology optimization
is a well-known method to generate optimal structures starting from a given design space.
[1] One of the first approaches for heat transfer problems was presented by [2]. It can also
be used to design optimal channel patterns for heat transfer by liquid cooling as shown in
[3-5]. An application with dedicated constraints for rollbonded cooling plates is shown in
[6]. This approach lacks the consideration of a realistically curved channel cross-sections
though, which leads to a mismatch for the pressure and temperature prediction and
therefore makes the optimization for defined target values difficult. Therefore, this paper
presents a novel parametrization method to consider feasible channel cross-sections as
they result from the rollbonding process in thermo-fluid topology optimization.

2 Governing Equations

Heat exchanger design can be classified as a conjugate heat transfer (CHT) problem. The
following section describes the governing equations for modelling the physical properties
of the problem. Furthermore, the discretization using the Finite Element Method (FEM)
is described. The turbulent flow problem can be modelled with the Reynold-Averaged
Navier Stokes (RANS) equations. However, integrating with topology optimization,
RANS is computationally expensive. Therefore, the simplified linear Darcy approach is
used for optimization purposes due to its superior computational efficiency.

2.1 Daray Flow Analysis

The incompressible Navier-Stokes equations describe the flow problem as follows:

pu-Vu = —Vp + uViu — pb (1)

V.u=0 2)

p describes the physical density, u the velocity field. p is the pressure field, . denotes
the dynamic viscosity, and b describes the body force vector per mass unit. The idea of
the Darcy approach is to describe flow through porous media by a specific solution of
the Navier-Stokes equations. In this approach, the flow is described as potential flow as
given in Eq. 3.

u=—=vp 3)
1%
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k denotes the material permeability of the porous media. The material permeability is the
main parameter that must be selected reasonably to be able to consider friction effects
implicitly. The problem can be transferred to a linear finite-element problem as

Kpp = fp (4)

where K is the permeability matrix, p denotes the pressure vector and fp the pressure
load vector. For a detailed description refer to [7].

2.2 Thermal Analysis

The thermal analysis is based on the convection-diffusion model given in Eq. 5.

pcut - VT =kVT +Q (5)

The equation is described by the temperature field T and the volumetric heat source Q
using p as density, ¢, as heat capacity and k as conductivity. The finite-element problem
states as

[K:(x) + C(u, x) +D(u, x)}t = f, (6)

where K, is the conductivity matrix, C(u,x) the conduction matrix, D(x,u) a discontinuity
capturing term for optimization purposes, f; the thermal load vector and ¢ the nodal
temperature vector. The details of the approach are described in [3].

3 The Rollbonding Process

Rollbonding classifies as solid-state joining process, which connects two sheet metal
parts under high pressure by a rolling process [8]. In the context of heat exchangers
there are applications in the automotive industry as well as in the solar and refrigeration
industries.

3.1 Manufacturing Process

Figure 1 illustrates the manufacturing process. Two coils of aluminium are decoiled
while a separator agent is printed on one of the coils. The printed area marks the later
channel position. The two coils are rolled onto each other after heat treatment, leading
to a solid-state joining in all areas without an applied separator print.

The coils are separated into smaller parts and the channels are formed by an inner
pressure within an inflation press. Using this technology, it is possible to produce different
channel patterns without the need for a dedicated tool for every single pattern, as the
same flat toolplate can be used for different kinds of channel patterns. Therefore, the
rollbonding process offers unmatched flexibility and design freedom for the production
of cooling plates.
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Fig. 1. Schematic representation of the rollbonding process

|

3.2 Geometric Description of Channel Shapes

There are multiple relevant parameters to describe the channel shape of rollbonded
cooling plates. In the plane of the screen print, as shown in Fig. 2 there are length scale
constraints limiting the minimum and maximum channel width / and / as well
as the minimum bonded width between channels [, . .

l Ly L,

Wmin Wmax

Fig. 2. Schematic representation of length scale measures in the screen print plane with bonding
width [, and channel width /,,

The cross-section of the channels can be described by the total inner channel height
Iy, the chamfer angle «, the inner radius 7 and the sheet thickness of the channel side 7.
as shown in Fig. 3.

This paper presents a novel parametrization of the channel cross-section. The con-
straint formulations used to enforce the length scales in the screen print plane as shown
in Fig. 2, within the optimization are described in [6].
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Fig. 3. Schematic representation of the channel cross-section with parameters for the total inner
channel height /;,, chamfer angle «, inner radius r, and sheet thickness of the channel side 7.

4 Benchmark Cooling Plate

The method of operation of the parametrization methodology presented in the paper will
be shown based on a small benchmark cooling plate, with a rectangular shape and two
equally sized heat input zones. Each heat input zone is cooled by a symmetric channel
pattern with four channels. The channel patterns are connected by a sir‘l}‘%le channel on the
opposite side of the inlet and outlet spigots. A heat flux of 4y = 4000" /,,2 is applied at

the heat input zones, while a constant flow rate of V = 41/ min and an inlet temperature
tin = 25°C are defined as boundary conditions at the inlet. The model is shown in Fig. 4.

<l @

Fig. 4. Benchmark cooling plate for demonstration of the parametrization strategy in iso (left)
and bottom view (right) with heat input zones (red)

4.1 Conjugate Heat Transfer Analysis

All analysis and optimizations shown in the paper are performed using the simplified
Darcy flow model. This model comes with the benefit of linearity. Therefore, the calcu-
lation times are small compared to high-fidelity RANS models. A drawback is a loss of
accuracy. For the fast conceptional design of rollbonded cooling plates the approach is
feasible as shown in [7] since it is still able to predict the correct temperature hotspot
locations. Therefore, the qualitative temperature distribution can be optimized.

The thermal and hydraulic performance is evaluated using the Darcy model using the
solver OptiStruct. Figure 5 shows the resulting temperature, total pressure and velocity
fields.



A Novel 3D Parametrization Approach for Topology Optimization ... 141

E- E 3t

| e —— T [ - -
25 30 0 7000 0 0.5
Temperature [°C] Total Pressure [Pa] Velocity [m/s]

Fig. 5. Benchmark cooling plate evaluated with Darcy solver and body-fitted mesh

The material permeability is selected as k = 3.18 - 10°mm? to reproduce the same
pressure drop as given from a comparable RANS analysis. Qualitatively, the resulting
temperature distribution is quite homogeneous. The velocity field shows a homogeneous
flow distribution, while the pressure drop is in a reasonable range. Desired target values
highly depend on the vehicle and cooling concept though. Therefore, this paper uses the
performance of this benchmark plate for a fair comparison between optimization and
manual design.

5 3d Parametrization Strategy

Existing topology optimization strategies generate channel patterns in 2D as described
in [6]. This leads to a mismatch for the pressure drop and for the thermal performance.
Therefore, these methods can be used to generate qualitatively reasonable trade-offs
between thermal and hydraulic performance, while optimization for defined thermal
or hydraulic target values is difficult. Strategies for 3D topology optimization exist for
manufacturing technologies like extrusion or casting [9]. To the authors knowledge,
there is no parametrization strategy described in the literature that describes channel
shapes as they result from the rollbonding process properly. Strategies without feasi-
ble parametrization will probably result in channel structures with rectangular channel
shapes due to hydraulics benefits of this shape. This shape is not realistic for sheet metal
cooling plates though. Therefore, the authors developed a parametrization strategy for
topology optimization that represents the channel shape resulting from the rollbond-
ing process in a realistic manner. This way another step towards realistic modelling of
cooling plates in topology optimization is taken enabling to generate optimal channel
patterns considering realistic target values for the thermal and hydraulic performance.

5.1 Mesh Design

The basis of the parametrization strategy is a modelling that representing the rollbonded
cooling plate as a mesh with a suitable structure, as shown in Fig. 6. The top-layer
(grey) represents the flat side of the plate, while the channel side is split into two parts.
First, the design variable layer, is a thin layer with a single element depth (yellow). The
element artificial densities of this layer are the input parameters for the optimization.
The second part (blue) consists of multiple element layers, where the total height is the
total inner channel height plus the sheet thickness. All elements of this second part are
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directly dependent on the design variables in the first part. That means, that their artificial
densities will result from the underlying design variable layer by a logic described in
the later section of this paper. This collection of elements will later form the channel
cross-sections and therefore, the channel domain.

design variable layer

}flat side domain
}channel domain

Fig. 6. Mesh structure for 3D parametrization of the channel shape divided into layer sections
for the flat side of the plate (grey), a design variable layer (yellow) and a section to represent the
channel cross sections (blue)

5.2 Parametrization Steps

Figure 7 describes the steps of the parametrization. For visualisation a shrunk version of
the benchmark cooling plate is shown. The first steps are performed in the design variable
layer, described by the design variable vector x. Within this layer a 2D parametrization
strategy is used to control length scales and to ensure mesh independence and conver-
gence. The strategy utilizes filtering, resulting in the filtered design variable field ¥ and
projection, resulting in X. For details on the approach refer to [6]. The projected density
field X is the input for the 3D parametrization which is illustrated in Fig. 8 and described
in the following.

In the first step the design domain is divided into a passive (dark grey) and an active
(light grey) domain. The artificial densities of the passive areas are defined as x; = 1 to
represent a bonded domain of the plate. They will not change during the optimization.
The artificial densities of the active domain will change during the optimization, resulting
in a channel pattern with x; € [0, 1]. All variables with x; = 1 represent a bonded area
of the plate, while variables with x; = 0 represent a channel area.

The projected design variable field X will not be perfectly discrete during the opti-
mization. Therefore, a second, binary projection according to Eq. 7 is performed in the
second step resulting in the binary field X.

§_ _ 0 lf.i«'l <9
7 | 1otherwise

)

where the projection threshold # is selected as # = 0.9. As an example, a density field
representing the channel structure of the benchmark design is assigned.
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. . . . . 4. Local Inner Channel
1. Design Space 2. Binary Projection 3. Distance Field Height

B

3D Density Assignment

-

Fig. 7. Steps of the 3D parametrization strategy for rollbonded cooling plates. Steps 1.—4. Show
the design variable layer. Based on the design variable layer the artificial densities in the third
dimension are assigned

Benefit of the binary field is the minimum distance of every cell in the design variable
layer to a bonded domain can now be calculated efficiently by Eq. 8 and Eq. 9.

Dy, ; =Dij - (Ii,j«%i) 3

dp; = min;_, {Dy, ;| Dy, ; # 0 for all j} 9)

D donates a matrix containing the distance of every cell in the design variable layer to
each other, while I donates the identity matrix. Consequently D} describes the distance
of every cell to every cell in the bonded domain. dp, Gives the minimum distance of
a cell i in the layer to the bonded domain. n donates the number of cells in the design
variable layer.

The calculation of this field is the third step of the parametrization. The resulting
field is the input of a function, that describes the local inner channel height depending
on the minimum distance to the bonded domain. This function is illustrated at a channel
cross-section in Fig. 8.
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hyi(dpi) l tes

_______ v |

Fig. 8. Illustration of the function describing the local inner channel height dependent on the
distance to the bonded domain

The function of the local inner channel height can be describe as defined in Eq. 10-12.

dbi~tan(a) if dpi <c;
hy = \/rz —(dp—c1 =r-cos(n/2—a))2 =l —rifcy <dp <c (10
Iy otherwise

b+ sin(7/p—a — 1)
o tan(a)
I+ r(sin(™/y — a — 2))
h tan(a)

1D

1

2 +r-cos("/y—a) (12)

The function depends on the main geometric parameters, total inner channel height £,
inner radius r and chamfer angle «. It describes the inner channel height at every element
dependent on the minimum distance to the next bonded area dj;. Applied to every element
of the design variable layer the function gives a field that describes the border distance
between the inner of the channel (fluid) and the channel material (solid). Based in this
2D field the artificial densities in the 3D field can be assigned by measuring the distance
of every cell in the 3D domain to its corresponding base cell in the design variable layer
in z-direction. This distance is stated as d; in the following. If the distance is lower than
the local inner channel height of the base cell the cell belongs to the domain within the
channel and the artificial density of the base cell is assigned. If it is higher than the local
inner channel height, but lower than the sum of local inner channel height and sheet
thickness the cell belongs to the channel solid and an artificial density of 1 is assigned.
For elements with distance above this threshold an artificial density of 0 is assigned. The
logic is summarized in Eq. 13.

X; if d; < hy
xipi =\ Vifh; <dy < hy + 1t (13)
0 otherwise

The result is shown in Fig. 7 (lower left). A realistically curved channel shape according
to the channel function based on a cartesian mesh is formed and can be used for topology
optimization.
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5.3 Verification of the Parametrization

Due to the nature of the mesh used in topology optimization which is cartesian and
not body-fitted, the results might differ dependent on the chosen mesh resolution. With
high mesh resolution the resulting temperature, total pressure and velocity fields of the
cartesian mesh will converge against the body-fitted results. Figure 9 shows the analysis
results of the model with cartesian mesh with application of the proposed parametrization

E :
:

e

T [ — T [ - I —
25 30 0 7000 0 0.5

Temperature [°C] Total Pressure [Pa] Velocity [m/s]

Fig. 9. Benchmark cooling plate with applied 3D parametrization using a cartesian mesh,
evaluated with Darcy solver

The results of the body-fitted mesh and the proposed parametrization approach match
very well. The maximum temperature differs by 0.12 °C while the difference in the
pressure drop is 1.4 mbar. Qualitatively, the fields match very well. Therefore, it is
shown that the proposed parametrization strategy reproduces the results of the body-fitted
reference with reasonable accuracy.

5.4 Sensitivity Analysis

For optimization purposes the sensitivities of every design variable regarding the objec-
tive function df /dx are needed. The sensitivity of every cell regarding the objective
function df /dx3p is exported by the solver. Due to the parametrization, there is a depen-
dency between multiple cells, as a change a variable in the design variable layer leads
to a change in the artificial densities in the overlying layers. Therefore, the sensitivity
exported by the solver cannot be used directly. The dependency between the design vari-
ables and the cells in the channel domain must be considered by the partial derivatives
given in Eq. 14.
df  0x 0x dx3p Of

=——=2 (14)
dx 0x 90X 0x x3p

As the artificial density of every cell in the channel domain only depends on the artificial
density of the underlying variable in the design variable layer the calculation of the
partial derivative can be done efficiently by finite-differencing. The partial derivatives
of the filtering and projection steps d¥/dx and 0%/0Xx can be derived analytically. To
evaluate the feasibility of the implementation the resulting sensitivity df /dx resulting
from Eq. 14 is compared to the sensitivity evaluated by a finite differencing approach
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Fig. 10. Verification of the used implementation by comparison of sensitivities generated by the
implementation compared to those generated by finite differencing

over all steps of the parametrization. The comparison is performed for 100 randomly
selected cells as shown in Fig. 10.

The sensitivities of both approaches match. Therefore, it is shown that the presented
implementation calculates the sensitivities as expected.

5.5 Optimization

As a next step, an optimization is defined and performed based on the benchmark plate.
The objective is to minimize pressure drop from inlet to outlet Ap while ensuring the
thermal compliance 7, to be lower to a given threshold T, . T¢,,, is defined as the
thermal compliance of the benchmark design to ensure an equal or better thermal per-
formance. The pressure drop is given in Eq. 15, while the thermal compliance is defined

in Eq. 16.

A p = Pin — Pout (15)
1
T, = EtTf, (16)

The optimization problem is given in Eq. 17.

min Ap
st. Te—Te,, <0
Zhax <0
gzzin = 0
Shin <0 (17)

Furthermore, minimum and maximum length scales on the fluid domain (gﬂ,(nax, g{n nanda
minimum length scale constraint for the solid domain g7, are considered. The resulting
topology is shown in Fig. 11 while results for temperature, total pressure and velocity
are presented in Fig. 12.
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Fig. 11. Topology of the optimized plate. Artificial densities in the design variable layer (left)
and 3D topology view on top of plate (right)
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Fig. 12. Analysis results of optimized cooling plate

Comparing the benchmark plate with cartesian mesh shown in Fig. 9 and the opti-
mized plate presented in Fig. 12. Shows that the temperature field are qualitatively
similar, as enforced by the constraint of thermal compliance. The maximum tempera-
ture is almost equal with a reduction of —0.01 °C. The same accounts for the thermal
compliance with a small reduction of 4.7 WK, while the pressure drop is optimized
by 8.95 mbar which equals a reduction of 13.92%. All relevant performance indicators
are summarised in Tab. 1. In comparison to the benchmark design, the optimized plate
shows locally narrow channels in the middle section, restricting the flow in this area to
guide it into the corners of the plate instead of guiding all the flow to the right section of
the plate by a long middle separation. This way the optimized plate shows a comparable
thermal performance, while the pressure drop is reduced.

Table 1. Performance indicators of benchmark cooling plate and optimized plate

Benchmark Plate Optimized Plate Difference
Max. Temperature 29.53 °C 29.52 °C 0%
Thermal Compliance 1052.8 WK 1048.1 WK —0.45%
Pressure Drop 67.77 mbar 58.82 mbar —13.92%

The results show that the presented approach generates topologies that optimize the
pressure drop while ensuring a defined thermal performance. The temperature targets
are fulfilled and even slightly optimized while the pressure drop is reduced.
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6 Conclusion

A novel strategy for parametrization of realistically curved 3D channels as they result
from the rollbonding process was presented. The shown parametrization is a signifi-
cant advance from known methods which usually use rectangular or completely uncon-
strained channel cross sections. This way the influence of the channel shape to the tem-
perature and pressure fields can be considered. Therefore, another step towards realistic
modelling of channel structures in topology optimization is taken, enabling to consider
thermal and hydraulic target values in a more realistic manner. The sensitivity calculation
is validated and the approach is applied to a benchmark cooling plate. Based on the sim-
plified Darcy flow model a topology is generated that fulfills the thermal requirements
while optimizing the pressure drop. This way it is shown that the presented strategy can
be used for fast conceptional generation of channel patterns for battery cooling plates and
especially for those manufactured by rollbonding. By application on large scale problems
the approach can help engineers to find optimal designs that use the full design freedom
offered by the rollbonding technology. The presented approach is independent from the
used FEM solver and flow model. Consequently, it can be coupled with high-fidelity
RANS solvers which will lead to another increase of accuracy in future studies.
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Abstract. In the manufacturing industry, flexible manufacturing systems (FMS)
are gaining importance in meeting the demand for product customization while
maintaining high manufacturing efficiency. The digitization of physical manufac-
turing additionally expands the relevance of industrial communication networks,
resulting in complex interactions of material, energy and information flows that
pose challenges for the manufacturing system design. Existing decision support
frameworks for the design of FMS mainly incorporate the evaluation of the mate-
rial flow. A holistic view of FMS requires the consideration of the interdependen-
cies of the material, energy and information flow. Particularly, the performance of
the material flow of a manufacturing system increasingly depends on the informa-
tion flow of the connected communication network. Against this background, the
paper presents a simulation-based framework that enables the integrated quanti-
tative evaluation of material, energy and information flows in FMS as decision
support in manufacturing system design. The framework contains a modular refer-
ence model of a generic FMS and its communication network to reduce modeling
efforts. It further provides a procedure and an evaluation model that enable a
multi-criteria comparison of different FMS configurations. The functionality and
benefits of the developed framework are examined with the help of an exemplary
case study involving an FMS for producing and recycling polymer parts.

Keywords: Information flow - Flexible manufacturing systems - Cyber-physical
manufacturing systems - Simulation - Manufacturing system design

1 Introduction

Manufacturing companies use product customization strategies to create product dif-
ferentiation and market competitiveness. This results in a trade-off between product
variety, production volume, and productivity losses. In addition, there is an increas-
ing focus on energy efficiency due to high energy costs [1-5]. Integrating flexibility
as well as automation and digitalization measures in manufacturing systems are two
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crucial synergetic strategies to address the resulting challenges [1, 6]. As a result, flexi-
ble manufacturing systems (FMS) are evolving into cyber-physical production systems
(CPPS), including high-performing communication networks for data transmission [2].
FMS show increasing interactions between incorporated material, energy, and especially
information flows compared to traditional non-CPPS manufacturing systems [7]. The
digitalization and the associated increase in complexity of FMS can significantly impact
the complexity of manufacturing system design [7, 8]. Using computational simula-
tion as decision support allows an extensive interdisciplinary understanding of the FMS
despite the increased complexity [9]. Today, many simulation-based approaches that
serve different decision-making contexts in manufacturing system design can be found
in the literature [5]. For a holistic simulation-based examination of FMS, the interde-
pendencies between material, energy and information flows must be considered. The
influence of the information flow gains in significance due to the rising connectivity, as
the performance of the physical material flow in an FMS increasingly depends on the
performance of the information flow (data transmission) in the linked communication
network, which additionally requires energy-intensive hardware (e.g., servers) [10]. A
peak load or malfunction in data transmission, for example, is expected to be critical
for the overall system’s performance. Hence, the necessity to examine the modeling and
evaluation of information flows in FMS arises.

Existing approaches mainly incorporate the evaluation of material flows [11]. There-
fore, a simulation-based framework that enables the integrated quantitative evaluation of
material, energy and information flows in FMS as a decision support for manufacturing
system design was developed, according to the Design Science Research Methodology
[12]. The framework consists of a generic procedure model, a reference model for a
generic FMS and an evaluation model enabling a multi-criterial assessment of different
FMS configurations. For a target-oriented evaluation, technical as well as environmental
criteria are taken into account. The framework aims to enable a model-based assessment
of the material, energy, and, in addition, the information flows to gain knowledge about
the relations of all these flows in FMS and, thus, a sophisticated selection of the best-
fitted FMS configuration. In addition, an efficient application of the framework in the
manufacturing system design process is aimed at by reducing the modeling effort with
the help of the reference model and the structured procedure. The paper is structured
as follows. At first, the technical background of FMS and communication networks is
explained (Sect. 2). Afterward, the state of research is presented, and the research gap
is identified (Sect. 3). Based on that, the framework and its sub-models are described in
Sect. 4. In Sect. 5, the framework is applied to a case of an exemplary FMS for man-
ufacturing and recycling polymer parts. Finally, a conclusion and a short outlook are
given.

2 Technical Background

2.1 Flexible Manufacturing Systems

The trade-off between a high product variety and a high production volume is challeng-
ing for traditional manufacturing systems such as mass production, assembly lines or
batch production [1]. Pursuing each goal isolated leads to idle or blocked workstations,
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which have negative impacts like lower capacity utilization [13]. As a solution, FMS
are designed to produce medium volumes of medium variety products to overcome
these challenges [14]. Therefore, an FMS aims to produce several product types of one
product family on a single system with low set-up times and at the highest possible
capacity utilization [15]. The similarity within a product family provides the basis for
built-in flexibility measures [14]. This includes implementing individual cycle times for
each workstation to achieve high equipment utilization. In addition, using redundant
workstations per process reduces congestion, and designing individual workstations for
multiple processes prevents idle time. Routing flexibility enables flexibility with regard
to the material flows of each product through the FMS.

FMS also differ from traditional manufacturing systems concerning the system ele-
ments and the layout. Essential system elements are workstations, processes carried out
at the workstations, material handling systems (e.g., Automated Guided Vehicle (AGV)
fleets) and the different product types. A possible layout of FMS is the matrix production
[16]. Smart FMS are also considered CPPS [2]. The main characteristics of CPPS are
intelligence, connectivity and responsiveness [17].

2.2 Industrial Communication Networks

In CPPS, the performance of the physical manufacturing system depends on the infor-
mation flow in the linked communication network [10]. An information flow is defined
as the transmission of data between a spatially separated source and sink using a digital
transmission system [18]. Single data transmissions can be aggregated to form the total
information flow at the FMS level [7]. Industrial communication networks include all
necessary resources to support business processes by providing information or automat-
ing business activities [19]. Communication networks based on the automation pyramid
have a strictly hierarchical structure, as the connections of one level are limited to the
neighboring levels, and each component is assigned to a specific purpose. The interface
between the physical manufacturing system and the communication network is defined
at the field level by sensors and actuators [20]. This level is followed by the control
level, where Programmable Logic Controllers (PLCs) cyclically process sensor signals
and respond to the actuators [21]. The PLCs, in turn, communicate with a Supervisory
Control and Data Acquisition (SCADA) server at the higher supervisory level. Manufac-
turing Execution Systems and Enterprise Resource Planning Systems at the planning and
management level are not considered in this paper as the developed framework is limited
to modeling and evaluating data transmission between the control and supervisory levels
[20].

The digital transmission system on which data transmission between two components
of a communication network is based does not in itself ensure faultless communication.
This requires standardized communication protocols [22]. The basic structure of a com-
munication protocol following the Open System Interconnection (OSI) Basic Reference
Model distinguishes between the payload, i.e., the volume of actual information, and
the overhead, which contains the data volume required for data transmission [7, 23].
Popular communication protocols are the OPC Unified Architecture (OPC UA) and the
Message Queuing Telemetry Transport (MQTT) protocol [24].
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3 State of Research

To identify the current state of research, a systematic literature research was conducted
according to Durach et al. [25]. The search of common databases within the scope of the
addressed topic and an initial screening identified ten relevant approaches, which can be
found in.

Table 1. The detailed analysis of existing approaches has revealed the potential of
modeling and simulating FMS as decision support in manufacturing system design.
There is a heterogeneous range of methods, reference models and simulation studies
dedicated to the quantitative modeling and evaluation of FMS. Mourtzis et al. point
out that existing approaches focus on material flow analysis [11]. Florescu and Barabas
present an approach based on mathematical modeling, using transformation functions
and coupling matrices [2]. The approaches of Evans et al. and Rabe et al. both com-
bine static Value Stream Analysis with Discrete Event Simulation (DES) to incorporate
dynamic properties of system elements and a flexible material flow [10, 26]. Berger et al.
apply Petri nets to model the state transition of a workstation during the operation of an
FMS by places and transitions [27]. Most of the approaches are based on Agent-Based
Simulation (ABS) [3, 4, 7, 28, 29]. In ABS, the elements of an FMS are modeled using
heterogeneous agents that interact in an adaptive environment [30]. Feldkamp et al.
found that the ABS is generally closer to the nature of FMS than the DES [31]. The core
of these approaches are modular reference and process models for simulating FMS that
reduce the modeling effort for specific use cases. Decision-making in manufacturing
system design is additionally supported by evaluating the performance of an FMS using
key performance indicators (KPIs) [3, 4, 7, 28, 29]. The existing approaches mainly
select KPIs evaluating the material flow. Only a few approaches also include a quantita-
tive evaluation of the energy flow. Information flows are merely modeled qualitatively
to ensure the functionality of the simulation model.

Table 1 Identified approaches of the systematic literature research

Approach Material flow Energy flow Information flow
[2] Florescu und Barabas 2020 o ([ J o
[3] Greinacher et al. 2020 [ ) [ ) (]
[28, 32] Voit et al. 2021 (] ¢} o
[4] Schénemann et al. 2019 o o (]
[33] Saez-Mas et al. 2018 o o) ()
[10] Evans et al. 2021 o o) o
[26] Rabe et al. 2020 o e) o
[27] Berger et al. 2020 o ) (]
[29] Komoto et al. 2019 o o) o
[7] Thiede et al. 2019 (] o} ([

Modeling and evaluation: O = none, @ = qualitative, @ = quantitative
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Saez-Mas et al. identify the need to explicitly model the information flow to analyze
both physical and logical decision processes in manufacturing operations. The decom-
position of the physical and the information system of an FMS into different layers of
their simulation architecture promises a better manufacturing system design [33]. Berger
et al. also note that manufacturing systems are increasingly connected to communica-
tion networks. Therefore, are not only the physical components (workstations) of an
FMS modeled as a Petri net, as described above, but also the components of the asso-
ciated communication network (PLCs) and their interfaces [27]. Only the approach of
Thiede et al. allows for a quantitative modeling of information flows in FMS. Based on a
hierarchical communication network, Thiede et al., therefore, developed mathematical
functions that calculate the data volume of bidirectional cyclic or event-triggered infor-
mation exchange between two PLCs using OPC UA or MQTT as the communication
protocol [7].

The analysis of existing approaches has shown that complex interdependencies
between the material, energy, and information flows must be considered in manufac-
turing system design since the deliberate design of the communication network is seen
as a potential way to maintain competitiveness [34]. Existing decision support frame-
works, however, focus on evaluating material and energy flows. Consequently, there
is a need for a framework that additionally integrates the quantitative modeling and
evaluation of the information flow into the performance evaluation of different FMS
configurations in the manufacturing system design process.

4 Framework

Based on the identified research gap, a framework for modeling and evaluating infor-
mation flows in the manufacturing system design process was developed for a defined
decision context. The framework aims to provide a decision support system focusing on
FMS. One application potential lies in the quantitative assessment of the current state of
a specific FMS. Furthermore, the insights gained about the current state can be compared
with a desired state or alternative FMS configurations, leading to the development of the
decision support system to improve the examined FMS. The framework can be used to
compare and evaluate different configurations of an FMS regarding, e.g., the layout, the
resource availability or material, energy and information flows. The focus of utilizing
the framework for this paper lies on different configurations of material, energy, and
information flows, with a specific emphasis on modeling information flows varying due
to different data collection and data processing strategies.

In developing the framework, illustrated in Fig. 1, the following requirements and
assumptions are considered. The reference model is based on a generic FMS, as described
before. Elements of the physical system of the FMS are, therefore, the workstations,
industrial robots that can perform either operational or transport process steps, an AGV
fleet, processes, products, employees and the flow of materials and energy. The system
boundaries are defined as gate-to-gate. The material flow enters and leaves the system
via the incoming and outgoing warehouse. The energy flow in the physical system is
limited to the workstations, industrial robots and the AGV fleet. Both the source and the
sink of the energy flow are not considered. The individual battery management of the
AGVs is also not considered.



Framework for Modeling and Evaluating Information Flows ... 155

A generic architecture of a communication network is defined, which is linked to the
physical system of the FMS via sensors and actuators at the field level. A hierarchical
system is assumed to be the generic communication network. Workstations, industrial
robots and AGVs have a PLC unit. The PLCs are linked to a server, which represents the
SCADA system. Communication is limited to the control and supervisory levels. The
consideration of the information flow is limited to the FMS and its system boundaries,
so there is no communication with the external environment. The information flow
modeling is based on the approach developed by Thiede et al. [7]. It is assumed that the
connection between two communication components is permanent and transmits defined
information with a constant payload. The potential damage caused by disruptions and
interferences is not considered. The framework does not envisage any intervention by
employees in the production process via a human-machine interface (HMI). The HMI
is only used to process and visualize information for the employees.

As shown in Fig. 1, the framework consists of one superordinated model and sev-
eral sub-models. The superordinated model has a defined input, which consists of the
specifications and possible configurations of the FMS, and a defined output, which is
the decision support for selecting the best-fitted configuration for the FMS. The first
sub-model is the procedure model, which is based on the model of the VDI 3633 [35].
The first step of the procedure model is the definition of objectives for the FMS, which
is based on a KPI system, also serving as a foundation for the evaluation in the end. The
second step is the model formalization. In this step, the reference model of the FMS with
all necessary sub-models is developed. The sub-models of the reference model, i.e., the
layout model, the coupling model, the process chain model and the system element mod-
els, are hierarchically structured according to an increasing level of detail. Afterward,
the implementation phase, which is the development of the simulation model using a
specific simulation tool, is performed.

In the end, the results of the simulation study are evaluated. Therefore, the Decision
Support Model aggregates the relevant KPIs measuring the performance of the physical
system and the communication network of each alternative FMS configuration to enable
amulti-criterial comparison of the FMS configurations, visualized in a portfolio diagram.
The throughput time, reject rate and equipment utilization can be exemplarily enumerated
as KPIs for the assessment of the technical performance of physical systems, while, e.g.,
the average data volume, the maximal data load and the payload/overhead-ratio assess
the technical performance of the communication network [7, 36]. Energy consumption
and power demand are analyzed to evaluate the environmental performance of both
systems. Additional detailed analysis can be executed to evolve a deeper understanding
of the nature and interdependencies of material, energy, and information flows. Based
on the process described in the VDI 3633, continuous verification and validation are
performed [35].

Since the model formalization is a crucial step, the development of the reference
model with all sub-models is of high importance. The reference model is coherent
with the principles of ABS, describes the assumed generic FMS in its entirety, and is
effortlessly applicable to a specific use case due to its modularity. The first sub-model
is the layout model. It aims to provide a spatial description of all system elements, such
as the location of the machines, transport routes of AGVs, and the shop floor layout
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Fig. 1 Framework for modeling and evaluating material, energy, and information flows in FMS
according to VDI 3633 [35]

of the factory building. Here, defining the system boundaries and the area considered
is essential. The coupling model is inspired by the approach of Schénemann et al. and
visualizes all system elements from the physical system and the communication network,
as well as their properties and interconnections [4]. The next sub-model is the process
chain model, which has to be individually developed for each product type (see Fig. 2).
The process chain model visualizes the whole process chain with all interactions and all
permutations caused by the built-in routing flexibility, i.e., the flexible material flow. The
modeling language used is the Business Model and Notation (BPMN) language [37].
As visualized in Fig. 2, the process chain model consists of different processes and their
interconnections. Each individual process is based on the generic process model, one
of the developed element models and consists of an operation module and a transport
module, similar to the approach of Voit et al. [28]. For each module, activities and
sub-processes of the physical system and the communication network are defined in
detail. An exemplary extract of the transport module is shown in Fig. 2 on the right side.
The detailed modeling of the operation and transport module enables allocating time,
volume, source and sink of a data transmission along the material flow. Since single data
transmissions can be aggregated to the total information flow of an FMS, the quantitative
modeling, simulation and evaluation of information flows are enabled by the reference
model. Other element models formalize, e.g., workstations, AGVs or PLCs, based on
their operating states (off, idle, processing, etc.). Therefore, the energy flow of the FMS

can also be modeled and quantified, assuming a state-dependent average power demand
of the system elements.
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5 Case Study

The developed framework is tested on a use case of an exemplary FMS producing three
different product types of a polymer part (see Fig. 3) to demonstrate its applicability. Four
different configurations of the presented FMS are generated as input of the framework
application by varying the data acquisition and processing strategies using two variation
parameters. The first variation parameter is the choice between implementing the MQTT
or the OPC UA communication protocol for all data transmission in the communica-
tion network. Secondly, the communication strategy of the AGV fleet is varied. In the
first case, the AGVs only communicate bi-directionally with the SCADA server. In the
second case, the AGVs also communicate with each other at the start of each transport
order. As a first step of the procedure model, an objective is developed. The objective is to
maximize overall equipment efficiency (OEE) and minimize the environmental impact.
In addition, the aim is to minimize data volume and its volatility to reduce the risk
of malfunctions caused by overload or overload peaks. Goal-related KPIs are selected
from the framework’s KPI system to assess the physical system performance, such as
throughput time, reject rate, system and utilization, and the communication network per-
formance, such as average data volume, maximal data load and payload/overhead-ratio.
For evaluating the environmental performance of both systems, the energy consumption
and the power profile are analyzed. The reference model is used to create a formal model
of the FMS, incorporating the set of variation parameters to model all FMS configura-
tions. The system boundaries are defined as gate-to-gate. The workstations are set up
according to the reference model. An additional agent type is created for the assembly
and disassembly stations, the industrial robot, and the AGVs. AGV malfunctions are not
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considered in this case study. A control strategy is implemented as a function for routing
the product unit. The workstations whose input buffers are available are given priority.
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Fig. 3 Adaption of the generic FMS to the use case

The formal model is prototypically implemented in the software AnyLogic. The
process chain model, in particular, is implemented in AnyLogic with function blocks.
Function calls of a data transfer function model the event-triggered information flows
along the process chain. Similarly, the routing function is called in each transport func-
tion block to control the movement of a product unit through the FMS and to adjust the
individual processing time depending on the process and the workstation. The resources,
e.g., the workstations, are modeled as agent types in accordance with the system ele-
ment models. An agent is instantiated for each resource of the FMS and provided with
individual parameter values.

The PLC of the resources, a server for the SCADA system and a PC as HMI are also
implemented as instances of the agent types modeled according to the formal model.
Variables assigned to the PLCs are used to aggregate the occurring data volume of
event-triggered and cyclical communication, modeled by function calls in equidistant
time intervals. The KPIs are calculated accordingly.

Applying the Decision Support Model in the evaluation phase results in a portfolio,
visualizing the technical and environmental performance of the FMS configurations and,
in particular, their physical systems and communication networks in relation to an ideal
FMS configuration (see Fig. 4). Technical and environmental performance is derived
by aggregating and normalizing the selected KPIs, describing the physical system and
the communication network. Statistical significance is ensured by averaging the rele-
vant KPI values from several simulation runs. The average values are then normalized
to the occurring minimum and maximum values. The normalized KPIs are combined
with equal weighting to form the technical and environmental performance index. The
ideal FMS configuration is defined by summarizing the best values of all KPIs occur-
ring among the FMS configurations in one configuration. This allows the best-fitted
FMS configuration to be selected based on the FMS configurations’ Euclidean distance
from the ideal configuration [38]. Since the variation parameters only affect the com-
munication network, differences in the performance of the physical systems seem to
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be caused by stochastic influences distorted by normalization. The evaluation of the
communication network’s performance leads to the recommendation to select the con-
figuration with MQTT as the communication protocol and the second communication
strategy of the AGV fleet. Additional detailed analysis can be executed to validate the
decision-making and evolve a deeper understanding of the nature and interdependencies
of material, energy and information flows. In this case study, the material flow influences
the information flow through discrete events that trigger data transmission, resulting in
an increase in data volume and volatility of data load. The energy flow is influenced by
the material and information flow in that the resources of the physical FMS and its com-
munication network cause energy consumption and volatility of power load according
to their operational states. Dependencies of the material flow on the energy and infor-
mation flow can further be taken into account by, e.g., modeling individual malfunctions
of energy resources or data transmission. The information flow can be affected by the
energy flow if an energy management system is considered in the simulation model.
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Fig. 4 Portfolio analysis of the FMS configurations presented in the use case

6 Conclusion and Outlook

The first simulation study based on the use case presented highlights the necessity of
a target-driven design of not only the physical system but also the communication net-
work, and thus the information flow, of FMS as a part of the manufacturing system
design process. For a holistic assessment of FMS, interdependencies between material,
energy and information flows must be considered. Since existing decision support frame-
works for the planning and design of FMS incorporate the evaluation of the material and
energy flow, the newly developed simulation-based framework also integrates the quan-
titative modeling and evaluation of the information flow into the performance evaluation
and comparison of different FMS configurations. While the included procedure model
structures the decision-making process in manufacturing system design, the modular
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reference model of the physical system and the communication network of a generic
FMS reduces the modeling effort for a specific use case. The modular structure of the ref-
erence model ensures good scalability of the simulation model. Its hierarchical structure,
with an increasing level of detail, not only allows the entire FMS under consideration to
be easily captured but also provides an in-depth understanding of the system. The agent-
based modeling of the physical system and particularly the communication network of
FMS allows both to be analyzed sophistically. The evaluation model enables a multi-
criterial comparison of different FMS configurations using technical and environmental
KPIs. Applying the developed framework results in a simple portfolio representation of
the decision alternatives. Further detailed analysis of the generated simulation results
also enables a deeper understanding of the interactions between the material, energy,
and information flows of the FMS.

As a next step, the new framework must be further validated with various more
complex use cases. Future work could focus on integrating an economic evaluation of
the decision alternatives into the evaluation model. To further explore the modeling
of information flows, the reference model of the generic FMS could be adapted to
modern Internet of Things architectures, which are expected to replace hierarchical
communication networks [20].
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Abstract. This study explores the potential of wood-based materials in sustain-
able lightweight automotive applications. The research focuses on overcoming
the challenge of balancing complex three-dimensional design with component
stiffness and strength in crash-relevant vehicle structures. The study investigates
a novel approach involving partial delignification and subsequent densification of
wood, previously shown to significantly enhance mechanical properties in solid
wood. The HolzF3 project applies this technique to chipboard materials (strands)
and small-diameter birch and beech wood, which are typically used for energy
production only. By utilizing smaller semi-finished products like strands, com-
plex three-dimensional component shapes become feasible, with densification
compensating for potential loss in mechanical performance. Initial results demon-
strate the effectiveness of a two-step densification process in producing high-
strength wood fractions from veneers and strands derived from small-diameter
birch and beech roundwood. This process increases raw material density to 0.92-
1.19 g/cmB3, while significantly improving tensile strength and stiffness. Notably,
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densified birch veneers achieved tensile strength up to 400 MPa and stiffness up
to 40 GPa, comparable to industrially available veneers. The study concludes that
this approach enables the utilization of previously undervalued wood fractions
in high-quality material applications, particularly in the automotive industry. This
innovation not only improves product sustainability and reduces COb footprint but
also creates new opportunies for sustainable value-added processes in the mobility
sector.

Keywords: delignification - densification - lightweight design - sustainability -
wood

1 Introduction

Tackling man-made climate change, which is probably the greatest global challenge of
our time, requires all industrial sectors to innovate in terms of sustainable product design
[1]. Especially in the field of mobility, the use of ecologically sustainable and lightweight
materials is an effective lever for reducing the CO; footprint in both, the production and
the use phase [2, 3].

Within the group of biomaterials, wood is a material with particularly good density-
specific mechanical properties. The high strength resulting from the naturally grown
structure of wood as a kind of “anisotropic fiber composite foam” ensures high
mechanical performance, especially in bending and bulging load cases (Fig. 1). [4].

In addition, especially birch and beech wood are cost-effective raw materials that is
available in large quantities, in Europe. With regard to the global warming potential, it
can be said that wood itself is initially a CO»-negative material, as the tree removes CO»
from the atmosphere as it grows. Even in the case of burning wood as an end-of-life
scenario of cascaded use, only as much CO» is emitted into the atmosphere as the tree
has previously bound.
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Fig. 1. Density-specific mechanical properties of exemplary woods and conventionally used
materials for mobility applications according to Grosse et al. [4]

2 Current Research on Wood in Vehicle Body Applications

Even though wood is a material that was widely used, especially in the early days of the
automobile, it was virtually forgotten with the use of ever-improving metal alloys and
plastics, with the exception of purely decorative elements. It is only in recent years that
more and more research activities have been carried out on the use of wood in structural
and also crash-relevant vehicle structures using material-hybrid lightweight construction
approaches.

In the “HAMMER” research project, for example, a door impact beam with a multi-
layer veneer structure and further reinforcement layers was realized, which can be inte-
grated into the standard process chains of automotive body-in-white production through
the use of metallic connection points using conventional joining technologies [5].

The research project “WoodCAR” [6] focused on the development of suitable models
and methods for the mapping of solid and laminated veneer lumber in crash load cases
using the finite element method (FEM). An according demonstrator amongst others was
a vehicle subfloor including a tunnel.

In the project “For(s)tschritt” [7], a focus was placed on functional integration in
addition to FEM simulation. Using a car door as an example, the door impact beam, the
hinge reinforcements and the acoustic insulation were integrated into a complexly shaped
wood-based component. Further demonstrators for rail vehicles were implemented in
the form of a train side wall and a sliding door.

In the field of rail vehicles, Siemens Mobility recently presented an aerodynamic
chassis fairing as a wood-layer composite and tested it in real use under winter conditions
at speeds of up to 360 km/h [8].
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In the above-mentioned projects and the demonstrator components implemented in
them, wood was essentially used analogous to the classic fiber composite construction
method in the form of a multi-layer structure of individual wood veneers with defined
fiber orientations (Fig. 2).

Fig. 2. Demonstrator parts of exemplary research projects on wood in structural carbody appli-
cations: a) door impact beam made of laminated beech wood veneers from the project HAMMER
[5], b) vehicle subfloor incl. Tunnel made of plywood and solid wood from the project WoodCAR
[6], ¢) function-integrated door inner part made of laminated beech wood veneers from the project
For(s)tschritt [7], d) train chassis fairing made of plywood from Siemens Mobility [§]

In contrast to textile fiber composite semi-finished products, however, the formabil-
ity of veneers is severely limited by their brittleness. In the current HyEndWood research
project, approaches to the production of structural components from wood strands anal-
ogous to fiber composite technologies such as Sheet Molding Compound (SMC) and
Bulk Molding Compound (BMC) are being investigated [9, 10] in order to be able to
produce more complex three-dimensional geometries.

However, as the fiber length decreases, so does the strength and stiffness of the
composite. A major limitation for the use of wood in structural vehicle applications is
therefore currently the trade-off between 3D formability and mechanical properties, since
unlike in construction, for example, complex three-dimensional structures are almost
always required. This results from the boundary conditions of a small installation space,
functional or design-related requirements. A further challenge arises from the production
process of the automotive body shop at the end of which the cathodic dip painting with
the furnace drying at approx. 200 °C stands for approx. 30 min. As a result, structural
wood components already introduced in car body construction also have to go through
the drying process, which limits the availability of suitable adhesives. Further challenges
arise from the operating conditions of the vehicle, which are usually characterized by
large temperature and humidity differences or corrosive media (e.g. road salt in winter).
The wood-based materials used must therefore have a low moisture absorption in order to
minimize effects such as swelling and shrinkage or delamination. The above-mentioned
challenges of three-dimensional component geometries, high mechanical demands with
low moisture absorption are addressed by the approach of delignification and compaction
pursued in the HolzF> project.



3d-Shaped High-Strength Parts from Partially Delignified ... 169

3 Approach of the Project HolzF>

In the review by Jakob et al. [11] various wood densification processes that have been
established over the last 100 years, were compared with each other in terms of their
potential and challenges. Two-step densification processes, in which the wood is first
chemically pretreated (partial extraction of amorphous wood polymers) and then densi-
fied, proved to be very promising with regard to high-end applications, as it was shown
that the mechanical properties can be increased beyond pure scaling in densification.
Thereby, two different concepts are usually pursued, either the complete delignifica-
tion of the wood material as carried out by Frey et al. [12], or the concept of partial
delignification as carried by Song et al. [12]. Although both concepts have their individ-
ual advantages, partial extraction of lignin seems to have a greater potential in future.
Three arguments for this are the astonishing results of Song et al. [12], with improve-
ment factors of over 10 in tensile properties, the easier handling of the raw material
after extraction and the presumed potential to transfer alkaline processes to the existing
industry.

Therefore, the approach of the HolzF> project is now to apply partial delignification
and densification to veneers and in particular wood strands made from small-diameter
wood, that would usually be used energetically, to enable the production of complex
three-dimensional and high-strength wood components.

Figure 3 shows the schematic model of the process used in HolzF> to improve the
mechanical properties of wood as a raw material for structural components. As can be
seen, different raw materials are used in HolzF> depending on the desired end use of the
material. Both peeled hardwood veneers (Fig. 3a) and hardwood strands (Fig. 3b) are
used, well knowing that both raw materials have their own potential for HolzF>. On the
one hand, veneers are already highly oriented, which makes them attractive for use in
products where excellent mechanical properties along the grain direction are necessary
and desired. On the other hand, HolzF? focuses on hardwood strands, which is obviously
a fairly new topic. When comparing veneers with strands, veneers are clearly superior
to strands in terms of mechanical properties. Strands, however, are believed to offer the
possibility of shaping wood in 3D. It is also known that the size reduction of wood is
associated with a reduction in mechanical properties. At the same time, however, the
degree of homogenization increases, which can ultimately lead to an improvement in
the characteristic values of the final wood product.

In addition, HolzF? focuses on the use of domestic hardwoods with small diameters as
a valuable “new” resource. The definition of “small diameter” was limited to a maximum
diameter of 20 cm at breast height. Up to now, this roundwood has mostly been burned
to produce energy, as it is not classified as suitable for sawing. The first main part
of the HolzF? project is to demonstrate the potential of small diameter untreated wood
compared to industrial available wood. Subsequently, the possible improvements through
modification and densification will be evaluated in order to obtain sufficient data for the
simulation of densified wood.
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4 First Experimental Results

4.1 Material and Methods

Extraction Protocol

One of the central objectives of the HolzF> project is the conversion of non-sawable
hardwood (small diameter hardwood), which has mainly been used as an energy source
to date, into construction elements. Until now, first experiments were done on industrial
available veneers (I) and small diameter roundwood veneers (SD) from birch and beech
wood. Thereby, industrial veneers served as a reference for the veneers currently available
on the market. 30 oven dried (103 °C for 24 h) veneers with the dimensions of 100 x
50 x 1.5 mm (axial x angential x radial) and a total weight of ~ 120 g were first
immersed in 3 L of an alkaline solution of 0.825 mol L~! sodium hydroxide (NaOH).
The applied extraction parameters are based on previous publications [12, 13] and were
later adapted by means of pre-tests with the aim of reducing chemicals and energy. To
ensure sufficient impregnation, vacuum was applied and veneers were left in the solution
over night at room temperature. Cooking of the veneers was done in a commercial
stainless steel pressure cooker at 100 °C for 2 and 4 h. To prevent overlapping and thus
ensure full contact between wood and solution, veneers were separated with stainless
steel meshes. After partial extraction of the amorphous wood polymers, veneers were
washed in deionized water until the wash water was neutral (pH 7).
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To evaluate the influence of sodium sulfite (Na;SO3) on the improvements of the
wood, small diameter roundwood veneers were additional cooked in an alkaline solution
0f 0.825 mol L™! sodium hydroxide (NaOH) and 0.13 mol L~! sodium sulfite (Na,SO3).
Thereby, the treatment conditions were the same as before.

In addition to veneers, tests were also carried out with strands of small diameter
birch and beech roundwood. Similar to veneers, the strands were first impregnated with
an alkaline solution of 0.825 mol L™! sodium hydroxide (NaOH) and left over night
under vacuum. Thereby, care was taken to ensure that the ratio of dry wood material to
alkaline liquid was the same as in the tests with the veneers. Different to veneers, strands
were boiled at 100 °C for only 4 h for the first trials.

Densification Protocol

After partial extraction of amorphous wood polymers, 10 out of the 30 washed and fully
water-saturated veneers were densified in the radial direction in a hydraulic hot press
(Langzauner Gesellschaft m.b.H., Lambrecht, Austria). The densification protocol was
based on previous experiments [13] with slight adaptions regarding the maximum pres-
sure. Therefore, densification temperature was set to 120 °C, and a maximum pressure of
11.67 MPa was built-up stepwise during 30 min. After cooling under pressure to 60 °C,
specimens were left in a climate chamber operated at 20 °C and 65% humidity until
further use.

Partially extracted strands were compacted according to a similar densification pro-
tocol. In contrast to veneers, it was not possible to determine an exact densification
pressure for strands. However, care was taken to adjust the applied force depending on
the spreading area of the strands so that a pressure of approx. 12 MPa could be built-up.

Tensile Testing
For the tensile tests, conditioned reference (Ref) and densified veneers (NaOH—NaOH;

NaOH + Na;SO3—NaOHS) were first cut with a paper cutter to a length (axial) of
100 mm and a width (tangential) of 10 mm. For the testing of strands, small specimens
were cut out of the untreated and densified strands with a razor blade. Care was taken to
ensure that the samples were prepared along the fiber direction and did not exhibit any
defects. As far as the strands allowed, samples were produced in the size of 100 x 10 mm
(lengths x width). To prevent damages by clamping, the clamping areas were additional
reinforced with birch veneers, before longitudinal tensile tests were performed using a
universal testing machine (ZwickRoell 100 kN, ZwickRoell, Ulm, Germany) equipped
with a 5 kN load cell (ZwickRoell, Ulm, Germany). The clamping distance was set
to 40 mm and testing was performed at a speed of 1 mm min~—!. While testing, the
displacement was tracked by means of a macro mechanical extensometer (MakroXtens
II, ZwickRoell, Ulm, Germany). For each variant 7 specimens were prepared and tested
according to this protocol.

4.2 Results

To improve the mechanical properties of wood without destroying its favorable structural
orientation, industrial available veneers (I) and small diameter roundwood veneers (SD)
of birch and beech were first chemically treated in a mild alkaline solution containing
0.825 mol L~! NaOH or an alkaline solution containing 0.825 mol L~! NaOH and
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0.13 mol L~! Na»SO3 at 100 °C for 2 and 4 h, respectively. The density was then
increased by a combination of temperature, humidity and pressure. During this treatment,
some of the amorphous wood polymers, mainly hemicelluloses and lignin, were removed
from the cell walls, resulting in a distinct loss of dry mass, as shown in Fig. 4a and
Fig. 4b. Comparing the two wood species, it is noticeable that birch wood has a slightly
higher mean dry mass loss compared to beech wood when treated according to the same
pretreatment process. Interestingly, while there are almost no differences between the
average dry mass loss within beech wood samples, regardless of raw material, industrial
available birch veneer has a clearly lower average dry mass loss compared to veneers
and strands made from small diameter roundwood. Furthermore, it was shown that the
addition of 0.13 mol L™! Na,SOj3 to the pretreatment solution did not result in any distinct
differences in dry mass loss for small diameter birch or beech roundwood veneers.
After densification and standard climate conditioning (20 °C, 65% rel. Humidity) the
density of the specimens was measured. The comparison with the reference values shows
that both the veneers and the strands were effectively densified after pretreatment, as the
average density increased for all samples and lies between 0.92 and 1.19 g cm > (Fig. 4c
and Fig. 4d). However, similar to the average dry mass loss, the average density of the
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sodium hydroxide and densified (NaOH), and sodium hydroxide + sodium sulfite and densified
(NaOHS) industrial (I) veneers, small diameter roundwood (SD) veneers and small diameter
roundwood (SD) strands prepared from birch (a & c¢) and beech (b & d) wood. (n = 10 for each
variant measuring the dry mass loss; n = 7 for each variant measuring the density)
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pretreated and densified veneers and strands also differed slightly between the two wood
species. Here, densified birch wood specimens tend to have higher average densities than
the corresponding beech wood samples. This could be due to the anatomical differences
between birch and beech wood. At this point, however, it has to be mentioned that not
all pores were completely closed for both wood species and all pretreatment processes
used, as the maximum possible density of wood is around 1.5 g cm™3. There is therefore
still potential to improve the densification process and thus the mechanical properties of
the studied wood species.

To emphasize this right at the beginning: The densification of the tested raw material
led to a clear improvement in the mean absolute tensile strength and stiffness, regardless
of the wood species, raw material, quality of veneers or pre-treatment and duration
applied, as can be seen in Fig. 5 and 6. It can be seen that samples made from birch
wood tend to have higher mean values than samples made from beech wood. This goes
for strength as well as stiffness. A negative effect of the densification process is the
increase in scattering, regardless of the wood species and quality. However, this can be
explained by the sample preparation. On the one hand, individual veneers were tested.
On the other hand, testing samples were cut along the veneer edges and not exactly
along the grain direction. Since some veneers tended to wrap after chemical treatment
and densification, the fiber deviation increased after densification. This in turn affects the
mechanical properties. However, this fact should not detract from the impressive results,
as low values were always measured for samples with high fiber deviation. Moreover,
birch samples with almost no fiber deviation exhibit tensile strength and stiffness values
of over 400 MPa and 40 GPa, respectively, which again shows the high potential of the
applied densification process. An even more impressive and important result was that
the average strength and stiffness of the densified veneers within a wood species were
almost the same regardless of the quality of the raw material (with the exception of
NaOH; SD beech). Thus, the high potential of the combination of the applied process
with the use of veneers made from small diameter roundwood was already demonstrated
at this stage of the HolzF> project. In addition, the improvement of the average absolute
as well as the specific tensile properties extends the applicability of the presented raw
material. Since the mobility sector is a space-limited sector (the dimensions of cars are
usually predetermined), the improvement of the absolute values is advantageous. This
increases the potential to use wood for structural components in cars. While at the same
time increasing the specific mechanical properties, wood does not lose its lightweight
character. Thus, an intelligent substitution of existing structural components in cars that
are currently made of metals with wood can improve product sustainability and reduce
the overall CO, footprint of cars.
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Fig. 5. Mechanical characterization of untreated references (Ref), sodium hydroxide and den-
sified (NaOH), and sodium hydroxide + sodium sulfite and densified (NaOHS) industrial (I)
veneers, small diameter roundwood (SD) veneers and small diameter roundwood (SD) strands
prepared from birch (a & c) and beech (b & d) wood. Samples were conditioned at 20 °C and 65%
relative humidity and tested by longitudinal tensile tests: Strength (a & b); Specific strength (c &
d). (n = 7 for each variant)

In a next step, the HolzF> project will focus on the use of small diameter round wood
strands to contribute to potential complex 3D shaped wood components. Therefore, in a
first step, the established densification process for veneers was applied to small diameter
birch and beech roundwood strands. In order to evaluate the potential for improving the
mechanical properties, the samples were tested in longitudinal tensile tests and compared
with reference strands and veneers. Figure 5 and 6 show that untreated strands are
clearly inferior to veneers, regardless of the wood species or veneer quality. These
results are not surprising, as the mechanical properties of wood decrease with the degree
of comminution. However, similar to veneers, strands also show a clear improvement
in average tensile properties after chemical pretreatment and densification. It was thus
possible to improve the average tensile properties of strands up to the properties of
industrial veneers or even to exceed them in the case of tensile modulus.
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The results in Fig. 5 and 6 show the high potential of the enhancing in mechanical
properties of wood by means of the process used in HolzF>. Regardless of the raw
material, the average tensile strength and stiffness could be improved along or even
beyond the pure scaling of the densification, as can be seen from the specific tensile
strength and modulus values in Fig. 5¢ and 5d, and 6¢ and 6d, respectively. In addition,
compared to other processes in the literature [12], chemicals could be reduced or even
eliminated and the energy requirement in terms of extraction temperature and duration
could be reduced. This in turn can have a positive influence on the environmental costs
of the potential product.

5 Demonstrators

As demonstrators for the investigation of the application properties of the delignified
and densified wood semi-finished products in the context of the challenges addressed
in Sect. 2, two components from the automotive sector from the product range of the
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Volkswagen Group were initially selected. The first component is the lower hinge rein-
forcement of a car driver’s door (Fig. 7). It represents a structural body component,
which must therefore be installed before the cathodic dip coating (KTL) treatment of the
body in white. The main function of that part is to add static stiffness to the door for load
cases like door sag and dynamic load cases like overpressing. In addition to the complex
mechanical loads, there are therefore requirements for this component with regard to
temperature resistance to up to 200 °C in the coating drying process and, due to the
location in an area where water can also occur, also with regard to moisture, corrosion
and aging resistance.

Fig. 7. Planned demonstrator part: lower hinge reinforcement of a car driver’s door

As asecond component from the automotive industry, a semi-structural interior com-
ponent was selected with the cover of a center console that is currently made of aluminum
casting (Fig. 8). In addition to the load-bearing capacity of mechanical loads (espe-
cially in cases of misuse), this results in special requirements with regard to emissions,
flammability, UV resistance and, if necessary, the adhesion of decorative coatings.

B

A
Y

backside view

Fig. 8. Planned demonstrator part: center console cover
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In addition to the components from the automotive industry, an interior component
from the aerospace sector is also under discussion, which is to be designed and calculated
by the project partners FACC and Luxner.

In the further course of the HolzF> project, it is now to be found out to what extent
the delignified and compacted wood with an appropriate adhesive system is suitable for
meeting the aforementioned requirements of the demonstrator parts.

6 Conclusions

In the previous projects, the high application potential of wood-based materials in
structural vehicle applications has already been demonstrated. The production of com-
plex three-dimensional geometries in combination with a high mechanical load-bearing
proved to be a particular challenge. In the investigations carried out so far, partial delig-
nification and subsequent densification have achieved a distinct increase in the absolute
and density-specific tensile strength and modulus for industrial available veneers and
veneers made of small diameter roundwood wood of birch and beech.
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Abstract. Car manufacturers are currently facing the challenge of making their
products and production more sustainable in order to comply with sustainability
requirements and legislation. For example, the latest draft legislation in the Euro-
pean Union requires a general use of 25% recycled material for plastic parts, of
which 25% should be post-consumer recyclate (PCR). One way to make products
more sustainable is to reduce the carbon footprint of fossil-based plastic parts.
This can be achieved by using lightweight parts with minimum material input and
therefore low density on the one hand, and recycled materials on the other. Particle
foam parts have the potential to meet both requirements. Expanded polypropylene
(EPP) parts are currently used in vehicles for their lightweight potential, insulating
and energy absorbing properties.

To achieve sustainable particle foam parts made from EPP, the recycled content
must be increased while meeting material and mechanical property requirements.
For this purpose, three simulated life cycles with two recycling loops were carried
out on virgin EPP. The virgin material was processed to specimens in a steamfree
process and then artificially aged to replicate automotive life cycle stresses. Then,
the mechanical properties were evaluated, mechanical recycling was carried out
and an EPP particle foam with 100% recycled content was produced and processed.
Meanwhile, the material properties, such as thermal and chemical properties, were
determined and analysed comparatively.

After each recycling cycle the influences of different aging mechanisms and
processing steps on the properties could be demonstrated. The molecular chain
structure shows a clear dependence on the number of recycling steps, resulting in
a more inhomogeneous distribution. Compression properties show a decrease of
13,7% after the first recycling step and 39,25% after the second recycling step.

Opverall, the recyclability of EPP material has been demonstrated, potentially
allowing the use of higher levels of recycled content.
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1 Introduction

Global plastics production in 2022 reached 400,3 million tonnes (Mt), while European
production in the same year was 58,7 Mt. Of this, 80,3% were fossil-based, 13,1%
from post-consumer recyclates (PCR) and 1% bio-based. Polypropylene (PP) accounts
for 15,4% of European plastics production [1]. The production and processing of PCR
has been increasing continuously for years. Against the backdrop of increased public
awareness of sustainability issues and the possibility of stricter legal requirements in the
future, industrial companies are facing the challenge of using more PCR in their plastic
products. For example, the European Union’s draft legislation calls for a recycling rate
of 25% for plastic products in cars. In addition 25% of this proportion must come from
PCR.

The processing of plastics into automotive parts accounts for about 8% of all plastics
processing in the European Union. Plastic parts make up around 12—-15% of the average
mass of a car, of which PP makes up the largest proportion at 26% [1]. Despite their small
mass share, lightweight plastics are increasingly being used in cars due to their reduced
density compared to compact materials. The reasons for this are, on the one hand, the
goal of a lower vehicle mass and thus potentially lower fuel/energy consumption and,
on the other hand, minimised material use and thus a lower CO; footprint.

One form of lightweight plastics are so-called particle foams. These are used in a wide
range of applications in the automotive exterior and interior, e.g. in the area of energy
absorption as bumper cores, as acoustic and thermal insulation applications as luggage
coverings, but also as containers in production and logistics. Typical foam part densities
in automobiles are in the range of 15-350 g/l, which means that a high lightweight
construction potential can be realised [2, 3]. In terms of mechanical properties, particle
foam parts are characterised above all by good compression properties [4].

The processing of expanded particle foam beads is currently carried out in a well-
established process using a steam-based technology. The steam-based process is charac-
terised by a hollow chamber tool design and the use of steam for temperature control of
the mould and for welding the particle foam beads. The steam pressure curve exhibits an
exponential behavior, according to the temperature-dependent gas pressure of water so
that a steam pressure of approx. 3,6 bar is required for temperatures of approx. 140 °C.
Using water vapour as an energy carrier medium, the temperature required for welding
the particle foam beads is transported into the moulded part [5-8]. Current research
is focussing on steam-reduced or steam-free processing of particle foam beads. In the
field of steam-free processing technologies, radiation-based concepts using dielectric
heating of plastics by applying electromagnetic waves, such as microwaves or radio
frequency, are being investigated [9-12]. Another possibility is variothermal mould
temperature control, in which a bead bond is generated by thermal conduction. Such a
mould technology is also used in this work (see Sect. 3.2).
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Current issues, particularly in the automotive industry, involve finding solutions
for the sustainable use of polypropylene-based particle foam parts. Approaches to this
include the reprocessing and recycling of EPP waste in order to realise a closed material
cycle in the sense of a circular economy. Using the automotive industry as an example,
this means fulfilling the potential legal requirements mentioned above and at the same
time meeting the requirements for the mechanical properties of the components also
with recycled materials. For the automotive industry, the challenge is to ensure the
properties of recycled plastic components over this period of time, given the average life
expectancy of an automobile of approx. 10 to 15 years. In the case of post-consumer
recyclates, this means a period of 30 to 45 years with double or even triple recycling.
However, the challenges that arise during the reprocessing of EPP to EPP from recyclates
have not yet been sufficiently considered. Difficulties lie, among other things, in the
identification of the reclaimed material, i.e. the material that is to be reprocessed. This
may, for example, result from different manufacturers, contain various additives (flame
retardants, colour pigments) but can also contain external substances or add-on parts
made from injection-moulded PP.

2 Theory

Most studies on the influence of aging on material and specimen properties relate to the
analysis of the influence of aging on injection-moulded polypropylene specimens [13,
14]. The effects of recycling foams or explicitly particle foams made of polypropylene
and their moulded parts are increasingly coming into focus. Publications on the aging
behaviour of thermoplastic foams are mainly only available for polyurethanes (PU) [15].
With regard to the aging behaviour of polypropylene foams, the patent by Delabroye
et al. is an exception [16]. An extrusion foam was developed that resists aging for up to
48 h. A recent study was published by Weingart et. al. Comparing the thermo-oxidative
aging of expanded polycarbonate (EPC) specimens with that of EPP specimens. The
aging was carried out in a convection oven at various temperatures and time steps and
mechanical parameters were then analysed. The pressure characteristics of EPP decrease
after aging, while the bending properties increase [15].

3 Experimental Process

The aim of this study was to simulate the aging and load influences to which a particle
foam component is exposed during its life cycle in the automotive sector. The aim of
the investigations is to analyse the effects of the load on the mechanical properties of
specimens on the one hand and the influence of recycling and reprocessing on material
properties on the other. For this purpose, simulated life cycles containing two recycling
stages were carried out, consisting of the individual steps described in the following
chapters. This allows for the continuous comparison of specimen and material properties
and precise analysis of the effects of aging and recycling process, as shown in Fig. 1. The
aging section of the virgin material specimens is divided into four series (see Sect. 3.3).
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These four series were processed separately over the two recycling cycles according to
the aging experienced in the previous cycle. As a result, each series always experienced
specific aging over two recycling cycles.
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Fig. 1. Artificial life cycle with process steps and position of analyses

3.1 Material

For the processing of specimens, particle foam beads made of expanded polypropylene
(EPP) with a bulk density of 33—-37 g/l and dimensions of ca. 3—5 mm were used.

3.2 Steam-Free Variothermal Processing

In this study, the EPP material is processed into specimens using a steam-free variother-
mal tool. The tool consists of an upper and a lower mould. The design of the tool with
an immersion edge allows for the processing of already expanded, non-propellant beads
by the gap-filling method. Compressed air ejectors for residue-free demoulding of the
part and temperature sensors are integrated in the two mould halves. The temperature
control unit consists of two temperature circuits to maintain different temperatures. The
channels are located close to the cavity to ensure that the heating and cooling is as close
to the contours as possible and is defined and uniform. The processing temperature was
in the range of 140-142,5 °C. The dimensions of the processed specimen in the form of
a tension rod is shown in Fig. 2. The compression specimens were manually cut from
the centre section.
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Fig. 2. Dimensions of processed EPP-specimen

3.3 Artificial Aging

The artificial aging includes changing ambient temperatures and humidity as well as
vibrations induced by the vehicle’s driving profile. The specimens produced are divided
into four series in order to be able to differentiate between the influence of various aging
effects, see Table 1. The first series is not subjected to any artificial aging. The second
series undergoes artificial aging in the form of climatic cycling. The climatic cycling load
consists of a two-part, twelve-hour cycle, which requires temperatures of both 80 °C and
—40 °C. Humidity was controlled at 80% for the first six hours. It remained uncontrolled
for the second six hours of the cycle because of negative temperatures. A high frequency
shaker test was carried out for the third series to simulate the effect of vibration through
the vehicle’s driving profile. In this test, the specimens were placed on a shaker for 36 h
at frequencies between 5 and 200 Hz. The fourth series undergoes a combined aging
process consisting of a preceding climatic cycling and a subsequent high frequency load,
including temperature cycling. The abbreviations OR (virgin material and no recycling),
IR (particle foam beads after one recycling stage), 2R (particle foam beads after two
recycling stages) stand for the recycling stage of the particle foam beads.

Table 1. Overview of processed series and different aging

Series 1 Series 2 Series 3 Series 4
Load / Aging type | Climate changing |/ v / v
High frequency / / v v
Abbreviation VS1.1. OR |[VS12 OR [ VS13 OR |VS14 0R
VS1.1_1IR |VS12_IR |VS13_IR |VS14_IR
VS1.1. 2R |VS12 2R |VS13_2R |VS14_2R
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3.4 Mechanical Properties

The four series presented above (see Table 1) are tested using tensile and compression
tests. The aim of the mechanical characterization is to determine the influence of the
simulated aging by comparing the mechanical properties of the series. Since there is no
defined standard for the testing of particle foam specimens, they are tested on the basis of
existing standards (Tensile properties: DIN EN ISO 527-1; Compression properties: ISO
844). The mechanical characterization is carried out on eight specimens in a standard
atmosphere (23 °C), shortly after aging (see Sect. 3.3) and without separate pre-treating
of the specimens.

3.5 Mechanical Recycling

In the next step the specimens were recycled to obtain minipellets, which were required
for the subsequent foaming process. The entire recycling process is based on a real,
production-related plastics recycling process. For this reason the material was not dried
beforehand. The specimens were first shredded with a mill using a 3 mm sieve, compacted
and shredded again under the same conditions. They were then extruded using a twin-
screw extruder at a die temperature of 190 °C. The melt strand had a diameter of 3 mm
at the nozzle and was drawn through a 3 m long water bath for cooling. A pelletizer
drew in the melt strand and reduced it to a diameter of about 1 mm before cooling. The
rotating cutter granulated the melt strand into mini-pellets with a diameter and length of
about 1 mm. The four differently aged series are processed separately, resulting in four
minipellet batches each cycle.

3.6 Autoclave Foaming

After mechanical recycling, the particle foam beads were produced again from the recy-
cled PP minipellets using an autoclave batch foaming process. The minipellets were fed
into a stirring autoclave filled with water and surfactants and saturated with a propellant
gas (COy) at 145 °C and 75 bar for 30 min. The expansion of the minipellets into recy-
cled particle foam beads was then initiated through a pressure and temperature drop by
opening the valve. The four batches were foamed separately, resulting in four batches
of recycled beads.

3.7 Material Properties

The three material grades (virgin beads, single-recycled beads, double-recycled beads)
were analytically characterised in order to investigate the influence of aging, recy-
cling and foaming on the material. For this purpose, we conducted Size Exclusion
Chromatography (SEC) measurements to analyze the chemical structure of the chain
molecules. Additionally, we performed Differential Scanning Calorimetry (DSC) and
Thermo-Mechanical Analysis (TMA) measurements to examine the thermal properties.
Three measurements per series were carried out for each analysis method.
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High temperature SEC measurements were performed on three beads. The mate-
rial was dissolved in trichlorobenzene at a concentration of 1 g/L at 160 °C for 2 h.
Polystyrene standards were then used for calibration and an infrared detector (IR6)
was used to determine the molecular weight distribution, the number average (M;) and
the weight average (My,). The polydispersity index (PDI) was determined according to
formula (1).

PDI = M,, | M, (D

DSC measurements were carried out to investigate the melting and crystallization
behaviour of the samples using a DSC 204 F1 Phoenix from NETZSCH. The first and
second heating curves and the intermediate cooling curve were recorded in the temper-
ature range of —20 —200 °C. The heating/cooling rate was 10 K/min and nitrogen was
used as the purge gas.

TMA measurements were carried out on individual beads to investigate the thermal
stability of the virgin and recycled particle foam beads. A TMA 402 F1 Hyperion from
NETZSCH was used for this purpose. A single bead was placed under the glass plunger
and loaded with a measuring force of 0,01 N. First, the temperature was held isothermally
at 10 °C for 15 min to obtain a stable initial length. Then the temperature was heated to
160 °C at a heating rate of 5 K/min.

After determining the material properties of the recycled particle foam beads, they
were processed again into specimens using the method described in Sect. 3.2.

4 Results

First, the results of the mechanical characterizations of the EPP specimens are shown
according to the mechanical test method. Then, the influences of the aging and recycling
on the material properties are pointed out according to the chemical and thermal test
methods.

4.1 Mechanical Properties of EPP Specimens

The Tensile properties of the processed EPP specimens are shown in Fig. 3. The max-
imum tensile stress is pictured in boxes. There are clear differences in the properties
of specimens made from virgin EPP beads (unfilled boxes) and recycled beads (shaded
boxes). In the case of the differently aged specimens made from virgin material beads,
the completely aged specimens (VS1.4) exhibit characteristic values at a similar level to
the unaged specimens (VS1.1). In contrast the climate-change-aged specimens (VS1.2)
and high frequency-excited specimens (VS1.3) show a decrease in the mean values of
approx. 18% and 16,5% respectively.
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Fig. 3. Comparison of tensile stresses of virgin and recycled EPP specimens

The properties of the single and double recycled specimens are at a significant lower
level. The properties of the completely aged specimens (VS 1.4_1R and VS1.4_2R) are
also close to those of the unaged specimens (VS 1.1_IR and VS 1.1_2R). The properties
of the climate-change-aged specimens (VS1.2_1R and VS1.2_2R) and high frequency-
excited specimens (VS1.3_1R and VS1.3_2R) show ambiguous behaviour. In the case of
the single-recycled specimens, the properties of specimens exposed to climate change are
significantly higher than those of the high frequency-excited specimens (224%) and also
higher than those of the unaged specimens (47%) and the completely aged specimens
(42%). In the case of the double-aged specimens, the separately aged specimens have
higher properties than both the unaged and the completely aged specimens. The lower
tensile strengths of the single and double recycled test specimens are probably due to
the reduced material properties. The TMA analyses in Sect. 4.2 have shown that the
thermal stability of the individual particle foam beads at processing temperatures has
been significantly reduced by recycling. Due to greater shrinkage than virgin beads, it
may not be possible to ensure sufficient contact between the adjacent bead surfaces,
which is necessary for creating a cohesive bead bond and force transmission.

The Compression properties of the processed EPP specimens are shown in Fig. 4.
The compression stress at a deformation of 10% is pictured in boxes. There are also
clear differences in the properties of specimens made from virgin material and recycled
EPP particle foam beads. A drop in the properties of all aged series compared to the
unaged specimen series can be seen for both the differently aged specimens made from
virgin material beads and those made from recycled beads. It can also be seen in all
cycles that the specimens, exposed to climate change, have the lowest properties, while
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the specimens, exposed to high frequencies, have higher properties than the completely
aged series or are approximately at the same level (VS1.3<->VS1.4). Looking at the
completely aged series in comparison to the unaged series, it is noticeable that there is
only a decrease in the mean values of approx. 6% for the specimens made from virgin
material beads, while the properties of the specimens from the first recycling cycle
already show a decrease in the mean values of 16%. In the second recycling cycle, the
completely aged specimens show approx. 13% lower properties.
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Fig. 4. Comparison of compression stresses of virgin and recycled EPP specimens

In summary a decrease in the compressive stresses of single and double recycled
specimens can be determined. It is remarkable that a significant decrease in the properties
of all aging series could only be determined for the specimens from the second recycling
cycle. Possible reasons for this may be found in the material properties of the double-
foamed particle foam beads, which could be confirmed by the material analyses carried
out in the following chapter. The main reason for this could be the embrittlement of the
material. It is possible that the material degradation may have reached a critical level
as a result of the second recycling cycle, which has a negative effect on the mechanical
properties of the specimens.

The reason why the properties of the completely aged series are often at a similar
level to the unaged series could lie in the artificial ageing of the VS 1.4 series. In these
series, high frequency aging was carried out after climatic cycling. A temperature change
profile was used in the same way as for climatic cycling. The constant temperature of
80 °C for four hours may have led to partial evaporation of the moisture on the surface
and in the spaces between the specimens caused by the preceding climatic cycling. This
can reduce or even prevent a potentially damaging effect of moisture on the properties,
as in case with the VS 1.2 series. Furthermore, the temperature influence of thermo-
oxidative aging may have led to crystallite rearrangements and post-crystallisation at
the bead interfaces, which can counteract a decrease in the properties.
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One influence of the individual steps of the recycling cycle on the mechanical prop-
erties could be the production of mini-pellets of non-uniform size. All other steps were
carried out in exactly the same way as described above. A possible non-uniformity in the
size of the minipellets can also lead to a non-uniform size of the expanded beads. As a
result the particle foam beads made from recycled material may have different properties
during processing into specimens, which can result in reduced mechanical properties.

In summary, a decrease in properties can be observed for both of single and dou-
ble recycled specimens. However no prediction can be made regarding the levels of
the properties for the test specimens that have undergone climate change or high fre-
quency ageing. Possible reasons for this could be the individual processing steps that
take place in the recycling process. The minipellets from different batches can have
different dimensions, which may lead to different levels of sorption with the blowing
agent CO» in the high pressure autoclave. The subsequent expansion process can also
result in different bead properties due to the mentioned deviations. These can affect, for
example, the density, the surface quality of the bead, the internal cell structure (cell size,
type of distribution, cell wall thickness, cell web thickness). In addition, the thermal
properties of the individual particle foam beads in particular can have a strong influence
on the bead bond during processing.

4.2 Material Properties of EPP Material

The Chemical properties of the three material grades (virgin beads, beads recycled once,
beads recycled twice) were characterised using SEC analysis and thermal properties
were determined using DSC and TMA analysis.

SEC curves are presented in Fig. Sa) and enlarged in Fig. Sb). For the purpose of
clarity, only representative curves of the unaged and completely aged beads of the first
and second recycling cycle are shown in comparison to the virgin beads. The mean
values of the number averages (M) and weight averages (M,,) are also shown. It can
be seen that as the aging and recycling cycles increase, the number averages decrease.
The weight of the beads remains relatively constant during the first recycling cycle, but
decreases during the second cycle compared to the virgin material. Table 2 presents the
polydispersity index values for the virgin material, as well as the aged and recycled EPP
particle foam beads. It can be clearly seen that the average value of the index is higher
for the completely aged recycled beads than for the unaged recycled beads. A higher
PDI index indicates a broader molecular weight distribution and higher non-uniformity
of the chain molecules, which can be caused by aging-related degradation phenomena.
Another possible explanation for the altered molecular weight distribution of the recycled
beads may be the high mechanical stress on the chain segments during expansion in the
autoclave process.
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Table 2. Figures of polydispersity index (PDI) of aged and recycled EPP Beads
Virgin 1. Recycling loop 2. Recycling loop
material
Aging /Load |/ Without aging Complete | Without aging Complete
type aging aging
#1 17,71 18,09 19,87 22,59 21,13
#2 17,76 18,95 20,46 17,94 21,47
#3 16,61 17,79 17,83 20,04 20,48
Average 17,36 18,28 19,39 20,19 21,03

DSC curves of the first heating are shown in Fig. 6 with the middled resulting peak
temperatures. Only the curves of the unaged and completely aged beads of the first
and second recycling cycle are shown in comparison to the virgin beads. Particle foam
beads produced using the autoclave process often exhibit a double melt peak with two
corresponding peak temperatures T jow and T pigh. It can be seen that it was possible
to produce recycled beads with a double melting peak. However, the characteristics of
the two melting ranges differ from those of the virgin material. For example, the higher
melting peak Ty high in the recycled beads is shifted to lower temperatures. It is also
significantly steeper, which indicates the presence of crystallite structures of the alpha-2
fraction in a different form than in the virgin material. The appearance of the double melt
peaks is generally highly dependent on the manufacturing process in the high pressure

autoclave.
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Fig. 7. TMA curves of virgin and recycled EPP beads

TMA curves are shown in Fig. 7. The curves of virgin and recycled beads exhibit
qualitative similarities, however, their temperature-dependent shrinkage properties dif-
fer significantly. The shrinkage process of the virgin beads initiates at temperatures of
approximately 120 °C, whereas the recycled beads exhibit a negative change in length
even at lower temperatures. Table 3 demonstrates that the single recycled beads without
aging experience a shrinkage of 35,6%, while the beads with complete aging show a
shrinkage of 45,1%, within the range of processing temperatures. In contrast, the virgin
material beads only show a shrinkage of 13,1%. The double-recycled beads without
aging exhibit a similar level of shrinkage to the single-recycled beads. The double-
recycled and completely aged beads demonstrated an earlier onset of shrinkage than the
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single-recycled beads. Nevertheless, they ultimately achieved a similar change in length
as the single-recycled beads.

The greater shrinkage of recycled beads compared to virgin beads in the processing
temperature range has a significant impact on the production of EPP parts. Due to the
shrinkage of the beads, the outer skins of the beads have a smaller contact area with each
other, which can make it difficult or prevent the formation of a cohesive bead bond. This
phenomenon could also be an indication of the significantly lower mechanical properties
of the recycled specimens, see Sect. 4.1. Possible reasons for the lower temperature
stability of the recycled beads may be due to the degradation of the polymer material
itself or to the structure of the (inner) cell structure (thickness of the outer skin, thickness
of the cell webs, distribution of the cells).

Table 3. Dimension change of virgin, single- and double-recycled beads

Series dl/LO at beginning of | dL/LO at end of welding
welding region in % region in %

Virgin material —13,1 —17,2

1. Recycling loop without aging —35,6 —43,2

1. Recycling loop complete aging —45,1 —-52,7

2. Recycling loop without aging —33,6 -39,0

2. Recycling loop complete aging —48,2 —54,2

5 Conclusions

In this study three simulated life cycles with two closed recycling-loops were carried
out on polypropylene particle foam specimens. In each cycle, these test specimens were
subjected to four load and aging profiles: no aging, climate change aging only, high
frequency load only, climate change aging and high frequency load. In this way, the
influences of automotive loads from the driving profile and environment on the mechan-
ical properties of the particle foam specimens and, on the other hand, the effects of aging,
loads and material recycling on the material properties were continuously examined. The
tensile characteristics decreased through the first and second recycling. The compres-
sion properties only decreased after the second recycling. The material properties were
strongly influenced by material recycling. The higher melting peak of T high = 162,3 °C
for virgin beads has reduced to Ty high = 158,8 °C for double-recycled beads with com-
plete aging. The recycled beads also showed a significantly earlier shrinkage than virgin
beads. At a processing temperature of approx. 140 °C, virgin beads show a shrinkage of
approx. 13%. Single-recycled beads from previously completely aged specimens show
45,1% and double-recycled beads with the same aging and load show a shrinkage of
48,2%. Aging and recycling cycles also have a strong impact on the molecular chemical
properties. The recycled beads have significantly more inhomogeneous chain distribu-
tions, which is confirmed by an increase in the PDIs from 17,4 for virgin beads to 21 for
double-recycled beads, the specimens of which were previously completely aged.
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The aging and recycling cycles carried out have shown that the material properties are
reduced by degradation mechanisms. In addition to the artificial aging and loading of the
specimens, these influence the material properties, for example through reduced dimen-
sional stability at processing temperature. As the degradation process of polypropylene
and its products is well understood, the application of additives can prevent or reduce the
degradation of material properties. On the one hand, further research should investigate
the effects of these additives on the dimensional stability of the particle foam beads
after a recycling process. In addition, adjusting the autoclave processing parameters can
significantly affect the internal cell structure. It is therefore essential to investigate their
effect on the thermal stability of a particle foam bead.
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Abstract. High-quality and sustainable surfaces are an important step in design-
ing the automotive interior and exterior of the future. Next generation car designs
have to consider the aspects of sustainable production and long-life application in
the field in combination with recycling concept after the use case. Clever material
combinations and new processing technologies for circular products have to be
established. Electroplated polymers have several advantages for every step in this
discussion to enable sustainable decor elements with integrated functions.

Using a process developed by the BIA Group and industrial partners, metal
and plastic in electroplated decorative components can be separated with a very
high degree of purity in the polymer fraction. Without any chemical treatment a
degree of 99,8% purity in the polymer fraction is achieved and can directly be
used for new products. By focusing plated polymer parts, the substrate material is
limited to ABS plating grades and ensures a very low probability of contamination
by other polymers. The metallic fraction is recycled by the well know processes
for metal and steel recovery.

First products with a recycled content of 30% are now in series production.
Because of the high purity of the material, a down-cycling is not necessary and
these products are high quality surface parts in the automotive interior. The quality
matches the known standard of parts with virgin material. The recycling content
has no influence on the adhesion of the coating or the resistance to environmental
influences. Specification requirements like DBL 1665, TL 528 or GS standards
are passed.

With the integration of ambient lighting and touch controls on real metal
surfaces, these components are equipped for functional integration into the
environment in the interior.

Keywords: Circularity - Electroplating - Recycled plating grades - Touch with
real chrome surfaces

1 Introduction

The core function of surface technology is to improve product properties and extend
the service life of components. This applies both to purely functional parts, which have
to be resistant to corrosive media or transfer loads in a wear-resistant manner, as well
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as to decorative elements that should maintain a high surface quality in the handle and
functional areas. Efficiency in the processes has also played a crucial role, as circular
materials and specialty chemicals determine the costs of the processes. Accordingly, the
currently focused topics of a sustainable economy can be addressed very well in surface
technology.

The future of production lies in the focus on efficient processes and circular economy.
The efficient use of raw materials is always an important factor, but is now supplemented
by reuse and processing for direct availability and reduced carbon footprint. It is impor-
tant to close local cycles in processes and products. The BIA Group has been very
active in these areas in recent years and shows ways in which electroplated plastics offer
decisive advantages and closed cycles can be implemented in the automotive industry.

2 Advantages of Electroplated Polymer Parts

The advantages of plated plastic components in the automotive sector for decorative
applications are diverse. Thanks to the free shaping in injection molding and the finish-
ing with real metals, an ideal combination of lightweight construction, functionality and
value is achieved. The processes developed at BIA for ambient lighting or the integra-
tion of touch controls on the real metal components offer further advantages for future
applications. In addition to these well-known topics, plated plastics also offer advan-
tages when it comes to efficiency in processes, GWP (Global Warming Potential) and
recycling. This is illustrated by a comparison of alternative processes like painting and
PVD, with data collected by the BMUB as state of the art in [1, 2].

The core index for comparing coating systems is the energy used per coated square
meter in [kWh/m?] in addition to the square meters per hour as capacity. In [1] the cur-
rent state of the painting industry is presented and is subsequently used as conventional
painting for comparisons. Table 1 summarizes the comparison of the energy-based pro-
cesses. The basis for evaluation of both technologies is a coating system for automotive
application and chrome optics.

Table 1. Comparison of different coating technologies regarding energy consumption and scrape
rate.

conv. Painting conv. Plating
Electric energy [kWh/m?2] 34-36,5 ca. 19
Thermal energy [kWh/m?2] 18-20,2 ca. 14
Scrape rate % ca. 25-35% < 10%
(BIA intern 15-25%)

Next to the energy consumption, scrap in production is a factor that has a significant
impact on all necessary resources. Every percentage of reduced scrap can be shown
directly on the balance sheet as an improvement. Statistics according to [1] show that an
average scrape rate of 25% can be expected when painting high-quality surfaces. This is
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significantly higher compared to average plating and would lead to a further reduction in
resources of around 10%. In recent years, the focus has naturally also been on efficiency
and energy in the area of painting. A state-of-the-art painting system installed exemplary
at BIA in Solingen can reduce thermal and electrical energy use by around 35% each.
New painting technologies with single-layer systems and good appearance and properties
further reduce the impact on production. So, both technologies for coating plastics parts
can be produced efficiently using current technology.

New projects in electroplating also show further optimization potential for reduc-
ing the necessary energy. Using new anode technology, optimizations in the electrolyte
formulation and optimizations in the line periphery can save up to 35% of the coating
energy in a specific bath. A corresponding BMU flagship project (NKa3-003543) is cur-
rently being implemented by the BIA Group with a new electroplating line in Solingen.
In addition to chrome-free pre-treatment and chrome(VI)-free coating, various topics on
energy efficiency are also being implemented in large series within the project [3].

In a direct comparison, plated plastics offer corresponding advantages. The higher
efficiency in production has been demonstrated. In addition, there is the high-quality
surface created by real metal coating. Compared to painted surfaces, this is an emotional
surface that is considered to be of higher quality in terms of its appearance and higher
in its durability in the field. Long-lasting surfaces are important when considering the
product life cycle and lead to a longer service life and higher value of the vehicle.

3 Commodity Recycling Grades for Plating Application

Plating companies as well as material distributers have looked intensively into the use
of recycled materials for plated plastics. A first step is the use of materials in injection
molding that already contain a proportion of recycled content from the manufacturer.
However, during subsequent coating, it should be noted that standard acrylonitrile buta-
diene styrene (ABS) recycled materials lead to problems in the coating process and the
adhesion of the metal layer to the substrate due to the uncontrolled butadiene distribution
[4, 5]. A correspondingly targeted development and evaluation is necessary. Together
with the company BARLOG Plastics GmbH as a material developer and distributer, a
PC/ABS was tested that contains a post-consumer recycled content in the polycarbonate
(PC) component. From a plating perspective, this is not relevant for the coating and
leads to very good results in the component appearance and the final adhesion tests. An
alternative is a PC/ABS from Covestro AG, in which the polycarbonate portion is made
from bio-based phenols. The bio-based component also reduces the CO; input of the
material, which is shown in a corresponding balance sheet at over 30% [6]. Through
these substrate materials, a positive influence on the product carbon footprint (PCF) of
the component can be introduced and quantified directly during product development.
If multi-component components are considered in the next step, polycarbonate from
bio-based phenol sources or materials with recycled content can also be used here. The
selective component has no influence on the plating ability or adhesion of the coating.
Thanks to the selective properties in the plating, light guides and mechanical holding
structures can be integrated directly during injection molding. They do not have to be
masked separately in the coating step. This was tested positively in a near-production
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test on a housing with electroplating components (Fig. 1) and a high proportion of
selective surfaces. Qualification tests such as warm storage or climate change tests also
showed no abnormalities and have been passed. Using these two approaches, reductions
in the product carbon footprint of electroplated parts can be considered in the component
design.

Fig. 1. Multicomponent part with ABS for plating and polycarbonate from bio-based sources

4 Recycling of Plated Polymer Parts

The strength of electroplated plastic components lies in their excellent recyclability. Due
to the metal content on the components, they have a higher material value than other
coatings (paint, PVD). With other coatings, the components cannot be separated from
the substrate with sufficient purity. The remaining lacquer particles cannot be separated
from the polymer. For PVD coatings the metallic content is to small (< Spum for PVD,
> 25 pm for plating) and in addition the coating system of PVD it combined with
protective paint layers, which leads to insufficient purities of the recycled polymer. This
usually leads to down-cycling of the recycled materials, if they can be reused at all.
Examples of the use of painted plastic components were presented at the K trade fair
2022 in Diisseldorf with processing into pallets or laundry baskets.

Since metals can be reprocessed almost infinitely, the proportion of recycled copper
in industry in Europe is already 70-80%. The recycling process requires up to 85% less
energy than primary production. Accordingly, the metal components of electroplated
plastics are already being recovered and fed back into the various processes. The plastic
has so far been lost. [7].

Together with partners the BIA Group has developed a process that enables the pro-
cessing of both recyclable materials. Plastic and metal can be separated in advance using
a specialized, mechanical process and separated due to the magnetic nickel components
in the electroplating layer. The metal is made available to the industry again and the
plastic is cleaned and granulated as recycled plastic (Fig. 2).
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Fig. 2. Left: Plated applications in the interior; right: separated polymer and metal fraction after
the recycling process

The degree of purity of the separated fraction at the end of the process chain is over
99.5%. The recycled content can be mixed with virgin material without any problem,
as both fractions are of so-called “plating grade” polymers. These are ABS recipes
specially tailored to electroplating, which ensure secure adhesion of the metal and very
good surface quality. Since the recycled content also uses these substrates from the source
“electroplated components”, a high degree of purity and quality of the raw materials is
automatically guaranteed. Downcycling, i.e. the use of recycled plastics for lower-quality
products or even thermal recycling, is therefore not necessary for plated plastics. The
surface quality was validated on a test specimen tool. The test specimen tool is design
for injection molding as a cross geometrie and is used for polymer substrate material
qualification for different coating technologies for Mercedes Benz AG (Fig. 3).

Fig. 3. Sample specimen for substrate material and coating technologies

Figure 4 shows the raw part with 50% recycling content and remaining impurities
after the separation process on the left side. Optimizations to reduce the impurities are
ongoing and first promising results are seen on the right part of Fig. 4.

In the first step, this can be implemented with post-industrial recycled material for
the waste generated during the coating process. However, current analyzes also show
that recycling of post-consumer components can be implemented if the parts are returned
after the lifetime of the vehicle.
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Status with impuritie New optimized status

.

Fig. 4. Test parts with 50% recycled material content and remaining impurities. (Left: Status with
impurities; Right: Reduced impurities as actual status)

In addition to the optical quality, the specifications in the area of adhesion between the
substrate material and electroplating must of course also be evaluated. A detailed view
of the surface of the raw part of the test sample is shown in Fig. 5 and provides further
information. Figure 5 shows that the impurities are residues of the metal fraction that
remain in the recyclate and then reach the component surface during injection molding.
A SEM picture of the etched polymer surface as shown on the right side of Fig. 5 clarifies
two influences. On the one hand, the etched structure is absolutely comparable to virgin
material and therefore enables a very good adhesion. On the other hand, the remaining
impurities have been analyzed by an EDX mapping and which confirms the metallic
layer system as remaining particles. Theses impurities can lead to surface defects in the
metallic coating and optical defects that lead to scrap.

WD = 8.0 mm Stage at 7=
Mag=_10.00KX User Text= 230021

Fig. 5. Surface of a raw part with impurities and etch surface for good adhesion of the coating
(SEM)
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S Series Parts with Recycling Content

In addition to the development of recycling processes, the qualification of the components
and assessment of the quality are also crucial. The general material properties and the
high degree of purity must prove itself in the production of series components. In an
exterior strip, a door panel and a control element in the interior, various recycled materials
were evaluated for their behaviour in injection molding and electroplating. Before the
discussion of the general optical quality after the coating and of course the production
scrape rate, the specification requirements regarding adhesion and clime change stability
are shown.

Different components have been tested according to various manufacturer specifi-
cations. The results for the components based on electroplated types are consistently
positive and the tests were passed for each component. However, problems also arise
here when ABS recyclates are used without taking the electroplating requirements into
account. The materials with plating grades as recycling content (exPlating)provide good
adhesion and test results, standard commercial re-ABS leads to cracks and bubbles on
the parts. This behavior was verified again on the cross test specimen for remap re-ABS
with 50% recycling content and commercial standard re-ABS. Table 2 summarizes the
results of different climate change tests and temperature shock tests.

Table 2. Testresults of parts with differentrecycling ABS types according to automotive standards

Test exPlating Commercial

re-ABS REC50 re-ABS REC50
DBL 1665 Shocktest 110 °C/3 Cycles 10/10 ok 0/10 ok (cracks)
TL528 PV1200 - 8 Cycles 10/10 ok 0/10 ok (bubbles)
DBL 1665 AKLV 10 Cycles Exterior 10/10 ok 0/10 ok (bubbles)
DBL 1665 AKLYV 42 Cycles Interior 10/10 ok -

The cracks and bubbles mainly occur in geometrically demanding areas that are
heavily stressed by the temperature changes. On the one hand, the adhesive base for
commercial re-ABS types is not sufficient, and on the other hand, the strong movement
during temperature changes leads to tension in the coating with corresponding cracks
when overloaded. An example is shown in Fig. 6.
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Fig. 6. Cracks in the coating after climate change test (DBL1665 AKLV 42 Cycles)

The mechanical properties have been validated on test specimens and correspond
to the requirements at new product level [8]. A high level of varietal purity is always a
prerequisite for a successful recycling approach. The already mentioned use of plating
grade in ABS as a substrate plays a crucial role, which generates an advantage in the
circular economy. The property of the specified grade purity affects not only the plating
component itself, but the entire assembly. The simpler an assembly is constructed, the
easier it is to dismantle it into pure materials. Since electroplated components often
have a function in the vehicle in addition to their pure value, the assemblies also have a
correspondingly complex composition.

Last important step is the optical quality and analysis of the scrape rate in series pro-
duction. The recyclate was mixed accordingly with the standard materials like Novordur
P2MC, Xantar C CP200 and Bayblend T45 PG. The following Fig. 7 shows an excerpt
from the test series and the corresponding evaluation for optical errors after electroplat-
ing. Materials from the Remap GmbH are created with recyclate from electroplating
scrap and represent the material types specified in the BIA Group for electroplating.
The re-ABS types are other commercial ABS types (not plating grades). As a reference
part, a door frame with satin chrome finish based on a trivalent chrome process has been
chosen. The part is shown in Fig. 8.
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Fig. 7. Scrape rate for different Re-ABS types and content in plating
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The commercial ABS recyclates, which are not designed for electroplating appli-
cations, immediately lead to an increased scrape rate. The proportion of pores on the
components and streaks increases. These materials cannot be used for high-quality appli-
cations. However, the controlled materials from the Remap GmbH are very easy to inte-
grate back into the process. With a recycled content of 25% on a mixture basis of both
ABS and ABS/PC, the reject rate is comparable to that of a series material and is also
less than 5%. A slight inaccuracy arises within the pattern due to rinsing processes and
material changes in the injection molding, which resulted in understandable pickles and
streaks. At this point, prototype productions with 30% recycling content have proven
the low scrape rate under series conditions. Next to the purity of the material, the surface
finish in the plating is mandatory. On a mirror like bright chrome finish, small pickles and
variations more likely to be visible. The state of the art and design satin chrome finished
have physical structures on the surface on their own and can cover small imperfections.
Figure 8 shows the door panel with the material remap ABS/PC 4220 REC50, with 50%
recycling ABS content from former electroplated parts and no visible imperfections on
the surface.

Fig. 8. Door panel with 50% recycling ABS content and BIA TouchChrome controls

6 Sustainable Real Metal Surfaces with High-Quality Touch
Controls

A typical example of complex assemblies are vehicle controls. A classic switch has a
single stored function. The advantage of a switch is the driving safety aspect. Because
a single switch only controls one function, it can be felt directly. The typical mechanics
provide immediate feedback when the switch is operated. Backlit switches, which also
have a tactile symbol, can be operated safely without having to pay too much attention
to them. This functionality is associated with mechanical effort, which in turn creates
corresponding costs in the assembly but also a corresponding value in the feedback.
New approaches tend to substitute these values by touch screens and software solutions
to integrate all applications within one command window. This is reducing the costs
for components but has a very negative impact on the safety, intuitive controlling and
general value appearance of the interior. [9].

An alternative are capacitive switching areas, which are not arranged in software
on screens, but rather as sensors in a defined position behind a control bar. The goal of
reducing the number of components remains the same, but thanks to the fixed position
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and, if necessary, sensing aids, operation can be carried out intuitively while driving.
The sensor technology is integrated into a film, back-injected or attached behind the
decorative panel. However, this sensor principle is shielded on real metal surfaces and
is not yet suitable for use on high-quality decorative components.

BIA solved this problem without losing focus on the goal of sustainable construction
and innovative functional integration. A high-quality, touch-sensitive surface has been
developed that is also easy to recycle. This includes reducing the number of necessary
components and the component complexity by substituting the mechanics and, finally,
considering the material mix in the assembly.

©2024 BIA Group

Fig. 9. BIA TouchChrome Prototype with ambient light, seamless design and touch functions

Although the continuous electrical conductivity of the metal layers of a chrome-
plated component prevents the use of typical capacitive technology, a touch-sensitive
surface can still be achieved using DFA sensors that are attached to the underside of
the component [10]. The patented deep field analysis (DFA) technology enables a direct
detection of finger movements through the plating layer systems with a very clear accu-
racy. A separation of signals for “selecting” and “activating” the function is possible as
well as slider functions.

The sensor system is mounted on the back after the surface has been plated or
is directly integrated on the controller PCB [11]. This decouples the manufacturing
process for the electroplating part from that of the sensor system. Since no individual,
mechanically decoupled components occupy the functions, an efficient assembly design
with few elements but many functions can be achieved. The proportion of injection
molds required is significantly reduced. At the same time, there are advantages through
the integration of several functional areas on one surface in the area of seamless design.
The BIA TouchChrome technology can be combined very well with other technologies
such as BIA AmbientLight and BIA TextureChrome, which means that the button can
be supplemented with a translucent, structured symbol.

Figures 8 and 9 show respective applications of the technologies presented. Figure 9
combines the integration of a touch control with a plated real metal surface and lighting
switched using the example of a headliner unit. Figure 8 shows an application in the door
area in which the component is made from 50% recycled content (remap 4220 REC50)
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for the electroplating component. Touch functions are also included here for exemplary
control of the ambient lighting. To demonstrate the flexibility of the technology, the touch
fields were only indicated by laser marking on the chrome surface. This allows various
functions to be flexibly displayed using symbols and integrated into the interface.

7 Conclusions

Chrome-plated components combine the advantages of real metal surfaces with the
properties of plastics. With an average mass proportion of 20% metal and 80% plastic,
a chrome-plated plastic component is rather lightweight with a low energy requirement
while driving. The corrosion and media resistance as well as the easy-to-clean properties
underline the longevity of chrome surfaces in various areas of application. Even if a long
period of use is crucial for a sustainability consideration, the production and “end-of-life”
phases should not be missing from the complete assessment of a component.

The manufacturing process using injection molding and electroplating is already
superior to a painting process in terms of resource conservation and energy efficiency.
The internal material cycle closure in the manufacturing process and the recovery of
raw materials from production waste also make a decisive contribution to saving raw
materials. Using this technology can make an important contribution to circularity in
automotive components with high-quality surfaces. The use of real, valuable metal sur-
faces plays an important role in the application in terms of value and service life, but
also in the circular economy through the equivalent processing and preservation of the
valuable materials for production. The recycled material can be used for standard elec-
troplating processes as well as new chrome(VI)-free pretreatments and trivalent surface
finished.

The goal of creating controls with an innovative, high-quality and at the same time
sustainable design can now be achieved using BIA TouchChrome technology. The use
of capacitive pressure sensors makes it possible to equip a high-quality chrome-plated
surface with a touch-sensitive switching function. Thanks to tactile and translucent sym-
bols, the buttons can be easily recognized or felt, which offers enormous advantages in
terms of driving safety. Recyclability is improved by component simplification because
the touch component group consists exclusively of the chrome-plated component and
the touch electronics. As a high-quality, durable and fully recyclable technology, the
galvanization of plastics in vehicle construction is an important contribution to future
vehicle generations.
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Abstract. Due to their flexible and advantageous set of properties, plastics are
used widely and in large quantities in the automotive industry. The use of recycled
plastics is a promising approach to conserve fossil resources, reduce negative
environmental impacts and achieve sustainability goals.

However, the quality of recycled material can vary depending on the individual
and often unknown conditions it was exposed to in previous life cycle(s) (stages)
and prevent the direct substitution of virgin material in many applications. Each
life cycle stage of a plastic component or product, as for instance manufacturing,
use or disposal, influences up to impairs the structure and properties of the poten-
tial recyclates by causing degradation and introducing impurities. In addition to
quality fluctuations performance losses can arise and complicate the application
of recycled plastics, for example by deteriorating the paintability of components
with recycled content.

To reduce defects or reworking efforts, additional process adjustments can be
required for using plastic recyclates in order to react to process deviations and
varying material conditions.

Against this background, an overview of the various impacts and interdepen-
dencies of the life cycle stages and processing steps on painted injection-molded
components and their material properties is presented and resulting challenges
are derived. Subsequently, an approach is introduced, presenting a method to
address these challenges. The approach takes the conditions and requirements of
the automotive industry, as well as the implications of mechanical recycling into
consideration, to establish circular material flows.

Keywords: Plastics - Recycling - Product properties - Paintability - Product life
cycle - Automotive

1 Introduction

Plastics are characterized by a flexible portfolio of properties. The properties are on
the one side influenced by the structure and composition of the material. On the other
hand, process parameters and external influences along the product life cycle can lead
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to changes in properties. [1] The versatility of plastics enables broad applications across
diverse industries, as evidenced by the continuous increase in worldwide plastic produc-
tion to approximately 400 million tons over the past 70 years [2]. Thermoplastic plastics
constitute the majority, owing to features such as reversible malleability that affords
design, processing, and reusability freedoms [3, 4]. However, analogous to the demand
for plastics, the quantity of plastic waste also exhibits a comparable trend, with a sub-
stantial portion being subjected to thermal processing or ending up in the environment
e.g. in the world’s oceans [5-7].

One promising approach to mitigate waste and negative environmental impacts,
conserve fossil resources, and simultaneously meet demands is to close material cycles
and establish a circular economy. Material cycles can be closed through the recycling
of plastic waste, transforming linear product life cycles (cradle to gate) into circular
product life cycles (cradle to cradle) [8, 9]. Mechanical recycling is a suitable method
for thermoplastic plastics, as recycled granulates can allow to produce more with higher
efficiency with respect to energy, cost and resource than through chemical recycling,
leveraging the reversible malleability of thermoplastics [4]. However, the quality of
mechanically recycled materials is largely influenced by the history of input materials
and conditions of previous life cycle stages, whereas chemically recycled plastics show
no differences from virgin material [10—12]. Consequently, when closing material cycles
using mechanical recycling, impacts on material quality increase, with stresses in the
usage stage and processing conditions during recycling influencing the material beyond
the typical stages of linear product life cycles [1, 13].

The multitude of influencing factors affects the quality of resulting recyclates, leading
to variations and losses in properties as well as component defects, resulting in waste and
rework [11, 14]. For instance, in the use of recyclates in painted applications, increased
occurrences of delamination, yellowing, and blistering are observable. To proactively
implement measures, information on the quality of recyclates is imperative.

Against this background, a methodology to characterize recyclates early in the pro-
duction process regarding their paintability is presented, thereby reducing efforts related
to waste and rework.

2 Theoretical Background

2.1 Plastic Parts Manufacturing

High-quality plastic components often have to meet not only functional requirements,
but also fulfill optical and haptic demands, while being resistant to light and weather
conditions. In order to align with these requirements, plastics can be coated, for example
by painting. [4, 15].

The production of painted and injection-molded thermoplastic plastic components
can be simplified into the four steps of synthesis, compounding, shaping, and coating of
plastics before the utilization of the components. Synthesis refers to the generation of
plastics through various polymerization methods that describe the formation mechanisms
of plastics. All polymerization methods share the common feature that monomers are
linked to form polymers by breaking double bonds. [4, 16].
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Polymers are, in most cases, not processable and applicable after polymerization
due to damage caused by heat, oxygen, media exposure, and radiation during processing
and use, as well as not meeting the optical, mechanical, or processing-related require-
ments of applications [1, 4, 16]. To protect against damage and meet application-specific
requirements, additives are added to the polymer during compounding. Examples
include plasticizers, reinforcing agents, lubricants, colorants, antioxidants, or stabilizers.
[4, 15, 16].

The result of the compounding is a plastic compound, which, during subsequent
shaping in the injection molding process, exists as granules. Shaping in injection mold-
ing requires a flowable state, so the granules are melted in the plasticizing unit of the
injection molding machine. The resulting melted plastic is then injected into the mold
cavity under defined pressure. The plasticized material solidifies as it cools in the mold,
with temperature-induced shrinkage compensated by injecting molten material. After
complete solidification, the component is ejected from the open mold and, if neces-
sary, undergoes post-processing. To protect the component from UV exposure and meet
optical requirements, coating through painting follows the shaping process. [4, 15].

To ensure adequate adhesion between plastic and the coating system, the coating pro-
cess begins with surface pretreatment, including cleaning and activating the component
surface. Activation is particularly relevant for non-polar plastics, such as polypropylene,
where functional groups are built up. These functional groups influence the wetting of
the surface and the adhesion between paint and substrate by enabling interactions and
bonds between paint and plastic substrate. Following pretreatment, the coating system
is applied, with multiple layers of paint possible. [16, 17].

The production of painted and injection-molded plastic components concludes with
the curing of the paint, opening the use stage [4, 16].

2.2 Mechanical Recycling

To close material cycles and establish a circular economy, the product life cycle must
be expanded to include the recycling of waste. According to DIN EN ISO 14024, plas-
tic waste is classified into two categories, namely ‘Pre-Consumer Waste’ and ‘Post-
Consumer Waste,” depending on the source. ‘Pre-Consumer Waste’ arises before use
and is separated from the waste stream during the manufacturing process. In contrast,
‘Post-Consumer Waste’ is generated after use and can no longer be used for its intended
purpose. Unlike Pre-Consumer Waste, the life cycle of Post-Consumer Waste includes
the usage stage, resulting in differences in history and impact. [11, 18].

Despite the different conditions, the basic recycling of these waste types is simi-
lar. Mechanically recycled material is the outcome of a multi-step process, including
pre-processing, shredding, sorting, cleaning and drying, compounding, and regranula-
tion. Pre-processing involves collection and sorting steps before the actual recycling
processes. The collection system varies significantly across countries and regions, chal-
lenging the establishment of homogeneous waste stream conditions. During sorting,
various tools such as filters, airstreams, magnetic or sensor-based units separate the
waste stream and remove foreign materials by detecting properties such as density or
electrical conductivity. Density-based sorting is widely used but limited by overlaps
in the density ranges of polymers due to additivation. Following sorting, the proper
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recycling process begins with shredding, followed by precise sorting steps. Shredding
involves cutting the materials in various ways using cutting mills or a rotary cutter. The
method employed affects the material differently, subjecting it to various stresses and
inducing polymer chain changes. Subsequent washing and drying steps remove adhe-
sives and contaminants using specific solvents. Limited knowledge about the nature of
impurities may lead to inappropriate solvent choices, resulting in reduced washing pro-
cess effectiveness. During compounding and regranulation, the melt is typically filtered
and degassed to remove further impurities. Depending on the quality of the recyclate and
the product’s requirements, additives or co-polymers are added, the mixture is homog-
enized, and finally extruded to produce recycled granulate. The efficiency and resulting
quality are influenced by every step of the recycling process. Different methods, inho-
mogeneous material streams, undefined impurities, and limited knowledge contribute to
property reduction and fluctuation. [11, 14] To mitigate these uncertainties, transparent
processes and states are necessary [11, 19].

3 Challenges in Establishing Circular Life Cycles

Circular material cycles, in addition to the mentioned advantages, pose technical chal-
lenges that hinder comprehensive establishment, especially in demanding applications.
These challenges stem from the influence of the conditions of each life cycle stage on
plastic properties. [1, 11] Based on existing literature, the influenceability throughout the
life cycle is presented in the following and summarized in Fig. 1 focusing on significant
characteristics and features that determine the paintability of plastics.

Life Cycle
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Molecular Weight
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Life Cycle Influence on Characteristics

Fig. 1. Influence of the life cycle stages on significant paintability-determinig characteristics
based on [1, 11-16, 19-25]

Within the synthesis step, the foundation for the molecular structure is laid, with
polymer chains forming and arranging based on processing conditions. In addition to
polymer architecture, synthesis determines the molecular weight or molecular weight
distribution and the crystallinity of the plastic, influencing mechanical and rheologi-
cal properties reflected in processability, strength, and stiffness as well as the surface
energy as an adhesion-determining parameter. For instance, high-molecular-weight plas-
tics exhibit high wear resistance and dimensional stability, while low-molecular-weight
plastics show significant creep tendency and act as plasticizers. [16].
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During compounding, additives such as stabilizers and flame retardants, and if
necessary, fillers, are introduced to influence the resistance and various properties of
plastics and determine the final composition. To homogenize the materials, the raw
materials are melted, affecting polymer architecture and molecular structure again.
Besides reorientation of polymer chains, thermal degradation reactions and damage from
heat and shear forces may occur. Inadequate homogenization can result in the formation
of agglomerates, causing surface irregularities and heterogeneous or weak properties.
[1, 16].

In the subsequent shaping step in the injection molding process, these characteristics
are also influenced, as the material undergoes melting and solidification. Furthermore,
the stress state, such as residual stresses, is formed in the component through tempering.
[1, 15, 20] The cooling rate further determines crystallinity, which not only affects
mechanical properties but also influences surface adhesion [15, 21]. Surface quality is
influenced by the tool’s surface condition as well as injection molding parameters such as
pressure and filling volume, affecting the occurrence of defects and resulting unevenness
[15].

In the subsequent coating process, activation measures influence surface energies
and, thus, wetting and adhesion properties. By applying inappropriate energy levels the
activations can initiate surface degradation or promote migration of additives, resulting
in surface deposition with weakening adhesion effects. Intermediate drying processes
can cause similar migrations, with permeability determined by crystallinity. Heat input
can also influence the stress state and relieve residual stresses. [15, 22, 23].

In the subsequent usage stage, mechanical stresses, temperature, UV radiation,
moisture, and chemicals promote material aging and the degradation of polymer
chains [1].

The degradation is intensified by subsequent mechanical recycling to close material
cycles. Shredding, melting, and regranulating have similar effects on the structure as
preceding melt-processing steps. Additionally, contaminations, such as paint particles,
can be introduced, negatively impacting the properties of the plastic. [1, 11, 13, 24, 25].

Contaminations and aging effects can lead to performance losses and defects in
circular materials. Defects such as yellowing, delamination, or blistering occur more
frequently when using recyclates in painted applications. [12, 19] Furthermore, the
different histories, processing conditions, and compositions of materials contribute to
property variations, so constant qualities cannot be assumed [11-14]. To reduce efforts
for rework and defects, early information on the qualities and conditions is necessary,
and analysis methods to predict the performance and processing properties of recyclates
need to be developed [12, 19].

4 Approach for Evaluating the Paintability of Plastics

The challenges in establishing circular material cycles and the use of plastic recyclates are
e.g. performance losses and property variations of the recyclates, making their applica-
tion in demanding contexts, such as painted component areas, difficult or even prevented.
To reduce defects and rework and to be able to take early actions, information about the
conditions and qualities of the recyclates is necessary. Figure 2 outlines an approach for
the characterization and assessment of recyclates with regard to their paintability.
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Fig. 2. Approach for evaluating the paintability of plastics

The boundaries for the evaluation arise from the requirements for the painted end
product and the defects like delamination or yellowing that should be avoided through
early characterization. Additional conditions emerge from the processing and material
composition. Based on this, the characterization and data collection are carried out on
the intermediate products like granulate and unpainted body to identify the influences
of the intermediate steps and derive correlations with the final product properties.

Initially, the causations for the defects, such as surface energy deviations in case
of delamination, need to be identified. From the identified causations, the data and
metrics are derived that provide quantitative information about the condition. Subse-
quently, methods are identified and defined that allow the corresponding data collection
on the intermediate products. To identify the impact of different intermediate product
conditions, variables such as recyclate content and constants such as injection molding
parameters need to be defined before testing the conditions and collecting the data. In the
subsequent evaluation, the test results are compared to the defects and variables, classi-
fied, and relationships are identified to ultimately derive the suitability of the collected
data for assessing paintability.

The arising results can be categorized as knowledge, value, and control. The corre-
lations between the characteristics of the intermediate products and the properties of the
end products create a quantitative understanding, for example, of the impacts of process
steps and life cycle stages on the paintability of the final product. Deriving indicators
and measurable data provides values for characterizing paintability and allows con-
trol by being assessable through classification, enabling efficient measures, balancing
variations, and reducing failures and rework.
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5 Conclusion and Outlook

The establishment of circular material cycles reduces waste, negative environmental
impacts, and conserves fossil resources, but it also poses challenges that hinder its
implementation and the use of recyclates. The reasons lie in the multitude of influencing
factors that affect plastics across their life cycle stages, shaping their properties. Property
variations and losses result, necessitating early information about material qualities to
efficiently initiate measures and reduce rework and returns.

Building on the influences of life cycles on material characteristics, this paper
presents an approach for evaluating the paintability of an injection-molded end product
based on the characteristics and features of intermediate products.

The characterization of paintability on the intermediate products enables an early
assessment of paintability within an early stage of the production process reducing rejects
or reworking efforts caused by defects, like delamination and blistering. In addition
to production, material and component development also benefit from the results, as
new materials can be evaluated at an early stage regarding their suitability for painted
applications, thereby reducing development cycles.

To validate the approach, data for selected plastics must be collected according to
the described methodology, and the feasibility in mass production must be assessed.
Further work should investigate the transferability to other end product properties, such
as adhesiveness, to cover as many use cases as possible with a methodology and enable
efficient and broad quality monitoring.

6 Disclaimer

The results, opinions and conclusions expressed in this publication are not necessarily
those of Volkswagen Aktiengesellschaft.
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Abstract. The importance of sustainability and reducing CO2 emissions to tackle
climate change has long been recognized in the automotive industry. A key area
of consideration is production itself. Until now, existing systems and equipment
have often been put into storage or scrapped when products are changed, even
though they could still be put to good use in other production lines. The potential
lies in counteracting the waste of resources through circular resources, so that
production itself becomes more sustainable. At the same time, production will
become even more flexible, as it should be possible to book equipment as required
and only pay for it during the utilization phase. This can become a competitive
advantage for companies as it enables them to react to rapid product changes and
fluctuating demand. The paper looks at the opportunities for companies to use
circular equipment using the example of clamping fixtures but also highlights the
current challenges that prevent their use in practice. In addition to identifying the
potential of digitalization and the linking of individual life cycles, the complexity
of a life cycle assessment of operating resources is shown on the one hand and
what is possible with the result on the other. The new “Equipment as a Service”
business model for renting equipment will also be highlighted and the associated
issues of responsibility and billing will be discussed.

Keywords: Production equipment - Sustainable automotive production -
Equipment as a service - Reconfiguration

1 Introduction

Managing climate change and, in this context, the importance of the circular economy
is a major topic for the production industry[1]. The relevance of extending the scope of
consideration to the entire value process has already been recognized. This means that
production itself must also be included. One focus here can be the equipment used in
production to manufacture products. Due to the constantly increasing customer require-
ments for innovations and the associated rapid introduction of new product variants,
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these also have a major impact on the associated production facilities. These are cur-
rently disposed of after use, which offers great potential for optimization in terms of
saving resources [2]. This also includes the operating materials used, some of which are
individually adapted to the respective production plant. However, great potential is seen
here for further use, but also for the transfer of this equipment and the corresponding use
by another user through appropriate adaptation. In order to achieve a circular economy,
this can be used as an approach at the equipment level.

The potential, but also the challenges, extend across the entire product life cycle
[3]. In the end, it must be a benefit for the customer and must not lead to higher costs,
downtimes, or quality problems. It is therefore important to solve the current problems
along the value chain and create further added value. The challenges and potentials in
the respective phases are discussed using the example of clamping fixtures. Based on
the evaluation and disassembly of a component, it becomes clear which materials have
which influence. Engineers can be given direct feedback to design more sustainably, as
there is still a lack of knowledge and understanding of how a particular choice of material
affects CO2, for example. Another important factor is the new business model (renting
instead of buying) and the associated questions: Who is responsible for the operating
resources, or how is the billing done?

2 Fundamentals and Methods

For a common understanding, this section contains the definition of circular production
and the equipment used in production with a focus on the use case of the clamping
fixture.

2.1 Circular Economy

Resource scarcity, stricter environmental regulations and changing consumer expecta-
tions are pushing companies to develop alternative concepts to traditional linear pro-
duction [4]. Many research projects see circular economy concepts as promising solu-
tions [5]. Activities on the road to a circular economy can be structured using the 9R
framework, whereby reduce, reuse, recycle and remanufacture are seen as particularly
important for sustainable product development [6, 7]. In addition, remanufacturing is a
promising approach for recycling used products and extending the lifespan of a product.
The resources already used, and the energy value added during the original produc-
tion of the products are retained. In addition to resource efficiency, this also increases
productivity and profitability [8].

According to Fontana et. al., the intensity of research into the circular economy
concerning production resources is low [4]. The existing approaches focus on prod-
uct design[9], condition monitoring[10] and the automated dismantling of production
equipment [11].
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2.2 Production Equipment

According to the DIN 6300 standard, production equipment includes all material
resources required to produce a product. Production equipment is clearly distinguished
from production materials, which do not influence the end product [12]. The categori-
sation of operating equipment according to DIN 6300 within production equipment
is shown in Fig. 1. This categorisation provides a systematic overview of the various
elements that act as production equipment in the production process.

Fabrication equipment
according to DIN 6300

Production materials

Machine tools

Production equipment

Raw materials that are used
Equipment required for in the manufacture of
manufacturing products

“ “ AR e e

Fig. 1. Classification of equipment in the category of production equipment according to [13]

2.3 Fixtures

Alongside tools and measuring equipment, fixtures are an essential category of equip-
ment in industrial manufacturing processes. These technical aids are used to hold a
workpiece in a stable position, fixed alignment, or specific location. Their main func-
tion is not the direct execution of manufacturing processes, but rather to ensure pre-
cise positioning between different workpieces. Typically, fixtures are used primarily in
multi-dimensional machining processes [14].

Various clamping principles can be used to realise fixtures. In the automotive indus-
try, fixtures are primarily used in serial welding and assembly processes. They fulfil a
crucial role in automated industrial production processes by ensuring that consistently
functioning components can be manufactured. The use of fixtures in these processes
helps to ensure the quality and reliability of the manufactured parts. Their use therefore
not only enables efficient production but also standardised and repeatable production of
assemblies and components.

3 Application

The opportunities and challenges in practice for sustainable production equipment are
divided into five levels of consideration and are shown in Fig. 2. These five levels are
further explained in the following section.
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Fig. 2. Opportunities and challenges for circular equipment for the given use case

Based on a use case, a manufacturing cell, the levels of consideration relate to various
aspects of this system. The production cell itself can be viewed as a closed system that has
been specially developed for carrying out a joining process in the context of assembly
production. Within this scenario, four different operating resources work together to
successfully realise the manufacturing process.

The main players in this manufacturing cell are the three production equipment. A
specially developed gripper on a handling robot and a welding fixture are two of these
resources. The process begins with the provision of individual components, which are
placed in a load carrier. These individual components are then precisely picked up by
the handling robot and placed in the welding fixture. The specially designed gripper
ensures precise handling and positioning of the components.

The actual joining process is carried out by a high-precision welding robot. This
robot uses its welding tools to join the individual components together to create the
complete assembly. The highest levels of precision and efficiency are considered to
ensure high-quality production.

These levels of consideration make it possible to understand in detail the interaction
of the operating resources in the specific contextualization of a use case production cell.
The integration of handling and welding robots as well as the use of a load carrier and the
provision of components by a shooter-like load carrier not only increases the efficiency
of the process but also ensures precise and reproducible production. This structuring
and automation of the production process helps to optimize the quality of the assemblies
produced and increase the overall performance of the production cell.

The use case follows the primary approach of sustainable resources and a flexible
production cell. The following chapters will therefore address the engineering of sus-
tainable resources and a corresponding evaluation on the one hand and the business
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model behind a flexible production cell through a corresponding data-driven production
network on the other.

3.1 Engineering

While the focus in the engineering of production equipment has so far been on imple-
menting customer requirements as cost-efficiently as possible, other factors must be also
taken into account for the development of circular equipment. Here, equipment manufac-
turers must weigh up how far the solution should be tailored to a specific application or
whether a generally valid solution would be better in the context of a circular economy.
The universal variants are often not aligned with company-specific guidelines, especially
from the automotive industry. This also means that the use of operating resources across
customers is made more difficult, although it is more and more requested by the industry.
Three key questions need to be clarified as part of the design process:

— Is a viable, modular structure of the production equipment possible and what does
this look like?

— How can modifications be made as easily as possible?

— Which materials are used?

The first question focuses on how the equipment, which itself consists of individual
components, can best be structurally designed so that it can be repaired and upgraded in
line with the overarching goal of the circular economy, thus maximising the lifespan of
the product. The second question addresses the point of repairability and upgradeability
again and requires that the equipment can be easily assembled and disassembled. This
also has a direct positive effect on user-friendliness and maintainability for the end
customer. Easy accessibility and interchangeability of parts without specialised tools
or specialist knowledge are of special interest here. The final question relates to the
material. The material used must not only fulfil the technical requirements but must also
be selected responsibly with regard to its environmental impact.

esEquipment Price ==Guidelines

ModulariKA
/z;'

Ease of Repair, / Generalisation

/ 1

Dismantlability {0—K— Durability
Upgradeability “Product Carbon Footprint

~ Vet —

Fig. 3. Optimisation problem during the design of circular production equipment
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Figure 3 illustrates the trade-off between eight factors during the design of circular
production equipment. Due to dependencies, changes to one factor can have both positive
and negative impacts on the others. In addition, each of these factors can be implemented
to varying degrees, hence they are each assigned a value between zero and ten for
quantification reasons. A ten means that this factor has been fully implemented. Further
constraints, such as policy and price, often exist on top of this, resulting in an optimisation
problem that needs to be solved. This leads to situations where the factors are constrained
by either the price or the policy.

3.2 Integration

How (circular) production equipment can be integrated into existing and new production
facilities is the subject of numerous research projects. To ensure that companies make
use of the new approach, the efforts for the customer must be minimised. This raises
the question of how intelligent an operating resource must be. Figure 4 Illustrates the
two extremes. The left-hand side shows what is called simple equipment, which has
no logic or control of its own. Every signal and every pneumatic connection must be
integrated and parameterised in the existing system, in this case, the controller and valve
terminal, which leads to increased integration costs. On the other hand, the costs for the
operating resources are minimal. The opposite is shown on the right a smart equipment. It
has its own controller, which controls the valves and subsequently the clamping device
independently. The equipment only needs to be supplied with the required media (in
this case: compressed air, electricity, and network) and then operates autonomously.
This offers the advantage that the equipment manufacturer can guarantee the desired
behaviour and is not dependent on any third party that it cannot control. However, it
presupposes that the subordinate platform has the appropriate functionality to enable
dynamic integration into a system and the cost are much higher.

 Simple Equi t ~ Smart Equi

How intelligent
does a production
equipment need to

be?

Cell Equipment Cell Equipment

Fig. 4. How intelligent does a production equipment need to be?

One possible approach could be the development of a standardised platform with
appropriately standardised connections. This platform is currently being developed in
the ongoing research project.
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3.3 Digitalization

Within this approach, digitalisation is an important enabler, as data must be exchanged
between equipment manufacturers and end users in all life cycle phases. In the engineer-
ing phase, a link with the user’s operation backbones is necessary so that the equipment
fits into the existing system and can be integrated with minimal effort. During the utilisa-
tion phase, data from the equipment must be transmitted to the manufacturer for billing
and maintenance. It is therefore essential to have a higher-level platform that enables
data exchange and provides the corresponding services. Since every company has dif-
ferent IT systems and data structures, it is necessary to create a common data basis and
understanding. Open standards, such as the Asset Administration Shell, are ideal for
this purpose. The existing sub-models, which represent standardisation within the AAS,
provide a good basis for mapping individual elements and activities but are still insuf-
ficiently defined in many cases. These gaps need to be closed so that a corresponding
interaction, as outlined in Fig. 5, is possible. This shows, on the one hand, which services
are required in the various entities and, on the other hand, the different ways and levels
in which they must interact with each other.

pigmatwin - AAS
™% BACKEND

DIGITAL PLATFORM

Equipment User 4 DATA HUB _

\ o =

Re-X Engineering i % Re-X Engineering

Backbone Backbone

Fig. 5. System architecture of a digital platform for circular equipment

3.4 Life Cycle Assessment

Life Cycle Assessment (LCA) is a methodical approach to analysing the environmental
impact of products or processes along their entire life cycle. The analysis ranges from the
extraction of raw materials through production to utilisation and disposal (see Fig. 6).
This holistic approach enables the LCA not only to identify environmental impacts
but also to derive targeted measures to minimise the ecological footprint and resource
consumption, as well as to identify and compare granular ecological and economic
hotspots along the life cycle of a product.
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Fig. 6. System architecture of a digital platform for circular equipment. (Source: Capgemini
Engineering)

A key challenge in the LCA analysis approach is the sometimes-extensive data gaps,
which make it difficult to take a holistic view and increase the potential for distortions
in the analysis. Data must be collected over the entire life cycle, as shown in Fig. 7.
Another critical aspect is the heterogeneity of the available data, which can come in dif-
ferent forms and formats. This leads to considerable additional work in data preparation
and integration, as the same information from different sources has to be standardised.
The data processing challenges are further compounded by the need to convert the
available data into the specific formats of the LCA models. This conversion requires
a deep understanding of the model structure and a precise adjustment of the data to
ensure a coherent basis for the analysis. Among other things, this is necessary to achieve
comparable results.

Energy
= Consumption
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Product use i

+ Energyconsumptionandsource Snd st

o Energyconsu + Disassemblyprocesses
+ Materilseparation
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- Spareparts
+ Manufacturingroute igin/Destination or distance + Directemissionstoair/soilfwater

eof transport
« Compositon Vehicletypeandsize - Vehicletypeandsize
* Haterlamountper package « Origin/Destinationor distance « Origin/Destinationor distance
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Fig. 7. The data required for the LCA comes from a variety of sources along the product life
cycle. (Source: Capgemini Engineering)
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However, some opportunities can improve both data quality and the analysis process.
The elimination of data gaps can be achieved through an extended integration of LCA
data requirements in different company departments. Comprehensive data exchange
between production, procurement, logistics and other relevant areas enables holistic
data collection across the entire life cycle of a product. This not only helps to eliminate
data gaps but also promotes a more comprehensive and accurate analysis of environ-
mental impacts. The introduction of digital twins and the automation of data collection
and processing offer another promising opportunity. By creating digital replications of
physical products and processes, data can be captured and continuously updated in real-
time. Automating data collection and processing not only reduces manual effort but also
enables a faster response to changes in the production process. This leads to a more
efficient and cost-effective implementation of LCA.

According to the use case described in Sect. 3, an LCA was carried out for the
load carrier by the project partner Capgemini Engineering. It should be particularly
emphasized here that a load carrier made of plywood was developed in line with the focus
on sustainable resources. This load carrier is compared directly with a conventional steel
load carrier. In Fig. 8, the steel load carrier is declared as the status quo, while the plywood
load carrier represents the innovation. Figure 8 shows the corresponding calculations for
CO2 emissions in kilograms per unit based on three levels of consideration. Firstly,
the individual life cycle phases that the load carriers go through, from raw material
extraction, logistics and production through to the end of their life, are shown in direct
comparison. This shows that the status quo load carrier made of steel has significantly
higher CO2 emissions per unit during raw material extraction. The middle figure shows
a comparison of the individual components that make up the load carriers. Both load
carriers consist of steel components and steel connecting elements, as well as wheels
and packaging, but to varying degrees. The proportion of steel components in the status
quo load carrier is significantly higher due to its complete steel construction than that of
the innovation load carrier, due to the fact that the latter is largely made of wood.

The last diagram is intended to show a direct comparison of the CO2 consumption of
the individual materials in the two load carriers. Here too, due to the different materials
of the two load carriers, the status quo load carrier with a significantly higher proportion
of steel elements also has a correspondingly higher CO2 consumption. In contrast,
the Innovation load carrier consists mainly of wooden elements and therefore has a
significantly higher consumption for the material “wood”. Overall, however, it is clear
from all three figures that the CO2 consumption of the innovation load carrier has
significantly lower CO2 emissions per unit, both along the life cycle phases and in
a direct comparison of the components. This is mainly due to the high proportion of
wooden components and the associated lower CO2 emissions than steel.
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Engineering)

3.5 Business Model

A new, customised business model is required to implement the presented approaches
for the circular operating resources. A change in industrial processes must be brought
about by aiming to create a closed-loop system. The business model therefore aims
to maximise the use of operating resources in production by implementing innovative
solutions for the highest possible degree of reuse.

The existing business models for operating resources face several challenges that
affect both environmental and economic aspects. One of the central problems is the low
utilisation rate of existing operating resources. Inadequate utilisation not only impairs
economic profitability but also contributes to inefficient use of resources. A sub-optimal
product life cycle exacerbates this problem, as complete production lines, including the
associated equipment, are often completely disposed of. These short life cycles increase
the need for new purchases and therefore the consumption of resources. Another signif-
icant obstacle is the lack of end-of-life concepts for operating equipment. Insufficient
planning for the end of the useful life makes recycling or disposal difficult, which leads
to considerable environmental impacts. At the same time, the high capital commitment
in conventional business models places a financial burden on the user, as cost-intensive
operating resources must be procured. Subscription-based business models for recyclable
operating resources can offer added value here and promote sustainability.

This is increasingly focussing attention on the need for sustainable business models
in the context of circularity for operating resources. Subscription-based approaches offer
a wide range of potentials that promote the circular economy and reuse of equipment
and thus save resources. Improving the utilisation of operating resources is a central
aspect of subscription-based business models. By creating access instead of ownership,
the efficiency of resource utilisation is maximised. Users have the opportunity to utilise
resources only when they are needed. The self-interest of users in long product life cycles
is strengthened by subscription-based models. Subscription-based models offer users the
advantage of gaining access to high-quality products without tying up large amounts of
capital. This leads to greater planning security, as users can calculate exactly what costs
will be incurred in a certain time. At the same time, the equipment manufacturers are
responsible for the end-of-life concepts or reuse.

Such an approach, where the equipment remains the property of the manufacturer
and can be rented directly from the manufacturer as required and only the actual use is
paid for, is called “Equipment as a Service”.
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The most important components of the new business model approach are determined
with the help of the business model canvas. In addition to the value proposition, the
required infrastructure and the potential customer base are also identified. Based on
this description, the further development towards an “Equipment-as-a-Service” business
model is pursued. Figure 9 shows the results of the business model canvas with the
corresponding inputs.

Key partners Key activities Value proposition Customer relations Customer segments
+ Customer + Usage tracking of + High availability « Close relationship with the « Initially a niche market, in
+ Equipment manufacturer equipment (definition of + Customizability of the customer future a mass market
« Software service provider "usage" required) equipment « Interoperability + Small and medium-sized
* (Reverse) logistics service + Predictive maintenance + PCF for equipment enterprises
provider + Reverse logistics concept + Favorable sustainability « Sustainability-oriented
+ Financial service provider « System integration at the + Flexibility manufacturers with small
for billing customer + Independence of costs from quantities
* Legal advice/contracts + Calculation of the PCF capacity utilization
« Policy (CO, -costs, + Loweri 1t costs
regulations) Core resources + Compliance with regulations [| Channels
* Insurances + Modular and reusable BM + Online sales platform
+ Usage data « Virtual marketplace
+ Digital platform + Personal advice
* Personnel & Infrastructure
« Digital twin of the BM

Cost structure Revenue streams

« Logistics costs « Payment per use of the equipment

* Personnel costs + Payment for additional services

+ Storage costs + Payment for the individual customization of BM

* IT costs
+ Relationships with other partners (XaaS models) from a customer perspective

Fig. 9. Business Model Canvas for the “Euqgipment as a Service” approach

4 Conclusion and Outlook

The use of circular production equipment is a promising approach to making the pro-
duction of the future sustainable. It can also be integrated into existing production facil-
ities and also provides an opportunity to take into account fluctuating demand and the
ever-shorter product life cycles.

Using the example of a manufacturing cell, five aspects (engineering, integration,
digitalisation, business model and LCA) were discussed that must be considered when
developing and introducing circular production equipment. It became clear that some
fundamental questions still need to be answered in the individual aspects to create ver-
ifiable added value for the customer. Despite the challenges that still exist, there are
also many opportunities and possibilities that are currently not possible. For this, it is
necessary that this innovative business model is implemented in its full complexity with
areal use case so that it can serve as the basis for further products.
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Abstract. Motivated by the goal of reducing resource consumption, industries
around the globe are rethinking their linear production systems to move towards
a circular economy (CE). CE strategies must be selected individually for each
product and each instance. The scope of the decision logic developed in this work
was constrained to reuse, repair, remanufacture, recycle, and recover. Following
this, factors that influence the selection of a strategy are identified based on liter-
ature and expert interviews and mapped to the selected CE strategies. A criteria
clustering occurs according to PESTEL categories (political, economic, socio-
logical, technical considering product and process, environmental and legal). A
pairwise comparison of criteria is made based on which a hierarchy is established.
In addition, strategic factors were assigned a higher order in the hierarchy. This
order provides the basis for the decision trees to be created. In a first decision tree,
suitable CE strategies are identified at a high level based on the product properties
for which the applicability is validated in a second tree. This procedure may be
followed in an iterating manner for the whole product and its components. In the
logic, criteria can be either strategic (for example, process setup) or operational
(decision at the product instance level). The termination criterion is the selection
of the CE strategy ‘recover’ or product disposal. The selection of CE strategies was
validated using the example of batteries used in electric vehicles. For this purpose,
two scenarios with differing product states were developed, and the decision logic
was applied to both.

Keywords: Circular production - CE strategy selection - Batteries -
End-of-life-products

1 Introduction

In alignment with sustainability, the circular economy (CE) concept is gaining impor-
tance for industry. From product development, circularity extends to the end customer,
and various recycling stages can be realised from different life cycle phases to other
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life cycle phases. Therefore, several CE strategies are defined. These strategies specify
what should be done with end-of-life (EOL) products. [1] analyse various strategies and
examine which scope is covered in each case. A hierarchical arrangement is made for
value retention. It is of greater interest for companies to select a CE strategy early along
the product lifecycle. Even a cost-driven approach can be favoured here, as it is essential
to differentiate between the depth of disassembly and the process selection for a specific
CE strategy.

Therefore, this work develops an easy-to-use decision logic that identifies suitable
CE strategies based on impact factors determined beforehand from literature and expert
interviews. On the one hand side, a structured decision approach is provided. On the
other hand, it aims to provide an overview of criteria that serve as a starting point to
make such a decision. In the following, a brief insight into CE and decision trees is given,
and the current state of research is analysed. The developed methodology is presented,
and the applicability is underpinned with a validation using the example of an electric
vehicle battery. The content is summarised and critically assessed, and further steps are
outlined in a final section.

2 Foundations

The CE encourages a rethinking of linear economic patterns. There are numerous def-
initions in the literature, but these have not yet been standardised [2]. An attempt at a
meta-definition was made by [3], in which, based on the definition of the Ellen MacArthur
Foundation, the following definition is given: “The circular economy (CE) is a regener-
ative economic system which necessitates a paradigm shift to replace the ,end of life*
concept with reducing, alternatively reusing, recycling, and recovering materials [...]
to promote value maintenance and sustainable development, creating environmental
quality, economic development, and social equality, to the benefit of current and future
generations. It is enabled by an alliance of stakeholders (industry, consumers, policy-
makers, academia) and their technological innovations and capabilities.” [3] The CE
affects all areas of society and ranges from the macrosystem level and, thus, the national
level to the microsystem level, influencing individual entities [2].

2.1 A Brief Insight into CE Strategies

In industrial production, two aspects are outstanding in terms of circularity. On the
one hand, a resource-conserving value chain should be realised, and, at the same time,
sustainable products should be created. Resource savings can be realised in processes
and product design, for example, using renewable materials for energy generation or
in products themselves [4]. The necessary process steps in a reverse value chain are
reclaiming the products, inspecting and classifying the products to determine the type of
reuse, restoring the products using a selected CE strategy and reintegrating the products
into the value chain [5]. Depending on the CE strategy applied, the return occurs at
different points in the production process, as shown in Fig. 1.
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Supplier % ------- -{ Production }» ------- -{ Distribution }» ------- -{ Consumer
! I________,' T—R3:Reuse
i
i
R6: Remanufacture

R8: Recycle

Incineration [~ R9:Recover

------- - Linear material flows

Circular material flows

Fig. 1. Material flows in the product life cycle (based on [6] and [7])

Various sources define many strategies, beginning with product development and,
thus, the redesign of products in their early stages until recycling or energy recovery of an
end-of-life product [1]. A classification was made according to the speed of the circular
loops, and these were assigned to different strategies, indicating in which timeframe a
particular strategy could be executed [1]. The scope of strategies considered varies across
different approaches [1]. Since the strategies reuse, repair, remanufacture, recycle and
recover are of greater interest to the methodology developed, they will be explained in
further detail and differentiated.

The reuse strategy refers to the direct utilisation in a second lifecycle of the entire
product or individual components [6]. The decisive factor here is that no or very few
energy inputs or work processes need to be carried out on the product and that it is fully
functional [8]. By contrast, to reuse, repair means that specific work steps are carried out
to restore the product to a functional condition [8]. Building upon this, remanufacturing
implies that a product is used for the same function [6]. Nevertheless, complete reman-
ufacturing of the product requires that it is returned to its original condition, and thus, a
warranty claim also exists [7]. Recycling implies that the raw materials of a product are
kept within the loop [8]. If only the energy is recovered by combustion from combustible
materials, this is called recovery [6].

2.2 Decision Trees as Decision Support

Decision trees consist of a root, several inner nodes and several leaf nodes [9]. A decision,
which can vary in complexity, is made at each node. The answers to these questions
provide direct links to the child nodes. Values from a small set and linear or logical
combinations of several characteristics can serve as answers. The simplest response
form is a yes or no answer [10]. The sequential traversal of the decision tree ends when
a leaf node is reached. Decision trees can be used to visualise chained decisions and
transparently present the decision options in a complex, multi-stage decision-making
process [11]. This clarifies the relationships between the individual aspects and makes
the results easy to understand and comprehend [11]. In addition, decision trees are
flexible and an easy-to-use method [12].
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3 State of the Art

Following a systematic literature search using the PRISMA methodology [13], 15 rel-
evant publications were identified in which approaches for the systematic selection of
CE strategies are presented. “circular economy” AND “recovery strategies” AND “de-
cision” AND (“end-of-life products” OR “product returns”) was used as a final search
string in Google Scholar. The period considered was limited to the timespan between
2000 and 2023, and it has been limited to English publications. In Fig. 2, an overview of
the procedure is given. After identifying relevant literature, publications were screened
based on their title, and 36 relevant publications were identified. After scanning keywords
and abstracts, all 36 publications were considered relevant. Using a forward-backwards
search, six additional publications were identified. Using this set of publications, the
content was screened with a focus on the used decision logic and a total of 9 publica-
tions were selected. This was further enhanced by a forward-backwards search, and a
total of 16 publications were selected.

Identification of literature Analysis of literature

n=273.000 < Circular economy v
Scanning of title .
v n=36
n=125.000 « Time: 2000-2023 l
! Scanning of keywords
7 n=36
n=2.070 « Recovery strategies
l Scanning of abstracts
n=1420 « Decision n=36

n=295 < End-of-life products Assessment of decision methodology ~ ——» Forward-backward search

Fig. 2. Approach to systematic literature review

Multiple criteria were employed to assess these approaches. First, the methodol-
ogy was evaluated from an application perspective, and the criteria of required prior
knowledge, comprehensibility and simplicity of implementation were used. Two levels
were included in the analysis to determine the scope of the respective logic. On the one
hand, which framework can be considered at the content level concerning the PESTEL
(Political - Economical - Sociological - Technical - Environmental - Legal) criteria were
examined. Market-related and business-related factors were added as further dimen-
sions. On the other hand, it examined which CE strategies were considered in each case
to provide a comprehensive analysis of the opportunities along the value chain. In addi-
tion, it is evaluated if a validation was made considering a real use case. An overview of
the state of the art is provided in Table 1.

Several of the contributions provide a good basis in terms of the applicability of the
approaches (e.g. [8, 14—18] and [19]). Other approaches are more complex in application
(e.g.[20-25] and [26]), but still cover a broad range of CE strategies and PESTEL criteria.
In other cases, a different focus is chosen. For example, in [27], an approach focusing
more on steps before the actual product processing, such as sorting, is described. [27]
enlarge the scope and consider the whole supply chain, whereas [28] remain at a use-
case-specific level. To conclude, an easy-to-use approach must be formulated to select the
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most suitable CE strategies for a used product and its components. Within this approach,
it is essential to include impact factors from all eight defined categories. This enables
a high-quality, suitable and appropriate decision to be made quickly and easily by the
decision-makers. To do justice to the concept of the CE, it is also necessary to consider
CE strategies arranged in a high hierarchical order as decision alternatives. In this way,
the lowest possible consumption of natural resources and environmental impact and
simultaneously the longest possible product life extension can be realised.

Table 1. State of research
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4 Decision Logic for Ce Strategy Selection

A central aspect of CE is to close resource loops to maximise the value and benefits of a
product and its components [29]. [17] have developed a universally applicable decision-
making method for selecting the most suitable CE strategy, which can be applied to
both product and component levels. This work aims to create an easily implemented
approach to guarantee traceability, transparency and simplicity. Following the approach
of [17], the method applies to both product and component levels to achieve the most
appropriate selection for either. To arrive at the most suitable strategy for a product or
its components, the objective is to consider as few as possible but as many as necessary
impact factors as possible during the decision-making process. In conclusion, this work
can be seen as an extension of the work of [17]. As relevant impact factors vary by
product and component, a universally applicable decision logic has been developed that
can be adapted to specific scenarios of different products or companies. To develop the
decision logic to select the most appropriate CE strategies for a used product and its
components, the approach depicted in Fig. 3 is chosen.



234 J. Dvorak et al.

Discussion and

Identification of Determination of Clustering of Pairwise Development of G "
. i e A validation of logic
relevant CE impact factors on factors according comparision of decision trees g
strategies CE strategies to PESTEL criteria criteria based on hierarchy D

interviews

development
application

Identification of
applicable CE
strategies in
decision trees

Fig. 3. Approach for decision logic development

4.1 Description of Approach

First, the relevant CE strategies are identified. In this work, the CE strategies reuse,
repair, remanufacture, recycle, and recover are considered, and the hierarchical order
is based on the 9R model of [6]. Second, impact factors on selecting CE strategies for
a used product and its components are determined since the extant literature does not
offer a list of universal impact factors on CE strategies. Impact factors were derived
from the literature in the first step. Therefore, different combinations of the keywords
(i.e. circular economy, critical success factors, product design, recovery strategies,...)
were used in different search engines. Using the snowball principle, further literature
was screened. The extracted factors were then clustered and presented to experts from
the industry. In the first step, their relevance was questioned; in the second step, experts
were asked for further factors. Due to the multitude of impact factors and their depen-
dencies, a structural approach is employed in the third step. This approach comprises
the six categories of the PESTEL analysis and expands them with two categories. Thus,
the identified impact factors are classified into eight categories: political, economic,
sociological, technical, legal, environmental, business- and market-related impact fac-
tors. To comprehend the dependencies of the impact factors, a pairwise comparison is
made, and thereby, a hierarchy is created. However, the hierarchy is biased by the use
case and must be adjusted when a new use case is considered. A universally applicable
hierarchy cannot be created due to the subjective assessment of the importance of the
factors, which depends on the group of decision-makers, the product, the company and
external circumstances. For instance, decision-makers in production rate the materials
employed as highly significant for the decision-making process, whereas those in the
planning department view them as less relevant (according to expert discussions within
the research project ZirkulEA (17" July 2023)). However, the analysis of the impact
factors indicates starting with broad, externally determined factors before moving on to
more specific ones and finally to the product’s properties and the production process.
The final step is the development of the decision logic to select the most appropriate CE
strategies for a used product and its components. This work adopts decision trees as a
decision method to provide a user-friendly, transparent and traceable decision method.
The sequence of the decision trees follows the hierarchy of the CE strategies and thus
depends on their circularity level. An initial decision tree is created to determine the CE
strategy that achieves the highest level of circularity and appears possible for a specific
product. Additionally, decision trees for each CE strategy, reuse, repair, remanufacture,
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recycle, and recover, are formulated to assess their feasibility. The decision trees include
many identified impact factors from different categories, focusing on technical, business-
and market-related impact factors. The logic can be applied iteratively by initially decid-
ing on the complete product and assigning one CE strategy to the whole product or using
the decision logic to determine a strategy for each component or sub-component. The
basis for strategy selection is the 9R-model of [6], which is modified for the context
of this work. The first three CE strategies, refuse, rethink and reduce, are irrelevant to
the present context because they cover product manufacture and utilisation. Developing
a user-friendly and easy-to-use decision logic requires a reduction of complexity and,
therefore, a targeted selection of relevant CE strategies based on previous research [17,
19]. Thus, the scope of the decision logic is constrained to the CE strategies of reuse,
repair, remanufacture, recycle and recover.

4.2 Clustering of Factors

In analogy with prior research, this work employs the six categories of the PESTEL
analysis to classify the impact factors on CE strategies (e.g. [19]). Additional categories
are introduced as this work identifies factors that influence selecting the most appropriate
CE strategies for a used product and its components. These categories comprise influ-
ences from the company, the sales market and demand. Therefore, the identified impact
factors are classified into eight categories: political, economic, sociological, technical,
legal, environmental, business-, and market-related impact factors. Most of the identi-
fied impact factors belong to the category of technical factors. Furthermore, the specific
application heavily influences a product’s technical factors and properties. Its compo-
nents and production processes significantly affect the selection of suitable CE strategies
for a given product. Therefore, this work distinguishes between technical impact factors
related to the product and the process, as previously identified in research [19, 21]. The
allocation of impact factors into the eight defined categories is based on existing liter-
ature and expert consultation. Collaboration with experts from industry and research is
particularly relevant, as factors cannot always be categorised due to a lack of literature
or assignment to varying categories in the existing literature. For instance, the impact
factor ‘pressure from environmental activists or parties’ is assigned to the environmen-
tal category in [30] and to the sociological category in [19]. However, expert interviews
indicate that this factor is perceived in practice as a political impact factor, which is why,
in this work, the categorisation based on the expert opinions is chosen.

The comparison of the identified factors and the creation of a hierarchy is a nec-
essary step to develop the decision logic and better comprehend the impact factors’
dependencies. Developing a separate assessment and sequence of impact factors for
each application is necessary. The analysis of the impact factors and their dependencies
indicates that it is generally advisable to start by examining broad, externally deter-
mined factors before moving on to more specific ones. In the end, the properties of the
product and the production process should be considered. Figure 4 depicts the proposed
hierarchy of impact factors. Broad, externally determined factors are sociological and
market-related factors such as the reason for returning the product, customer needs, the
reason for buying the product or demand. Next, certain technical product-related fac-
tors must be fulfilled for specific CE strategies to be feasible. Additionally, technical
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process-related factors must be verified to implement specific CE strategies. It is essen-

tial to consider operational factors, such as product quality or functionality, and strategic
impact factors, such as production facilities or demand.

Broad externally determined

Q
impact factors g
En
2 8
g O
g S
More specific impact factors Té g
=%
g §
5
Properties of the Properties of the g
product production process

Fig. 4. Proposed hierarchy of impact factors

4.3 Logic Development and Decision Trees

The final step is the development of the decision logic to select the most appropriate CE
strategies for a used product and its components. In this work, decision trees are used to
encounter the multitude of impact factors and the complexity within the decision-making
process.

An initial decision tree, as well as individual decision trees for the five CE strategies,
reuse, repair, remanufacture, recycle and recover, have been created in this work. Figure 5
shows the arrangement and sequence of the decision trees. To determine the level of the
decision-making process, the decision-makers need to answer a question outlined in the
initial decision tree. Returning to this question to apply the decision logic iteratively for
whole products and components is possible.

The approach depicted in Fig. 5 can be understood as follows: The initial decision
tree (1) is used to determine the CE strategy that achieves the highest level of circu-
larity, based on [6], and appears possible. The initial decision tree’s questions focus
on general product features and external factors such as, for example, demand. Product
properties like structure [19], modularity, dismantling ability [17] and functionality [14],
available product information, demand and legal regulations (expert discussions within
the research project ZirkulEA) are considered in the initial decision tree. As an output,
the initial decision tree provides potential CE strategies. Once the CE strategy with the
highest circularity, which appears possible, has been identified, its feasibility must be
assessed further using the respective decision tree of the CE strategy (2, 3, 4, 5). The
questions within these decision trees focus on technical process-related impact factors
such as essential production facilities [14] or expertise and provided instructions [7].
Moreover, the suitability of the product’s condition for the CE strategy is examined [7,
28]. After assessing the feasibility of the identified CE strategy, decision-makers are
ultimately directed towards the decision tree of the next relevant CE strategy examined.
These connections are shown by the arrows in the graphic. It should be noted that the
next selected CE strategy may not necessarily be the next in the hierarchy. For instance,
the definition of reuse (2) already excludes the possibility of CE strategies repair (3)
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and remanufacture (4) applying to a reuse product and vice versa. The assessment of
the feasibility of the CE strategies concludes with identifying the CE strategy with the
lowest rank, ‘recover’ (6), as feasible or disposal as an option. At certain nodes in the
decision trees, decision-makers need to assess, for example, a particular characteristic
of a product, demand or necessary investments. These assessments depend on the group
of decision-makers, the product, the company and external circumstances. Therefore,
this work can be seen as a framework for further applicability. Criteria are listed and
formulated on an abstract level, which may then be further specified depending on the
use case. In addition, a methodological approach is given for ranking and decision tree
building.

° Extract from decision trees
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| i
S therea
: - S | / dul: e
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Fig. 5. Arrangement and sequence of the decision trees

Within each decision tree, depending on the way chosen, elements can occur repeti-
tively on different branches of the tree. These repeating and content-related elements are
combined into modules for complexity reduction and better visualisation. In this work,
19 modules are defined. For example, a module structure can be adapted to meet specific
application requirements. One example is the module for product and component sep-
aration, which includes questions about the product architecture, the applicability and
the expense of separation processes. Another example is the module for the analysis of
the demand. This module analyses the demand for the novel product and the product to
which a CE strategy was applied.

To apply the decision logic, the following steps must be followed. The first step is
the determination of an objective function. This step has not yet been conducted, and
the definition of such a target function is subject to future work. The second step implies
the determination of required information and data for decision logic application. In the
third step, the desired quality of a product or component must be specified. This must
then, in the last step, be further detailed for each strategy and component.
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5 Validation

The decision logic was applied with experts from the research project ZirkulEA using a
real use case of a lithium-ion battery for electric vehicles. To validate the decision logic,
the experts determined a scenario representing an expected standard case in the future. In
this case, the battery is in good condition, meaning that the battery passed a few charging
cycles and, at the same time, did not advance much in time-related ageing processes.
To validate the decision logic in this work, it is assumed that the company possesses
the required skills to execute the CE strategies, such as dismantling, refurbishment and
assembly capabilities. However, the processes for battery remanufacturing are not fully
defined yet. The decision trees passed for the full product are shown in Fig. 6.

Main criteria: lack of functionality of battery
modules, exchangeability of modules and therefore
modularity of the product

Initial decision
tree

Main criteria: remanufacturing not possible, since
processes in considered example not yet developped
Decision tree for
the CE strategy
reuse

Main criteria: potential solution because of material
value, however, repair is more attractive

Decision tree for Decision tree for Main criteria: material value too high for recover,
the CE strategy the CE strategy sirdegy it il
repair remanufacture
! Decision tree for
"""""""""""" the CE strategy
recycle
Result:

Disaibiton wes e CE strategies Repair,

the CE strategy
recover

Remanufacture and Recycle
are feasible.

Fig. 6. Sequence of decision trees in the context of validation

First, the initial decision tree determines the CE strategies that are relevant to the use
case. Therefore, an analysis of the product architecture is conducted. The battery has a
modular product architecture, where individual components (i.e. battery modules, battery
housing) can be separated. Moreover, the modules are assumed to be interchangeable in
this battery type. Additionally, the stability of the components and materials used is given,
facilitating non-destructive disassembly. An important factor to consider is the battery’s
functionality, which is found to be insufficient for direct reuse in the considered use case.
The functionality of the battery is measured using its state of health as a reference. The
state of health is defined as the ratio between the current and original performance of
the battery and, therefore, expresses a changeable attribute of usage and time [31]. First,
the product is considered as a whole.

The reuse strategy is possible in alternative applications such as external storage.
A reuse is suggested as a state of health of 70-80% is reached [32]. However, based
on experts’ opinions, in the current scenario, the application of the strategy repair is
more attractive than a reuse. To further prove this assumption, it is of greater interest to
incorporate a target function into the model in the future.

Due to the battery’s dismantlability and lack of functionality in this case, the CE
strategy repair is possible. Its feasibility is further examined using the specific decision
tree for the CE strategy repair. Second, the battery’s quality, such as contamination,
damages, and age, are evaluated per the CE strategy repair. These factors are considered
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appropriate, as is the ability to restore function and appearance. During the validation
process, the experts highlight the standardised components and connecting elements,
such as typical screw connections and seals, which require no extra effort when dis-
assembling the battery. The authorisation requirements for batteries remain intact as a
part of the CE strategy repair, which is why it is considered feasible. Repair, in this
case, means that certain modules in which the deterioration occurs on a chemical level
are exchanged. After the battery is repaired, its state of health is measured again. The
validation process proceeds by assessing the feasibility of the CE strategy remanufac-
ture for the battery. In the considered scenario, this is not possible since corresponding
processes have not yet been developed. Next, the feasibility of the CE strategy recycle
for the battery is evaluated. Due to the considerable material value and the quality of
the materials assessed as appropriate, the CE strategy recycle presents a potential repro-
cessing solution for the battery. By contrast, the CE strategy recover is unsuitable and
undesirable due to the high material value bound in elements like cobalt and nickel.
Therefore, according to experts, batteries are more likely to be recycled, in the course
of which extraction of those materials is enabled.

In the case that processing at the full product level is not possible, one could now
continue to restart the logic for the battery modules and the battery housing. Overall,
the experts evaluated the identified CE strategies repair and recycle as comprehensible
and found repair to be the most favourable option. However, the validation process
revealed that using the generally formulated decision trees requires considerable effort
to map to a use case. The level of effort required is considered high due to the numerous
steps, questions and assessments involved in applying the decision logic. Additionally,
answering strategic questions within the decision logic is currently challenging due to
the unknown process design and further product development. Obtaining the necessary
information can be difficult, as some of it is unavailable, hindering the application of the
decision logic. Furthermore, the profitability of the decision has not yet been considered
in the decision trees. Thus, it is intended to extend the decision logic to include a cost-
utility analysis.

6 Summary and Conclusion

Deciding what to do with used products is a challenge for companies. There are a variety
of possible strategies that can be used. This work first collected relevant impact factors
from the literature and was further enriched by expert interviews. These factors were then
compared pairwise, and a sequence of decision trees was generated to systematically
test the strategies, trying to identify the strategy with the highest circularity based on the
ranking of the respective CE strategies. Based on some general questions, the first step
is to select which of the strategies should be further investigated based on a specific use
case.

The decision tree approach has been tested with experts using a battery as an example
to determine which strategies can be selected based on the information provided. A
further effort for validation is required. It was possible to evaluate that repair is the
most desirable strategy if the modules can be separated. In addition, the battery can be
repaired in use and with comparably few efforts. Provided that the functional fulfilment
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is not sufficient for reuse in its original case, alternative usage, such as, for example,
using the battery as external storage, can be foreseen. To evaluate further options, the
incorporation of a target function and a quantitative evaluation is essential and the focus
of future work. The economic impact of a decision for a second use or a material recycling
highly depends on the surrounding conditions within a system. This work creates a frame
that can be filled further with an application case-specific view. In the further course of
the research project ZirkulEA, a simplified version of the logic will implemented in a
software demonstrator.
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Abstract. Climate change and resource scarcity pose existential long-term threats
to humanity. To tackle these issues the adoption of circular economy (CE) mea-
sures presents a viable option to reduce the emission of greenhouse gases and
preserve resources by reusing products and materials. Building on these insights,
the DIONA project (Digital Ecosystem for a Sustainable Circular Economy in the
Automotive Industry) aims to support the German automotive industries’ circular
efforts through the development and operation of a Digital Hub, which facilitates
cross-company collaboration to advance and share sustainable CE practices. Con-
sequently, we conducted a multi-pronged approach, involving a rigorous process
of examining previous hub initiatives, reviewing case studies, conducting inter-
views, and initiating focus group discussions with industry leading experts from
the automotive industry. Through this process, we articulate a strategic roadmap,
where we define goals, identify, and schedule milestones and assort the activities
necessary for a successful realization of the Digital Hub. The primary objectives
of the hub encompass (1) fostering an open and collaborative culture, (2) encour-
aging companies to share best practices, pool resources, and (3) strengthening
collective investments in sustainable initiatives. In addition, the roadmap consid-
ers stakeholders beyond the business community. It also addresses government
agencies, research institutions, and Non-Governmental Organizations in the digi-
tal ecosystem and builds a holistic approach to a sustainable CE. The first results of
the conducted studies suggest that a combination of virtual and physical actions is
necessary to trigger collaboration. In this roadmap, we align a variety of stakehold-
ers and provide valuable insights, into the cross-collaboration of twelve scientific
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research projects working together to shape a CE. Hence, the roadmap represents
a pioneering effort to address pressing economic and environmental issues and
offers a vision for a more sustainable and prosperous automotive industry.

Keywords: Circular economy - Digital hub - Collaboration - Sustainability -
Transformation - Automotive industry

1 Introduction

In addition to ongoing short-term crises like the Russian invasion of Ukraine or the esca-
lating conflict in the Middle East, human induced climate change and resource scarcity
are pressing issues that require decisive action today [1]. Consequently, the UN ratified
the Paris Agreement as well as the Sustainable Development Goals [2, 3]. Germany, as a
country with one of the biggest economies, holds special responsibility to shift to sustain-
able means of production. According to the German sustainable development strategy,
the shift towards CE aims to decouple consumption from growth and is a major area of
future transformation [4]. This is especially true for the German automotive industry as
it is one of Germany’s biggest industries [5] with worldwide impact already undergoing
transformation from combustion to electric powered cars. Nevertheless, this disruption
holds the opportunity to alter the established linear economic system with its historically
grown supply chains in the ongoing transformation process to support a more sustain-
able future. To tackle this issue the German Federal Ministry of Education and Research
initiated the MobilKreis initiative to foster circular production in the automotive indus-
try and respective emerging innovative business models. Consequently, twelve mostly
engineering-driven research projects were founded thematically addressing a wide field
of topics (e.g., battery logistics or effective remanufacturing) [6]. The interdisciplinary
Project DIONA [7] is centered right in the middle of the MobilKreis Initiative as a 131
project. It aims to bundle the scientific results as well as foster cooperation and commu-
nication within MobilKreis, but also to the broader public. In addition, DIONA conducts
its own research in the field of social science and information systems (IS) to sharpen
the understanding of sustainability and CE within the community and discover relevant
information flows in a CE. The overarching goal of DIONA is to bundle all its activities
in one single place, a so-called Digital Hub.

Consequently, this paper outlines a strategic roadmap to create relevant scientific
results, in designing, implementing, and operating a Digital Hub as well as creating
relevant to foster CE in the automotive industry. Therefore, it is building on the theoretical
foundation of sustainability, CE, and Digital Hubs (Sect. 2). Moreover, we explain our
research design, the methods used (Sect. 3) as well as results (Sect. 4) and a discussion
(Sect. 5). Finally, we conclude our paper by explaining its contribution, limitations and
give an outlook on further research opportunities (Sect. 6).
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2 Foundations

This section first addresses the vagueness of the sustainability definition and the result-
ing consequence of sustainability action. Second, the concept of CE as one transforma-
tion pathway for sustainable action is presented. Last, the concept of a Digital Hub is
presented to raise awareness and foster collaboration on certain topics.

2.1 Sustainability

Sustainability is a crucial topic in current societal discussions, with sustainable devel-
opment receiving significant attention since the release of the Brundtland Report in
1987 [8]. The report defines sustainable development as meeting the needs of present
generations without compromising the ability of future generations to meet their own
needs [8]. This definition suggests that sustainability has a dual foundation, with a focus
on justice between present and future generations (intergenerational justice) and justice
within present generations (intragenerational justice). The concept of sustainability is
usually described in terms of these three overlapping dimensions. To be fully sustain-
able, an action needs to improve all three dimensions. Nonetheless, there are alternative
depictions of sustainability where the dimensions interact and are prioritized differently.
For instance, the three-pillar model, supports the sustainability roof, if one pillar (one
of the dimensions) is removed, the roof collapses (see Fig. 1.) [9].

Society

Environment

Sustainable

Sustainability

Environmental
Economic

Fig. 1. The three dimensions of sustainability depicted as overlapping circle, as Three-Pillars
Model and as dimensions that build on each other [8].

These examples illustrate that sustainability is a vague concept and that stakehold-
ers can ultimately choose their preferred understanding of sustainability, even if this
may circumvent conflicting objectives or the need to prioritize. This ultimately renders
sustainability an essentially contested concept [10], which is regarded as significant by
various stakeholders but differs in interpretation [11].

Consequently, it is essential to consider various stakeholder viewpoints on sustain-
ability and ideally create a common understanding of sustainability to enable decisive
sustainable action, building on a broad consensus.
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2.2 Circular Economy

Methods of CE pose a possible viable strategy for addressing issues related to global sus-
tainability by striking a balance between the environment and the economy [12, 13]. The
primary goal of the CE is to maintain natural resources in the system for as long as feasible
to protect their ecological and economic value. This can be achieved by giving products
longer lives or repurposing resources for analogous or novel uses within the systems
[14, 15]. By lowering resource input and ending material loops, the CE economic model
aims to benefit business, society, and the environment [16]. Thus, unlike the linear ‘take-
make-waste’ paradigm, CE tries to decouple growth from the consumption of limited
resources through regenerative design. To achieve this, materials that have outlived their
usefulness are recovered and recycled; products and their components are given a longer
lifespan through remanufacturing, refurbishing, repurposing, and reusing. Moreover,
products are used and manufactured more intelligently through reduction, reconsidera-
tion, and rejection [17]. We utilize Kirchherr et al.’s [16] definition, which represents the
most recent conceptualization of CE: “A circular economy describes an economic system
that is based on business models which replace the ‘end-of-life’ concept with reducing,
alternatively reusing, recycling and recovering materials in production/distribution and
consumption processes, [...] with the aim to accomplish sustainable development [...]
to the benefit of current and future generations”. As encouraged by the United Nations
Sustainable Development Goals (SDGs), the advantages of CE can thereby possibly
solve global environmental, social, and economic concerns [2, 18]. In fact, one of the
main tenets of the EU Green Deal is the implementation of CE [19]. Even though CE
implementation is still in its infancy [20], several significant elements hold the potential
to convert the current linear model into a CE model [21]. Thus, it is important to identify
already working best CE practices as well as supporting businesses in the development
of circular innovations and cooperation.

2.3 Digital Hubs

This function can be fulfilled by Digital Hubs, which are also known as Digital Innovation
Hubs in English scientific literature. Digital Hubs are platforms that generally serve the
exchange and discussion of social problems by a large number of relevant economic,
public, and civil actors [22]. Furthermore, Digital Hubs can help to create a collaborative
working environment through online and offline offerings, such as working groups and
events. In this form, Digital Hubs fulfil the role of a knowledge broker, as they connect
heterogeneous actors [23]. According to a case study in Spain [24], Digital Hubs often
emerge as the result of initiatives by large companies as they have the necessary monetary
and technical competencies thus allowing smaller companies to collaborate within. In
addition, as described before Digital Hubs can be actively founded by public bodies like
the German Federal Ministry of Education and Research. Digital Hubs can also serve as
test and experimentation spaces in which new, innovative products or technologies can
be tested [22]. This brief overview shows the broadness of the Digital Hub term offering
a wide range of design and service options. Due to its broadness, it seems necessary,
to create an adapted and fitted version to the specific use. In the following chapters,
the development of the DIONA Digital Hub is presented based on the corresponding
roadmap and summarized results of studies that have already been carried out.
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3 Methods

As shown in the theoretical foundation section of this paper, even though the concepts of
sustainability and CE as tools to achieve sustainability remain vaguely defined, Digital
Hubs pose a suitable solution to find a common notion as well as an agreed-on transfor-
mation path through stakeholder participation. Figure 2 shows the strategic roadmap for
the design and implementation of the DIONA Digital Hub as a comprehensive knowl-
edge platform that creates a shared vision of a feasible transformation towards a future
CE in the automotive industry. As mentioned in the introduction, the foundations of the
MobilKreis-Initiative as well as the DIONA Digital Hub are set by the internationally
agreed on sustainability obligations and the resulting German Sustainability Strategy
for the specific context of Germany (Fig. 2., 0). Building on this foundation, a variety
of research was already and is still being conducted to create a successful Digital Hub.

As afirst step (Fig. 2., 1), we identified and interviewed internal and external stake-
holders about their individual sustainability understanding, relevant circularity indicators
in the automotive industry, data and technologies, as well as necessary features to be
included in the future DIONA Digital Hub by using semi-structured interviews. In addi-
tion, we conducted a systematic analysis of existing Digital Hubs, evaluated relevant
characteristics, and created a Digital Hub taxonomy. Combining the Taxonomy as well
as the insights from the interviews, we defined the requirements of a successful Digital
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Fig. 2. Roadmap for designing a CE focused Digital Hub.
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Hub for the automotive industry. To develop an application-oriented and user-friendly
Digital Hub, the defined requirements were also evaluated in a second step through a
stakeholder survey (Fig. 2., 2). As a next step in the foreseeable future, the DIONA
Digital Hub will be established, and identified stakeholders will be invited to participate
(Fig. 2., 3). The three main functions of the Digital Hub are: First, to foster circular
collaboration, Second, networking and, Third, the sharing of knowledge between all
participants. The fourth step of the strategic roadmap includes the operation and contin-
uous improvement of the DIONA Digital Hub through stakeholder feedback after every
activity (Fig. 2., 4). Through continuous effort, we hope the serve as a meaningful addi-
tion to transformation of the automotive industry by perpetuating the relevant knowledge
and pairing the relevant stakeholders.

4 Results

In the following section summaries of already conducted studies to kick-start the DIONA
Digital Hub along the strategic roadmap are reported. Detailed results and scientific
discussions can be found in the corresponding circularity reports and other scientific
papers.

Sustainability Understanding: From a comprehensive literature review, we were able
to define the concepts of sustainability and sustainable transformation. Furthermore,
semi-structured interviews were conducted with partners from the automotive sector,
which revealed areas of agreement and disagreement between the individual and the
corporate perceptions of sustainability. The results show that companies in the automo-
tive industry focus primarily on economic aspects of sustainability in their understanding
and measures, while individuals emphasize primarily ecological aspects of sustainability.
Furthermore, this interview study highlights cultural barriers to a sustainable transfor-
mation within the German automotive industry that can be related to the prioritization of
economic profitability. For example, an organizational culture that favors managers who
provide short term economic gains instead of working towards long-term goals but also
customer’s (companies and consumers) buying decisions are primarily characterized by
price and only secondarily by the sustainability of products.

Examination of current Digital Hubs: As part of the DIONA research, we additionally
analyzed 17 innovation hubs and five platform ecosystems in Germany to gain empirical
insights into existing practices. The research led to a taxonomy with meta-dimensions of
service, communication, and website design. Under service, the dimensions of the tar-
get group, service focus, and price model were distinguished. Moreover, semi-structured
interviews were conducted to compile a requirements catalog on the DIONA Digital Hub
with both MobilKreis partners and external interviewees. The interviews revealed chal-
lenges and requirements for the operation of the DIONA hub, as well as a catalog of
desired features and special considerations for SMEs that may wish to participate in the
Digital Hub. The challenges mentioned encompass sparking interest among prospective
participants and the provision of personnel for the Digital Hub. In addition, respondents
highlighted the need for data protection measures and for operators to actively network
to recruit potential participants. The provision of information such as projects, best prac-
tices, and success stories as well as informal and formal networking opportunities were
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also identified as desired features. Additionally, the interviewees highlighted the useful-
ness of regional structures for physical meetings in engaging SMEs when establishing
a hub, but also the need to provide low-threshold information on how to implement CE
measures and funding opportunities. Based on the taxonomy and the interview study,
we defined the MobilKreis Hub’s services.

Requirements of a successful Digital Hub: In brief, the DIONA Digital Hub aims to
connect small and medium-sized companies and facilitate knowledge transfer, enabling
these firms to participate in the automotive CE and gain value from it. The meta-
dimension “communication” encompasses the form of communication, the communi-
cation within the joint project, and the communication with SMEs and external parties.
The website design includes the language and sub-websites and provides a structure for
the aspired MobilKreis Digital Hub website.

Understanding of relevant sustainability indicators in the automotive sector: Besides
the fundamental scientific research on sustainability and transformation features of a
Digital Hub, we conducted a literature review to identify current evaluation methods and
indicators for a sustainable CE within the automotive industry. Consequently, we created
a database, detailing the content of these indicators and evaluation methods whilst also
assessing their applicability for use in the automotive sector, and their alignment with the
three dimensions of sustainability. To determine practical examples in the automotive
industry regarding the use of evaluation methods for a sustainable CE, we carried out
semi-structured interviews with external partners. These interviews offer insight into the
best practices for the evaluation methods used for the transition to a CE and the challenges
in collecting relevant data, including challenges for SMEs. Challenges are, for example,
the unwillingness of upstream suppliers to pass on data, customers’ inconsistent wishes
concerning the reporting of sustainability and circularity indicators, and particularly in
the case of SMEs, the fact that they often collect little or no data on their production
and could be overstretched in terms of personnel in the future due to the desired legal
requirements for environmental reporting.

Data Space potentials fostering a CE: From a systematic literature review, we
revealed the potential of data spaces for sustainability and circular economy. Despite
the fact, that data spaces are a relatively new technological phenomenon, we derived a
range of data space projects hitting the market. Based on our findings, an overview of
data space potentials in line with the three dimensions of sustainability was obtained
through an empirical examination of real-world data spaces. We arranged and processed
our data by the methodology of Kundisch et al. [25] and presented them as a potentials
map, describing the discovered dimensions and data space potentials for sustainability
as well as CE.

5 Discussion

By drawing on the results, four major observations emerged, which we will discuss in
more detail.

First, our findings underscore the promising potential of Digital Hubs as a viable
option for fostering sustainable change across organizations by serving as dynamic
platforms for collaboration, knowledge sharing, and innovation. However, our findings
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also emphasize the various hurdles that organizations face when implementing Digital
Hubs, which need careful consideration to fully realize their potential in practice.

Second, one of the significant challenges is the varied understanding of sustainability
and CE among organizations and practitioners. This lack of a common definition can
result in misalignments of goals and strategies within organizations. To address this,
organizations must invest in developing a shared understanding of sustainability and
align it with the objectives of the CE. This emphasizes the importance of a conceptual
groundwork for digital initiatives, ensuring that participants have a unified vision for
sustainable practices.

Third, our findings also draw attention to the time constraints faced, particularly in
Small and Medium Enterprises (SMEs), which hinder in-person interviews. This practi-
cal challenge underscores the need for researchers and organizations to find innovative
ways to conduct thorough interviews efficiently. Whether through leveraging technology
for virtual interviews or creating flexible scheduling options, overcoming this barrier is
essential for gathering valuable insights from participants, especially in SMEs where
time is often a limited resource.

Fourth, another critical aspect that emerged during the interview studies are barriers
to sharing data. Despite the potential benefits of collaboration in a CE, participants are
very reluctant to share data. This hesitation may be due to concerns about data privacy,
security, or ownership. Additionally, multiple technical hurdles prevent the sharing of
data. In particular, there is a lack of IT infrastructure, standardized interfaces, and data
spaces.

Nevertheless, the challenges identified underline the importance of addressing both
conceptual and practical issues as part of digital initiatives for sustainable change. Orga-
nizations need to invest in developing a shared understanding of sustainability and the
CE and align this with solving technical challenges. The results and activities to date
enable the development of an ecosystem that brings together different actors to enable
the participation of organizations and especially SMEs in the CE - the DIONA Digital
Hub.

6 Contributions and Outlook

Climate change and resource scarcity pose an existential threat to humanity. To counter
these problems, CE is a viable concept for reducing greenhouse gas emissions and con-
serving resources by reusing products and materials. Following this, we set ourselves the
goal of supporting the efforts of the German automotive industry in terms of CE by devel-
oping and operating the DIONA Digital Hub, facilitating cross-company collaboration
to promote and share sustainable CE practices. Within this paper, we highlighted our
strategic roadmap toward the realization of the DIONA Digital Hub. Thus, the roadmap
represents a pioneering effort to solve pressing economic, social and environmental
problems and offers a vision for a more sustainable and circular automotive industry.
Thereby, we make important contributions to both research and practice. For prac-
tical purposes, we conceptualized the strategic roadmap by planning and developing the
Digital Hub to foster CE in the German automotive industry. Thus, we support a col-
laborative culture and encourage companies to share best practices, pool resources, and
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strengthen collective investments in sustainable initiatives. In addition, our roadmap aims
to support stakeholders beyond automotive companies. Government agencies, research
institutions, and non-governmental organizations will also be involved in the Digital
Hub, forming a holistic approach to sustainable CE. From a more academic perspective,
our paper provides theoretical knowledge about Digital Hubs fostering CE in the auto-
motive industry as well as insights into a framework for their development. Additionally,
various insights were gained about the understanding of sustainability, evaluation met-
rics, data, and technologies in the context of the CE. This guides academia in adopting
and building upon our knowledge.

Naturally, this paper also has some limitations, opening the discussion for further
investigation and development. First, our results are limited as the concept of Digital
Hubs is relatively unknown in the scientific literature. While efforts were made to pro-
vide background information about Digital Hubs, the unfamiliarity with the concept
introduces a potential source of bias in the interpretation of results. Second, there is a
relatively low representation of SMEs within the MobilKreis. The findings may not fully
capture the diversity of perspectives and practices within the SME landscape, potentially
limiting the generalizability of the results. Third, it was challenging to schedule feed-
back interviews with external partners due to time constraints faced by the partners. This
limitation may have influenced the depth and breadth of information gathered, poten-
tially limiting the overall richness of the qualitative data. Despite these limitations, the
insights gained from this paper contribute to broader implications of the Digital Hub
concept within sustainability and CE.

Our results pave the ground for the implementation of the DIONA Digital Hub in
practice. In future research, we will expand our research through interviews and work-
shops with external experts from academia and industry. This provides deeper insights
into the challenges and potentials of establishing the Digital Hub in practice. To present
the Digital Hub to organizations and the society, various communication channels will
be present. For instance, we will use an independent website and social media channel
in the future to publish information about the MobilKreis Hub. The MobilKreis Hub is at
the heart of our efforts and acts as a central platform to optimally combine networking
and knowledge transfer. The launch of the DIONA Digital Hub could be a catalyst for the
transition to a CE in Germany’s automotive industry and provide important knowledge,
especially for SMEs, to tackle the most pressing challenges regarding CE. After the
launch, we plan to collect additional relevant data that will help us target our outreach
to stakeholders.
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Abstract. Increasing circularity of products, components and materials can pro-
vide an important approach in the automotive industry to actively conserve
resources and achieve sustainability targets. In the near future, regulations will
strengthen the requirements on the utilization of recycled materials for the manu-
facturing of new parts. It is a complex task to identify the potentially best perform-
ing circularity pathway for specific components against the different objectives
of a company, as a practically applicable method for determining the circular
economy potential for automotive components is not yet available.

Against this background, the most significant motivations and goals for the
implementation of circular economy strategies are summarized and compared
regarding their scope, established performance indicators, available assessment
methods as well as current and future relevance. Subsequently, a framework is
presented, which enables the evaluation of potential circular economy paths for
automotive components. It considers a multi-criteria goal-setting and provides the
basis for the implementation of an assessment tool.

Keywords: Circular economy - Automotive components - Evaluation framework

1 Introduction

The automotive industry is at a turning point as the transition from traditional combustion
engines to electric vehicles is taking place [1]. This transition is a response to climate
change and aims to ensure sustainable mobility in the future. However, the sometimes
claimed zero emissions of electric cars only refers to the use stage and neglects the
emissions in the production and end-of-life stage [2-5]. Consequently, car manufacturers
face the challenge of introducing changes not only in vehicle use but also in production
and end-of-life.
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The implementation of a circular economy has various advantages [6]. Companies
can use itto achieve high-quality recycling of end-of-life vehicles (ELVs) on the one hand
and to replace primary raw materials with recycled materials on the other. This offers
the opportunity to reduce emissions in both the procurement and recycling stage, thus
promoting a sustainability with a life cycle perspective. Another important mitigation
strategy is the extension of the use stage in order to maximize the service life of products
[7]. The circular economy can offer many benefits for companies and the environment.
However, scenarios must be identified in which this is also advantageous from a business
perspective.

2 Background

With regard to the circular economy, there are various push and pull factors for auto-
motive companies that can be grouped in four categories for consideration: Economic,
environmental and social challenges as well as compliance with legal requirements [8,
9]. Economic challenges can be exemplified by competitive pressure, rising energy and
raw material costs. The contribution of emissions to climate change is an example for
environmental challenges. In addition, companies also have a responsibility to society,
which means that falling groundwater levels and greenhouse gas emissions can result in
social challenges [9]. Drivers from legislation are, for example, the End-of-Life Vehicle
Directive, the regulation concerning batteries and waste batteries, and the Supply Chain
Duty of Care Act [10-12].

One approach to address the challenges is the implementation of circular economy.
The aim of the circular economy is to preserve the value of the materials used for as long
as possible in order to use them for the longest possible time and thus conserve resources
taking into account cost and environmental aspects [13]. New technologies may be more
efficient, making continued material use impractical. In such cases, material recycling
offers a solution for producing new products. In the automotive industry, this could mean
that vehicles are re-manufactured at the end of their life cycle instead of being scrapped.
A second life can then be achieved by refurbishing an ELV. This would be followed
by the dismantling of components and subsequent recycling/ upcycling of the materials
[14].

The recycling of vehicles gives manufacturers the opportunity to fulfill the product
responsibility required by the End-of-Life Vehicles Directive [10]. It can also create a
business case for automotive companies: Recycling makes it possible to recover strate-
gically important raw materials and thus generate added value. As already mentioned,
there are compliance requirements that stipulate that new components, such as batteries,
must contain a certain proportion of recycled materials [11]. This forces companies to
recover their raw materials and secure them for production. Batteries in particular con-
tain a variety of strategically important and rare raw materials, which is why a circular
economy process is particularly suitable for electric vehicles. In addition to scarcity,
the recycling of materials would also mean that less mining of materials would have an
impact on the promotion of human rights.

In a scenario, in which manufacturers take back their vehicles at the end of their
useful life in order to obtain strategically important raw materials of the battery, this also
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gives them the opportunity to use further parts of the vehicle for the circular economy. For
this purpose, it is necessary to find the best recycling path for the respective components,
as there are many different circular economy strategies. The “R-strategies”, for instance,
show that there are numerous ways to apply the circular economy by prioritizing the
targets Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanufacture, Repurpose,
Recycle and Recovery [13, 15].

Each strategy contains a variety of technologies for achieving the targets, with
ongoing advancements, such as the continued development of industrial recycling path-
ways for lithium-ion traction batteries [16]. A pathway as a circular economy pathway
describes the process by which components or materials are recycled, reprocessed or
reused to achieve the goals of the circular economy. By establishing such pathways,
waste can be reduced and resources used efficiently to close the loop and minimize
environmental impact. The wide range of options shows that it is essential to have a
decision-making basis for circular economy strategies in order to consider a variety of
factors for the analysis.

3 Multi Criteria Targets for Circular Economy

The establishment of a circular economy presents an opportunity to pursue diverse objec-
tives for automotive companies, facilitating the transition towards sustainable practices.
One challenge lies in clearly defining these objectives and incorporating various goals
with specific weightings to identify the most suitable strategy for specific components
and products. Key factors in this context are identified in Bruzs’ paper, ‘A Review on
the Outlook of the Circular Economy in the Automotive Industry’, which serves as a
foundation for the collection of the elements for the targets in this paper [17]. These
factors were augmented through additional insights gleaned from discussions and sup-
plementary literature, thereby enriching the foundational framework for the research. In
this context, Table 1 outlines selected objectives that can be pursued by automotive com-
panies in the context of circular economy. Each of the examined objective is analyzed
across different sustainability dimensions economic, environmental, and social [18, 19].

The sustainability dimensions provide a comprehensive framework for evaluating
the impact and relevance of each objective. A rating scale from one to five is employed
to quantify the current and future significance of each goal. This assessment considers
both existing relevance and forecasts for future importance A high rating indicates a
high relevance for automotive companies, which has a significant impact on the potential
success of products and business models. Targets with high ratings pose a high risk that
a business model will fail if ignored, while 5 as the highest rating represents the most
significant risk. The assessment of relevance does not claim to be a statistically valid
survey, but rather a current industrial assessment based on various opinions of experts
in the field of circular economy.
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Table 1. Multi-criteria targets of circular economy in the automotive industry
Target Dimension Exemplary Example Current | Prospective
evaluation relevance | relevance
method
Economic Economic Annual report, |[8, 17, 18,20, 21]  eoee® | e000®
performance total cost of
ownership, ESG
Ratings
Technical Economic Requirement [12,22] 00000 00000
quality specification
performance
Access to Economic Risk [8, 17] 0 . | 0000
resources management,
criticality
ranking
Marketing Economic Customer [23] | o 000
perception,
company image
Product Economic, Product [24] 00000 0000
function environmental | specifications
customization and comparison
Lifecycle data | Economic, Systematic data | [8, 25, 26] 0000 | 0000
information environmental | collection
transparency
Product Economic, Life Cycle [13,27] 00 0000
lifetime environmental | Analysis,
extension average vehicle
age
Material Economic, Quality eg. [12,17] 00 . | 0000
origin social, Processing
environmental | properties, price
fluctuations
Performance | Economic, Life Cycle Cost, | [10, 21, 26] 00 | |ee®
end of life social, proof of
environmental | activities
Environmental | Environmental | Life Cycle [8, 17, 18, 28] 0000 00000
impact Analysis,
reduction “Impact
Points”-method,
ecological

scarcity method

(continued)
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Table 1. (continued)

Target Dimension Exemplary Example Current | Prospective
evaluation relevance | relevance
method

Common good | Social Common good | [29] 00 . 000
matrix

The transformation to a circular economy aims to keep products and goods in cir-
culation for as long as possible and thus preserve their value. The economic aspects of
a circular economy also include the required recycled content in new products. Due to
the legal requirements, industrially manufactured materials with recycled content are
expected to become more cost-efficient, so it is economically advantageous for com-
panies to incorporate parts of their used products into their production [8, 17, 18, 20,
21].

In order to maintain the technical quality performance during the application of
circular economy, it is essential to reduce the requirements to a necessary minimum. In
certain respects, the requirements set out in the specifications may exceed the specifica-
tions required by the market, even for high-end vehicles. The use of recycled materials
will result in fluctuations in quality, but these have to remain within the limits of cus-
tomer satisfaction performance [12, 22]. By adjusting, raw materials can be procured in
response to requirements and economical production might be achieved.

Access to resources is one of the objectives of the circular economy. By recy-
cling materials, availability is guaranteed and independence from market fluctuations is
created. The risk of resource independence will also be reduced [8, 17].

The focus on the circular economy in marketing is an economic factor. This can
enhance the company’s image and customers can also make purchasing decisions based
on the sustainable actions of companies. The increasing urge to act sustainably due to
advancing climate change influences customer behavior and strengthens the importance
of marketing in the area of the circular economy [23].

The product function customization represents a challenge for the circular econ-
omy. The demand for universal use of vehicles around the world and individual customer
requirements leads to numerous product configurations [24]. By reducing the possi-
bility of creating variants during vehicle configuration, inhomogeneity decreases. The
reduction of individuality creates a greater potential for circular economy, which brings
environmental benefits. A reduction also has economic advantages, as the reduction in
variants reduces production costs.

Lifecycle data information transparency enables a customized and comprehen-
sive maintenance and repair strategy through precise data analysis of the product and
component condition. Consequently, this can increase the product lifetime, resulting in
reduced life cycle costs and a lower environmental impact [8, 25, 26].

Productlifetime can be significantly extended if the accessibility of parts is ensured.
Extending the functional service life of resources means that the extraction and use of
new resources, €.g. raw materials, can be avoided. The accessibility and separability of
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parts increases the guarantee that vehicles can be repaired and maintained [13, 27]. This
can reduce the number of working hours required and make repairs more economical
for the customer.

The material origin has multi-criteria dimensions. The cost of procurement is a
decisive criterion. However, the focus is also shifting to the social dimension. A review of
the supply chain for compliance with legal requirements and protection of human rights
is essential. The ecological factor also plays a significant role. Not only transportation
but also the extraction of raw materials can have a major impact on the environment [12,
17].

End-of-life performance is essential for a circular economy. Vehicles offer great
potential as the basis for a reuse business. A cascading approach is used to determine
which scenario is selected for the vehicle components in order to maximize recycling as
opposed to downcycling. Recycling has economic advantages, as sales of recycled parts
and materials can generate additional earnings. Valuable raw materials and materials can
also be recovered. This can reduce manufacturing costs. In addition, it reduces the need
for raw material extraction. This also improves social conditions. Overall, the reuse of
components both as spare parts and as raw materials reduces environmental impact [ 10,
21, 26].

One of the targets of automotive companies with regard to the circular economy is
to reduce their environmental impact. The reuse of components, application-oriented
planning and the reduction of waste contribute to the reduction [8, 17, 18, 28].

Sustainability also plays a role in the common good assessment of a company. In this
sense, circular economy activities can also be included in the assessment. The common
good orientation looks at the extent to which products and services also bring social
benefits. This means that the support of the circular economy can also be included in the
common good assessment [29].

The evaluation of the objectives illustrates the different approaches and drivers that
companies have in relation to the circular economy [8]. The reduction of environmental
impact is poised to emerge as a paramount goal in the future, driven by the imperative
to address and mitigate climate change. Numerous companies have established internal
targets aimed at reducing their environmental impact.

The targets for economic performance and technical quality performance will con-
sistently maintain a high level. Economic performance holds paramount importance
for companies, as it directly influences their profitability. Technical performance, dis-
tinguishing the company, serves as one of the primary reasons why customers opt for
specific products or services.

The targets of end-of-life performance and material origin are projected to attain a
moderate level of importance. Similarly, product lifetime extension and lifetime data
transparency will garner a moderate level of prospective significance. These, alongside
the objectives related to product function inhomogeneity, serve as the juncture between
economic and environmental considerations.
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The economic objectives encompass resource accessibility, marketing, technical
quality performance, and economic performance, targets will increase in relevance in
the future.

The illustration indicates a diminishing significance of an objective tied to product
requirements. The functional consistency in products highlights the imperative need
for a more application-centric approach in product planning and design, which would
encourage reusability. Extending the product life of vehicles, supported by certain ser-
vices and maintenance by manufacturers, would simultaneously reduce the production
of new vehicles and consequently reduce the impact on the environment.

Implementing circular economy principles into company processes involves a range
of different organization-specific methods. There’s no one-size-fits-all solution in this
domain. Each company must evaluate and prioritize its objectives in order to find the
most suitable model for its activity. Nevertheless, it is necessary that the top down
prioritized strategies should be coherent with the strategies of other players in the circular
economy market. This individualized approach acknowledges the necessity for bespoke
strategies, recognizing that what proves effective for one firm may not be applicable to
another. Ultimately, achieving a circular economy necessitates a thorough evaluation of
internal objectives and the customization of implementation strategies to ensure positive
outcomes.

Figure 1 provides a summarized overview of the objectives and how they are related
to the three dimensions of sustainability: Economic, Environmental and Social. The rel-
evance of the individual dimensions is indicated by the size and direction of the trends,
with both increases and decreases shown. It is noticeable that the objectives of the circular
economy are currently primarily linked to the ecological and environmental dimensions.
However, many objectives are also linked to the social dimension, which indicates inter-
faces and connections between these areas. This visualization highlights the complexity
of the circular economy objectives and emphasizes the strong focus on ecological and
environmental aspects while at the same time recognizing their interconnectedness with
social aspects [29, 30].

The investigation and classification of these objectives can serve as a tool to aid com-
panies in prioritizing and planning their strategies to promote a circular economy. This
approach allows for the comprehensive assessment of multifaceted objectives regarding
their significance and contribution to sustainability. Consequently, it enables compa-
nies to implement more targeted and effective measures in advancing a sustainable and
environmentally friendly economy. To leverage the identified circular economy objec-
tives, their assimilation into an assessment methodology is crucial. This necessitates the
development of a framework for an evaluation method.
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Fig. 1. Variation relevance of the targets in the dimension of sustainability

4 Framework for Evaluation of Potential Circular Economy Paths

The framework aims to assess potential pathways within the circular economy to identify
viable circular economy routes for components from ELVs. This design provides a
way to achieve results by considering specific key performance indicators (KPIs) and
their variable weighting as part of a circular economy methodology to find solutions.
This framework builds on basic inputs such as defined targets, product features and
manufacturing process specifications.

It should be applied during the product development phase. By anchoring the circu-
larity of the components in the specifications, it can be ensured that the developers are
obliged to find possible reuse scenarios for the components. The tool should be operated
by an environmental expert who works in the development department in an operational
context. This activity forms an interface between life cycle analysis and development
(Fig. 2).

The process outlined is divided into three main process steps: The phase in which
input is generated, the evaluation of potential circular economy opportunities and the
output including the implementation phase.
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Fig. 2. Evaluation Framework of potential circular economy paths

In the input phase, the objective is to carry out comprehensive data collection. Param-
eters and data for the defined objectives, the product features and the manufacturing
process specifications are collected. This step is necessary in order to obtain the data
basis for the subsequent evaluation and calculation processes.

The core of this framework is the evaluation phase, in which the entire evaluation of
the circular economy pathways takes place. The evaluation will take place in the shape
of a tool. The input for this phase is the data already generated. The phase is divided into
five process steps, three of which take place simultaneously: The selection of specific
targets, the use-phase simulation and the mapping of possible (re-)processing pathways.
The specific targets are selected individually for the use case by the user on the basis of the
targets developed in Fig. 1 as well as information from the goals and the product features
from the input phase. The goals refer to the general intentions or objectives of a company
that are often anchored in the corporate policy or corporate governance. An evaluation
method, e.g. pairwise comparison, is used to select which focus should be pursued in the
evaluation. This step makes it possible to adjust the focus of the evaluation and thus to
consider multiple criteria. The use-phase-simulation aims to simulate the ELV state of
the vehicles during the development of the vehicle, the use phase, in order to carry out
the evaluation on the basis of these results. For this purpose, a variety of use phases are
cumulated to form the overall optimum and thus the probable average state of the ELVs.
The simulation is based on information from the product features. Mapping the (Re-)
processing pathways provides an overview of the possible circular economy pathways
for the components. For this purpose, a process chain is created from current and future
accessible technologies. Depending on the process step used in the assembly of the
vehicle, different process steps are possible for disassembly. For example, a component
that has been joined using the screwing process can only be separated again by screwing.
The step is supplied with information from the product features and the manufacturing
process specifications. Within the evaluation step, the previously generated data is used
to carry out the assessment. The methodological structure also flows into this step, in this
case the R-strategies, for example. This determines the procedure during the evaluation.
Using the R-strategies as an example, a cascading check is carried out to determine
whether the respective strategy can be considered as a path. If yes, the result is available
for the respective component. If not, the same procedure is carried out with the next
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strategy in the list. This step forms the main step of the framework, as the output is the
results in the form of performance of possible circular economy paths.

This is followed by the output phase. At the beginning, the results of the evaluation
will be visualized in the form of possible circular economy paths to give the developers a
visual overview. The developers have the opportunity to design the future circular econ-
omy of the components during their work. This is done in the next step, implementation.
This is where the results are integrated into the company processes. These identified
pathways provide the company with concrete opportunities to promote sustainable prac-
tices through the reuse of end-of-life vehicle components and thus contribute to circular
economy efforts. Planned circular economy pathways must also be technically prepared,
for example in the form of a dismantling area.

In the implementation of the framework, a specific vehicle development project
will represent a use case. For example, an electric vehicle could be considered as a
specific use case. The application of this framework is carried out by a person in the
development department who is an environmental expert. During the development phase
of a vehicle, possible circular economy paths for vehicle components in the end-of-life
phase are to be aligned. Based on the targets, an goal needs to be selected, e.g. the
aim of reducing the environmental impact. An evaluation can be carried out on the data
and specifications of this electric vehicle. The results are circular economy paths for
individual components. One potential outcome could be that a component is replaces on
acyclical basis and therefore does not have the same age as the vehicle. Consequently the
specific component could be returned for refurbishment and then be available as a spare
part for repairs. Subsequent the outputs have to be integrated into company processes and
combined. In order to anchor the application of the framework and its implementation
in the company processes in the specifications in the long term, a decision must be made
at divisional/product responsibility level.

5 Conclusions and Outlook

Implementing circular economy for automotive companies is connected to a multitude
of objectives on a multidimensional level, while relevance of these objectives is cur-
rently changing. This will give companies the opportunity to act more sustainably by
establishing the principles of circular economy in their processes.

This paper presents a framework for identifying possible circular economy pathways
for automotive components with an individual prioritization of targets. In order to be
able to use the method, it is necessary to set up an interface during development that
defines exactly which data must be used. In order to check the application of the method,
it is foreseen to carry out an exemplary application on a component. In this way, the
defined required data can be checked on the component. The method will also be tested
in the application and calculation. The results obtained can then be interpreted and it
becomes clear how they can be integrated into the industry.

The integration of circular economy principles in the automotive industry will
become a necessity in the future against the background of escalating climate change and
the tightening legal framework. Therefore, the efforts of car manufacturers to develop
innovative solutions will be central to shaping a sustainable and adaptable sector.
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Disclaimer. The results, opinions and conclusions expressed in this publication are not neces-
sarily those of Volkswagen Aktiengesellschaft.
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Abstract. Circularity measures like repair, remanufacture and refurbish provide
options to enhance the life cycle and thus the sustainability of a product besides
measures, which primarily concentrate on the end-of-life of a product. To inte-
grate the concept of circular value creation engendered by such measures in the
development process of a product, we extended the idea of modelling standard
life cycles as introduced by Block et al. [3]. This extension introduces the novel
notion of undesired states within a product’s life cycle. Undesired states can be
dissolved with the help of circularity measures. A Model Based Systems Engi-
neering (MBSE) approach was developed to implement this strategy. The resultant
modelling approach is implemented in form of a software tool. The system is eval-
uated within an automotive development project revealing a significant advantage
in contrast to previous methods.

Keywords: Circularity - Product development - Life cycle engineering - Meta
model - Model-based systems engineering

1 Introduction

Circular Economy is a promising approach to enhance the sustainability of products.
Resources of raw materials are limited, and resource scarcity will become more and more
noticeable within the next years. Moving from linear to circular value creation drives the
optimization of resource utilization by reducing the consumption of raw materials and
enabling second life of products or subcomponents. Circularity measures like repair,
remanufacture and refurbish provide options to enhance the life cycle and thus the
sustainability of a product besides measures, which focus on the end-of-life of a product
(e.g., recycling, see [18]). Such circularity measures are usually employed in case an
undesired state of the product occurs in its production or usage phase. Examples for
such undesired states are defects or obsolete technologies in a certain component. This
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is where the application of circularity measures can obviate the transfer to an end-of-
life state. To maximize the positive impact of circularity measures their application
during a product’s life cycle must be considered and assessed in an early development
stage. A promising and widely used methodology of systems engineering in the field
of Circular Economy is Model Based Systems Engineering (MBSE). MBSE allows for
precise and comprehensive modelling of the system under consideration, enabling the
developer to cope with complex system dependencies. MBSE is a suitable methodology
to comprise the full range of necessary factors to be considered in Circular Economy
based product development. To integrate the concept of circular value creation in the
product development process, we extended the MBSE based approach of modelling
standard life cycles as introduced by Block et al. [3].

To adequately integrate circularity measures into the estimated standard life cycles
of a product, it is important to identify points during the life cycle where undesired
states are likely to occur. Currently, the probabilities of such undesired states are only
considered statistically in product development. However, the statistical numbers are
lacking information about the circumstances under which products are entering unde-
sired states. Thus, options to return the component into a useful state cannot be designed
systematically. Further, the impact of the application of a circularity measure in case of
an undesired state cannot be assessed. Therefore, circularity measures as “return paths”
into a useful state cannot be described and evaluated in terms of their quality and quantity.

Consequently, the challenge lies in the early qualitative and quantitative analysis of
the impact of circularity measures in a product’s life cycles. Within this paper we utilize
MBSE to address this challenge. We present a meta model to integrate undesired states
into product life cycle. The novel modelling approach enables the developer to identify
suitable circularity measures and immediately assess their overall impact.

2 Literature Review

The field of product development is confronted with new sustainability challenges, par-
ticularly in relation to circular-oriented concepts such as the Circular Economy [1, 6, 16].
The Circular Economy is an economic model that seeks to minimize waste and resource
consumption by emphasizing continuous product and material use, recycling, and regen-
eration [18]. Within this context, Potting et al. [18] have identified three key measures
for achieving circular design: material efficiency (recover and recycle), extended prod-
uct life cycles (repurpose, remanufacture, refurbish, repair, and re-use), and intelligent
product development (reduce, rethink, refuse). The German Institute of Norms (DIN)
has also introduced a similar approach aimed at aligning business processes with circular
principles [9]. While these strategies provide concrete definitions for various circular-
ity approaches, they lack specific design and analysis guidance. It is crucial to extend
product life cycles and maximize the utilization of products, components, and materials
for as long as possible, requiring consideration of additional phases during the product
development stage, such as product usage [8, 13]. Consequently, a life cycle model for
circularity assessments during the development phase is required. It should describe the
potential life cycle trajectories and defects that a product may encounter throughout
its lifespan. The trajectories and defects then serve as the foundation for determining
circularity measures that enhance the longevity of the product [12, 14].
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More than to 6,000,000 publications can be identified, when looking at scientific lit-
erature containing the keyword “Life Cycle Model” [15]. Most of this literature describes
life cycle models in other scientific fields, e.g., biology, social research, or informatics.
However, when condensing the literature pertaining to product development, a significant
portion is dedicated to the definition of abstract life cycle descriptions. These descrip-
tions primarily revolve around a single unified life cycle that encompasses abstract phases
like development, production, logistics, usage, maintenance, and recycling (see e.g., [2,
19, 21]). However, representing the life cycle of a product with a single model may
not accurately depict the distribution among and the variations within the individual
products. These variations stem from diverse factors such as differing product usage,
personalization, and software or hardware updates. Bougain et al. [4], Yvars et al. [22],
Cerdas et al. [5], Dér et al. [ 7], and Tao et al. [20] propose approaches that consider such
individual life cycle circumstances, for example through Bayesian Networks. However,
these approaches are primarily focused on data and simulation, making them less suit-
able for the development phase where detailed data and simulations may not be readily
available, and outcomes must be understandable to reason about the design decisions.
Consequently, Kong and Wang et al. [14] states that a life cycle model that integrates
and explicitly represents the overall life cycle as well as the different paths and their
hierarchical dependencies is still missing.

To address this, Block et al. [3] proposed a new approach to model individual life
cycle paths during product development for Life Cycle Engineering. They define a life
cycle as a series of states that a product can transition between, with assigned probabilities
indicating the likelihood of such transitions. This enables a comprehensive description
of both the overall life cycle of the product and its individual life cycles. However,
it should be noted that the circularity aspect is not explicitly incorporated into Block
et al.’s [3] life cycle model. It lacks to describe the defects that a product may encounter
throughout its lifespan, which are necessary to identify appropriate circularity measures
and promptly assess their overall impact. As such, the research gap is that an integrated
life cycle model is missing, which can describe the overall life cycle, individual life cycle
trajectories as well as defects that a product may encounter throughout its lifespan. Yet,
such a model is necessary to incorporate circularity measures into the product’s design.

3 Approach

We present an MBSE based approach to enable an early qualitative and quantitative
analysis of the impact of circularity measures in product life cycles. To integrate the
concept of circular value creation in the product development process, we extended the
MBSE based approach of modelling standard life cycles as introduced by Block et al. [3].
The extended meta model enables the user to model extensions composed of undesired
states and return paths via circularity measures. The extension therefore introduces the
concept of circular value creation. Based on the modelled Circular Economy related
life cycle extension, the impact of circularity measures can be immediately assessed.
The developer can improve the sustainability of the product iteratively by adapting the
strategy to apply circularity measures based on the feedback on their impact.
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3.1 The Concept of Undesired States and Return Paths via Circularity Measures

Circular aware product development aims for a product design that allows for the appli-
cation of circularity measures and in general for circular value creation during its life
cycle. Our approach for circular aware product development, is based on the concept
that each product has its individual life cycle [3]. Block et al. present a model to define
product life cycles in system architecture models providing the application structure of
the system and its components. Building upon a life cycle model allows us to incor-
porate undesired states and circularity measures by extending the regular model. The
modeling of an extension enables us to set the appearance of an undesired state into
relation and give context to the abstract concept of undesired states. The basis for the
MBSE based approach towards Circular aware product development is composed of
two basic modelling steps. The first one is the modelling of the product architecture as
a foundation to integrate all functional relations and life cycle modelling. The second
step is the modelling of life cycles which can be modelled for the product as a whole as
well as for a subcomponent as provided by the physical product architecture. Life cycles
are modeled in a probabilistic manner. The modeling approach enables the definition
and analysis of different life cycle paths of components. A life cycle is modelled as a
composition of states and transitions with probabilities [3]. During the development of
a product, the developer can estimate such an expected life cycle based on experience
and expertise in the field. Transitions feature probabilities. The probabilities describe
how likely it is that a product will enter the related subsequent state defined as end point
of the transition. The probabilistic description of life cycle paths enables the modeling
of uncertainty in an early development state. The life cycle of a product is not deter-
ministic, and all possible options need to be considered for a holistic evaluation of life
cycle variants. The modeling of estimated life cycles is based on the assumption that the
product stays in a desired condition. This means the product has the intended quality
and functionality throughout the entire life cycle. The introduced modeling approach for
regular life cycles enables a holistic analysis and evaluation of product variants. It does
not include a methodology to deal with unforeseen defect product conditions. Utilizing
this modeling approach would lead to a product that most likely will be transferred to an
end-of-life state when leaving the desired condition. This work aims to enable circular
value creation and avoid immediate end-of-life transfers.

For this purpose, we extend the idea of modeling faultless product life cycles by
the concept of undesired states. Undesired states are commonly either defects, obsolete
technologies or product conditions which are unprofitable or will become unprofitable in
the foreseeable future. The life cycle extensions including undesired states are based on
an extension of the metamodel for regular life cycle modeling. The concept of modelling
life cycle paths composed of states and transitions is reused and undesired states are
integrated into this methodology as a special type of state. We do not only consider
undesired states statistically. Instead, the underlying definition of undesired states in the
extended metamodel includes a description of the product condition at that time. When
entering an undesired state, knowledge of the product condition enables an educated
decision on the products further handling. This is where circularity measures can take
effect. Instead of devaluating the products at this point, a circular value creation approach
aims to return the component to a useful state. The return to use can take place either
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in the same system or across system borders. The undesired state does not immediately
result in an end-of-life state. Potting et al. [ 18] identify ten possible strategies for closing
energy, material, and usage cycles. We refer to them as circularity measures. They are

LEIT3 CEINNT3

categorized as follows: “recycle”, “repurpose”, “remanufacture”, “refurbish”, “repair”,
“reuse”, “rethink”, “reduce” and “recover”. The extension of the modelling approach
provides a library of circularity measures which are functional measures based on those
strategies. These circularity measures can be integrated into the life cycle models. Fig. 1
visualizes the concept of modeling the expected product life cycle and the extension

composed of undesired states and return paths via circularity measures.

Expected product Extension - [ Undesired state
Life cycle Circularity strategy [ ] Desired state

» Return path via circularity measure

. » Transition into an undesired state
Undesired

state ® End-of-life
|

Leasing

Private
Luxury Car Private Car |

Circularity
Measure

Fig. 1. A state desired state within the expected life cycle depicted on the left hand side can lead
to an undesired state which is part of the extension to model a circularity strategy as visualized
on the right hand side. An undesired state can be dissolved by applying circularity measures and
return the product into a desired state.

The transition from a regular state to an undesired state is defined as normal transition
with a probability. For the reverse direction, a special type of transition is introduced. A
connection from an undesired state to a regular state can only be established by applying
a circularity measure. Meaning once a product or component reaches an undesired state
this state can only be dissolved with the help of the application of a circularity measure.
In case an undesired state does not feature any circularity measure transitions as return
paths, the undesired state is assumed to mark the end-of-life of the related physical
component.

3.2 Assessment of Circularity Measures

In the previous section we introduced the developed approach to model usage-specific
circularity measures in life cycle engineering. The new model helps to deal with unde-
sired product behavior and introduce the concept of Circular Economy and circular value
creation in product development. To enable the developer to optimize the application
of circularity measures for his project, a strategy for a holistic assessment of the gen-
erated models must be developed. In the following we introduce such an assessment
methodology.
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In conventional product development a generated product version is evaluated based
on metrics such as costs, material consumption, energy consumption, lifetime, and other
parameters. These metrics can be calculated based on specifications of the product char-
acteristics and an estimated product life cycle. To allow for a comparability between
traditional product development and Circular Economy focused development, the met-
rics, the same metrics can be applied to the circular approach including sustainability
metrics. The developer itself can choose to specifically focus on certain metrics. To
assess the consideration of undesired states and especially the impact of circularity mea-
sures, changes in the evaluation metrics are monitored. The updated values of metrics
can help to perform an informed decision. To enable these calculations, the individual
impact of a single circularity measure and the impact of the appearance of an undesired
state on each metric must be specified. The introduced meta model provides a con-
crete description of the products condition when entering an undesired state. Further,
the circularity measures imply a description of their impact on the product condition.
Moreover, each of the elements of a circular life cycle extension features information on
the time, energy consumption and other qualitative and quantitative measures defining
the extensions impact on the product. This knowledge enables the calculation of evalu-
ation metrics for extended life cycles. To immediately realize changes in the metrics a
dynamic recalculation and a visualization of the metrics are required.

Within this work the conceptional integration of metrics is carried out. However,
the computation of metrics is only implemented for the lifetime (see Sect. 4.2.) as an
example and prove of concept for the methodology to iteratively improve the circular
strategy based on changes in the metrics. The developed approach does conceptionally
include performance metrics with a special focus on sustainability. However, there are no
metrics introduced which can only be evaluated for circularity measures. The utilization
of standard metrics with a sustainability focus enables a comparability of approaches
which follow a linear value creation and those that incorporate the circular approach.

4 Implementation and Evaluation

The developed modeling approach is evaluated within an automotive development
project. A sustainable center console was developed by means of a Circular Economy
approach. The following chapter illustrates how the developed approach is implemented
in form of a software tool. The tool enables modeling of circular life cycles as described
in Subsect. 4.1. To evaluate modeled product variants, the possible paths of life cycles and
the evolving product conditions throughout the process need to be analyzed. To allow for
such an analysis, we introduce a Monte Carlo simulation approach in Sect. 4.2. Lastly,
we discuss the evaluation of the developed approach on the example of an automotive
center console in Sect. 4.3.

4.1 Implementation of the Meta Model

Chapter 3 presents the developed MBSE based approach to enable an early qualitative
and quantitative analysis of the impact of circularity measures in product life cycles.
A software tool is developed to provide modeling capabilities and allow for a compre-
hensive conceptualization of circular product life cycles. Further, the tool enables an
automated assessment of the quality of the developed circular strategy.
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The open-source systems modelling tool Capella [17] builds the basis for the imple-
mentation. The implementation of the developed metamodel is in turn based on the
Eclipse Modeling Framework (EMF) [11]. An existing metamodel and visualization of
Capella is used to model the physical product architecture as a basis for any life cycle
evaluation and integration of circular strategies. The custom orthogonal metamodel was
implemented to extend the basis of a product architecture with the concept of product
life cycles including circular related aspects.

The orthogonal metamodel is composed of two parts. The modeling of regular life
cycles and the modeling of extensions to enable circular value creation.

The metamodel defines a structure to model life cycles with circular value aspects, as
introduced in Sect. 3.1. For the regular life cycle those are states and transitions from one
state to another. For the circular extension the metamodel defines undesired states and
return transitions. A return transition, as defined in the meta model, contains a circularity
measure. The tool provides a library of those measures. Based on the meta model any
possible product life cycle with alternative paths can be modelled in a probabilistic
manner. The model allows to document the products evolvement during the process
from production to end-of-life.

4.2 Model Based Lifetime Estimation

Section 3.2 introduced the concept of evaluating different product variants and the impact
of introduced circularity measures based on the changes in values of evaluation metrics.
Automated dynamic recalculations would allow for an immediate assessment of changes
in the product model. Within this work we implemented the automated calculation of
the estimated lifetime of the product under development. The lifetime is an important
performance metrics especially in Circular Economy. Enabling circular value creation
aims to increase the lifetime of a product. Costs of production and other factors can be
distributed over the years of usage and the relative indicator of costs per year of usage
decreases. Further, a longer time of life lowers the overall demand for raw materials.
There are many more advantages in an increased lifetime.

To evaluate the impact of introduced circularity measures on the lifetime of a prod-
uct, we need to take into consideration all possible life cycle paths. We use a Monte
Carlo Simulation to address this challenge. A Monte Carlo simulation creates a model
of possible outcomes by taking a probability distribution for any variable with inherent
uncertainty. The results are recalculated multiple times each time using a different prob-
ability. The results can be used to assess a system despite inherent uncertainties within
it.

In the case of life cycle simulations, uncertainty is introduced through the possibility
of multiple valid life cycle paths for the same product. We implemented a monte carlo
simulation with a sample size of 1000 products to cope with the uncertainty. The alter-
native transitions from one state to multiple possible subsequent states are assigned with
a probability. During the monte carlo simulation decisions on the path of a single entity
are based on the assigned probabilities. These rules hold for the regular life cycle as
well as for the extensions composed of undesired states and return paths via circularity
measures. Each state, regular or undesired, and each transition features an estimated



274 M. Schwahn et al.

average duration. Based on the individual durations along a path, the lifetime can be
computed for a single deterministic run of the monte carlo simulation.

The results of the monte carlo simulation are used to assess the impact of changes in
the life cycle and specifically the addition of new circularity measures on the expected
lifetime. Based on the values for the estimated lifetime of a single run, an average, mini-
mal or maximal lifetime can be computed. This approach allows for educated estimates
of the benefit of circularity measures. The implementation is designed to automatically
update a displayed evaluation metric whenever the life cycle with the circularity measures
is updated or altered in any way.

4.3 Evaluation at the Example of an Automotive Center Console

The presented approach was evaluated within the research project Cyclometric. An auto-
motive center console was redesigned and digitally optimized for Circular Economy and
sustainability aspects [10] Based on the digital design a physical product architecture
was modelled in Capella. The characteristics of physical components are defined in
more detail. Materials, weights, and further details are provided. For a selection of those
physical components, a life cycle was modelled. In a first iteration, the modeling is
performed in a conventional way without a Circular Economy focus. Based on this first
model, desired states which likely result in an undesired state where identified. Conse-
quently, we added the most likely undesired states to test the implementation approach.
For each case several circularity measures were tested to dissolve the undesired state.
The impact of each circularity measure could be directly assessed by monitoring the
updated lifetime value.

Center Console Lifecycle Center Console strategy statistics
- Center Console Circularity strategy

EndOfLife Lifetime: 12 years

[ ? Export Material Consumption: 32 kg

Energy Consumption: 530 kWh
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Fig. 2. Implementation of the center console’s life cycle with the extension composed of unde-
sired states and circularity measures. Probabilities p are assigned to each transition to indicate

the likelihood of each life cycle path. Dynamically updating strategy statistics are displayed for
immediate assessment.
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The visualization of such an extended life cycle is depicted in Fig. 2 On the left-hand
side, a regular life cycle is modelled. The states are cumulated in phases — Production,
Usage and EndOfLife. The red arrows indicate a transition from a desired condition
of the product to some undesired state. They feature a short description of the error or
functional limitation causing the product to escape the regular life cycle. The resulting
undesired states in turn are depicted in yellow. They are part of the right-hand side
of the visualization. This part comprises all Circular Economy related components. To
return from an undesired state on the right-hand side to a regular state, the green arrows
are added to the model. These represent a return path featuring a circularity measure.
The last component of Fig. 2 is the blue section displaying the evaluation metrics. The
lifetime is already dynamically updated based on the monte carlo simulation. With the
current state of development, the remaining values are assumptions.

During the application, the developed approach has proven to enable the identifica-
tion of suitable circularity measures to increase circularity of the product under devel-
opment. By modeling the estimated regular life cycle first, the identification of critical
states is made easy. Undesired states can be directly added to the model. They are no
longer only considered statistically, but instead they are integrated in a meaningful way
providing the necessary context and information to trigger the application of a suitable
circularity measure. The qualitative and quantitative assessment of the impact of the
applied measure is enabled by the recalculation of evaluation metrics. Providing those
values in the same view as the life cycle allows for a very user friendly and immediate
optimization of the developed circular strategy. The immediate assessment of devel-
oped circular strategies is a significant advantage in contrast to previous methods. These
findings are based on the first implementation for testing the approach. Further analysis
including a comprehensive user study is required to evaluate the approach in more detail
and extract additional results.

5 Discussion and Conclusion

The challenge addressed in this work lies in the qualitative and quantitative analysis of the
impact of circularity measures in product life cycles. The aim was to develop an approach
which enables the developer to identify product states where undesired behavior or
conditions are likely to appear. Moreover, the goal was to provide a method to integrate
those states into the life cycle model and dissolve them with the help of circularity
measures to increase sustainability of the product. To complete the methodology and
create a holistic modelling approach, direct evaluation of the measures and the circular
strategy should be made possible. This allows for an approach to iteratively improve the
strategy and directly give feedback to the developer.

For this purpose, an MBSE based approach was developed exploiting the idea that
each product has an individual life cycle. The concept of modeling regular life cycles
was extended by Circular Economy aspects. The idea of undesired states and the method
to dissolve those with the help of circularity measures was introduced in an extension
of the metamodel.

The approach allows to easily identify potential unwanted conditions throughout a
product’s lifecycle and permits comparison of possible circular strategies to return to a
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desired state. Hence, the approach facilitates immediate and qualitative assessment of
the impact of circularity measures. The ability to assess the impact of the developed
strategies leads to more informed decision-making and thus a better product quality or
sustainability of the product.

The implementation utilizes the open-source system modelling tool Capella (Eclipse
2023a; Roques 2018). The implementation of the developed modeling approach was
successful. The tool allows the user to obtain a good understanding of the complex
system and the interdependencies between changes of the product life cycle at different
states. The dynamic recalculation of evaluation metrics based on changes in the model
was implemented at the example of the product lifetime. The example succeeded to
show that an immediate assessment of the impact of a circularity measure on evaluation
metrics is possible and indeed very useful for the optimization of the circularity strategy.

Nevertheless, the developed approach has potential for further improvement and
extensions. The tool can be used for the development of different types of products
from various industry sectors. However, to adequately assess the impact of circularity
measures for a product from the support tool the product architecture must include all
parameters that will be changed by the circularity measures. The complexity of the sys-
tem arises from the large number of possibilities for circular strategies and the many
variants of individual life cycle paths. Identifying all critical states and finding an optimal
strategy for a return of the product to a useful state asks for a skilled and experienced
developer. The current implementation enables a product developer to easily optimize
the system, but an automation of the process could lead to more optimal solutions in the
future. Furthermore, the hierarchical architecture of products increases the complexity
of the task. The presented approach allows for a modeling of life cycles with circular
aspects at each level of the product architecture. However, the developed models are
not transferred to subcomponents or parent components which would simplify the pro-
cess for the developer. Implementing this functionality can be part of future work. The
implementation of the recalculation of the lifetime of a product lies the foundation for
further development regarding other evaluation metrics. The computation of some met-
rics might require an extension of the model or a more detailed description of component
characteristics. For some metrics it can also be relevant to discuss the topic of allocation.
In case a product is not returned to a state within the same system, but instead finds a
second life in another system, the impact of its productions and further processes needs
to be distributed across both systems.
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Abstract. Designing resource-efficient products, aided by digitalization, offers
additional potential to consider improved circularity of the product for the whole
value chain. Distribution of data is crucial to provide key information for relevant
stakeholders, to guide and support their decisions regarding the product of interest.
Stakeholders have different interests in certain sets of data. Streamlining the data
exchange will lead to improved efficiency for all involved parties. Therefore, the
lifecycle of products has to be examined; the most relevant stakeholders, with
their ability to extract and distribute data, are identified; and who has an interest in
combined datasets from all stakeholders at what point in time were investigated.
Hence, combining datasets has to take into account that time is a factor. Loss of
information over time, as well as the necessary data-velocity, are important to
provide valid datasets.

The result is a schematic overview of the data and information exchange
between stakeholders over time. Additional stakeholder data sets are defined and
who is involved in providing data to X. Tailored information will be generated out
of those data sets, depending on individual interests. The Stakeholder-Datasets
are structured in static and dynamic information, potential loss of information,
and information velocity between stakeholders. The mobility value chain is used
to schematically show which stakeholders need which data set as information, in
order to utilize potential that has not yet been tapped. To integrate these results
along recent research, the product passport model is applied. The developed
schematics are still on a meta-level and shall provide a procedure for further
research based on case studies to enhance the advanced circular economy (Defini-
tion: Advanced Circular Economy: A circular economy supported with digitized
information systems to aid optimization of the whole value chain in the economic
system).
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1 Introduction

Insufficient information about the environment leads to negative decision-making for
stakeholders in almost every aspects in hindsight. The current necessary changes for
business practices concerning Europe [1] will be aided by the right distribution of infor-
mation. The legal or illegal export of end-of-life products represent a loss of materi-
als, furthermore lost business opportunities for resource companies [2] and may lead to
unnecessary sourcing of material for manufacturers with the upcoming legislations from
the European Union [3] and new opportunities for individual authorities in the union
[4]. Which is not only valid for technical driven companies but also for companies in
the food and fashion sectors [5, 6] This will lead to the question:

Which Stakeholders inside the Circular Economy need which information from
whom at what point during the product life cycle, and how should the necessary
information be distributed while keeping unnecessary information?

The gathering of necessary data to generate the information seems to start with the design
phase of a product. Most relevant data for many stakeholders is created by decisions
within the design process. For well-balanced decisions data from downstream processes
of the product life cycle is necessary. Without data exchange, previous to the design
phase, the product cannot be developed along with the needs of other stakeholders.
The same facts are valid for stakeholders positioned later in the product life cycle,
to set up efficient processes for the treatment of the product. For those reasons, the
whole information system is a mixture of data-driven hindsight, insight, and foresight.
While constantly evaluating the data regarding different externalities e.g. energy costs,
availability of material, TRL of new technology, and individual economic circumstances.
Furthermore, the generated and collected data over the product lifespan can even be used
by researchers, governments, and innovators, beyond the lifecycle of products for valid
secondary research.

2 Previous Work

An overview of the authors’ previous work in the field of information and data in con-
nection with the “advanced circular economy” is provided first; see the base paper [7].
This is then expanded to include further work on this topic. The referenced paper also
tackle the related work part.

One of the main barriers towards an optimal circular economy or an advanced cir-
cular economy is the information gap between the stakeholders along the value chain
[7, 8]. Regardless of which product stream is considered: whether it is, for example, the
irreparability of smartphones or the inappropriate dismantling processes of traction bat-
teries. In 2021, the authors showed that there is a distinction between static and dynamic
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information and that these develop differently over time. Static information, such as the
production date, does not change over time and its dataset is constant, while the set of
dynamic information such as the remaining capacity of a battery evolves and increases.
Moreover, a change of ownership of a certain product is always followed by a flow of
information, whereby the gap between real! and ideal information? increases over time.
This gap should ideally be zero, or at least kept as small as possible [7].

These research findings were taken up or further developed by these authors in joint
and own publications or even by other scientists. In addition, certain research findings
are also taken up by other authors without finding a citation to these authors. It should be
noted here that the authors do not claim to be the only scientists researching this topic.
However, it shows that the ideas are also being pursued by others and that the topic is
relevant; furthermore the parallel research generates benefit within the whole research
field.

The newer publications mentioned in the former paragraph, which referred to the
main paper from 2021 [7] can be divided into three areas: firstly, as evidence that lack
of information and data is part of the problem of why optimal CE has not yet been or
even will not be achieved. This part will not be discussed further in this paper.

The second area deals with ways in which this information can be made available
to stakeholders. Berger et al. [9] takes this up in order to define the data requirements
and availability for a battery passport. Product passports can ultimately be applied to all
products that today follow a take-make-waste principle and should strive for a circular
economy from an economic, ecological and social point of view. This ranges from
electrical and electronic equipment [10] or the fashion industry [5] to approaches that
can be applied in general [9, 11-14]. The best-known passport for batteries is discussed
in more detail in Sect. 4.

The last area deals with models for technical implementation in order to evaluate
information and make it available beyond their primary sources and use cases. Many data
streams are not designed to be (re)-used, filtered and tailored for other stakeholders. Or
the required information are not even stored, mostly dynamic information. To overcome
these obstacles technical solutions are required, such as an information marketplace. The
concept of a data and information marketplace was already introduced and discussed in
different publications such as [7, 15-17].

3 Stakeholders and Data Sets

Many different Stakeholders are involved in the value chain of the advanced circular
economy. Accordingly, different data sets are required (due to the specific needs of the
stakeholders), and different stakeholders are involved. This section delves into the types
of information critical for these processes and examines the dynamics of stakeholder
engagement, shedding light on how these interactions can either propel or hinder the
advancement of sustainable practices.

I Definition: Real Information: Information that is known, documented and accessible for a
stakeholder.

2 Definition: Ideal Information: Every bit of information that could have been documented about
something.
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Static Information

Definition: Static information refers to data that remains constant over time. In the
sustainability sector, this could include material compositions, design specifications,
and baseline environmental impact assessments.

Challenges: Despite its importance, the sharing of static information often encounters
obstacles. The lack of incentive for stakeholders to share such data, coupled with the fear
of exposing proprietary information or trade secrets, contributes to a gap in the collective
knowledge base, impeding collaborative efforts for sustainability.

Dynamic Information

Definition: Contrasting static data, dynamic information is characterized by its evolv-
ing nature. This includes data on consumer usage patterns, recycling rates, and the
environmental impact of products over their lifecycle.

Challenges: The collection and updating of dynamic information faces significant
hurdles. In many instances, there’s alack of consistent and systematic efforts to gather this
data. The variability in formats due to different technological standards or stakeholder
requirements further complicates this landscape, posing challenges for effective data
utilization.

Main Stakeholders in the Advanced Circular Economy

Supplier: Suppliers provide the foundational materials or products, making their con-
tribution of both static and dynamic data crucial for mapping out sustainable supply
chains.

OEMs (Original Equipment Manufacturers): OEMs play a central role in the product
lifecycle, influencing the generation, consumption, and relevance of sustainability data.
Their engagement is vital in aligning industry practices with sustainability goals.

Customer: Customers, as end-users, significantly impact and benefit from sustain-
ability data. Their informed choices, driven by accurate and transparent information, can
steer market trends towards more sustainable products.

Manufacturer: Manufacturers who remanufacture products are key players in the sus-
tainability cycle. The data they use and generate can optimize the reuse and repurposing
of materials, reducing waste and environmental impact.

Second Life Supplier: These stakeholders are instrumental in extending the life of
products through reuse. Access to comprehensive data sets enables them to identify and
utilize viable parts effectively.

Recycler: Recyclers are at the forefront of transforming waste into resources. The
exchange of both static and dynamic data is essential for them to adapt their processes
to changing material streams and sustainability standards.

Innovator: Innovators drive the evolution of products towards greater sustainability.
Their reliance on a mix of static and dynamic information is critical in developing
solutions that are both innovative and environmentally responsible.

To make the assignment of data easier for all involved stakeholders, datasets shall
be used. Those are either composed depending on actions in the value chain or for
stakeholder groups. By structuring those sets in this particular manner, the classification
of their own provided data as well as the required data is more accessible. Therefor the
datasets must be composed out of data form different stakeholders, furthermore they are
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evolving depending on the ration of static and dynamic information. Later, stakeholders
can request datasets to utilize them for their corresponding decision process. Hence they
are able to make decisions regarding circularity based on “insight” or “foresight” (see
Fig. 1) instead of “hindsight”. This will provide possibilities to increase the overall value
within the circular value chain for the whole society in the business environment.

Stakeholder

— utilizing Dataset

Foresight

Dataset to

Stakeholder
Knowledge

Insight

Dataset

Information -
Relational

Database
|

Stakeholder Data

Hindsight

Data

3

Fig. 1. ‘Data-Value-Funnel’ as schematic for the transfer of data to wisdom and added value by
enhancing (business) decisions for stakeholder due to the distribution of various data condensed
into specific datasets for stakeholders.

In Table 1 there are three Data sets with two circles (C1 and C2) which represents
not only the product-life-cycle but also the material-life-cycle. The first cycle represents
the design of the product without any former data about the input materials. While the
OEM needs data from the material supplier and the manufacturer of certain parts that
will be included in the whole product, they also need information regarding the specific
use of the material or part to determine more suitable alternatives. Both data flows
aiming for the most valuable use and increased efficiency of resources. Depending on the
product, the customer might also be interested in all those information, to influence their
purchase decision based on the dataset insights. If the information about the product will
positively influence the customers decision, stakeholder specific value can be assigned to
the information. The former data input of the upstream stakeholders, additionally enables
the tailoring of individual datasets to provide second life supplier and recycler with
information they can structure their processes with; based on foresight by knowledge,
which again will add value to the individual data due to the more efficient processes at
the products end of life.

The next cycle will increases the value of the data even more. The data used as
wisdom from former processes of all stakeholders can be utilized for every stakeholder
in future decision making (see Fig. 1 and Table 1). The information market place is
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Table 1. Development of three datasets over two circles with exemplary stakeholders and where
they provide data to a dataset or use the information from a dataset. Enhancement to the circular
economy are marked in green.

Pre-Life Dataset Life-Cycle Dataset | Post-Life Dataset
Stakeholder Provide Use Provide Use Provide Use
Supplier / o / 5 / / 8
Customer , Ior) / 2 / - )
Reevel a1 A a a7
ecycler / o o 2 |
Information ' Cl1 Cl1 // / C1 /
Marketplace | -~ @ |~ C2| —~ @ |~ c2| 2

able to take the role as distributer and an memory of data over different lifecycles (see
Sect. 5). For each cycle the data is collected and transformed into information. This
information will provide insights for stakeholders who before had no information to
base their decisions on.

Example: The material supplier for the OEM of breaking equipment will provide
static data regarding the material properties and manufacturing process, which
in return the OEM needs for quality control. The OEM again generates data for
the ‘Pre-Life’ dataset. This is particular interesting to use for the customer to
purchase the right part for the mark and model, afterwards the customer will
produce dynamic data for the ‘Life-Cycle’ dataset. After the use phase of the part
it is beneficial for the recycler to know what kind of material it is, hence the use of
the ‘Pre-Life’ dataset. For wear parts like in this case, the dynamic information
about the operation hours are not that important, this differs for more complex
assemblies. In both cases the recycler will generate static and dynamic data for
the ‘Post-Life’ Dataset. In case ever stakeholder in this example provides ideal
data to the information marketplace, this data can be transformed to information
and be provided for various purposes to other stakeholders. Furthermore, the new
available information will offer benefits for various decisions in the second cycle
of the material for stakeholders which were not available or existent before.

4 Transfer to Other Products: Product Passport

The information exchange concept can be transferred to other products. By using a
product passport, benefits for all stakeholders along the value chain can be generated.
Within the automotive value chain, different circular approaches (CA) are involved.
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Parts and assemblies have to be repairable to prolong the life of the whole car, this is
especially valid for wearing parts. This method was driven by economic factors; a car
should not be disposed of, just because one part will no longer function as with the
intended performance. The overall monetary value is too high to not consider repair.
This positive circumstance represents a problem for products with smaller monetary
value.

With a product passport for those products, it is possible to set the monetary and
material value of products into a context. Therefor assisting the decision-making process
during the product lifetime. Implementing data driven product passports will enable
engineers to decide with a certain degree of foresight during the design phase while
developing the product. With less overall product value, repair operations have to be
more efficient for parts that are exposed to wear and tear, otherwise the breakdown of
one designated wear part can lead to a malfunction of the associated assembly and as a
result carries over to economic obsolescence of the whole product.

One of the best-known product passport is the one for batteries, which will be intro-
duced in the EU in 2027. This passport, defined in Article 77 of the EU Battery Regula-
tion, will be mandatory for all batteries in electric vehicles (EV), light means of transport
(LMT) and industrial batteries with a capacity greater than 2 kWh that are placed on the
EU market or put into service [18].

A wide range of data and information is collected along the value chain and made
available to certain stakeholder groups on a mandatory basis. The value chain of batteries
is the same as that of other products with different names for their stakeholders or value
creation steps (see Fig. 2) preliminary products or components are manufactured from
raw materials, which in turn are manufactured by an OEM into a complete product,
sold to a customer and, after a different product life cycle, are fed into the various
circular economy strategies (e.g. repair, remanufacturing, repurpose/2nd-life or material
recycling).

With the introduction of the Battery Passport, three additional stakeholder groups are
now introduced at the data and information level, which have different access to the data
and information that is generated and collected during the product life cycle: “General
public”, “Notified bodies, market surveillance authorities and the Commission” and
“Any natural or legal person with a legitimate interest in accessing and processing that
information”. The information that must be made available to these respective groups is
defined in Annex XIII of the Battery Regulation [18].

The Battery Pass Consortium, in collaboration with the Battery Alliance, has summa-
rized the definitions and attributes of the Battery Pass based on the Battery Regulation. It
is important to note that in addition to listing the data and information and which of the
three stakeholder groups it is made available to, this document also makes a distinction
between static and dynamic information. This again shows that the distinction between
the two types of information made by the authors in their previous publications is taken
up in real projects such as the Battery Pass [19].

The published document contains 90 attributes that are mandatory under the Battery
Regulation or other regulations. In addition, there are a further 17 attributes that are
voluntary. Of these 107 attributes, 79 are static data or information and 28 are dynamic
in nature [19].
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Fig. 2. Framework of the advanced circular economy based on the Recycling 4.0 approach
(translated) [8]

5 Platform Based Approach

In the quest for an advanced circular economy, the concept of a platform-based approach
emerges as a critical enabler. This approach leverages digital platforms to facilitate
open data and information exchange, vital for the functionality of products like the
battery passport. Such platforms act as centralized hubs, where various stakeholders can
access, contribute, and utilize data efficiently and transparently. These platforms are for
example data marketplaces, such as described in [1-3], matching platforms for different
stakeholders along the circular economy [20] or support circular processes such as repair
[21]. Platforms for tracing the sustainable impact [22], or just to exchange data [23, 24].

This section explores the nuances of the platform-based approach, its implications
for the circular economy, and how it underpins products like the battery passport.

5.1 The Role of Digital Platforms in Circular Economy

Digital platforms in the circular economy serve a dual purpose. Firstly, they func-
tion as repositories for both static and dynamic information, ensuring that data is
not only stored but is also accessible and usable. Secondly, these platforms act
as facilitators for communication and collaboration among stakeholders, bridging
information gaps and fostering a more integrated approach to sustainability. The
functionality of these platforms can be enhanced with advanced technologies like
hashing, which ensures data integrity and traceability. Additionally, the integration
of Al and machine learning can aid in analyzing vast data sets, providing insights
that can drive efficient decision-making and innovative solutions. Based on large
language models data consumers get support in exploring the data, foster new use
cases or support a data purchase decision.
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5.2 Case Study: The Battery Passport Platform

The proposed battery passport is an exemplary instance of a platform-based app-
roach. This digital platform will encompass a comprehensive set of information,
including both static and dynamic attributes of batteries used in electric vehicles
and other applications. By centralizing this information, the platform not only sim-
plifies access for stakeholders but also ensures that data is updated and accurate,
thus supporting sustainability efforts throughout the product’s lifecycle.

5.3 Advantages of the Platform-Based Approach

The platform-based approach offers several advantages:

1. Enhanced Transparency and Traceability: By providing a centralized data reposi-
tory, these platforms enhance the transparency of information across the value chain.
This transparency is crucial for stakeholders to make informed decisions and for
consumers to understand the sustainability aspects of their choices.

2. Improved Stakeholder Collaboration: Platforms provide a common ground for
stakeholders to collaborate, share insights, and develop joint strategies for sustain-
ability. This collaboration is essential for addressing the complex challenges of the
circular economy.

3. Data-Driven Decision Making: The wealth of information available on these
platforms enables stakeholders to make data-driven decisions. This is particularly
important in designing products and processes that align with sustainability goals.

4. Scalability and Adaptability: Digital platforms can be scaled and adapted to
accommodate different products and industries, making the approach versatile and
applicable across various sectors of the circular economy.

5.4 Challenges and Considerations

Despite its advantages, the platform-based approach also presents challenges. These
include ensuring data security and privacy, managing the complexities of data standard-
ization, and fostering widespread adoption among stakeholders. Addressing these chal-
lenges will require collaborative efforts, clear regulatory frameworks, and continuous
innovation in platform design and technology.

6 Conclusion

One of the main barriers to achieving an optimal circular economy is the information gap
that still exists between individual stakeholders. The concept of information loss when
the product changes users or owners, which was introduced by the authors in previous
publications, has since been taken up and further developed in other publications to
reduce the information gap. Various types of data passports have also been developed
that can be utilised by the future introduction of the battery passport.

In conclusion, the platform-based approach represents a significant step forward
in achieving an advanced circular economy. By facilitating open data and informa-
tion exchange, these platforms can enhance transparency, collaboration, and innovation
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across the value chain. As the case of the battery passport illustrates, such platforms are
not just theoretical concepts but practical tools that can drive real change in the pursuit
of sustainability. Furthermore, ‘Large Language Models’ are a game changer for new
platform based approaches. A fine tuned model in combination with the battery passport
can increase the value of such a platform highly.

Furthermore, it is crucial to identify and address potential challenges in adopting
these platforms, such as ensuring data security and quality, managing stakeholder inter-
ests, and overcoming technical barriers. Future research should focus on these aspects
to optimize platform efficacy and broaden their applicability. Additionally, exploring
the scalability of such platforms in various economic sectors can provide insights into
their adaptability and impact at a larger scale. This holistic approach will be instrumen-
tal in fully realizing the potential of platform-based solutions in contributing to a more
sustainable and circular economy.
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Abstract. Product traceability is essential in modern manufacturing to ensure
quality standards and regulatory compliance. It also provides transparency that
resonates with customers’ growing emphasis on sustainability. Traditional meth-
ods of traceability verification often involve manual inspections, which are time-
consuming and prone to human error. This paper proposes an automated approach
leveraging machine learning to detect anomalies and gaps in product traceabil-
ity within discrete production lines. The production line is modeled as discrete
sequences, with process parameter names for each station hashed and represented
as states in Markov Chains. Through continuous analysis, the system updates the
Markov Chain model, adapting to changing production scenarios without manual
intervention. Anomalies are detected based on deviations in transition probabili-
ties, allowing for the automatic identification of traceability anomalies and gaps.
This not only ensures the integrity of the production process but also optimizes
operational efficiency, significantly reducing the need for manual oversight. The
proof-of-concept is demonstrated in a case study at the automotive electronic
manufacturing plant of Robert Bosch Elektronik GmbH, showcasing the effec-
tiveness and scalability of the automated approach in real-world manufacturing
environments.

Keywords: Traceability - Discrete manufacturing - Machine learning - Anomaly
detection - Markov chain

1 Introduction

In the current landscape of discrete manufacturing, ensuring product traceability has
become a crucial requirement. The need for reliable traceability systems is motivated
by several factors, such as regulatory compliance, quality assurance, and the growing
intricacy of global supply chains. Traceability is the systematic tracking and recording
of product and component movement throughout the entire manufacturing process, from
raw materials to finished goods. This capability provides manufacturers with valuable
insights, enabling them to enhance product quality, streamline operations, and respond
promptly to issues such as recalls or defects. Traceability is crucial in industries such as
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automotive, aerospace, pharmaceuticals, and electronics, where strict quality standards
and regulatory requirements demand a thorough comprehension of the product lifecy-
cle. In the automotive sector, for example, traceability enables the tracking of faulty
components to their source, making targeted recalls possible and reducing the impact
on consumer safety. Achieving effective traceability in complex discrete manufacturing
environments presents numerous challenges due to the volume of data generated and
the intricacies of modern supply chains. Manual traceability management is often error-
prone and inefficient, and traditional methods may not address the dynamic nature of
manufacturing processes, resulting in gaps and anomalies in traceability records. More-
over, the complexity of traceability efforts is exacerbated by the integration of legacy
systems and disparate technologies. To overcome these challenges, there is an increasing
recognition of the transformative potential of enhanced digitalisation and artificial intel-
ligence (AI) in manufacturing traceability. The combination of advanced data analytics,
machine learning, and Al-based algorithms shows potential in automating traceability
processes, offering real-time insights, and detecting anomalies or gaps in the traceability
chain. These technologies enhance the accuracy and efficiency of traceability systems,
empowering manufacturers to proactively address issues and prevent potential disrup-
tions to the production workflow. Our paper introduces a novel Markovian approach
to automated detection of product traceability anomalies and gaps in complex discrete
manufacturing. Leveraging the inherent stochastic nature of manufacturing processes,
Markov models offer a powerful framework for capturing the dynamic dependencies
among events in the production sequence. By integrating Markovian principles with
Al-driven analytics, our proposed methodology aims to enhance the precision and relia-
bility of traceability systems, providing manufacturers with a potent tool for ensuring the
integrity of their product lifecycles. Through the exploration of this innovative approach,
we contribute to the ongoing discourse on advancing traceability in complex manufac-
turing environments, offering a viable solution to the persistent challenges faced by
industry practitioners.

2 Background

2.1 State of the Art

Traceability in discrete manufacturing systems is the ability to track and trace the produc-
tion process, as well as the flow of materials, components, and products throughout the
entire manufacturing lifecycle. This process is crucial for ensuring quality, compliance,
and efficiency in manufacturing operations. Traceability involves identifying, record-
ing, and tracking the history, location, and usage of each component, subassembly, and
final product in the manufacturing process. Traceability is a crucial quality management
principle highlighted in ISO 9000 standards [1] It stresses the importance of establish-
ing clear and documented connections between product-related information to enable
effective control, analysis, and improvement of the quality management system. Trace-
ability can refer to products, such as tracing the amount, quality, or type of products, or
activities, such as the type or duration of life cycle stages [2].

Traceability in manufacturing systems serves several critical objectives, each con-
tributing to the overall effectiveness and quality of the production process. One of the
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primary goals of traceability is quality assurance. By establishing a comprehensive pro-
duction history, traceability facilitates the swift identification and correction of defects,
ensuring the consistent production of high-quality products. Secondly, traceability is cru-
cial in ensuring compliance with the often stringent regulations and standards prevalent
in various industries. It is important to note that traceability is not only important for com-
pliance but also for quality control and process improvement. Sectors such as automotive,
aerospace, and healthcare have specific requirements that must be met to guarantee the
safety, reliability, and legality of products [3]. Traceability provides a documented trail
of materials and processes, aiding manufacturers in demonstrating adherence to regula-
tory frameworks and standards. Additionally, traceability significantly contributes to the
overarching goal of efficiency and optimization in manufacturing operations. By sys-
tematically tracking the movement of materials from their origin through various stages
of production, manufacturers gain valuable insights into the dynamics of their supply
chain. This insight allows for the identification of inefficiencies, bottlenecks, or areas
of waste. As a result, manufacturers can optimize their supply chain processes, reduce
unnecessary resource consumption, minimize waste generation, and enhance the overall
efficiency of the production system (Fig. 1).

e ["ELUE] .

Flash Milling Assembly Welding -

i Prod. Out

OrderNo FeedRate Charge Temperatur .
Toolld Rotation Toolld CoolingTime .

Fig. 1. Final assembly line for engine control units (schematic) [4]

For instance, in manufacturing industry like automotive electronics, traceability is
crucial for ensuring quality, safety, and compliance, which is achieved through metic-
ulous documentation and monitoring. Integrating data processing in cloud environ-
ments or blockchain technology enhances the robustness and security of traceability
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systems. This allows for accurate identification and tracking of components, address-
ing challenges such as optimizing production efficiency. Real-time data acquisition,
facilitated by technologies such as RFID and IoT within cloud or blockchain infrastruc-
tures, enables manufacturers to promptly detect anomalies. The analytical framework
can be extended beyond traditional statistics to incorporate advanced methodologies like
Markov chains and machine learning. This integration mitigates risks associated with
defects and promotes sustainability and innovation in energy storage technologies.

2.2 State of Research

Traceability is often used to analyse and document trace links. Some applications also
allow for progress monitoring or system synthesis. When analysing, there are various
functionalities available across different tools. [5]. In specific application areas, such as
industrial manufacturing, enhanced traceability systems can provide additional benefits,
such as optimizing production and improving product quality. Wessel et al. present
concepts for traceability in battery production in research pilot production scale [6,
7]. Leng et al. propose data methodologies for enhanced traceability systems based
on literature, which they compare to their technical feasibility. [8]. In general, it was
found that as data analysis methods advance towards Al-enhanced process optimization,
technical feasibility decreases. For example, data visibility and traceability systems have
already been demonstrated in industrial production cases. [9], whereas a ledger based
trusted framework towards zero-defect manufacturing has yet to be tested on a case
study [10]. While there are frameworks using Markov Chain, they either do not include
the manufacturing focus [11] or the traceability aspect [12]. The focus of proposed
traceability systems in manufacturing is the scheduling of process steps. As indicated in
Guoetal., these approaches realized data analysation with other methods [ 13]. Therefore,
this papers’ aim is to apply a new traceability system based on Markov Chain for anomaly
detection in the manufacturing realm with an accompanying industrial case study, which
is not yet represented in the state of research (Fig. 2).

objective
process [ Markov Chain |
impr 9\'(?1116}10 [ Pareto optimization model |
optimization — -
Al data [ Yane Lot AL 2021 | | Blockchain |
analysis Leng. J.: Jiang, P. 2019 Non Al-enhanced data analysis
Ding, K Jiang, p 2017 Scrivanoa. S.: et. Al 2021
data [ Wessel. I et. AL 2020 |
visualisation Chongwatpol, J; Sharda. R. 2019

Reinhardt, F.: Miinnich. M. 2021

data tracking

technical
feasibility

concept simulation/ research case pilot industrial
only virtual use case study application

Fig. 2. Research based concepts of enhanced traceability systems for industrial manufacturing
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3 Concept

The core idea of this paper is to employ Markov Chains to dynamically monitor the flow
of products Traceability through the manufacturing line, thereby identifying deviations
from expected paths. Anomalies or gaps in traceability are detected using a threshold-
based approach: if the transition probability between two processes exceeds a prede-
fined threshold (indicating an unexpected or unrecorded transition), it signals a potential
anomaly. This method allows for real-time detection of irregularities, such as skipped
processes or unauthorized modifications, providing a mechanism for ensuring product
quality and integrity in discrete manufacturing settings.

The subsequent sections will elaborate on the definition of Markov Chains, the con-
cept of a Discrete Production Line, and the role of hash functions. These components are
integral to understanding how they collectively contribute to modeling Markov Chains
in Production and, importantly, how they enable the detection of traceability gaps and
anomalies.

3.1 Markov Chains

A Markov Chain is a mathematical model that encapsulates a stochastic system
with a discrete state space. Formally, a Markov Chain is defined by a set of states,
S = {81,852, ..., Sy}, where n is the number of distinct states in the system. A Tran-
sition Matrix M™* " represents the number of occurrences of transition from status
M; to M;. The transition probabilities between these states are described by a tran-
sition probabilities matrix P"*", where p;; represents the probability of transitioning
from state S; to state Sj. Mathematically, the transition probability pj; is calculated as

__ Number of transitions from S; to §;
Pij = Total transitions from S;
negativity: p; > OVi, j. Row Sum Property: Z};l p;j = 1Vi. Memoryless Property:
The probability of transitioning to a future state depends solely on the current state, not
on the history of states.

. The matrix P satisfies the following properties: non-

3.2 Discrete Production Line

In the context of discrete manufacturing, a production line can be represented as
a sequence of stations or processes, each responsible for specific manufacturing
tasks. In this paper, we represent it as a sequence of processes because a station
could have multiple processes. Formally, proc = {procl, proc,, ..., procm}, where
m is the number of processes in the line.

Each process proc; is associated with a set of process parameters, Param; =
{Paramj;, Paramjy, .. ., Paramjx} where i the index of the process the k the number of
parameters. The process parameters are the data transmitted from the production station
to the Manufacturing Execution System (MES) for storage. These parameters include
crucial information, such as the temperature of an oven during the processing of a part or
the force applied in an operation. The traceability significance of these parameters lies
in their ability to provide a detailed record of the manufacturing process. The presence
or absence of these parameters is pivotal, as it directly impacts the traceability of the
production, ensuring accurate monitoring and analysis.
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3.3 Hash Function

A hash function, denoted as H, is a deterministic function that converts an input string of
arbitrary length into a fixed-size output, typically presented as a sequence of characters.
In the context of our model, the hash function H takes the process parameters associated
with each process proc; as input. It then generates a unique hash value H; for the given
parameters. The hash function can be expressedasH : proc; — H;, where H; represents
the resulting hash value derived from the input process parameters proc;.

3.4 Markov Chains in Production Modeling

By utilizing Markov Chains, we can formally depict the transitions of product process
states as they progress through various manufacturing stages in a production line. In
this context, states are defined as unique combinations of station identifiers, such as
names or IDs, along with their corresponding hashed process parameters. Each state
Si € S is defined as S; = proc; - Hx. The following illustration provides a concise
overview of these concepts through a practical example. Let’s consider a production line
consisting of 5 processes {101, 102, 103, 104, 105}, which has produced a total of 340
parts. The data parameters for each part in each process undergo hashing. Consequently,
the Markov chain states transform into {101_10, 102_11, 103_1A, 104_2B, 105_3A}
(where the hash codes are provided as an illustration), as all 340 processed parts have
followed the same route (Fig. 3).

Markov Chain 340 340 340 340
340

101.10 102_11 103_14 104_2B 105_34

101.10 0 1 0 0 0

pss _ | 102110 0 1 0 0

10314 0 0 0 1 0

1042B 0 0 0 0 1

10534 0 0 0 0 0
Param1 Param1 Param1 Param1 Param1
Param2 Param2 Param2 Param2 Param2
Param3 Param3 Param3 Param3 Param3

Fig. 3. Example of discrete production line and its Markov chain.

3.5 Traceability Anomalies and Gaps

Our approach revolves around the application of Markov models to represent and analyze
the dynamics of discrete manufacturing. The transition probabilities, denoted as p;,
between states in the Markov Chain signify the likelihood of transitioning from state
S; to state S;. In the model, these transition probabilities are essential for capturing the
dynamic behavior of the production line and detecting anomalies or gaps in product
traceability.

There are two categories of anomalies or gaps which can be detected, the first type
occurs when a product bypasses a step in the production line, which may result from
manual intervention by a worker or a lack of configuration in MES following an update.
If a process is skipped, the transition from the preceding process to the subsequent
process, as illustrated in the figure below, will no longer be zero. A threshold, such as
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1%, can be established, and based on this threshold, the presence of an anomaly or gap
can be identified (Fig. 4).

103 BN 104 RN 105

1A 2B _3A

101.10 102_11 103_14 104.2B 105.34

101_10 0 1 0 0 0

****** P55 102_11 0 0 1 0 0
103_14 0 0 0 0.998 0.003

104_2B 0 0 0 0 1

Param?1 Param1 Param1 10534 0 0 0 0 0

Param2
Param3

Param2
Param3

Param2
Param3

Fig. 4. Concept of the Markov Chain enhanced traceability

The second anomaly involves alterations to the parameters of a process, such as
deletions, additions, or modifications. Changes to the names of process parameters result
in a modification of the hash function mentioned earlier. Consequently, this modification
leads to a new state in the Markov chain, given that the combination of the process ID
and the hash function is not present. Like the approach used in the first anomaly/gap
category, employing a threshold enables the identification of this anomaly (Fig. 5).

340 340
341/ 34-1 341
341 10110 102_11 102_12 103_14 104.2B 10534
101_10 0 0.998 0.003 0 0 0
102_11 0 0 0 0.998 0 0
; 1 = Pox6 =1 102_12 0 0 0 0.003 0 0
L 341 341 103_14 0 0 0 0 1 0
104_2B 0 0 0 0 0 1
Param1 Param1 Param1
Param2 Param2 Param2
Param3 Paramé Param3

Fig. 5. Concept of the Markov Chain enhanced traceability

4 Case Study

This case study demonstrates the practical application of our proposed methodology,
utilizing Markov Chains for the identification of product traceability gaps and anomalies
in discrete manufacturing settings. In this case study, we have chosen one of our Engine
Control Unit (ECU) production lines as the focus. For each part, the data collected from
each station within this line are processed, utilized, and fed into the transition matrix to
update it. Subsequently, the probabilities within the matrix are scrutinized for transitions
below the defined threshold to detect anomalies.

We applied the concepts from Sect. 3 to develop a functional model aimed at improv-
ing traceability. Given the versatility of our methodology, it is adaptable across var-
ious computing platforms and programming languages. For this implementation, we
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selected a Hadoop Ecosystem cluster due to its superior distributed computing capabili-
ties, essential for efficiently processing the large datasets characteristic of manufacturing
environments (Fig. 6).

Principle product data tracing

o Manual s
Flash Milling Assembly Welding -
Prod. Out
OrderNo FeedRate Charge
Toolld Rotation Toolld CoolingTime

?
detected data gap/ anomaly :‘R ,8\@

PO service
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operational data feedback to
PO/ service
Ghedep  S5aKS R iow :
EJ = g ,
o hadoop spark </>]?| results
E@ cluster B] airflow energy
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— (|
Or g To101| |—T ,Qf et quality
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MES 10040 traceability coordinator
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IT architecture with Markov Chain algorithm

Fig. 6. Prototypical implementation and information flow in the proposed concept

4.1 Data Collection

After each manufacturing process, a station sends a message (telegram) to MES. This
message contains the part identifier and the corresponding process parameter data. To
avoid disruption to the production MES database, a Data Pipeline retrieves data from
MES and deposits it in the Hadoop file system. The data is structured into tables using
the Parquet file format, offering an efficient and scalable storage solution for handling
large datasets. The processing of the process data can be executed in either a batch or
micro-batch processing mode (time triggered), or in real time mode (event triggered).
For our proof of concept, we opted for the batch method.

Then at regular intervals, Apache Airflow™!, a workflow orchestration platform,
triggers an Apache Spark job. Apache Spark™?, a distributed data processing engine,
executes the job, loading data from a table, constructing the Markov chain matrix, and
calculating the probabilities matrix.

1 Https://airflow.apache.org/
2 Https://spark.apache.org/
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The results of the Spark job are stored for subsequent anomaly and gap detections.
Moreover, these outcomes are used for visualization. The implementation also includes
an alerting mechanism, notifying stakeholders in case of anomaly detection during the
analysis.

4.2 Markov Chain Construction and Transition Probability Calculation

Considering the sparse nature of the Markov chain matrix in our case, the implementation
opts for a dictionary-based representation. Each process ID serves as a key and the
corresponding values indicate connections to other processes. This approach reduces
storage requirements and enhances computational efficiency.

In the initialization phase, both the transition matrix p and the Markov States Matrix
M begin as empty matrices. As the batch processing starts, data is loaded for each
unique product that has traversed the production line A at a specific time. Subsequently,
states are calculated for each station A; with S; = A; - Hy, as defined earlier.

This product states sequence is then inputted into a function update_matrix : M x
S; — M responsible for updating the states matrix. The function iterates through the
sequence to update the matrix, counting transitions between states. For each pair of
consecutive states in the sequence, it checks if the previous state exists in the matrix.
If not, a new entry is created. Then, it verifies if the current state exists as a transition
from the previous state in the matrix. If not, a new entry is initialized with a count of
zero. Finally, the function increments the count of transitions from the previous state
to the current state by one. In essence, the function populates a matrix with counts of
transitions between states based on the given sequence.

Following the update of  the matrix M, the function
calculate_transition_probabilities calculate_transition_probabilities : M1 x p — p/,
which computes the transition probabilities in the matrix p. It populates it with the tran-
sition counts, calculates row sums for normalization, and finally computes transition
probabilities by dividing the transition matrix by the row sums. The resulting transition
probabilities matrix is returned, providing a normalized representation of the likelihood
of transitioning from one state to another.

4.3 Anomaly Detection

To identify potential traceability anomalies or gaps, we set the threshold to 1% for transi-
tion probabilities. That means when the probability of transitioning between states falls
equal or below this threshold, it acts as a trigger for further investigation. This thresh-
old is carefully chosen, taking into consideration the voluminous data, the multitude of
production lines, stations, and the intricacies of the data generated in our manufacturing
environment.

The probability matrix can be converted into a graph for visualizing and analyzing
anomalies using the following pseudocode:



302 R. Bakir and C. Blume

for source, targets in probabilities_matrix.items():
for target, probability in targets.items():
G.add_edge(source, target, weight = probability)
If probability < = threshold:

N

print(“Anomaly or gap detected”)

This code traverses the entries of the probability matrix, retrieving source nodes
and their respective target nodes along with their associated weights (probabilities). It
integrates this information by adding edges to the graph (denoted as G), facilitating a
visualization of the data. Additionally, the code checks if the probability is equal to or
below a specified threshold, and if so, it signals the detection of an anomaly.

4.4 Results

The implementation of the Markov Chain based traceability system in a manufactur-
ing setting has yielded insightful results. The construction of the Markov chain matrix
and the calculation of transition probabilities were successfully executed on a Hadoop
Ecosystems cluster, demonstrating the feasibility and of the approach. The anomaly
detection mechanism, guided by a transition probability threshold, flagged inconsisten-
cies in the manufacturing process. A thorough examination of these inconsistencies was
conducted to determine their root causes, facilitating improvements in both the man-
ufacturing process and the traceability system. This, in turn, contributed to the swift
identification and resolution of traceability gaps.

4.5 Discussion

While the proposed methodology for automated traceability in manufacturing offers
numerous advantages, it’s important to consider potential drawbacks for acomprehensive
discussion. A potential drawback is the choice of the transition probability threshold
for anomaly detection requires careful consideration. Sensitivity to this threshold may
impact the balance between false positives and false negatives, influencing the system’s
overall accuracy. Other potential drawback could be the continuous Model Maintenance.
Ensuring the ongoing accuracy and relevance of the Markov Chain model demands
continuous maintenance. Changes in the manufacturing process, introduction of new
products, or modifications to the production line may necessitate frequent updates to the
model.

5 Conclusion and Outlook

This paper introduced a method to improve product traceability in discrete manufactur-
ing using Markov Chains. The implemented system effectively identifies irregularities
and shortcomings within the manufacturing process. Future endeavors in this research
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involve refining the anomaly detection algorithm to adapt to diverse manufacturing
environments and exploring real-time data analysis for prompt corrective actions. Addi-
tionally, potential research avenues may explore applying this methodology in other
areas where traceability and process integrity are crucial. This could include integrating
additional data, such as energy consumption, to calculate product-specific energy and
carbon emission footprints. Furthermore, the development of tailored digital tools for
operational improvement and daily business processes could be considered. The goal
is to extend the application of this approach to various plants within the international
Bosch factory network.
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Abstract. The focus of this research is on supporting a resource-efficient econ-
omy to minimize post-consumer plastic waste by incorporating secondary materi-
als into existing product design and thereby closing material cycles in plastic usage.
In addition to lower primary resource demand and lower energy consumption in the
production phase, the potential opportunities include lower overall environmental
impacts. An important challenge arises from batch-dependent variations in the
quality of recycled plastics, influencing product development in the design phase.
Finite element analysis (FEA) plays a crucial role in the early stages of product
development, demonstrating a concept’s potential for further development at a low
cost and with minimal production effort. Detailed modeling of material properties
within FEA is essential to ensure the utmost validity of calculation results and to
pinpoint any weaknesses in the early design stages. The present paper discusses
various approaches and applications for using neural networks (NNs) in consti-
tutive modeling, particularly when dealing with heterogeneous material behavior
resulting from the recycling process. The use of virtual training data derived from a
phenomenological constitutive model and its advantages and potential applications
to recyclates are highlighted. This leads to the proposal of using inverse surrogates
of the phenomenological constitutive model as one method for obtaining suitable
constitutive laws from experimental data in the future.

Keywords: Sustainability - Digital tools - Recyclates

1 Introduction

To achieve the goal of a sustainable, low-carbon and resource-efficient economy, not
only must the amount of waste be minimized, but resources must be kept in a cycle
for as long as possible. Therefore, new efficient production and consumption methods
must be developed. At the same time, irreversible damage caused by air, water or soil
pollution should be avoided and energy should be saved. The EU’s “Closing the Loop”
strategy therefore proposes measures that should be implemented to achieve a circular
economy. In the long term, the aim is to reduce landfilling and prepare waste streams
for recycling, for example through appropriate waste management. [1].

The production of plastics not only generates large amounts of waste, but also large
amounts of CO». For example, one ton of plastic produces two tonnes of CO,. At the end
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of a plastic product’s life, only 20% of this mass is currently recycled. Around two-thirds
of this plastic mass is thermally recycled, where an additional 2.7 tonnes of CO, are
produced. [2].

In 2019, a total of 50.7 megatons of plastics were processed as primary resources
in the European Union, of which an average of 10% went into the automotive industry
[3]. The areas of application for plastics in cars are diverse. For the interior, plastics can
be used not only for decorative parts, but also for seats and headrests, seals, instrument
panels and supports. In vehicle exteriors, in addition to the possibility of using plastics
for headlights and windows, they can also be used for bumpers, sunroofs, sills and
underbody protection. Additionally, to standard plastics such as Polypropylene (PP) and
polyvinyl chloride, engineering plastics such as Polyoxymethylene and Polyamide 6,
high-performance plastics for example Polyetheretherketone are also used. [4].

For example, Audi uses up to 27 parts in the entire vehicle with recycled content
in the Q4 model. Recycled plastics are used in assembly carriers, headlight shells and
covers in the exterior. In the interior, recyclates are mainly used in insulation and damping
materials. PET bottles are also used to make fibers for sports seat covers. [5].

In Germany, two megatons of recyclates were produced and reintroduced to the
market in 2019, which corresponds to a recyclate use rate of just 13.4% [3]. The low
proportion results from the challenges in the area of recyclates. Challenges occur in
the areas of technology, economy, regulation and culture. Technical challenges exist
primarily in the area of separating plastics, as these can be contaminated. In addition,
post-consumer plastic waste can be aged. Both of these factors lead to an uncertain
composition of plastic recyclates. [6].

The author Schatz (2023) characterized different batches of a post-consumer recy-
clate using standard test methods. Variations in the different material properties of
polypropylene recyclates were identified. The results show that not only is a doubling
of the melting rate possible with several batches, but the content of inorganic substances
can also triple. In direct comparison with primary raw materials, the service life of the
samples is reduced under cyclic loads. [7].

The batch variations described above have a significant influence on part design. To
be able to design a part with a recycled material, the variations in material properties
in each existing batch must be determined and taken into account. The part’s functional
performance has to be guaranteed all the time and the partis designed in arisk-appropriate
manner.

NNs allow the representation of any continuous functional relationship and there-
fore the modeling of arbitrarily complex material properties [8]. The learned functional
relationship is stored in the parameters of the NN and can be retrieved within millisec-
onds. NN-based approaches are much more time and resource-efficient than the iterative
optimization of conventional material models, where computationally intensive simula-
tions are performed repeatedly. Thus, at different levels of constitutive modeling, NNs
are used as surrogate models [9]. This paper presents some of these applications and
discusses their suitability for modeling the properties of recycled plastics. With a focus
on simplicity and efficiency, a preferred methodology is presented that can facilitate the
transition to a circular economy by providing a resilient response to varying material
properties during the design phase.
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This publication describes the role of plastics in the automotive industry and their
potential for moving towards a circular approach. It highlights the challenges that arise in
the production and use of post-consumer recyclates, with a focus on the varying material
properties that can adversely affect the product development process. The knowledge
gained is used to discuss the suitability of different NN-based approaches for the genera-
tion and calibration of constitutive models for recycled plastics in FEA. For this purpose,
several publications are reviewed and a preferred method is proposed.

2 Plastics in the Circular Economy

The increasing consumption of raw materials and the resulting higher demand will lead to
irreversible damage to ecosystems in the long term. At present, finite primary resources
are mainly used to meet the high demand for raw materials. In Germany, these are mainly
imported; in the case of metallic raw materials, imports account for almost 100%. This
linear production method generates a constant flow of waste. To make economy less
dependent on availability, innovations in technology and design must be promoted in
order to make products more durable and to view waste as a valuable resource. [10].

There are various strategies in the circular economy that aim to reduce the consump-
tion of primary resources and minimize waste production. The recovery of materials
through recycling requires only minor innovations in product design. However, recycling
is close to the linear economy. To ensure that secondary resources recovered through
recycling can be used meaningfully, recycling must be carried out to a high standard,
which means that the quality of the materials must be guaranteed. [11].

Plastics are used in almost all areas of life, with the packaging industry accounting
for the largest market share in the EU at 40%. In Germany, 6.3 megatons of plastic waste
were generated in 2019. There are various approaches to counteracting the amount of
waste. One solution in Germany has been established with the introduction of the deposit
system. In 2019, 93% of these were recycled. Plastic parts from an end-of-life vehicle
can also be recycled. There are approaches to reusing car parts, such as a bumper, by
using a mixture of primary and secondary raw materials in the same application. [3].

The advantage of recycling plastic is that existing resources can be used. This not
only increases the security of raw material supply, but also reduces energy requirements.
[12] For example, the environmental services provider ALBA Group was able to avoid
4.2 million tons of greenhouse gases in 2019 by recycling 6 million tons of recyclable
materials. [13] Plastics have a short life cycle and are not intended for further life cycles.
One example of this is plastic film for PP packaging. Mechanical stress and exposure
to the environment, such as heat, oxygen and UV light, can lead to the degradation of
plastics. Reprocessing of plastics can also lead to degradation, caused by a change in
the polymer structure. The resulting effects can be divided into three categories. On the
one hand, a change in viscosity can occur due to the change in molecular weight, cross
and chain branching can form and, on the other hand, oxygen-saturated compounds can
occur. [14].

One challenge in the field of plastics is proper separation by type, as this is crucial for
the quality of the recyclates [12]. In particular, materials such as PP are difficult to recycle
if the materials are not in a pure form. Mechanical recycling of plastics takes place by
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remelting the shredded material and is therefore limited to thermoplastic materials. Re-
melting is associated with degradation of the polymer chains. For this reason, primary
resources are often added to the secondary resources obtained. A distinction is made
between primary and secondary recycling. Materials that originate from production
waste and are available in pure form are used for primary recycling. In contrast to
sources that originate from post-consumer waste, the composition is known and they are
not contaminated. Secondary recycling involves further steps such as collecting, sorting
and cleaning to remove impurities. Raw material recycling is used for thermoplastics,
for example, if the quality achieved through mechanical recycling is too low. Processes
can be used to convert the polymer chains into compounds with a low molecular weight.
Chemical processes can be used to produce original polymers again. [3, 14].

Experimental results show that despite the choice of the same recyclate as the starting
material for post-consumer waste, the identical material properties do not necessarily
have to be achieved. High variations in material properties have been observed in different
tests. In addition to the proportion of inorganic content, the Melt Flow Rate, for example,
also fluctuates by a factor of two. The use of fillers can improve the mechanical properties,
but leads to corresponding differences in material behavior. [7] As already mentioned it
is possible to use recycled materials as an additive to primary resources in addition to
fillers. For example, the authors Barbosa et al. (2017) in [15] found that PP can be used
as a secondary material if it is exposed to tensile loads, but not if impact loads occur.
The tensile properties of primary, secondary and mixed PP are similar, but the notched
impact strength of the secondary materials is significantly lower. The author Frounchi
(1999) also shows that the molecular weight, impact strength and tensile strength of PET
decrease with the number of reprocessing cycles [16].

In summary, it should be mentioned that both degradation and contamination, the
material composition of primary and secondary resources and the number of reprocessing
cycles influence the material properties of plastics.

3 Constitutive Modeling for Recyclates

The previous chapter illustrates the complexity of the factors that influence the material
behavior of a secondary plastic material. At present, the transition to a circular economy
is only possible through a resilient approach to these uncertainties during the design
phase due to the lack of standards and the correspondingly varying quality of recycled
materials. The characterization and modeling of the constitutive behavior of the recycled
material play a central role in part design. The constitutive behavior, i.e. the mathematical
relationship between stress, strain, time and, for example, temperature, forms the basis
for subsequent FEA [17]. By accurately modeling this relationship, the properties of the
material in question can be taken into account when designing parts and adjustments
can be made if necessary. The use of FEA also allows the functional suitability of parts
to be continuously evaluated without the need numerous prototypes [18].

In addition to physics-based and phenomenological models, the field of constitu-
tive modeling has been extended in recent decades by the use of machine learning, in
particular using NNs [9]. NNs make it possible to represent any continuous functional
relationship and thus to model arbitrarily complex material properties [8]. They describe
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a mathematical function that maps a set of input values to output values. The function is
created by composing many simpler functions and allows complex relationships to be
expressed that are complex or impossible to express using conventional mathematical
methods [19, 20]. The parameters of the mathematical function are adapted during the
learning phase, based on the information flowing through the network, so that the dif-
ferences between the network output and the true output of the data set are minimized
for all training examples [19]. In this way, the network learns to predict output values
to input values from unseen data. The learned functional relationship is stored in the
parameters of the NN and can be retrieved within milliseconds. NNs are therefore used
as surrogate models at various levels because they are much more time and resource
efficient [9].

4 Nn-Based Approaches for Constitutive Modeling

In the context of secondary materials, the use of surrogate models to predict the 28-day
compressive strength of concrete containing recycled aggregates is a common exam-
ple. The authors Duan et al. (2013) in [21] and Naderpour et al. (2018) in [22] use
several physical input parameters, including the amount of recycled aggregate and the
percentage of impurities, to predict the 28-day compressive strength. The appeal of this
model formulation is that it takes into account the physical influences of the recyclate,
and in this way provides compressive strength without experimental testing for a wide
range of design decisions. To generate or calibrate a complex constitutive model as a
basis for FEA, more information about the material behavior is required. This includes
information on how the material will behave under different load cases and when it will
fail.

In one of the first papers on constitutive modeling using NNs, Ghaboussi et al. (1991)
in [23] also model the mechanical behavior of concrete. One of the models employed
is strain-guided and utilizes experimental datasets for biaxial monotonic loading. In
this method, inputs include the prior stress-strain states and the current strain incre-
ment, with the aim of predicting the resultant stress increment. In their later work [24],
Ghaboussi et al. (1998) describe a method of training NNs called autoprogressive train-
ing. This method enables NNs to learn the complex stress-strain behavior of materials
by using global load-deflection response. Jordan et al. (2020) in [25] use a NN-based
surrogate model to describe the temperature and strain rate-dependent response of PP. A
hybrid approach of mechanism-based and data-based modeling is used. The surrogate
model describing the viscous behavior acts in series with a temperature-dependent spring
describing the instantaneous elastic response of the material. The data base for the NN
is captured by a robotic testing system, with uniaxial tensile loading being tested.

In addition to the approaches presented here that learn stress-strain relationships
solely from experimental data, some approaches that use stress-strain relationships from
existing constitutive models. In this way, it is not necessary to perform extensive series
of experiments to generate a meaningful data set. The authors Stoffel et al. (2018) in
[26] replace the visco-plastic material law used in the Gaussian quadrature points with
a trained NN. The training data of the surrogate model was generated by numerical
simulations with a calibrated conventional constitutive model. The input values include
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stress, back stress and plastic strain tensor components and the output values consist of
five plastic strain rate and back stress rate components.

In the approaches mentioned so far, each training example, consisting of input values
and corresponding output values, corresponds to an experiment, usually performed under
the assumption of uniform loading and homogeneous material behavior, and often limited
to simplified scenarios. The approach of Aguir et al. (2008) in [27] consider several
inhomogeneous tests to calibrate an existing constitutive model. In this case, instead
of stress-strain increments, appropriate model parameters are predicted for the selected
material model. Calibration is necessary because the model parameters for reproducing
the experimental system response are difficult to measure directly, although the system
response can be measured easily. Even for physically motivated material models, the
parameters cannot be determined directly from experimental results and must be adjusted
in a calibration process [28, 29].

The identification of the model parameters from the measured system response is
called inverse analysis [30]. Aguir et al. (2008) in [27] show that the calibration is per-
formed as a multi-objective optimization and an error measure is obtained by comparing
the model responses with the experimental system responses. To reduce the computa-
tional time for the analysis of the objective functions, NN-based surrogate models are
used instead of finite element calculations. These surrogate models were trained with
selected material parameters and the resulting model responses. Commercial optimiza-
tion programs like LS-OPT [31] also use NN-based surrogate models of the existing
constitutive models to make the performance of probabilistic analyses more efficient in
terms of time and resources. Huber et al. (1999) in [32] and Yagawa et al. (1996) in
[33] present surrogate models in inverse formulation, where the model response is the
input and the material parameters used to generate it are the output. Here, the experi-
mental system response is still mapped to the simulated output domain. The advantage
of the backwards defined surrogate model is that the mapping takes place within a sin-
gle evaluation of the network, and the associated material parameters are output for the
most plausible mapping. In this way, both the selection of suitable initial parameters and
their iterative optimization can be avoided. To identify hyperelastic material parameters,
Yenigum et al. (2022) in [34] use NN trained with the resulting force values of a virtual
O-ring tensile and compression test as input and the corresponding material parameters
as output. Andrade et al. (2022) in [35] present an alternative model where the data set
consists of selected elasto-plastic material parameters and the resulting strain fields. The
experimental input is image correlation data for which appropriate material parameters
are output. Schulte et al. (2023) in [36] uses an inverse surrogate model to generate
suitable initial parameters for subsequent conventional parameter identification. The
input of the surrogate model are virtual stress-strain curves of the hardening behavior in
sheet metal forming processes. The output-suitable material parameters serve as initial
parameters for a conventional optimization based on image correlation data.

Koch and Haufe (2019) in [37] present an equivalent model that learns the parameters
for defining yield curves based on force-deformation curves from virtual tensile tests. By
considering the full realistic range of parameters, the model should be able to predict an
appropriate set of parameters for a given force-deformation curve. The perspective of the
paper is to learn the full spectrum of the material model in advance and then predict the
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material properties from a few experiments with minimal effort. MeiBner et al. (2022) in
[38, 39] use this approach to calibrate the LS-DYNA material model MAT_SAMP-1 and
the failure model GISSMO for a virtual data set derived from acrylonitrile-butadiene-
styrene. In this framework, the parameters defining the yield curves and the variable
plastic Poisson’s ratio under tension and compression were predicted by an inverse
surrogate model. In addition, the points of the curve describing the equivalent plastic
strain at failure for different triaxialities were learned. The deviation of the yield curves
defined by the predicted parameters from the yield curves initially used to generate the
force-deformation curves was used as an error measure during training.

5 Proposal of Inverse Material Parameter Identification Method
for Enabling Smart Characterization of Secondary Materials

Building on the results of Meifiner et al. [38, 39], this paper proposes the use of NNs to
learn a comprehensive spectrum of a material model by varying the material parameters
of the model in a design of experiments. FEA is performed for each unique configuration
of material parameters, corresponding to the required experimental test for characterizing
the recyclates. The resulting force-deformation curves from the simulation are used
as input labels to an inverse NN, with the material parameters used to generate the
curves serving as output labels. The NN thus learns the phenomenological material
model in an inverse manner by statistically approximating the relationship between the
material parameters and the resulting behavior. After being trained on a large virtual
dataset, a NN can process different batches of recycled material. Each batch possesses
unique material properties due to varying degrees of degradation and contamination.
Therefore, a specific stress-strain relationship is required, which in turn necessitates a
newly parameterized material model. Figure 1 b) shows an abstract representation of this
approach. Experimental force-displacement curves are required for each material under
consideration. The NN extracts patterns from these curves and predicts appropriate
material parameters using the learned inverse relationship between FEA results and
the corresponding material parameters. The calibrated phenomenological constitutive
model is then used for stress calculations. This allows an adaptive response to fluctuating
material properties without the need for repeated simulation efforts or re-training.

In contrast, the direct approach depicted in Fig. 1 a) eliminates the need to define
a yield surface, a flow rule, and a numerical algorithm to update the stresses. The NN
outputs stress increments in the Gaussian quadrature points directly, allowing for a
faster simulation process. The approaches employed by Ghaboussi et al. in [24] and
Jordan et al. in [25] solely necessitate the input of strain increments into the network.
This method assumes homogeneous material behavior and requires a comprehensive
experimental database to properly train the NN. The stress-strain relation for the material
in question is generalized from the stress-strain pairs in the training data. The stress-strain
relationship for the material is generalized from the stress-strain pairs in the training data.
If the material’s behavior is not homogeneous due to degradation or contamination, it is
necessary to derive experimental training data for each new material or provide additional
information about the material to the strain-dependent model. Otherwise, data from a
strain-controlled test, such as the uniaxial tension test, contains samples with identical
input labels but varying output labels.
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Fig. 1. Comparison of NN for a) direct constitutive modeling and b) inverse calibration

To efficiently capture the diverse constitutive behaviors of recycled materials within
a unified NN framework, it is suggested to train the network using a virtual dataset.
This enables the representation of a broad spectrum of material properties and the gen-
eralization of an appropriate correlation for the experimental data at hand. Employing
the method of inverse parameter identification enables the derivation of a stress-strain
relation by fitting the phenomenological model based on the experimental observations.
Subsequently, advancing towards establishing a NN-based constitutive law can be pur-
sued through autoprogressive NNs [24] or intelligent finite elements [26]. This process
may be implemented for each outcome derived from FEA within the virtual dataset,
aiming to establish a NN framework capable of predicting stress increments at Gaussian
quadrature points based on empirical observations. Alternatively, a pre-trained NN can
be retrained and serve as a surrogate model for each calibrated phenomenological model,
which has been fitted to the experimental observations.

Although such an approach does not require extensive experimental data collection,
it still requires the resource-intensive generation of labeled data using numerical sim-
ulations of the material to be characterized. This data, or pre-trained NNs, could be
provided by finite element software companies or even material suppliers. This would
allow users to generate suitable material maps for subsequent finite element analysis
without any calibration effort. The necessary expertise in continuum mechanics and
materials engineering would be provided in the form of complex material models, while
the expertise required to calibrate the models would be replaced by statistical decisions
learned from sufficiently large data sets using NNs. Such an approach can make it easier
for small and medium-sized companies in particular to use finite element analysis in the
product development process, as only the experimental force-deformation curves need
to be determined and imported into the NNs. [40].
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With this in mind, it is desirable to determine the minimum number of experimental
tests required as input to the inverse surrogate model that still provides a sufficiently
accurate representation of the material properties [37].

6 Conclusion & Outlook

The inadequate and variable quality of recycled plastics represents one of the main bar-
riers to moving towards a circular approach to plastics [6]. Quality variations stem from
various factors, including mixtures with other polymers, degradation during use and
mechanical recycling, and impurities that can’t be removed during the recycling process
[7]. The variations in material properties within each existing batch must be identified
and considered in part design when incorporating recycled content. The ongoing devel-
opment of machine learning methods opens up new opportunities to make traditional
product development processes more resilient to these uncertainties. The present paper
proposes a possible NN-based inverse surrogate model to enable the use of accelerated
and accurate FEA. With this approach, a virtual data set can be generated by varying
the input parameters of an existing constitutive model. The dataset is intended to cover
a wide range of possible material properties and captures all potential variations in the
quality of the recycled material [37]. A calibrated constitutive model can be output within
milliseconds for each input of experimental force-deformation curves [39]. This enables
the prompt availability of recycled material properties for integration into FEA. Further-
more, the dataset holds potential for configuring a more sophisticated NN capable of
directly predicting stress increments.

This potential will be experimentally validated in the future by deriving virtual data
sets for primary PP in different mixing ratios with secondary PP of different quality
from different phenomenological material models. It will then be investigated whether
the phenomenological material laws of the material models can be replaced using the
ability of NNs for universal function approximation. The stress-strain values of the FEA
results in the virtual data will be used as a basis for training. In this context, different test
methods, load paths and NN architectures will be analysed. Finally, it will be investigated
whether the combination of approaches allows the prediction of stress increments in the
Gaussian quadrature points from coupon test data.
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Abstract. In today’s global markets, companies must ensure product quality,
transparency, and responsiveness to remain competitive. Efficient and precise
milling processes are now more crucial than ever due to the utilization of advanced
manufacturing technologies. Deviations of nominal geometry occurring from the
milling process can result in time consuming and costly reworking or scrapping.
Predicting these deviations before machining has a significant value for optimiz-
ing the workflow. Data-based methods have demonstrated their ability to surpass
the limitations of classical analysis methods in optimizing machining processes
in production. However, their performance depends on an extensive and diverse
structured data set. In this paper, we propose a method for fusing all the necessary
machine signals collected during the milling process into a large-scale data set
suitable for machine learning in milling. This is achieved by recognizing patterns
and reference points in various types of sensor systems to transform the signals
into a unified data model. Specifically, our data set includes the milling program,
internal data of the tool machine, data collected by external accelerometers and
spindle sensors, as well as CAD data and 3D scans of the finalized part. Together,
this serves as a digital end-to-end representation of the milling process, provid-
ing a foundation for machine learning based methods. We apply and evaluate our
approach on a test geometry.

Keywords: Data analysis - Multi-sensor data fusion - Milling process

1 Introduction

The increasing digitization of manufacturing presents new opportunities to optimize
processes and reduce costs without compromising quality [15]. Process data acquisition
is a crucial aspect of this.

optimization, enabling manufacturing companies to analyze complex cause-effect
relationships [4]. In Industry 4.0, each manufacturing process generates context-specific
data sets. Combining data from multiple sources is necessary for real-time diagnostics
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or prediction applications [16]. The ultimate goal of the milling process is to deliver
workpieces of the desired quality in a cost effective and timely manner. Deviations from
specifications can lead to expensive rework and negatively impact subsequent process
steps [11].

In the manufacture of press tools, the geometry of the active surfaces plays a critical
role in determining the dimensional and shape accuracy of the resulting components. The
milling process comprises roughing, pre-finishing, and fine finishing [2]. Many variables
can disrupt the milling process and cause geometric deviations in the active surfaces
[11]. These variables can be categorized as machine-related, control-related, cutting
tool-related, workpiece-related, and environmental. Lack of rigidity or component wear
on the machine side can have a detrimental impact. The control system interprets control
commands from the NC program and regulates the position of the cutting tool via an
internal. measuring system. Temperature fluctuations or contamination of the measuring
system can negatively affect the process. The cutting tool undergoes constant geometry
changes due to wear or breakage, while remaining allowances on the workpiece and
structural changes can also cause deviations. Environmental factors such as foundation
vibrations or temperature influences can also have an. impact on the machining process
[5, 10]. Various sensors located within the machine tool, control system, spindle, and
external accelerometers can record data in the form of values and time series related
to the process and influencing variables. However, different sensor data are typically
evaluated separately due to the lack of reference points, which limits their ability to
describe and investigate their interrelationships. To expand the investigative capabilities
in this area, methods for fusing sensor data are needed that can determine reference points
and synchronize data. Moreover, fused data sets form the foundation for more advanced
data-based and learning-based methods that are more powerful than classical approaches.
Hence, this paper presents a new method for fusing milling-related data to create a digital
end-to-end representation of the process. We incorporate data representing the state of
the machine components alongside process-related data, enabling the resulting unified
data set to be used in serial production.

2 Related Works

Data-based methods, such as predictive modeling and machine learning, have been
applied in milling to improve efficiency by predicting tool condition and wear [9, 14],
and cutting forces. Among these factors, tool condition is especially critical because
it can significantly affect the quality and productivity of the machining process. To
predict tool condition, both traditional conditional methods and artificial intelligence
approaches, including direct and indirect prediction systems, have been utilized. In [12],
the authors provide an extensive overview of the large field of using direct and indirect
systems to predict tool conditions in the milling process. The paper reviews different
methods and techniques that have been used in this area, including statistical methods,
artificial neural networks, and fuzzy logic approaches. The review shows that the data-
based approach has been successfully used in predicting tool wear and tool failure in
milling processes.

An indirect method for tool wear measurement is investigated in [3, 8]. The authors in
[3] are using multi-sensor data fusion to combine vibration, power, temperature and force



Multi-Sensor Data Fusion for Application ... 319

data, which then acts as input to neural network. The tool wear predictions are evaluated
by comparing with manually measured values and it is shown that the presented approach
achieves a good accuracy. The fused data reveals valuable correlations and insights into
the context of wear. [7] presents an investigation of wear volume of milling tools as
a nonlinear approach using multi-sensor data fusion. A neural network processes the
cutting force and acoustic data as input. The authors show that the prediction accuracy
using fused data is significantly better than using non fused data. The RSME is up to
60% and the MAE up to 75% lower than when using single data.

In addition to classical approaches, many deep learning approaches have also been
applied to machine signals to predict tool wear. These deep learning models typically
involve CNN and LSTM networks to process the time-series data and predict the tool
wear accurately [9, 14]. The authors in [14] compared the performance of various deep
learning models, including CNNs, LSTMs, and hybrid models, to predict tool wear in a
milling process. The results show that the deep learning models outperformed classical
methods, demonstrating the potential of deep learning methods in predicting tool wear
and tool failure in milling processes.

Beside tool condition, cutting and process forces affect the resulting quality of the
milling process. The potential of fusing simulation and sensor data for machine learning
applications is investigated in [1, 6]. [1] proposes a framework for combining real world
observations and simulation data and use the cutting force and time information as input
to a Random Forest. The utilization of enriched fused data proves useful and significantly
improves the performance of the used model compared to single data. Thereby the
NRMSE decreases by up to 60%.

From all the mentioned approaches, a type of fusion between different machine
signals is attempted for further processing. Many works on surface machining lack a
standardized fusion process, despite the necessity of a comprehensive data set merg-
ing various sensors proven to impact milling processes. Such a data set is crucial for
evaluating performance across different methodologies.

3 Data

In this section we introduce the different kinds of data considered. Namely, we include
CAD data, Scan data and NC data as well as data collected by various sensors in the
machine control, the spindle, and external accelerometers.

3.1 CAD Data

The CAD Data includes the geometry of the processed part as a volume body. It con-
tains the nominal surface of the part, which is produced during the milling and is used
in comparison with the scanned data to determine the actual deviation. Hardening of
surface areas serves to increase wear resistance. Depending on the hardening process,
dimensional changes may occur, which is why these are carried out before finishing.
Hardness has an important influence on the course of the milling operation. Two files
are used, they contain the hardened and non-hardened areas of the part respectively.
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3.2 NC Milling Program

The machining of the components is planned in a CAM system. The tool traverses,
parameters and tool changes are converted into the NC milling program, which represents
the control commands for the machine tool. The NC milling program contains block
numbers which are processed in ascending order.

3.3 Internal Machine Data (IM)

The internal machine data (IM) describes the parameter values from the machine control.
These range from position values of the milling tool, the block number of the current
processing step, real-time values of the machining parameters, rotational speed, current,
voltage and power values of various drives to control variables and temperatures. The
data is collected from the iTNC530 control with the TNC Scope analysis software from
Heidenhain inside an CSV file. For recording the maximum frequency of 333.3 Hz is
used. The position of the tool center point (TCP) is not directly included in the data.
Instead only an internal base reference is recorded which must be transformed into
a known coordinate system. Within the machine tool, the organization and technical
execution of the movements of the tool are determined by the kinematics. The direction
of the machine movement is decomposed into the axes of movement. By transforming
the coordinates along the kinematics, points in the machine coordinate system can be
transformed to the component coordinate system and vice versa. Four files are extracted
from the machine control, including information on swing length, offsets and thermal
compensation, reference points of the machine, and the tool table. From this information
the kinematic chain can be build up, whose sequence is fixed to transform the coordinates.

3.4 Spindle Data

The spindle of our machine is equipped with a Heidenhain spindle ERM 6000 Dplus
sensor, which provides data about the amount and direction of the load in the milling
tool. The sensor consists of a bearing in which pressure sensors are installed along the
running surface. Recorded data contains the translational displacements in the spatial
axes X,Y,Z and the rotation around the respective axes. The data is acquired with a circle
time of 20s and pre-processed by an multi-channel processing unit (MCP).

3.5 Vibration Data

Vibration of mechanical machine components have an influence on the resulting surface
quality. They are measured by a Montronix PulseNG 720011 accelerometer. During
the measurement, all axes and the balance and smoothness of the spindle is checked.
Therefore the axes are moved individually through the complete working area of the
machine and the spindle is measured at a speed of 2000 rotations per minute (RPM).
The resulting data contains a time series of the positive and negative acceleration values
in three axes at each measuring point.
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3.6 Scan Data

After milling, the workpiece surface is manually digitized by an GOM Atos 5 using
strip light projection. By this, a digital mesh of the actual surface is generated and
again manually compared to the nominal geometry of the CAD model inside the GOM
Inspect Professional software. The comparison determines the deviations from the nom-
inal geometry, which are attached to the mesh nodes as numerical value. The enriched
mesh is used as an STL file. The alignment of the scan with the CAD model by superpo-
sition of the coordinate systems is done manually using the best fit function in the GOM
Inspect Professional software.

4 Methods

This section contains the procedures to fuse the outlined data presented. To fuse the data
together, the matching steps are considered individually in regards to a base data set.
In our case the IM data is the prudent choice for the base data set. An overview of the
matching steps and a short form description of the matching involved can be seen in
Fig. 1.

The block number is saved as a column within the IM data and links the associated
block number to every data point. Therefore, the matching is trivial.

The data acquisition of IM and spindle data is not synchronized and hence the data
cannot be trivially linked. To realize a matching the operator drives a known pattern at
the start of a manufacturing cycle. The rotational speed of the tool is increased in steps:
0, 3000, 6000, 9000 RPM before settling to the manufacturing speed. As the rotational
speed is tracked both in IM and spindle data, they can be matched if at least one common
point can be identified in both data sets.
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Fig. 1. Overview of the matching
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We apply the sliding window change point detection method [13] to find the points
where the speed is increased. A window is split in two parts and slid along the signal.
Based on the least absolute deviation cost function (Eq. 1) a discrepancy curve (Eq. 2)
is calculated for a given window size [13].
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The peaks in the discrepancy curve correspond to prominent changes in the median
of the signal. Therefore this method is able to accurately predict the change points in the
IM and spindle data. As the Spindle data is sampled at 1250 Hz and the IM at 333.3 Hz,
one to one matching is not possible. Considering our use case the most fitting method is
the linear interpolation of the IM data. The first change point in the IM and spindle data
is used to synchronize and thus serves as ty. Each IM coordinate can be mapped to its
nearest neighbor in the vibration data. To realize this, the data has to be pre-processed
and the five dimensional vibration space, consisting of the vibration data of each machine
axis, has to be created. In each vibration axis the start position and turning point position
are identified by the signal changing. Once the start and turning point positions in the
acceleration data are found, the data can be matched to the IM by distributing it over the
known workspace dimensions followed by nearest neighbor matching. Since the tool
can be moved back and forth several times along a single direction only one forward and
one backward movement is considered. Hereafter the methods to isolate the start and
turning points are discussed. The signal in these axes show the unique characteristic:

. stationary phase

. acceleration along a singular axis
. consistent motion

. deceleration along a singular axis

RS I NS R

This pattern is repeated multiple times An example signal showing the 3 channel
accelerometer data for movement along the linear X-axis can be seen in Fig. 2a. It
can be seen that the accelerometer detects acceleration along its three axis. Due to
the characteristic motion it is also possible to detect the direction of motion without
making any prior assumptions making the algorithm robust against rotations of the
accelerometer. To stabilize the change point detection the data is preprocessed by first
integrating the acceleration data and then subtracting a linear function to remove the
effect of the acceleration due to gravity.

The signal in the rotational A-axis has a different characteristic (see Fig. 2b). The
A2 and A3 signals resemble approximate sin and Icos| function respectively.

1
ran 5 )
Hence, the Eq. 3 being piece-wise linear can be used to make the signal piece-wise
linear as well. Subsequently, a sliding window change point detection with an adjusted

3)
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Fig. 2. Segments in the linear and rotational axis vibration data

cost function can be performed. Instead of the absolute value norm, a cost function that
measures the error to a piecewise linear signal is used [13]. Although all change points
are detected correctly, the location is not exactly at the point where the motion of the
tool machine stops.

L(y) = Var(ya..») 4)

b—a

To address this problem, in a second step the precise location of the change points is
optimized using the cost function (Eq. 4) where a and b are the start and end positions of
each interval respectively and Var(y) denotes the variance of the signal. The stabilized
change points can be seen in Fig. 2b.

Fig. 3. Sketch of the IM/scan matching process
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The IM/scan matching is a two-step process. First, for each IM data point the nearest
triangle (within a maximum distance) in the scan is found. Afterwards, an estimated
deviation for the IM data point is computed using the values at the three vertices. After
finding the closest triangle surface for the machine point py, i, the point is projected onto
the surface. In general the projected point will be somewhere on the surface. To estimate
the deviation at that point we employ inverse distance weighting. The points in the scan
form a triangle k,I,m. Each have a distance d. The linear interpolation yields dp, as
illustrated in Fig. 3.

To include information about hardened areas, for each IM point it is checked if a
hardened or non-hardened area is closer. The position of hardened areas is included in
the CAD model as a specifically zoned area. The algorithm to find the closest area is the
same as in the IM/scan matching.

5 Experiment

The experimental validation of the proposed multi-sensor data fusion methodology
was conducted using data acquired during the milling process of a test geometry rep-
resentative of shapes encountered in press tools. This test geometry, produced from
EN-JS2070 through sand casting, encompasses intricate features such as steep flanks,
planes, and free-form surfaces with dynamically changing gradients. Its dimensions
measure 1240mm (length) x 350mm (width) x 250mm (height). The initial roughing
phase reduced a 20mm casting allowance to Imm, followed by further refinement to
0.15mm through subsequent roughing and fine finishing. The milling procedure was
systematically executed using a line-by-line approach with a 0.30mm spacing in the x
and z directions. Figure 4a illustrates the resulting part. The resultant data set, thoroughly
curated to handle extensive data exceeding RAM limitations, comprised comprehensive
parquet or CSV files containing 4098127 rows and 78 columns.

(b) GOM deviation

(a) Test part

0.0 0.2
deviation [mm]

Fig. 4. Image of the test part and visualization of the GOM deviation on the right
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5.1 Validation of Matching Algorithm

To assess the precision and efficacy of our matching algorithm, an evaluative task was
conducted to predict GOM deviations for a known geometry, as depicted in Fig. 4b.
A transformer architecture was tailored for regression analysis to predict mill head
deviations at a specific time ‘t’. This entailed leveraging historical observations within
a temporal window spanning from ‘t-w’ to ‘t’, where ‘w’ represents the window size.
We leveraged recent research insights [17] to enhance our method by integrating a dual
attention mechanism focusing on both time and channel aspects. These refinements were
instrumental in facilitating accurate modeling of GOM regression for a known geometry,
incorporating all matched variables and their historical values influencing the deviation
at time step ‘t’. Subsequent preprocessing involved token and channel-wise attention
processing of input sequences of observed factors, resulting in average pooling over
channels and subsequent application of an MLP layer to derive the GOM deviation
value as displayed in Fig. 5.
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Fig. 5. Contextual regression transformer

5.2 Experimental Setup

In setting up our experiment, we segment the data into sequences of 100 for training and
validation purposes. As part of the test split, we simulate a real-world scenario where
predicting the next GOM deviation relies on past variables. To achieve this, we extract
1000 time steps from the original data set, splitting them into overlapping sequences of
100 with a stride of 1. This approach mimics the temporal movement of the mill head.
Our model utilizes 99 out of 100 steps as input to forecast the complete sequence of 100
values, with the last predicted value representing the future GOM deviation.
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We assess our model using the R2 Score as the evaluation metric. We present two
scores: the R2 Score, which corresponds to the predicted GOM deviation when the vari-
ables of the predicted step are present, and the R2 Future score, indicating the prediction
of future GOM deviation when the variables of the predicted step are unavailable.

5.3 Influence of Observed Data Set Size

We investigated the impact of observed factor set sizes on the model’s performance. The
model trained on a complete set and a subset of observed factors, using 1D Positional
Encodings, revealed differences. Tab. 1 presents the performance contrast between these
models, indicating the added value of a complete data set. Initial variables we train our
model with were:

X, Y, Z, ist/X, s ist/X, s ist/Y, s ist/Z, s ist/A, s ist/C, REF/X, REF/Y, REF/Z.

Tab. 1. GOM deviation prediction performance

Data set R2 Score R2 Future Score
Partial Data set 61.2% 58.8%
Matched Data set 64.5% 64.5%

The observed performance improvement associated with the utilization of a matched
data set signifies the validity and effectiveness of our matching method. This substantiates
the hypothesis that accurate fusion of diverse sensor data, facilitated by our matching
approach, significantly enhances the model’s predictive capacity for GOM deviations in
milling processes.

5.4 Inclusion of Positional Information

Acknowledging the pivotal role of positional data within the Transformer model, precise
3D Positional Encodings (3DPE) were generated from available 3D mill head position
data (X, Y, Z). The 3DPE aimed to explicitly provide the transformer model with precise
positional cues pertaining to the mill head’s coordinates across different time steps.

PE; = MLP(CAT (Sine(x;), Sine(y;), Sine(z;)))wherex; € X,yvi € Y,z € Z (5)

The 3D positional encoding (Eq. 5), generated using a sinusoidal function, was inte-
grated into the input sequence to furnish the model with accurate positional information.
In this context, “MLP” denotes Multi-Layer Perceptron, “CAT” signifies concatenation,
and “SINE” refers to sinusoidal encoding.

Further evaluation focused on the impact of 3D Positional Encodings (3DPE) on over-
all model performance. Tab. 2 demonstrates the substantial performance improvement
when using 3DPE compared to 1DPE.
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Tab. 2. Ablation study of position encoding impact on GOM deviation

Data set Positional Encoding R2 Score R2 Future Score
Partial data set 1D 61.2% 58.8%
Matched data set 1D 64.5% 64.5%
Partial data set 3D 92.6% 89.8%
Matched data set 3D 95.4% 95.4%

The results underscore the significance of precise positional information and com-
plete observed factor sets in enhancing the model’s predictive capacity for GOM devia-
tions in milling processes, affirming the efficacy of our matching methodology in lever-
aging diverse sensor data. In the scenario of predicting the future R2 score with the
matched data set, we observe that the performance matches the R2 score attained when
all the independent variables are known. This observation underscores the success of
our matching process, which provides substantial additional information to the model.
Consequently, the model can predict the next step even in the absence of knowledge
regarding other predictive variables for that step.

6 Discussion

Our investigation into the accuracy of our method involved a thorough analysis of errors
encountered during the fusion of diverse data sources. The precision of our matching
varied based on data sources, each presenting distinct characteristics influencing the
accuracy of fusion.

The matching between IM and NC data is error-free since these data sets are inher-
ently connected through block numbers. However, pinpointing the precise transition
point between two block numbers might be challenging due to the sensor’s sampling
frequency limitation, which is confined by the machine’s internal sampling rate of 3 ms
(ms).

In the IM/Spindle matching, two prominent errors were identified: misalignment and
interpolation errors. Misalignment, originating from change point detection and sensor
sampling noise, led to deviations in identifying corresponding points between IM and
spindle data. Additionally, nonlinear data columns introduced interpolation errors, albeit
unquantifiable due to data-dependent estimation.

The IM/Vibration matching utilized a change point detection algorithm, entailing
an inherent yet unquantifiable error. Moreover, intermittent tests every three months led
to limited data capture, necessitating extrapolation to infer the machine’s ongoing state
and workspace-dependent vibration behavior.

In IM/CAD matching, discrepancies arose from the tool machine’s kinematics
and NC discretization. Variances between the ideal CAD surface and the actual tool
machine path, attributed to motor slippage and mechanical imperfections, manifested as
a parameter in the IM, influencing the control loop.

The IM/Scan matching unveiled errors primarily rooted in scan sensor accuracy,
manual registration, and interpolation. Manual registration, relying on reference areas



328 S. Paturri et al.

and scan scaling to align with CAD geometry, introduced precision limitations despite
the machine’s accuracy of up to 0.025mm. Additionally, interpolation on deviation data
posed potential errors due to nonlinear behaviors.

However, the experimental results presented in the previous section provide substan-
tial evidence supporting the accuracy and effectiveness of our data matching process. The
noticeable performance boost observed in our proxy task, employing all matched vari-
ables compared to utilizing only the originally matched variables, attests to the success
and correctness of our matching approach. This enhancement in performance reinforces
the hypothesis that our meticulously devised matching methodology indeed facilitates
superior fusion of sensor data, underscoring its pivotal role in improving predictive
modeling accuracy for GOM deviations in milling processes.

Evaluating the performance of the matching process poses challenges due to the
absence of direct metrics yielding measurable outcomes. Consequently, we relied on
downstream tasks like GOM deviation prediction to offer measurable results and validate
the efficacy of the matching process. In our experiments, incorporating 3D positional
encoding into our transformer yielded a notable performance enhancement. However,
this improvement is not solely attributed to this modification but rather to the inherent
representation of the transformer model itself, which more effectively models time series
data when an explicit positional encoding module is utilized. Thus, the primary advantage
remains the matching data set, which drives the performance enhancement.

7 Future Works

Despite the errors that occur, our method allows the fusion of relevant data from different
sources. Compared to other known methods, it provides a broader data set in which
more complex relationships can be mapped and therefore has the potential to be used
in a variety of applications. Beside investigations on tool condition monitoring, process
forces, and chatter effects a prediction of the occurring deviations of the press tool
surface could lead to significant benefits for companies that rely on the milling process.
By mitigating or preventing negative effects on subsequent process steps, milling process
efficiency could be improved overall. To achieve this, we will apply various data based
and learning-based methods to the fused data and investigate their performance. By using
advanced machine learning techniques, our aim is to develop predictive models that can
accurately forecast the impact of different milling parameters on the machining process.
Exploring the applicability of the developed methods to alternative machine tools or
varying milling processes would be a valuable direction for future investigation. Overall,
our approach has the potential to significantly improve the efficiency and effectiveness of
the milling process by enabling accurate predictions of the optimal milling parameters.
The impact of this work could extend beyond milling and have implications for other
manufacturing processes as well.
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Abstract. Artificial Intelligence (Al) offers promising capabilities for many
industrial applications and the use of Al has gained traction within manufac-
turing processes. However, working procedures lack criteria to decide about the
benefit of Al systems for particular use cases and do not describe any uncertainty
analysis in the development stage, since they assume readily available signifi-
cant data. The objective of the present study is to introduce a process model,
which includes decision criteria to determine the necessity of Al and evaluate the
uncertainty of the system, consisting of suitable sensors and algorithms, in early
development phases. The procedure is verified by analyzing a battery production
line and identifying the prediction of success for MIG-welding as a suitable point
of improvement by an Al system. A qualitative extraction of domain knowledge
and data source selection leads to a fuzzy model and a clear distinction between
the epistemic and aleatoric uncertainty of the system to estimate the prediction
capability. The presented method allows the distinction between such uncertainties
in a systematic development process and thus allows for a targeted optimization
of Al systems. Extending the introduced systematic to other industrial fields can
help to increase the implementation rates of Al in manufacturing.

Keywords: Planning and development - Al-systems - Fuzzy model -
Uncertainty quantification

1 Introduction

Predictive analytics in manufacturing has gained high interest in industry and academia
over the last couple of years with regard to data processing and predictions. Commonly,
machine learning (ML) models are used for tasks such as detecting reoccurring patterns
[1], determining machine conditions [2] or performing quality inspections [3] by using
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production line data. Conceptual research in this field describes routines for the intro-
duction of these systems. One of the most recognized processes is the ‘Cross-Industry
Standard Process for Data Mining’ (CRISP-DM), which describes six major phases,
starting with business (1) and data understanding (2), followed by developing data pro-
cessing (3) and modelling techniques (4), finalizing the process with evaluation (5)
and deployment (6) [4]. However, the industrialization of ML in production remains
a challenge since the rate of success continues to be considered low [5]. This led to
recent research in this field introducing new phases in the workflow and describing these
in more detail [6-8]. The guidelines demonstrate the necessity for an improved data
management and modeling, for instance using uncertainty aware models in production.
For the development of Al-solutions, the ‘smart data’ approach tries to minimize the
required data by screening large data sets to seek the most relevant features [9]. Andrew
Ng emphasizes the need for high quality data instead of big data, naming this approach
‘data-centric’ Al [10].

As a result, neither the fundamental decision process for applying ML-models in a
certain process step nor the data sources itself are questioned in these conceptual mod-
els. Researchers describe the lack of domain knowledge (asking the wrong questions),
wrong use case selection (forcing Al in applications) and unsuitable data (noisy data,
too much data, lack of data) as main reasons for individual project failures [11, 12].
In the present study, an innovative conceptual model is presented, which addresses the
described research gap. It includes systematic planning and technology development by
concretizing the early stages of a data science project. The planning phase involves a
plant data analysis and derives decision criteria to select the use case and right type of
model. In the technology development phase, the focus lies on building Al-based systems
considering and reducing the uncertainty in each component of the system, i.e. domain
knowledge and tailored datasets, the sensors, and ML-models. A distinction between
the epistemic and aleatoric uncertainty by careful evaluation guides the way for targeted
optimization of the system and estimation of limitations in the early stage. Key aspects of
this phase are the extraction of domain knowledge, data source selection, and reflection
of process knowledge in the predictive models and data sets. The introduced planning
method is designed to enable the detection of beneficial use cases and is demonstrated
on a battery frame assembly line. Subsequently, the technology development of an Al
system is presented, that aims to predict the rate of success for a metal inert gas welding
process (MIG) to reduce defect rates in the plant.

2 Methodology

The integration of data-driven systems often results in failures (see Introduction), which
emphasizes the necessity to adapt current process models for the development in manu-
facturing. The introduced process model is illustrated in Fig. 1 and focuses on systematic
planning as well as an all-encompassing view of the development of Al systems. The
key concept for the systematic planning is the introduction of defined decision criteria,
by avoiding wrong use case selections (compare Fig. 1). The introduced technology
development stage focuses on the quantification of uncertainty by the systems compo-
nents, making this an indicator to determine the lack of knowledge and data quality of
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the system. The process model has the objective to lay the foundations for a success-
ful Al-project’s initiation by concretizing the early stages of other process models, like
CRISP-DM or the more specific “Team Data Science Process’ (TDSP), as those assume
a correct use case selection and availability of significant data for modelling.

°F

Data Model
management | development
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Al-
Project

—
Model Model
verfication deployment

Systematic planning
Technology development

« Collecting plant information
« Deriving knowledge * Development of AI-System
* Cost-benefit estimation * Reduction of uncertainty

« Decision criteria for use case / » Domain knowledge (epistemic)
technology selection

« Sensor selection (aleatoric)

* Model selection

Planning stage Technology development | > Industrialization >

Fig. 1. Method for systematic evolution of Al-based systems in manufacturing laying the early
foundation for later process models like CRISP-DM.

2.1 Planning Stage

The implementation of data-driven models in manufacturing aims for overall optimiza-
tion of the production process, usually by increasing the overall equipment efficiency
(OEE) or degree of automation of the plant. For brownfield scenarios, the availability
and storage of all OEE relevant information in a maintained database is considered as
a prerequisite for the systematic planning and development of Al systems. The whole
planning stage with a top-down-analysis is visualized in Fig. 2, summarizing the over-
all process. The basic concepts for the deductive inference for this planning method
are motivated by existing knowledge management and knowledge discovery techniques
[13-15].

As shown in Fig. 2, databases usually contain different data types (metric, nominal,
ordinal), collected automatically from machinery or manual input. A categorization is
used to structure the data, which helps to receive a broader view over the plant perfor-
mance and issues. In the next step, only categories with a high impact on the OEE are
further analyzed and quantified. In this case, the advantage of the top-down-analysis
becomes clear, as it provides an overview of the plant and the opportunity to focus on
important OEE-decreasing issues. For very few selected issues in the plant, qualitative
research (e.g. case studies) can be used for an optimal understanding of the issues with
the highest impacts. During this process step, the reason of a particular issue must be
clarified and a possible solution is outlined. Subsequently, the required investment for
the solution and the estimated savings are evaluated to define the benefit.

To determine the necessity for Al-based models in contrast to rule-based analytics,
three questions and their underlying working hypotheses are summarized in Table 1,
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emphasizing the not all-encompassing approach as it is outside the scope of this study.
Each question can be attributed to a category in manufacturing and aims to support the
choice of a suited technological solution to the identified issue. For simplicity, a binary
answer can be used for a first estimation in the planning stage. The cost-benefit evaluation
and the answers to the given questions provide the opportunity to make a knowledge
based decision about the need and start of an Al-project, which finalizes the systematic
planning process.

2.2 Technology Development Stage

In the technology development stage, manufacturing processes are developed and evalu-
ated prior to industrialization in order to guarantee successful integration into manufac-
turing plants. The aim of this stage in the context of Al optimization in manufacturing is
to develop the necessary technological requirements of Al systems for later integration
into production. The working hypothesis for the guideline is concluded from funda-
mental knowledge about Al In the context of manufacturing ML models are trained on
process data to make predictions. The training data can be seen as a sample describing
the underlying distribution of a process, which connects ML to statistics and making
the model predictions a hypothesis [16, 17]. Consequently, Al systems suffer from the
same issues as statistical approaches, as the uncertainty remains a key challenge in data-
driven systems. Reasons for project failure can be attributed to uncertainty issues, i.e.
insufficient data can be attributed to high aleatoric uncertainty, and modeling issues
often derive from lack of domain knowledge and information which is a consequence of
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Table 1. Three questions and their corresponding hypotheses are presented to evaluate the
necessity of a data-driven model for a particular use case.

Question Category Hypothesis

Can the process described only | Measurement & prediction | If the predictive value is

by physical equations or difficult to derive from physical

quantities? values, then data-driven models
may be useful

Is the manufacturing process Manufacturing If the process itself has a large

itself stable and repeatable? fluctuation, then ML-models

can model the underlying
process distribution

Is the data dimension small, Data source If the data has many

e.g. 1-3 dimensions? dimensions, formulating robust
rules is a complex task and ML
models are a suitable choice

high epistemic uncertainty [ 18-20]. The working hypothesis for the introduced process
model is derived from these inferences: If many issues for successful industrialization
of ML-models can be attributed to the effect of uncertainty, then the main effort in the
early development stage must be to reduce the epistemic and aleatoric uncertainty by
systematically developing each contributing part to develop a complete Al system. The
guideline includes four steps shown in Fig. 3, which are mutually dependent and require
further steps for industrialization as described by several authors [4, 7].

Domain knowledge Data source

AT
@) ®xj s ?

Evaluation Modeling

Fig. 3. The four main steps for the development of an Al system.

First, the epistemic uncertainty is reduced by extracting domain knowledge from
experts. In particular, the characterization of occasionally occurring situations and fuzzy
states plays a key role for robustness of the whole system and needs to be reflected in the
models [21, 22]. The deep understanding of the specific task plays an important role for
the whole system since the sensor selection, type of model and plant integration must
be inferred. Another source of uncertainty in Al systems results from data sources, like
sensors, known as aleatoric uncertainty resulting from noise or other disturbances. To
reduce this issue, the sensors should be carefully selected and must ensure the clear char-
acterization of rare events. The approach of ‘data-centric’ Al is followed. For modeling
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design, the representation of fuzziness, uncertainty-awareness, and the interpretabil-
ity of the models are addressed. The ML-models are evaluated against defined criteria
considering the conditions in the plant environment and quality assurance.

3 Case Study

The introduced process model for systematic planning and development (see Method-
ology) is demonstrated using a case study on the optimization of a welding process in
a manufacturing plant. In this production line, aluminum extrusion profiles are welded
airtight using MIG-welding.

3.1 Systematic Planning

Initially, data from a battery assembly line is structured by a top-down analysis to quantify
plant capacity losses. The plant capacities and categories contributing to an OEE-loss
are evaluated (see Fig. 4 (a)). Almost 20% of the losses are a result of technical defects,
followed by quality and logistic problems with 6% loss each. Examining these categories
the main issues are quantified, providing a subset of these issues in Fig. 4 (b). As seen in
the bar chart, MIG-welding decreases the OEE by almost 3%. Questioning the cause for
the welding issues, plant operators agreed that the main reason for unsuccessful welding
operations is a varying welding gap. One possible solution to prevent defective welding
processes is the inspection of the joining gap with an optical sensor. The investment
in such an optical system is comparably low, which results in a positive cost-benefit
estimation.

OEE 3.0
Category

2.51 mmm Technical
B Quality
W Logistic

2.0

1.5

0.51
Technical 0.0
Others ¥ < <> & @ g
$ & & & & E
S
Q?% W é\\o,é » ®

Quality Logistic & &

Capacity loss in %

(a) (b)

Fig. 4. Results of the top-down-analysis with the in (a) evaluated overall capacity losses by
category and in (b) the two largest error types for each category.

The introduced decision criteria to choose between a rule-based or Al-based system
(see Sect. 2) are answered and explained for the MIG-welding process in Table 2. The
answers and the corresponding explanations results in the decision to attempt a plant
optimization through an Al project, emphasizing that this conclusion must be verified
in the early stages of a technology development phase.
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Table 2. The answers to the questions to support the decision in favor or against the implemen-
tation of Al-based systems.

Question Answer Explanation

Is the prediction based on physical | No — Data-driven | The outcome of a specific welding
equations or quantities? process can only be estimated by
experience drawn from data

Is the manufacturing process very | No — Data-driven | The MIG-welding process and the

constant? corresponding seam shows a large
variance

Is the data dimension small, e.g. Yes — Rule-based | The main variable for prediction is

1-3 dimensions? the gap size, measured at three

locations to determine the gap
geometry (3-D)

3.2 Domain Knowledge and Experimental Setup

For demonstration purpose of the introduced process model (see 2.2) the knowledge
extraction and sensor selection are outlined in this section. A challenge in the welding
process is the variation of joining gaps due to component fluctuations as the welding
process is designed for a constant gap between the two joining partners. Differences in
gap geometries in terms of shape and size are only taken into account to a limited extent,
resulting in defective welds and a reduction in system availability due to reworking. The
objective of expert interviews is the reduction of epistemic uncertainty early on in the
development process, as it introduces a new set of information to the system. Based on
the findings of Mieg and Naf [23] as well as Mayring [24] a questionnaire was developed
regarding four main topics: Expert’s qualifications and background, process design and
challenges, varying joining gap, and automated weld seam monitoring. Four interviews
were conducted. Diverse statements from experts portray the complexity of the welding
process and, as such, they are especially important for the modelling later on.
Regarding the sensor selection, a semantic analysis of the qualitative research con-
cluded four main points: The primary reason for defective weld seams is a varying gap
size, not accounted for in the welding robots’ programming. While the transition from
a weldable gap to a non-weldable gap is fluent, the largest weldable gap for the fillet
joint is 0.8—1.0 mm, for the corner joint it is 0.5-0.7 mm. The lower the thickness of the
aluminum profile to be welded, the lower the energy that can be applied without risking
melting through the base profile. A completely closed joint gap can result in an unpre-
dictable distortion of the aluminum, as the energy input from welding heats up the metal,
which can result in warping of the component. The initial temperature of the profiles
also influences their distortion and therefore the gap geometry. The profiles demand to
acclimatize for at least twelve hours prior the welding process to minimize the risk of
porosity in the welding seams. These results provide an answer to the proposed question
(cf. Table 1) regarding the manufacturing process: Since it is highly dependent on var-
ious unpredictable factors, a data-driven approach is advantageous. To take the joining
gap into consideration in the modelling, a sensor for measuring the gap is required. An
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analysis of the production site sets limitations to the applicable systems: A tactile sensor
cannot be used, as it would have to be precisely adapted to the production process and
would pose a new risk of failures to the plant. Furthermore, the only suitable location
to employ a sensor is in close proximity to the welding process. Thus, an optical sensor
insusceptible to ambient light is needed. The object of the experiments was to examine
the impact of the reflectiveness of the aluminum extrusions, different gap geometries and
ambient light on the performance of all systems and uncertainties resulting from poor
performances. The plant setup and the conclusions drawn from the expert interviews are
essential to consider the selection of a reliable data source. An experimental setup in
correspondence with the production plant is displayed in Fig. 5 (b). It allows the clamp-
ing of two aluminum profiles at a 90° angle and their translation in x- and y-direction,
as well as the rotation around x to set up the most common gap geometries.

rotation around x

(b)
Fig. 5. The battery frame with joining partners (a) and the experimental setup for sensor selection

(b).

Based on the expert interviews, the independent and dependent variables of the sys-
tem were identified as in Fig. 6 and using the Reynvaan reduction approach [25], a
sub-factorial design of experiments (DoE) was developed. Ambient light has been iden-
tified to have a significant impact on the optical measurement of aluminum extrusions
[26], as well as the wavelength of LTS used [27] and the machined surface of the alu-
minum [28]. Based on these findings and the requirements concluded from the experts’
knowledge, four optical measuring systems were selected for experiments: Two laser
triangulation sensors (LTS) with wavelengths of A; = 405 nm (Keyence LJ-V7060) and
A2 = 660 nm (EngRoTec VisionScanner) as well as two structured light systems (SLS),
one using a white ring light projector surrounding one camera (CA-H500MX) and the
other consisting of two cameras with a central blue light projector positioned between
them (e SurfaceControl 3D). A robot was used to move the laser triangulation sensors
vertically over the corner joint, while the cameras were positioned in a stationary setup.
All systems were set up at the distances given in their respective manuals. Tests were
repeated 30 times to enable an assessment of measurement noise.
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Fig. 6. The Ishikawa diagram shows the influencing variables for the Al system.

3.3 Data Source and Sensor Selection

The poor accessibility of the inner welding gap proved to be an issue for the reliability
of both laser triangulation sensors as well as structured light cameras. Especially small
to no gaps could not be detected, a crucial case the experts urged to consider. The reason
for the difficulties is the geometrical setup of the gap, as it is not located between two
edges, but between an edge and a plane, whereby the latter provides no clues for the
sensor as to the measurement location. Additionally, the reflection of light between both
profiles resulted in obstructive reflections. To eliminate this uncertainty, the inner gap
was measured indirectly: the existence of an inner welding gap causes a displacement
in z of the profiles relative to each other. By implementing a system to detect the depth
displacement of one profile to the other from outside, the inner gap could be measured
accurately with no susceptibility to ambient light or reflection issues.

Within these empirical tests, the reflective surface of the aluminum extrusions have a
significant impact on the reliability of LTS. As this topic has been intensively discussed
by Blanco et al. [26], it is not further outlined. The measurement values of a LTS
at different gap sizes are presented in Fig. 7 (a), which demonstrated three incorrect
types of measurement due to false reflections. Firstly, at an actual gap size of 0.6 mm
a jumping behavior between the correct and a pseudo point of interest (POI) leads to
a discrete distribution and large dispersion of the measurement values. Secondly, at
an actual gap size of 1.0 mm multiple falsely identified POIs leading to continuously
distributed measurement values. Thirdly, at an actual gap size of 2.0 mm one exclusively
falsely identified POI leads to a narrow dispersion but wrong determination of the gap
size. Such aleatory uncertainties cannot be eliminated or accounted for by software since
they stem from a shortcoming inherent to the measuring method, creating systematic yet
unpredictable errors. The results of an LTS are shown in Fig. 7 (b), in which a correct
measurement of the gap size throughout the range of interest (0.0-2.0 mm) can be seen.
The narrow dispersion of the measurement values is an indicator for a low aleatoric
uncertainty contributed by the sensor to the whole Al-system.

A third source of uncertainty was identified when applying an external light source to
the extrusions. A structured light camera working with white light was highly affected
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Fig. 7. In (a) the measured values by a LTS shows a large dispersion and significant deviation
from the actual gap size. In (b) the SLS correctly determines the welding gap over the complete
range.

by the reflections caused by ambient light. Since the sensor will be implemented in
close proximity to a welding process, robustness against ambient light is crucial to
extract reliable data from the sensor. The results of the DoE showed the most reliable
measurements of the joining gap for the SLS working with blue light. While all sensors
captured the depth displacement of the extrusion profiles without problems, both LTS
were susceptible to false reflections regarding the measuring of the fillet joint gap. The
CA-H500MX is affected by ambient light since it works with white structured light.
By having identified a reliable data source and its limitations, the key enablers for
implementing predictions with a prospective data-driven model on one hand, and judge
its results critically on the other hand have been provided.

3.4 Modelling Uncertainty by Fuzzy-Logic

Predicting the outcome of a welding process is a non-binary task, as the inherent process
uncertainties influence the outcome. Furthermore, Boolean models would tend to have
a large amount of false positive errors in this setup leading to the well-known alert
fatigue issue of workers during operations in production lines. Fuzzy models are made
to reflect gradually changing probabilities and are used to consider vagueness, which
makes them an ideal type of model for the use case. For implementation the Python
library SciKit-Fuzzy v0.4.2 is used.

The underlying truth for the weldability with changing welding gaps is drawn from
the four expert interviews, which reduces the number of experiments and provides the
opportunity to reflect their experience in the model. The experts are questioned regarding
the limitations of weldability and transition zones, resulting in input functions shown
in Fig. 8 (a) with respect to the welding gap. After defining the fuzzy rules, the model
prediction with respect to a varying welding gap is shown in Fig. 8 (b). The figure demon-
strates the difference between the fuzzy model and a Boolean model. In contrast to the
binary prediction, a fuzzy model is able to capture the gradually changing probability for
a successful welding and is much more robust against false alerts. The robustness against
accepted production variance is a key performance indicator for predictive models in
manufacturing environments.
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Fig. 8. Development of a fuzzy model with (a) the input variables and in (b) the comparison of
the predictions between a Boolean and a fuzzy model.

3.5 Uncertainty Quantification and Experimental Validation

The developed system, which measures the gap size between the frame parts and predicts
the weld seam quality is validated with experimental data. For this, 10 frames are welded
under constant welding parameters with different gap sizes to verify the outcome of
the fuzzy model by new data. The results are presented in Fig. 9 (a) and a discrepancy
between the fuzzy model prediction and the experimental data can be seen. The difference
is the epistemic uncertainty (3¢) of the system caused by lack of information/ knowledge
about the welding outcome. The seam welded with a gap size of 0.8 mm shows necking,
which lowers the quality quantification for this weld. At a gap size of 1.0 mm the seam
is not connected to the joining partners. In Fig. 9 (b) the model predictions with respect
to different data sources (see Sect. 3.3) are shown. The measurement noise and the
influence on the prediction is visualized by the colored areas providing the 95% interval
to quantify the aleatoric uncertainty.
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Fig. 9. In (a) the fuzzy model and the experimental data are compared to determine the epistemic
uncertainty of the system. In (b) the predictions for different data sources are presented to determine

the aleatoric uncertainty.

A hypothetically noise free sensor leads to exclusively epistemic uncertainty in the
system. To evaluate the influence of the sensor selection on the aleatoric uncertainty,
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the prediction intervals for the LTS (¢ & 0.1) and the SLS (o = 0.04) are visualized.
Furthermore, the sensor behavior for rarely occurring cases has to be evaluated. The
inability of the LTS-sensor to correctly measure close gaps disqualifies the sensor for
the system as it leads to a large error in the prediction. The distinction of the two types
of uncertainty provides the ability for targeted optimization of the Al system.

In this case, the aleatoric uncertainty of the SLS-sensor and its impact on the pre-
diction is acceptable, and the focus for optimization is the reduction of the epistemic
uncertainty. This can be achieved by sampling more data and information.

4 Summary and Outlook

The presented work describes a process model for systematic planning and development
of Al-based systems for manufacturing plants. The planning process includes a top-down
analysis of plant data to increase the level of knowledge in each analysis step and to
estimate the cost-benefit. Criteria and hypotheses to evaluate and answer the necessity of
ML-algorithms for the specific use case are formulated to lay the basis for methodological
decision to implement an Al project. A process model for the technology development of
an Al system is presented. The aim of this model is to lay out fundamental requirements
in early development stages. The model is derived from a formulated working hypothesis
to focus on the uncertainty quantification and reduction in the system.

The introduced systematic planning and development methods are successfully
demonstrated for a use case in a battery frame assembly line to predict the outcome of a
MIG-welding process and should result in a reduction of defective parts. The extraction
of domain knowledge, the derivation of the DoE for sensor selection, and the devel-
opment of a fuzzy-logic based prediction model is shown. In a next step, a distinction
between the epistemic and aleatoric uncertainty is evaluated and discussed by comparing
the model prediction with experimental data for different sensors.

An uncertainty aware development process is a crucial part in any design of indus-
trial Al systems as it provides the possibility to estimate the limiting components of
the system (data source, data set). Apart from the case study discussed in this paper,
further examples of manufacturing applications in which the components uncertainties
evokes challenges are the in situ monitoring of laser welding processes or crack detec-
tion in metal forming plants. Both demand for a clear distinction between patterns for
defect formation and background noise from process fluctuations, ambient light condi-
tions, or changing material surfaces. An uncertainty analysis provided the ability for a
targeted optimization of the system by improving the uncertainty contributing compo-
nents. Developing reliable data sources are more important then extensive ML modeling
in such scenarios to build data sets of high quality. Further scope of research should
be the planning of green field applications and the uncertainty quantification for ML
algorithms like deep learning models.
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ABSTRACT. The topic of sustainability is currently not only omnipresent in
research and politics but is also gaining significant importance in the industry.
Different customer groups are increasingly attaching importance to sustainable
products and adapting their purchasing behaviour accordingly.

One important field of action for achieving ecological sustainability is the
circular economy. Circular economy describes a cycle-based model of production
and consumption, whereby materials and products are to be recycled after use
in such a way that further use of the product, or the materials used is possible.
This can be done in different degrees of recovery, for example by reuse, repair,
recycling, remanufacturing etc. Remanufacturing offers an industrially attractive
recovery option with high value retention. However, it also places the highest
demands on the product to be recycled as the quality is described “as new”.

The Landshut Level Model of Remanufacturing (LEMOR) is a comprehen-
sive model for the step-by-step assessment of the suitability of a component for
remanufacturing from a technical, economic and strategic perspective. This ranges
from a review of the basic technical suitability to the influence of the individual
damage pattern on the remanufacturing process. The assessment can be divided
into a generic and a component-specific spectrum. The generic evaluation is spec-
ified in more detail by defined component properties which were collected in
the component-suitability-assessment. This initial part of the evaluation shows
the possibility of integrating different production processes (in particular additive
manufacturing processes in combination with subtractive processes) to expand
and realize high-quality and complex remanufacturing processes. A software tool
was developed for the automated and user-friendly collection of component prop-
erties and their automated comparison with the requirements catalogue for testing
remanufacturing suitability.
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1 Introduction

The political and social endeavours to achieve greater sustainability are supported, among
other things, by the UN Sustainable Development Goals [1] and the EU’s Green Deal
[2] in particular. The aim is always to take a holistic view at an economic, ecological and
social level [3]. A central means of achieving a more sustainable economy is the so-called
circular economy, i.e. cycle-centred value creation [4]. The importance of the circular
economy has increased noticeably in recent years due to numerous external factors [5].
Therefore it is not only omnipresent in research and politics but is also gaining signifi-
cant importance in the industry [6]. Increasingly, customers are attaching importance to
sustainable products and are orienting their consumer behaviour correspondingly. [7].In
addition to the political decisions mentioned above, more difficult and more expensive
access to resources is also increasing interest in circular economic processes. Access to
resources is becoming increasingly difficult due to geopolitical tensions (e.g. the Ukraine
war) and the associated sanctions regimes as well as disrupted supply chains (e.g. Covid
and the Suez Canal blockade).

In addition, more sustainable product design is increasingly becoming the focus
of politics and business. One example of this is the stricter draft of the End-of-Life
Vehicles Directive published in July 2023 [8]. This not only represents a legal require-
ment for the environmentally friendly recovery of end-of-life vehicles (e.g. by disman-
tling components containing valuable and raw materials), but also for the recovery and
recycling-friendly design of future vehicles and the mandatory use of secondary raw
materials.

This paper presents a model that enables the evaluation of components with regard
to their suitability for complex remanufacturing. The focus here is on a so-called hybrid
process chain, which combines additive and subtractive production processes. This ini-
tially enables the build-up of material at a damaged component location, which is then
subtractively manufactured into its original or newly defined shape.

2 Foundations and State of the Art

Within the circular economy, there are various recycling strategies to contribute to cir-
cular value creation models, which are often summarised as so-called “R-strategies” [9].
These include for example the reuse, repair, remanufacture and recycle approaches [10].
The reuse approach is based on the further use of the product in a different range of
applications. Repair describes the repair of a defective product. Remanufacturing is the
mechanical reworking of a defective product to restore it to as-new condition. Recycling
is characterised by the dismantling and material recovery of the product in order to reuse
the raw materials [9]. Due to the endeavour to maximise the value and quality of the
product, the other R-strategies are preferable to recycling [11]. A product that fulfils
the requirements for remanufacturing can generally also be recycled using the other
strategies, as remanufacturing is subject to the “as good as new” requirement [12].
Classic remanufacturing process chains and sequences can be used to successfully
implement remanufacturing. These are essentially centred on five main process steps:
Disassembly, cleaning, diagnosis, refurbishment and reassembly (Fig. 1) [13] [14].



Evaluation of Component Suitability for Hybrid Remanufacturing ... 349

Pre- Dis- v : : e B Re- Final
assembly ety (Dt gitess (o assembly Jf inspection
Logisticsfprocurement old prts m

Fig. 1. Process chain of remanufacturing, own illustration based on [13]

Collection
of used
parts

The rework process step mainly refers to material-removing processes such as
drilling, milling, honing or grinding. However, these classic methods are limited, for
example if the target state differs geometrically from the initial state. However, this may
be necessary due to the desire to customise a newer component variant/version. The
repair of certain types of damage is also limited by conventional approaches. There-
fore, there is the possibility of hybridization existing remanufacturing approaches by
adding additive manufacturing processes [14]. However, this hybrid process chain for
remanufacturing, consisting of a combination of additive and subtractive processes,
places increased demands on the properties of the product to be remanufactured. For
this reason, the focus below is on hybrid remanufacturing process chains.

To ensure that a product can be remanufactured, attention must already be paid to
recyclable design and construction during product development. If it is unclear whether
a product intended for remanufacturing complies with the relevant guidelines, a check
must still be carried out to determine whether the product is suitable for remanufacturing
before a decision on remanufacturing is made (analysis of the current state). There are
already established methods for assessing remanufacturing suitability.

DIN EN 4553:2020-11, for example, describes a general procedure for assessing
the recyclability of energy-related products and defines seven general process steps that
are important for remanufacturing. The process steps for testing the actual condition are
associated with product properties [15]. Lahrour & Brissaud [14] performed a funda-
mental analysis to examine the suitability of additive manufacturing technologies for
remanufacturing purposes. Additionally, Goodall et al. [16] present an overview of the
state of the art on tools and techniques used to evaluate remanufacturing feasibility in
general. However, there is currently no comprehensive methodology that can be used
to assess the remanufacturing suitability of products for process chains which com-
bine additive and subtractive technological elements. The aforementioned assessment
methodology in accordance with DIN EN 4553:2020-11 also only includes technical
properties. It does not include an examination of the economic efficiency and strategic
suitability of a product. A methodology is therefore needed that can also be applied to
products that have not yet been designed with circularity in mind. The actual state of the
component should be assessed from a technical, economic and strategic perspective.

In the following, a model is presented with which the suitability for remanufactur-
ing can be assessed on the basis of a step-by-step evaluation (LEMOR model). In the
first two stages, general component properties are analysed. The component-suitability-
assessment (CSA) offers a general procedure for querying these generally valid prop-
erties. The remanufacturing suitability is standardised as a score using a point-based
evaluation. The associated software tool enables quick and uncomplicated access to
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the component-suitability-assessment in the form of a user interface and automatically
derives the score presented from the properties recorded.

3 Landshut Level Model of Remanufacturing (LEMOR)

The Landshut Level Model of Remanufacturing (abbreviation LEMOR from German:
Landshuter Ebenen Modell des Remanufacturing) is a comprehensive model for the
step-by-step assessment of a component’s suitability for remanufacturing from a techni-
cal, economic and strategic perspective. This ranges from checking the basic technical
and physical suitability to the influence of the individual damage pattern on the reman-
ufacturing process. The assessment can be divided into a generic, a component-specific
and a wear-specific area (see Fig. 2). As the individual levels are passed through, the
suitability profile of a component for remanufacturing becomes increasingly clear.
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Fig. 2. The Landshut Level Model of Remanufacturing—LEMOR for short (own illustration)

The starting point of the model is level 0, which evaluates the remanufacturing
suitability of a component in terms of technical feasibility in the generic area. In this
context, generic means that any component can be considered, regardless of whetheritis a
classic automotive component or a product from the consumer sector. If, for example, the
engine component crankshaft is to be analysed, it is not yet necessary to narrow it down
to a part number or variant within this level, as this is initially a superordinate analysis of
the crankshaft product family. Within this level, the basic physical component properties
are assessed. These include, for example, geometry, weight and material properties.

Following on from level 0, economic and strategic component aspects are assessed
in level 1, which is still generic. The economic aspects include the number of units
required, the process costs and the transport costs. For example, economies of scale
can be evaluated based on the required quantity of a component to be remanufactured,
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which influence the economic efficiency of remanufacturing. In addition to the economic
dimension, strategic aspects are also evaluated in level 1. Among other things, the avail-
ability of raw materials, sustainability and the origin of the old parts (referred to as
cores) influence the strategic suitability of remanufacturing. The so-called component-
suitability-assessment (CSA) is a tool to evaluate the suitability of a component for
remanufacturing regarding level 0 and level 1 of the LEMOR model. The examined
perspectives on remanufacturing feasibility match the findings of Goodall et al. [16] and
thus generate a comprising assessment of components. The CSA is further described in
the following chapter.

If the technical and economic feasibility from levels 0 and 1 is not given, the compo-
nentis not suitable for remanufacturing and a more in-depth analysis based on subsequent
levels is not necessary. If it turns out that remanufacturing of the evaluated component is
technically feasible in principle and makes economic and strategic sense, the component-
specific geometry is then assessed in level 2. Component-specific means that within a
superordinate product family, e.g. crankshafts, the selection must be limited to a specific
variant/part number. If several variants are to be reprocessed, the following levels must
be checked separately for each variant under consideration. In level 2, the original geom-
etry (initial geometry) of the component is compared with the target geometry (target
state). The aim of the comparison is to find out whether it is fundamentally possible to
produce the desired target state from the initial geometry. It should be emphasised that
the initial geometry can deviate from the target geometry in terms of dimensions and
volume. This is permissible because in individual cases the component is to be reworked
to a different component variant through reprocessing.

After successful geometry evaluation, component-specific standard damage patterns
are analysed within the subsequent level 3. The aim of the analysis is to define the
most common damage patterns that could categorically rule out reconditioning of the
component.

The fourth and final level evaluates an individual worn and/or defective component
(synonym: core) with regard to its suitability for remanufacturing, taking into account
the individual damage pattern independent of the standard damage pattern from level 3.
If a core is too worn or irreparably damaged, it is excluded from remanufacturing. If, on
the other hand, it turns out that the core is suitable for remanufacturing, the necessary
remanufacturing steps are shown, for example as part of a hybrid process chain. Yet there
is no tool existing to automatically calculate the suitability of a component regarding
the levels 2, 3 and 4. Within the research project EREP, it has been taken into account
to make research if such tools could be developed and implemented.

4 Component-Suitability-Assessment (CSA)

As soon as hybrid reprocessing is considered, a suitability test must be carried out in
advance due to the increased requirements for the recyclability of a product. The so-called
component-suitability-assessment can be used for an initial analysis (for the generic
levels of the LEMOR, level 0 and level 1). This is an extension of existing assessment
methods in remanufacturing (Fig. 3), such as the general product attributes for reprocess-
ability according to DIN EN 4553:2020-11, and evaluates the technical, economic and
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strategic suitability of products for hybrid remanufacturing (process sequence of WAAM
processes (wire arc additive manufacturing—wire-based laser deposition welding) and
machining).

Result:

Evaluation of the technical, Technical, economic and
economic and strategic strategic assessment of the

suitability of products for the suitability of a product for

hybrid remanufacuturing hybrid remanufacturing
process chain

Evaluation of the general
technical reprocessability of

products based on product
attributes

Assessment

Fig. 3. Classification of the Component-Suitability-Assessment (own illustration)

Only individual components can be assessed, i.e. if an entire system or assembly is
present, the assessment must be carried out separately for all individual components.
The dismantling capability of the systems or assemblies must be assessed in advance.

The component-suitability-assessment is used to record and assess the actual con-
dition of components. For each component property, there is a score that evaluates the
property in terms of suitability for WAAM processes and subtractive processes. Finally,
an overall result per category (technology, economy, strategy) can be derived from the
individual assessments of the properties. A scoring system from at least 1 to maximum 5
points is used for the evaluation (whereby 1 means KO criterion—not suitable; 2 means
less suitable; 3 means suitable, 4 means well suitable and 5 means very suitable).

This implies that as soon as a product property, e.g. the material, has been assessed
as “1” for the WAAM process or for machining processes according to the component-
suitability-assessment, the component is not suitable for reprocessing in the hybrid
process chain.

The component-suitability-assessment is therefore a generic assessment that can be
used to make an initial scoring-based assessment of the remanufacturing suitability for
products of all types. It therefore forms the basis of the LEMOR model (level 1 and level
2) and should be carried out in advance of more detailed analyses of geometry, damage
patterns and processes. Level O describes the basic technical and physical suitability of
components and is thus described by the technical score of the component-suitability-
assessment. This contains relevant properties for WAAM processes and machining
processes (Table 1).

There are two scores for each characterisation of the technical requirement properties
(one for WAAM and one for machining processes). Each individual score was based
on literature research and expert knowledge. As a detailed list and justification for each
score would go beyond the scope of this paper, it will not be discussed in detail.

If the technical suitability has been established by appropriate testing of the charac-
teristics listed in Table 1 the economic and strategic suitability of a component can be
checked via level 1 of the LEMOR model. For this purpose, the corresponding score is
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Table 1. Technical properties for evaluating the suitability of components for the hybrid
remanufacturing process chain

Technical properties

Requirement property | Category Characterisation of the requirement
property—examples
Material Metallic materials Various steels, cast and wrought

aluminium alloys, titanium alloys,
magnesium alloys, copper alloys, nickel

alloys, etc
Non-metallic materials Plastics, glass, ceramics,
semiconductors, etc
Geometry Feature Size -
Bounding Box -
Symmetry Symmetrical, non-symmetrical
Weight -
Processing status Coating Painting, coating, etc
Hardening Hardened and tempered, case-hardened
etc
Special features Clampability/measurability | —

Possibility for measurement | Allowance of at least 1 mm possible

Technical complexity Sharp edges, radii, overhangs,
undercuts, etc

again determined by means of a component-suitability-assessment. The following cri-
teria are essentially relevant for analysing the economic viability of remanufacturing:
Number of units to be remanufactured, degree of automation in production, product
complexity of the product to be remanufactured, manufacturing costs of the new part,
production location and investment requirements. The number of units is a key factor for
economic efficiency, as (fixed) costs are distributed over the number of units. The degree
of automation plays a role to the extent that labour costs and, in some cases, process
costs fall as the degree of automation increases. However, the economic efficiency of
automation depends on the number of units and product complexity [17]. Product com-
plexity, in turn, is decisive for the design of the remanufacturing process chain. The more
complex the product, the more extensive the remanufacturing processes usually are. The
higher the manufacturing costs of the new part, the more lucrative remanufacturing is
in most cases, as it is often associated with lower manufacturing costs. The location
of production has an influence on costs, especially labour costs. However, a location
decision should not only consider labour costs, but also other factors such as product
complexity and the degree of automation. The smaller the investment requirement and
consequently the larger the existing remanufacturing machinery, the more economical a
remanufacturing scenario will be. Uncertainties regarding the quality of used parts and
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the quantity available make investment planning for remanufacturing even more difficult
[18].

A one-dimensional score evaluation of the individual properties is not sufficient for
calculating economic efficiency, as there are direct and indirect dependencies between
the evaluation criteria for economic efficiency. An example of this is the number of
units and the degree of automation. A low number of units is not per se a criterion for
inefficiency, as the production of small quantities can prove to be quite economical in
the context of manual production. Higher quantities, on the other hand, are generally
only economically viable with a high degree of automation. The Fraunhofer IPT, for
example, describes this dependency on the number of units and degree of automation
in its conference proceedings “Empower Green Production” using the example of the
remanufacturing of washing machines as a challenge to ensure economic efficiency [17].
The component-suitability-assessment therefore utilises a multidimensional assessment
system that correlates the dependencies between the aforementioned properties.

In addition, strategic requirements for the product and remanufacturing also play an
important role. Remanufacturing should also create added value for the company from
a strategic perspective. With regard to the strategic characteristics, aspects of ecological
sustainability are predominantly considered, as it is of central importance that reman-
ufacturing can be mapped in an ecologically meaningful way in comparison to new
production [19]. Sustainability is also a central key factor in corporate strategies these
days. In addition to the legal requirements and demands of society, the circular economy
is a suitable strategy for companies to position themselves favourably against the com-
petition. An image and brand advantage can also be generated, as targeted presentation
of sustainability activities, for example through marketing, can fulfil the demands of
society and politics [20].

The strategic remanufacturing suitability score therefore indicates the extent to which
remanufacturing can contribute to the achievement of companies’ environmental sus-
tainability goals compared to new production. For calculating the score for strategic
suitability of a component, the key figures are the availability of used parts and the
potential for saving energy and resources. The availability is considered regarding logis-
tics, quantity and quality of the product. The logistics describes how far away the cores
are from the remanufacturing plant as this is an essential factor regarding the CO, foot-
print. Quantity of cores means if enough old parts are available to meet the demands. In
general, you need more cores than there is demand for remanufactured parts, as there
will be some bad cores that can’t be remanufactured. This leads to the next point of
quality which states the damage patters of the cores: the worse the damage, the more
efforts need to be made in remanufacturing. Regarding the potential for saving energy,
it can be said the more extensive the remanufacturing process is (because of the product
complexity), the more energy is used in remanufacturing and the less ecological the pro-
cess is. The potential to save resources mainly depends on the weight and the materials
of the product.
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5 Software Tool for CSA

A software tool was developed to increase the industrial applicability of the devel-
oped methodology and the underlying components-suitability-assessment. In addition
to pragmatic accessibility of the evaluation methodology, this should also ensure sim-
ple interpretation of the results. The software tool currently only maps level O of the
Landshut level model to provide potential users with a quick and simple assessment of
suitability for hybrid remanufacturing.

To this end, users are guided through the three evaluation categories of material infor-
mation, geometric information, and other features as part of a simple interface structure.
Component characteristics are queried for each category, which are processed into an
overall assessment in the final step. The final assessment is made on a scale of 1 to 5,
with a high score indicating good suitability for remanufacturing using a combination
of additive and subtractive technologies. The basis for calculating the score is the pre-
viously presented components-suitability-assessment for hybrid remanufacturing. This
logic is derived from expert knowledge and state of the art literature and transferred
in a survey based logic. As the software tool aims to represent the developed method-
ology, the different influencing factors can be weighted by their technical importance
and are ultimately merged to an overall technical score consisting of the described cate-
gories. From a practical point of view, some of the parts characteristics can disqualify it
from hybrid remanufacturing like certain materials (e.g. wood) or shapes (e.g. ultra-thin
walls). Future releases of the software tool strive to cover economic as well as strategic
evaluation perspectives as well. Figure 4 shows an exemplary evaluation report of the
technical suitability of an example part which represents a realistic component from the
rail industry.

6 Evaluation and Industrial Application

In order to validate the developed methodology and to check the industrial suitability
of the developed software tool, expert interviews were conducted with test users in
various partner companies. The range of companies was chosen to be as representative
as possible of the German economy. To this end, the methodology and the software tool
based on it were presented to a large German industrial corporation, a medium-sized
metalworking company and a small custom manufacturer and independently tested and
evaluated by the experts. In addition, a validation was carried out by experts from a
consulting company that specialises in the manufacturing industry.

The evaluation was conducted in different dimensions, with the methodology itself
being assessed on the one hand and the industrial feasibility of the methodology in
the form of the software tool on the other. In particular, the pragmatic approach to
pre-categorization within the framework of evaluation level O of the Landshut level
model was emphasized. According to the experts, the quick and intuitive assessment of
a component’s suitability for hybrid remanufacturing offers relevant added value. The
intuitive user guidance, the manageable extent of the assessment and the visualisation
of the software tool were also mentioned positively.

According to the experts, there is particular potential in further detailing the com-
ponent specification, for example in the material configuration or geometry description.
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Current collector

Description Score for remanufacturing
Example scenario to visualize the tool Strategic feasibility score 3.7
Economic suitability score 2.9
Technical feasibility score 4.7
Additive process score 46
Subtractive process score 47

Component characteristics

Material Geometry Special features
Cast steel Symmetry ¥| Allowance Pores
Weight ¥| Clampable Cavity
Overhang
Feature size Processing status
Sharp edges
>2mm Hardened

Bounding Box Undercut Coated

Technical Complexity

2 3 4 5

Fig. 4. Exemplary evaluation scenario within the software tool

Particularly in the case of more complex components that have been partially treated
or coated, for example, the differentiation of component properties is currently only
mapped to a limited extent.

In summary, both the methodology and the software tool based on it were positively
evaluated by the experts and rated as very relevant and helpful for industrial applications.

7 Conclusion and Outlook

The subject of sustainability is becoming increasingly important socially, politically and
economically. Remanufacturing is a relevant option for realizing more sustainable pro-
duction. If conventional remanufacturing, which is based on subtractive manufacturing
technologies, is supplemented by preceding additive technologies, this is referred to as
hybrid remanufacturing. In the context of the present work, this extended approach to
remanufacturing is considered and offered as a basic option for industry and research.
The aim is to define a starting point for further research into the development and tech-
nological design of these hybrid remanufacturing processes. The Landshut level model
forms the methodological framework for the evaluation of component suitability along
an operationally logical sequence. With the help of a software tool based on the Land-
shut level model, the industrial accessibility of the methodology has been improved and
validations and tests in industry have been made possible.



Evaluation of Component Suitability for Hybrid Remanufacturing ... 357

The work presented here and the results already obtained can be seen as a starting
point for further research activities. These can focus in particular on the further detailing
of the assessment levels. In addition, the approach must be analyzed in greater depth as
part of comprehensive expert studies in industry and science in order to gain an in-depth
understanding of the corresponding needs and development potential. At an operational
level, technological concepts and solutions for mapping the different levels in the industry
must be developed in the further course. In particular, the cost-effective implementation
of technically sophisticated hybrid remanufacturing processes still poses a number of
challenges.
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Abstract. Redesigning and updating products represent time-consuming pro-
cesses, even if the same methodology as the original design is applied. New
political influences, economic factors and newly developed techniques must be
taken into account. Reliable tools and robust methods to streamline the process are
therefore necessary to support engineering designers in their decision making and
potentially decrease the time to market for the revised product. Three tools with
different focuses will be used to structure an efficient and comprehensive method-
ology either for new or redesign of a product in a circular economy. The first tool
aligns the class of good of the product with four different circular approaches,
establishes the basic framework of the methodology and provides the designer
with a suitable circular approach. The next tool is a method-variants analyzer
that serves as a guidance tool for the designer to understand the dynamic rela-
tionship of product type and design methodology in order to determine the most
efficient method in each design phase The third tool will assist designers with
specific tasks regarding the material of a certain part. Utilizing numerical values
of the inherent chemical and physical properties of the material, it is possible to
assess and align the parts’ performance in fulfilling assigned functions and the
parts’ behavior throughout the recycling process. This subsequently improves the
assessment of the product in correlations of recycling and functions fulfillments,
and its evaluations for potentially better alternatives. Hence, with the combined
approach of those three tools into one methodology, the design engineer will be
assisted throughout the whole process with: swift feedback regarding the circu-
lar approach, most suitable for the goods type of the product; proposals for the
necessary depth of the design process for each assembly as well as balancing
functionality and recyclability of single parts.
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1 Introduction and Motivation

Besides the current VDI 2243 and VDI 2343 especially targeting recycling [1, 2], there
are no newer or enhanced versions to represent the current recognized rule of technology
for the circular engineering design. Most scientific design handbook include chapters
about ‘design for recycling’” which establish a well-founded base of sources for the
design for recycling and represent the state of the art of the engineering design [3, 4].
The state of the scientific knowledge addresses different specific areas regarding Cir-
cular Economy (CE), with case studies in a practical manner [5] and [6] or theoretical
investigations on a strategic level [7, 8]. Although numerous general design strategies
for CE exist [9, 10], there is a lack of in-depth discussions on the methodologies to
achieve them. Furthermore, in recent years there are upcoming legislative [11, 12] and
socioeconomic [13, 14] requirements for the whole economy which are not yet addresses
properly with the existing tools and methods. To mitigate possible innovation delays and
economic losses, it is necessary to utilize digitized methods to address general require-
ments systematically to start a development process for CE; which subsequentially will
be addressed with familiar tools in the specific field.

In the topic of developing products within the CE, designers frequently struggle with
intricate and conflicting technical challenges, especially when CE-based requirements
are factored in. Unable to achieve a balance between informative, circular-oriented, and
well-structured in a product design or redesign process, while also nurturing creativity,
is a sign of an inefficient design methodology. In light of this, beyond the surface level
design strategy, the market is in need of a coherent, universal framework for product
design within CE—from major decision making to detailed engineering development.
This paper is the result of collaborative research of three independent works from the
authors of this paper: the first tool (T1), a data-based tool to formulate strategy and
direction in the scope of Circular Approach (R-proach) and joint technology. The second
tool (T2) to guide adaptive methodology in design process. And lastly, the third tool (T3)
to assist in material selection and evaluation. With the aforementioned challenges in
mind, each of the tools provides the necessary assistance within the product development
process (PDP) and focuses on achieving the following goals as a combined system.

Goals for the Tri-Tool Design System (TTDS):

1) Develop a universal system that effectively assigns the appropriate R-proach to
products across different classifications of goods and varying levels of complexity,
including highly complex assemblies within a product.

2) Streamlines the PDP by optimizing the gathering of solution ideas and evaluating
results.

3) Evaluate and balance possible circular-sustainable material combinations depending
on the functions of the product, concurrently finalizing decision on joint technology.

To accomplish the first goal in terms of including both complex products and com-
plex assemblies, the TTDS is designed to accommodate both cases, as indicated in
Fig. 1. Consequently, this paper addresses the product’s structure level with the terms
“top hierarchy” and “detailed hierarchy”, which can denote Product and Assembly, or
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Assembly and Parts respectively. For a clearer understanding of the flow and interde-
pendencies between the tools, Fig. 1 presents an overview of the TTDS, divided into
two segments: the overall “Design Strategy” segment and the more detailed “Engineer-
ing Development” segment. Within the “Design Strategy” segment, T1 aids strategic
decisions sufficiently to guide the design direction toward a specific circular approach
in the first iteration, T2 then delves into the operative level of design methodology based
on the direction. Therefore, this segment is responsible for providing information to
actualize a modified PDP with the chosen R-proach from T1 and subsequently fulfil
the second goal. Following the design solution from the modified PDP, incorporating
details like function priority and structure hierarchy, T3 collaborates with T1 iteratively
in “Engineering Development” segment to achieve the third goal mentioned earlier.
During the design process there are different company levels involved. Strategic-
Level decisions regarding the development of a product are mostly made on the C-Level.
Later during the design process, choices will be made by the head of the development
department or managers of certain special areas. Later the engineers will design the
product in detail and render accurate decisions regarding single parts and assemblies.
Depending on the size of the developing company the decision level may change. While
additional details of each tool will be further elaborated in their respective sections, the
interdependencies, information flow (black bold arrows) between the tools and correction
loops (red dotted arrows) will be discussed with the help of a complex assembly case
example of an electrically adjustable car seat throughout the paper, and concluded in
Sect. 6, to address contradictions and showcase the flexibility and coherency of TTDS.
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2 Circular Economy and Design Strategies

Within the Circular Economy, engineering design can follow different approaches. Tar-
geting a more circular product while redesigning, there are potentially more than one
of these approaches embedded in the new product design. At least, depending on the
part and business model of the product, the approach will differ. Complex industrial
goods may depend on Reuse and Repair. Whereas fast consumer goods focus more
on Recycling. Additionally, the economical feasible time and effort investment in the
corresponding design process depends on the market value of the product.

To structure the circular approaches, Fig. 2 is given. Within the figure, ten R-proaches
are aligned for product (Ordinate) and material (Abscissa) recycling. The dashed green
line between 100% product and material recycling represents optimal properties for the
CE. Marked as a threshold for “Rethink” a dotted red line between the two variable
cut-off factors Ypr and Xpyr is drawn to symbolize products with insufficient circular
characteristics. Furthermore Reduce, Refuse, and Recover are not explicitly within the
1% Quadrant of the coordinate system; those will not be discussed further in this paper.
All other R-proach are structured and ordered between product and material recycling,
but not exclusive for the optimal case within the CE.
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Fig. 2. Overview for Circular Approaches regarding Product and Material Recycling. Included
are three assemblies for approaches. “RX-Terms” based on work from KIRCHHERR [15].

For better understanding of the graph’s purpose, three Assemblies and a possible
resulting product are drawn marked. Assembly 1 is marked directly on the dashed green
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line, therefore representing a assembly which is 90% suitable for product recycling (PR)
and 10% for material recycling (MR) and located in the area of Reuse—ideal parameters
for a normative CE, but not reachable in a descriptive reality. With ~ 60% PR and ~ 30%
MR the second assembly is located within Repair, missing ~ 10%, which represents the
loss of material. The third assembly is located on the Abscissa with 0% PR and ~ 90%
MR, again with a loss for the CE but suitable for Recycle. All three assemblies may
be combined to a product which is designed for Remanufacturing. The values for the
assemblies and the product are ambiguous based on the combined materials and joint
technology. This represents a short insight in the complexity of the engineering design
for CE.

As hinted in Fig. 2 there are multiple possible R-proach combinations for products,
assemblies, and the parts within them. During the design process a certain structure of
plausibility should be taken into account.

Example: A product designed for reuse shall not be composed out of assemblies
designed for repair. In contrast a complex product designed for repair, like a car;
could not only be made with reuse parts, but with a combination out of reuse and
recycling. Furthermore, all products, assemblies and parts must be recycled at
some point, Recycling has therefore considered for every single case / part, which
might cause some contradicting demands within the design process.

3 Tool 1: Adepted Engineering Design for Advanced Circular
Economy

The engineering product design process (PDP) referred to in this paper is described
in PAHL / BEITZ.[4] To adapt the PDP for the CE further information is necessary.
Different decisions along the process will influence operations later in the product life
cycle. As overview, there are four simplified steps in the process: Defining the functions,
search for suitable solutions for each function, evaluation, and selection of the found
solutions, specific design for the solution including material choice. Each step will have
influences on the CE properties of the product. This paper focuses on the impacts of the
used materials, the joint technology, and the architecture.

There are R-proaches which are more suitable for certain classes of goods. Most
convenience goods should be designed for recycling, due to their short lifespan and
simplicity. In contrast, complex industrial goods should focus on remanufacturing for
the product itself, but also consider other R-proaches in the overall product structure.

Materials are the key reasons for recycling, different procedures were developed
to extract certain materials. Those include different mechanical, chemical and thermal
processes which will be combined in various layouts, depending on the input and desired
output, into a whole procedure [5]. Joint technologies are therefore a driving factor for
the necessary equipment, not only for the recycling process at the end life, but also
for repair or remanufacturing operations during the product lifetime. Those planned
lifecycle prolonging operations will also lead to inevitable consideration regarding the
products architecture to make those parts accessible with justifiable expenditure. Hence
the applicable joint technology is different depending on the R-proach. Example: Welding
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the rim onto the wheel hub, instead of utilisation of a screw set, will have substantial
negative impact on the repairability of the braking system.

There are additional influences which will further affect the implementable design
process of a certain company, such as: the class of goods and suitable R-proach; capa-
bilities and accessibility to work with certain materials as well as the expertise and
equipment to apply different joint technologies. In general, longer lasting products will
possess a higher circular complexity based on the utilisation of different R-proaches
depending on the part, assembly, and the whole product. Those are important factors
when redesigning a product for the CE. To use Tool 1 in a more practical and efficient
manner a software is in development. The software provides easy access to evaluate
the product during the iterative steps of the design process. Depending on the devel-
opment state of the product, varying software inputs will generate data which will be
transformed into information by the system and provide valuable knowledge to different
actors throughout the company to aid the following design steps afterwards. For further
information regarding the workflow and evaluation, details are described in WALLAT
[16].

This data-based tool was designed to take all the former factors into account while
designing a product for advance circular economy (DfACE). Joint technologies were
set in context to the goods type, the R-proach and the materials they will combine,
with regards to their inherent and specific properties for the later recycling process.
Furthermore, data exchange will be necessary to provide affected internal and external
stakeholders with information to assist them with their decisions to enhance the CE
operations in their economic environment, therefore the approach carries the addition of
advanced circular economy.

Along the PDP Tool 1 can be utilized to design the product more cyclophane' with
each iteration. Depending on the allocated resources to the design process, the utilization
of the tool can vary, which offers the possibility to increase the products suitability for
the circular economy in balance with the available resources. Hence it is necessary for
the C-Level, the engineers, and all involved levels in between, to know the different
targets of each other’s decision (see Fig. 1). Thus, the tool also provides harmonized
information flow along the levels. This is also valid for later revised decisions depending
on the technical developments of engineers in the detailed phases of the PDP.

This could involve an alternation of a certain R-proach (see Fig. 2), which might lead
to the exchange of joint technologies for assemblies or parts to fulfil the requirements
unique to each R-proach. Joint technologies can be ordered in material-/, form-/ and
force-fitting, those have different properties for the later separability of the linked mate-
rials, ordered in non-/, partially-/ and destructive disassembly. Those criteria have inter-
dependencies with each other as well as for the R-proach; also valid for the combined
application of two or more joint technologies—e.g. a screw (non-destructive; force-
fitting) glued with ‘Loctite’ (partially-destructive; material-fitting) to secure a generic
latch (non-destructive, form-fitting). The overall lifespan and the operational environ-
ment of the product will also have an influence on the time-related properties of the
joints later in the product lifetime.

I “More suitable for the circular economy’’; opposite of cyclophobe.
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Case-Example: A car as a more complex product shall be designed for Remanu-
facturing, stipulated by the C-level. Therefore, the product contains assemblies for
Reuse (e.g. car body, transmission, electrically adjustable car seat), Repair (e.g.
braking system, seats) and Remanufacturing (e.g. turbo charger, alternator). The
engineers later in the process realize, some parts (adjustment drives) of a Reuse-
assembly (electrical adjustable car seat) will have insufficient life expectancy due
to the applied forces, leading to a mandatory re-evaluation of joint technology.
If a modification it is not adequately viable, a change of the assembly R-proach
is also possible—e.g. back to Reuse with the use of more or a different material
or purely Recycling with the use of lesser material, or Repair as a combination
of both (see example in previous section). Again, demanding adjustments of the
overall applied joint technology for the whole product. Furthermore, there might
be other restrictions which have to be taken into account like lightweight design
in the automotive sector.

4 Tool 2: Method-Variant Analyzer

While equipped with insights provided by T1, where the element of CE is embedded
into the overall strategy of the PDP, numerous decisions within individual phases of
the process hold substantial sway over the resulting outcomes. T2 is thus essential for
contributing to the development of a systemic and efficient design process, that extends
beyond the strategic level, into the fundamental process of the operative level. By lever-
aging the methodology established in one of our author’s prior study [17], each PDP-
Phase encompasses its distinctive “core” method. These core methods further integrate
elements of the circular economy into the foundational model of the PDP. With the goal
of establishing a robust and comprehensive guidance framework, method-variants (MV)
are incorporated in addition to the designated core method during the solution finding
phase and evaluation phase. These added variants adequately address multiple factors,
including the class of goods, applications, and development direction of the company,
which are crucial information discussed on the C-Level during the application of T1.
Through the utilization of T2, designers gain the ability to comprehend the intricate
dynamic relationships among these factors and the underlying design methodology. To
showcase this feature, Fig. 3 is a representation of T2 in the form of flow diagram to guide
designer in selecting a suitable MV according to the class of goods and desired design
model, such as adaptation design or explorative design. This version of the guidance
flowchart is a modified version of Low [17], where in TTDS, the suitable R-proach is
already determined before PDP using T1 as discussed in Sect. 3, whereas some methods
proposed in LOw [17] selects the suitable R-proach during the evaluation phase.

In the solution finding phase, the core method revolves around identifying pertinent
design aspects of products that influence the Main Elements of the Circular Approach,
namely MECA in the work of Low [17]. In encapsulating the MECA concept, each
R-proach can be characterized at different levels of MECA 1: Lifespan, MECA 2:
Accessibility, and MECA 3: Circular Measures against Failures. Depending on the R-
proach determined by T1, the solutions gathered should strongly emphasize on one
MECA aspect and to a lesser extent on the others. Simultaneously, the MV in this
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phase, namely SF 1-3 in Fig. 3, revolve around the techniques and design mentalities
employed in the collection of solution ideas, all while preserving the core method.
Naturally, a judicious combination of different MV can prove advantageous, given that
some products may comprise a simple set of assemblies alongside a complex set of
assemblies. When dealing with product that consist of assemblies with considerable
complexity, such as the electrical adjustable car seat, the design process for the car seat
necessitates traversing the entire TTDS independently, as highlighted in Fig. 1. Finally,
in the last phase of the PDP, the evaluation phase plays a pivotal role in shaping the
essence of the results. The core method of this phase is inherently flexible, requiring
solely a point-based system and a criteria list. Consequently, the criteria list is the major
factor that influences evaluation. Depending on the product analysis, diverse depths
of evaluation—whether on the top or detailed hierarchy level—can lead to a range of
outcomes through the suggested MV, as shown in Fig. 3 as E 1-3.

v
[ New- or Re-Design? ]—‘ [ Structured or Explorative?
T T
Redesign New Structured Explorative

A4
Class of Goods? [ R-proach or Compatibility ]

focused?

Complex goods Simple goods T T
R-proach Compatibility

SF1 SF2 SF3
| | | E1 E2 E3

Fig. 3. Method-Variants Decision Flowchart for Solution Finding and Evaluation Phase [17]

SF 1—Opportunistic Technique by PAHL / BEITZ [16]: Solution ideas are grounded
in the state of the art and existing proven designs, making it more suitable for adaptation
design or redesign of complex products. Furthermore, designers can prioritize found
solutions that significantly influence MECA or those that enhance the current design to
integrate MECA.

SF 2—Problem-Targeting Technique/R-proach Design: Solutions generated through
this method span from technical design to R-proach-focused-Design. This variant is
highly effective for designing simple goods, where the entire product can be completely
redesigned to address a specific problem, to aligned with the R-proach by focusing on
integrating MECA, or to balance both types of design.

SF 3—Abstraction Technique: The product is deconstructed from its main function to
the smallest subfunction, and solution ideas are formulated to address these subfunctions,
emphasizing the avoidance of preconceptions during the solution finding process, which
efficiently creates more innovative ideas.

E 1—R-proach based Evaluation: Solution ideas for each detailed hierarchy undergo
evaluation using a criteria list derived from MECA. This results in the best design
corresponding to the R-proach for each detailed hierarchy. However, it may lead to
potential incompatibility between the detailed hierarchies.

E 2—Compatibility based Evaluation: Solution ideas for each detailed hierarchy
are individually evaluated based on their compatibility with the solution ideas from
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other lower hierarchies. This approach necessitates a compatibility-based criteria list to
identify the most suitable combination of lower hierarchies as the final solution.

E 3—Intuitive Product Evaluation: Solution ideas for each detailed hierarchy are
intuitively combined by the designer to create different variations of solutions in the top
hierarchy. This method relies heavily on the expertise and experience of the designer,
requiring a comprehensive criteria list that holistically evaluates the solutions.

These proposed variations offer guidance for adapting the foundational framework
of PDP, concluding the “Design Strategy” segment shown in Fig. 1. Each variant entails
trade-offs among creativity, degree of freedom, difficulty, repeatability, and time invest-
ment. These recommendations—tailored for various application scenarios and different
results in product analysis—are aimed at achieving an optimal balance between the
design iteration efficiency and quality of solution ideas in the context of circularity opti-
mization, while minimizing correction loops within the design process. The following
electrical adjustable car seat case example applies the guidance flow chart, exploring
the dynamic interplay between tools, and demonstrates how designers can factor in var-
ious elements in the decision-making process, creating a nuanced and comprehensive
approach towards a particular design:

Case-Example: Suppose that Repair R-proach is considered from T1 for the com-
plex assembly electrical adjustable car seat. The core method for gathering solu-
tions in this scenario therefore entails a strong emphasis on accessibility (MECA
2), with a lesser focus on lifespan (MECA 1). Simultaneously, the solutions should
possess the capability for maintenance to introduce circular measures against
failures (MECA 3) [17]. Moving forward, the chosen method variant for solution
finding is the “Opportunistic Technique” (SF_I), which allows designer to gather
solutions that significantly influence the accessibility of the assembly. Regarding
evaluation, the responsibility for enhancing compatibility with other car assem-
blies lies in the joint technology decision with T1 in the subsequent development
stage, as seen in Fig. 1. Moreover, considering that the lifespan aspect is largely
dependent on material, which falls under the purview of T3, the designer can
therefore strategically focus on optimizing the accessibility of parts (detailed hier-
archy) within the car seat (top hierarchy) for maintenance using “R-proach based
Evaluation” (E_I).

5 Tool 3: Material Evaluation

The recyclability of the part’s material has a large impact on the circularity of the product.
The core problem occurs in combination with different materials used when formulating
a design. Several materials are intrusive to the recycling process of other materials, as a
result, an optimal extraction of the desired secondary materials could not be achieved.
This problem can be mitigated by arranging materials combinations that will not interfere
with each other during the recycling process [5]. After the first iteration of product design
and material selection is produced in the PDP assisted by T2, proceeding to this tool for
an evaluation will determine how optimal is the materials selection, regarding its function
and recyclability. Characteristics and the property’s value of the materials are used as
a reference to quantify the relations between functions and the recycling capability
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of certain material combinations. Firstly, suitable materials are selected in the design
process to fulfill certain functions and are often considered according to their ability to
perform their task. This performance is evaluated based on their individual mechanical,
physical, and chemical properties of the materials. The numerical values of the material
properties will be used to determine the function’s value. By calculating the quotient
between all the materials and the material with the highest value, the Function’s Value
(FV) of each material can be quantified. When multiple material properties are involved,
they each create one FV and the overall value will be calculated for example, for “power
transfer” the ultimate tensile strength and the yield strength could be considered as
each individual FV and the overall can be calculated. Another case is when the FV is
derived from one or more materials properties. For example, when selecting materials
for a lightweight design the specific strength of a material is evaluated, which is the
ratio between the tensile strength and the density of the materials. The specific strength
of each material will be divided by the highest value, in this case Titanium [Table 1].
Therefore, titanium will represent the best material available with the FV of 1, followed
by aluminum with the second highest, having the closest specific strength to titanium.
The more accurate the representing material properties, the more reliable the functions
value will be. Furthermore, an adequate and large database will increase the effectiveness
of the functions value. This value will later then be evaluated in conjunction with the
recycling behavior of each material.

The following will be an approach to determine the compatibility between materials
based on their behavior in a recycling process. Depending on the specific recycling plant,
the parts will undergo a series of automated processes starting from dismantling, sorting,
until thermal and chemical processing [5].

Table 1. Generating Function Value for “light weight” based on the specific strength [18]

Materials | Tensile Strength (MPa) | Density | Specific strength (Nm/g) | Functions value
(g/em?)

Ti 334 4.5 74.22 1.00

Al 140 2.7 51.85 0.70

Fe 400 7.874 50.80 0.68

Cu 210 8.92 23.54 0.32

The Recycling process utilizes the materials properties, such as density sorting and
separation through the magnetism. This will represent a crucial link between the fulfil-
ment of the function and the suitability for recycling. Problems occur when the assembly
/ input consist of materials with high similarities in the numerical value utilized by the
process, e.g. Copper (8.92 g/cm?) and Nickle (8.908 g/cm?®) having similar density.
Moreover, materials such as copper and zinc from an alloy, could lead to a deterioration
of steel’s cold-drawn property after steel recycling [5]. However, the reverse is not true
when the main goal is copper recycling. Consequently, the interaction between the mate-
rials within the recycling process will differ depending on the objective of the recycling,
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hence the unsymmetrical matrix shown in Fig. 4. With this knowledge, the compatibility
of each material to one another could be summarized and given a qualitative value based
on their interaction. The compatibility will be narrowed according to the material with
the highest weight percentage, this is calculated under the assumption that the whole
product will undergo the same recycling process for its respective material, and the rest
will be the accompanying material. The recycling compatibility are broken down into
its behavior and have value assigned to each quality. The combinations that are labeled
“possible” require high effort to be recycled and “poor combinations” should be avoided.
KO-criteria are given as a value to the poor combination to indicate that the material
choice has a poor combination for the circularity, the value will be the maximum number
of functions and materials combinations.

Main Materials - 0.1 | No Affect / same Material
~
Fe Al Cu | [ 025 | Good

[N}

= Fe 0.1 0.5 0.25 § 0.5 | Possible

2@ S

£=| A 025 | 01 | 025 § 0.75 | Inadequate Data

(=% e =

§ 5] 0.5 0.1 v - Poor

g =]

< Ti 0.25 0.75 0.25 (sl Maximal combination of materials and functions

Fig. 4. Estimated Recycling Value for different material combinations according to the main
material [18]

Once the values for the functions and the recycling have been determined, the rela-
tions between the two values are depicted as a quotient that can be compared with other
available combinations. During the product development process, the material will be
chosen according to the desired function which then be evaluated for its recyclability.
The Recycling’s Value (RV) of the different materials will be evaluated within its column
according to its main material, which corresponds to the intended recycling process. The
quotient of both FV and RV resulted as the Function-to-Recycling Coefficient (FRC) as
shown in Eq. (1). The higher the FRC, the more optimal the circularity in accordance
with its function’s fulfillment. In the case of unsuitable material selections for a circular
design, the value will be less than 1.

> iy Functions Value; Y BV

Function Recycling Coefficient = ; =
yeling Coef Y, Recycling Value; > RV

ey

Fixed predetermined material that is critical for the desired main function often exists
in PDP. In this context, it is advisable to revisit Table 2 and re-adjust the materials on the
parts for the detailed hierarchy. Altering the material with the highest weight percentage
will also shift the overall RV. In instances where material options, to further improve the
RV, are limited, re-evaluating the joint technology on Tool 1 (see Fig. 1) will mitigate the
use of less suitable material combinations and their impact for the recycling approach.

This method provides the designer an evaluation whether the materials selected are
suitable for the circular economy, as well as how optimal the materials selections for
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Table 2. Materials selection table according to Function Value and their respective Recycling
Value in regards on the main material compatibility [18]

Function’s value Recycling’s value according to the main material by weight percentage
Fe Al ]
Legend - Fe Al Cu Ti
Cu Ti
Power 0.55 0.24 0.1 0.25 0.5 0.1 0.25 0.25 3 0.5
Transfer | 032 | 0.84 @3) 025 | (0.5 | 075 (0.1) 0.25 3) 0.5
021 (1039 | o1 (8025 | 05 0.1 0.25 0.25 3 0.5
Cable L
0754 022 0.25 ﬂ{ 05 | 075 0.1 0.25 3 0.5
Light 068 | 070 | 01) <028t 05 | 0] 025 | 025 | 3) | 05
weight 032 | 1.00 3) 025 | (0.5) | 0.75 (0.1) 0.25 3) 0.5

the desired functions in relations to its recyclability and to assess for potentially better
material alternatives and also acquiring information that will support the decision on the
joint technology (Tool 1) based on the recycling quality of the materials combination,
regarding the separation percentage during the recycling’s process.

Example for Table 2 (shown in green cells):in a car seat, aluminium will be used
as “light weight” frame and due to the design, a high material volume will be
used, thus resulting in highest weight percentage. Furthermore, Copper is chosen
for “Cable” for the seat heater, and Titanium for “power transfer” for electric
seat adjustment. This results in an overall X FV of 2.29 and ¥RV of 1.35 Table 2
and thus an overall FRC of 1,70 can be determined (see Eq. 1). In an adaptation
scenario where the seat frame ( “light weight”) is restricted to iron* (shown by a
red arrow “a”), the RV of other materials will shift according to its compatibility
with iron as new main material (shown in yellow highlight). However, the previous
combinations of copper for ‘Cable’ will prove to be detrimental to the recycling
quality of the product. In this case (shown by green arrow “b”), aluminium could
be chosen as an alternative for copper due to its better RV whilst still providing the
second highest FV out of all the alternatives. Overall, by using iron as the main
material and substituting copper with aluminium, the FRC increases to 3,52, which
indicates a more optimal combination despite the change in materials-functions
combination.

6 Interdependencies within Tri-Tool design system

The TTDS provides the necessary assistance and flexibility for the designer without
imposing limitation as seen in the case example in Sect. 4, this stays true when it comes
to the “Engineering Development” segment with T1 and T3, involving complex scenarios
of joint technology and materials selection, particularly in the context of CE. As depicted
by double ended arrows in Fig. 1, T1 and T3 are used back and forth and iteratively to

2 For in this example the material is simplified as pure iron, it’s likely to be light weight steel
alloy (iron-based material) in practice.
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increase product’s circularity in context of material and joint technology in top and
detailed hierarchy by finding the most optimal selections.

For material combinations which are not suitable for a certain R-proach but crucial
to sufficiently fulfil the high-priority functions, this conflict can be resolved through
selection of joint technology, and vice versa. Otherwise, the efforts for a prolonging R-
proach can be undermined by complications within the final recycling approach. Such
design contradiction can be seen in the last case example in Sect. 5, where the seat frame
is required to withstand multiple maintenance since Repair R-proach is assigned to it,
which leads to the material restriction in iron in this scenario. In rare cases, where none
of the available decision for a product design, material and joint technology is viable as
a whole, designers are bound to either opt for another design solution in PDP, or iterate
the PDP through changing the methodology in operative level using T2, or finally when
all else fails, fully reset by adjusting R-proach in the strategy level as the last resort.
These cases are illustrated as the correction loops flowing back to the “Design Strategy”
segment, the red dotted arrows in Fig. 1.

7 Conclusion and Outlook

By combining these three tools into one coherent methodical guidance aligned with the
goals outlined in the introduction, it becomes feasible to integrate the circular economy
within the design process of a company. Furthermore, the methodology’s minimal bar-
riers enable it to be implemented at any point in the design stage, combined with an
efficient workflow, served as a strong incentive for engineers. This encourages them to
utilize the system, transforming easily attainable results for the products as a first step
towards CE. Using the TTDS, companies have the opportunity to integrate their prod-
ucts gradually into the circular economy. This is even valid for designing them in one
country, manufacturing them in another and selling over a whole region, continent or
worldwide, although regions did not adapt to the CE yet. The beneficial products are in
the economic system, thus can be treated accordingly and the benefits for societies and
the environment will have a positive effect towards the worldwide climate goals.

Further Research.

Tool 1: To further extend the software research data is needed. Most important is the
experimental investigation of joint technologies. Therefore parts, assemblies and prod-
ucts will be shredded, and the outcome will be investigated depending on the grain size
and separation of the processed materials.

Tool 2: Naturally, more MV can be added into the account in each phase of PDP since the
quality of the solutions heavily depends on the methodology. This also further increases
the flexibility of TTDS to integrate elements of CE. Consequently, a more in-depth guide
will then be necessary to navigate the interdependencies among the MVs and with other
tools, ensuring the adaptability of TTDS to all kind of product design.

Tool 3: The use of a larger database that includes more materials (such as polymer
and alloy) and determining more precise material properties will enable the designer
to create a personalized table according to needs and assist them in selecting the right
materials when designing a circular product. The whole process could be digitalized.
It also enables the possibility to further specify the recycling’s value by collaborating
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with a recycling plant, by knowing the recycling series, the recycling’s value can be
tailored and quantified to match the plant, thus giving a more reliable tools for its needs.
To validate the whole TTDS it is necessary to transfer the system into practical use and
verify the potential impacts to economics, societies, and the environment. Therefore, it
is essential to track a product and its materials which will require the participation of
involved stakeholders.
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Abstract. Plastic waste from packaging is being repurposed to create new prod-
ucts with similar processing and usage properties as virgin plastics. Understanding
its composition, degradation processes, and recycling steps is essential to open up
new fields of applications. To shed light on sustainable uses of recycled plastics in
packaging, this paper presents interdisciplinary research which investigates and
connects three areas to a holistic product view from the material to the end of
production. The first area focusses on the exploration of recyclate applications
by analysing and processing different recyclates and design-recyclates to identify
their potential in plastic packaging products. In the second research area an evalua-
tion model to assess the ecological sustainability of plastic packaging is developed,
considering factors like material composition and processing methods. The final
area focuses on developing a platform-supported information system for sharing
relevant sustainability data, considering mechanisms to enhance data sharing.

The challenges and opportunities of using recyclates in packaging are exam-
ined through a demonstrator product—a recyclable stand-up pouch which also
contains recyclates. The analysis involves production, life cycle assessment, and
utilising platforms for data sharing throughout its life cycle. The paper delves
into methods to combine the practical analysis of material behaviour, the mech-
anisms to use and share the resulting material, machine and process data and the
sustainability assessment of this data.

Keywords: Digital product passport - Life cycle assessment - Plastic
packaging - Recyclate

1 Introduction

Today, less than 10% of plastics from municipal waste in Europe are mechanically recy-
cled [1]. Reasons for the low mechanical recycling rates are non-recyclability due to
improper product designs, an unknown or complex material-composition of such plastic
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products and a general lack of a clear and commonly binding definition of “recycla-
bility”. Especially packaging plastics are considered difficult to recycle due to their
complex multimaterial product composition [2, 3]. Those products are produced almost
exclusively from fossil fuels and not from recycled plastics. However, the production
of packaging plastics made from municipal waste recyclates faces different challenges
along the value chain. Due to the different origins of municipal waste and the numerous
grades of plastics, recyclates are subject to material variations and their properties are
difficult to predict. This is further complicated by the numerous effects that contami-
nants can have on recycling and manufacturing as well as product properties. Various
methods exist for examining the properties of recycled plastics, but there are no estab-
lished standard specifications that can be used to conclude the processing and usage
properties. Existing standards (e. g. EN 15344 and EN 15345 for PE and PP) for the
characterisation of recycled materials are often not sufficient for a comprehensive exam-
ination of the material quality, as they contain few general-use test methods [4]. In order
to increase the proportion of PCR in plastic packaging and to quantify the impact on
the environment compared to packaging made from virgin material, a holistic product
analysis is required.

2 State of the Art for an Interdisciplinary Approach
to the Ecological Assessment of Plastic Packaging

Regardless of the type of recycling, recyclates must meet the general legal framework
conditions, e. g. producer liability and achieving the same required product specifica-
tions. The multitude of stresses that recyclates experience during their repeated pro-
cessing and usage results in an overall higher level of degradation. During processing,
the polymers are exposed to strong forces (mostly shear with some extension) and high
temperatures, which affect the polymers and lead to thermo-oxidative and shear-induced
chain scission, chain branching, or crosslinking of the material [5—8]. The amount of
degradation depends on the chemical properties of the polymer and the selected pro-
cessing conditions. With the specific choice of processing parameters, degradation and
thus direct effects on process stability and product quality can be controlled to a cer-
tain extent [9—13]. While degradation mechanisms can significantly affect the material
properties, this is further influenced by the material composition and other impurities
[14, 15]. Such impurities contain e.g. printing ink systems, adhesives, barrier materials,
additives (e. g. processing aids, compatibilisers) and fillers (e. g. minerals). Overall, the
various components influence the material properties to an unknown extent, depending
on their type and concentration. In addition to the direct influence of the impurities on the
processing behaviour, they also influence the degradation of polyolefins. For example,
metallic impurities or pigments used to colour plastics can accelerate thermo-oxidative
degradation [16, 17].

In contrast to the decreasing material and product quality of PCR-products, the
sustainability and ecological environmental impact improves compared to products from
virgin material. So-called life cycle assessments (LCA) are therefore suitable to evaluate
the sustainability of products and processes. In this way, the sustainable performance of
a product made from recyclates can be compared with products from virgin material.
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Moreover, different manufacturing and recycling processes as well as different usage
scenarios of recyclates are considered using defined impact indicators to describe the
environmental impact. In a circular economy, an ecologically and economically use of
recyclates consequently places requirements on each step of the product life cycle. The
European Union is currently investigating the extent to which digitisation in form of
product passports and the associated transparency of information on product properties
can support the transition to a more resource-efficient internal market [18, 19]. In such
a product passport, necessary data regarding the product history of packaging (e. g. net
CO; emissions) is stored and exchanged between different actors. Provided that such
data is collected online, product passports offer enormous potential with regard to the
calculation of environmental impacts in life cycle assessments. It is thus possible to
make greater use of primary data than of secondary data, i. e. resource consumption and
processing conditions measured on production plant machinery. This enables improved
transparency for consumers and stakeholders to make more informed decisions by means
of LCAs. In order to quantify the environmental impact of product systems, LCAs been
carried out since the early 1970s. [20] With the introduction of ISO standard 14040, the
first internationally recognised standards for conducting LCAs were implemented [21]
whose phases and interaction (cf. Figure 1) are described in detail in ISO 14044 (2006)
[22].

Framework of a life cycle assessment

Definition of
the objective

and the scope
of the study

Direct applications :

*  Development and
improvement of
products;

*  Strategic planning;

*  Political decision-

\

A

Life cycle Assessment
<]

inventory . i ]
making processes;
*  Marketing;
*  Other

Impact -
assessment

(& J

Fig. 1. Phases of a life cycle assessment according to ISO 14040 and ISO 14044 [21, 22]

The LCA method is designed to be applicable to any product or process. Therefore,
the method offers the advantage allowing for many degrees of freedom to analyse the
desired object, but also makes it difficult to compare different LCAs. The approaches
and methods chosen for each LCA lead to different results for the same product system
[23]. Only broad assumptions regarding the environmental effects of comparable items
can be made.
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Digital platforms offer the opportunity to fundamentally improve the comparability
of LCAs in the future. They enable pre-competitive exchange along the value chain
and they are an important tool for developing and coordinating sustainable products
and services. [24]. One challenge for the comprehensive utilisation of LCAs is the lack
of data exchange between individual companies to evaluate a product or functional unit
beyond the company boundaries. One solution for the corresponding cross-company data
exchange are digital platforms on which data can be stored or made accessible, shared
and, depending on the application, downloaded. The provision of production, quality,
and utilisation data can be used for impact and sustainability analysis. Platforms are char-
acterised by properties like real-time capability, flexibility, geographical independence,
and maximum scalability. This is advantageous in terms of network effects, as the benefit
of individual participants increases with the number of participants. However, the use of
platforms by companies is barely established [25]. Concerns about trust between collab-
orative partners and data security, sovereignty, and integrity are high. Those challenges
are met by GAIA-X as a suitable standard/initiative. GAIA-X is a concept for data-
driven ecosystems where the six principles, openness, transparency, interoperability,
federation, authenticity and trust, are enforced through technical guidelines. In GAIA-X
compliance creates digital sovereignty, independence, and security according to the Data
Protection Regulation (GDPR) [26]. The initiative introduces concepts that deal with
data storage and cloud connected elements with a focus on sovereign cloud services and
cloud infrastructure. Regarding the willingness to share data, the definition of gover-
nance structures is important. Governance here refers to a system of decision rights and
responsibilities for information-related processes that are executed according to agreed
models. [27]. The link between the Gaia-X initiative and the product passport is based
on another initiative—Catena-X. This initiative is collaborative, open data ecosystem
of trust for the automotive industry in Europe with the goal of increasing resilience,
innovation, and revenue opportunities and creating equal access to information flows for
all actors along supply chains (e. g. digital carbon footprint or traceability in accordance
with the Supply Chain Act) [28]. Its system architecture is based on GAIA-X with e.g.
the data sovereignty and security aspects. The value proposition is the first time offer
of a sovereign, multi-tier data sharing and use case collaboration across the entire value
chain. In Catena-X multiple use cases are examined. In the use case of circular economy
the community is working on a product passport. Due to relevancy of a product passport
as a use case for data sharing, this example is part of the overall research goal.

As the challenges for ecological plastic packaging encompass various industries and
aspects along the value chain, an interdisciplinary approach is necessary. This research
provides a possibility to connect the different necessary areas and to generate knowledge
about material behaviour as much as data generation, data usage and interpretation in
context of product sustainability.

The research objective is the ecological optimisation of plastic packaging using
digital technologies. For this purpose, a general description model for evaluating plastic
packaging is being created on the basis of a stand-up pouch as a demonstrator product.
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3 Methodology and Preliminary Results Using the Example
of a Mono-Pe-Pouch

The first strand of research is dealing with the possibilities and limits of using mechani-
cally recycled polyolefins in packaging with the aim of increasing the use of recyclates
in the packaging sector. The influence of different material compositions or impurities in
combination with the degradation of plastics has not yet been sufficiently investigated and
studies with pure virgin material cannot be directly transferred to recyclates. Many ana-
Iytical methods, as for example differential scanning calorimetry (DSC), infrared spec-
troscopy (IR), capillary rheometry or gel permeation chromatography (GPC), already try
to assess the quality of recycled plastics [29]. Nevertheless, there are still uncertainties
about necessary quality parameters, to ensure the recyclate’s performance in new appli-
cations regarding for example resulting rheological, fatigue and breakage behaviour
or processability. According to the researchers, the current non-binding and partially
incomplete standards for recyclates and virgin materials lead to plastic packaging man-
ufacturers agreeing individual and bilateral on different quality parameters and delivery
conditions. Plastics analysis and testing is a central component in generating new stan-
dards. At the same time, it is important to determine the possibilities and limits of various
processes such as cast packaging films, blown films and injection moulding and related
applications to increase the use of recyclates and thus meet current EU requirements
(e. g. Packaging and Packaging Waste Directive, PPWD) [30].

With the aid of a product demonstrator the theoretical product life and the real
material and product properties can be correlated. Design for recyclability plays an
important role. The more recyclable a packaging is designed, the easier it is to separate
the individual plastics by type and feed the waste into the highest possible value stream.
As the use of flexible plastics can save packaging material compared to rigid packaging
solutions a stand-up pouch for a cleaning agent with a spout is chosen as a demonstrator
product [31]. The stand-up pouches currently available on the market are fully recyclable,
but contain little or no post-consumer recyclate (PCR). Therefore, a complex mono-
material structure with a high proportion of recyclate was developed (100% recyclate in
the spout and > 60% recyclate in the film laminate). As no fractions or recyclates from
flexible PP waste are currently available on the market, the bag is made exclusively from
PE [32]. Figure 2 shows a schematic representation of the pouch and the corresponding
laminate structure of the film consisting of a blown PE film, a laminating adhesive,
printing ink and a biaxial oriented PE film. Furthermore, the challenges in the production
of the packaging components are presented.

3.1 Challenges During Processing of Recyclates

In a first step, commercially available recyclates were processed and analysed to assess
the extent to which the various materials differ and are suitable for the respective pro-
duction processes. For this purpose, PCRs from different providers (e. g. Vogt-Plastic
GmbH, Der Griine Punkt Holding GmbH & Co. KG, Ecoplast Kunststoffrecycling
GmbH, Interzero Holding GmbH & Co. KG, Morssinkhof-Rymoplast) were analysed.
The purity of such recyclates compared to virgin materials is relatively low, making them
the greatest challenge for processing. Figure 3 shows an example of a blown film made
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Fig. 2. Design of the demonstrator pouch including the challenges of processing PCR.

from mechanically recycled PCR with a possible composition based on the material
analyses conducted.
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Fig. 3. Exemplary composition of a film recyclate

To investigate the influence of impurities and material degradation on the process-
ability, recyclates and so-called design recyclates (contaminated virgin materials [33])
were repeatedly processed in blown film and regranulated afterwards. Various PEs from
SABIC, Riyadh, Saudi Arabia, were used for this purpose. The impurities used included
an impact-resistant polypropylene (PP) copolymer for film applications, an ethylene-
vinyl alcohol copolymer (EVOH) with an ethylene content of 32 mol%, a PE-based
compatibiliser grafted with maleic anhydride (MAH) for physical bonding to the PE
phase and chemical bonding to polar phases (PA or EVOH), binders and a calcium car-
bonate as a filler. The gained knowledge enables to select and develop simple methods
for determining and improving mechanically recycled PCR quality (e.g. adapting exist-
ing design guidelines). Furthermore, the prediction of processing options depending on
the PCR quality is targeted. In the long term, this should enable the creation of a material
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and process specification to assess the quality of recycled materials, e.g. in the form of
digital product passports (Research strand 3).

The first pouch component, the film laminate, consists of a biaxially stretched top
film and a blown film for sealing. Both the top film and the blown film consist of three
layers: arelatively thick layer of recycled material (> 70%) surrounded by two thin outer
layers of virgin material. The outer layers of virgin material improve the processability,
sealing properties and odour formation during and after processing. One of the most
critical challenges during film extrusion of mechanically recycled PCR is the amount
of high volatile components and moisture in the material. While virgin PE generally
does not absorb moisture, this does not appear to be the case with PE recyclates due to
impurities (e. g. ethylene vinyl alcohol (EVOH)). During processing, this leads to fish
eyes, i. e. holes in the film, and thus to rejects. Pre-drying can provide a solution, but
only to a limited extent. Furthermore, lower processing temperatures e. g. 180 °C in PE
film extrusion lead to fewer or no fish eyes. At higher temperatures (e. g. 230 °C), on the
other hand, the proportion of fish eyes increases and film breaks occur. In addition, large
differences were found between PCRs from different recyclers (e. g. Vogt-Plastic GmbH,
Der Griine Punkt Holding GmbH & Co. KG, Ecoplast Kunststoffrecycling GmbH).
It is therefore assumed that a higher processing temperature during recycling leads
to increased degassing and therefore fewer volatile components escape in subsequent
processing steps. Another major challenge in film extrusion and the further processing
of the films into a laminate are so-called gels. Gels are any small defects that change
a film product (e.g. cross-linked material, highly oxidised material, filler agglomerates,
fibres, remelted polymer) [34, 35]. Microscopic investigations have shown that a large
proportion of the gels in mechanically recycled materials consist of cross-linked or
high-molecular structures [36]. Investigations on design recyclates also showed that the
recycling process and the amount of recycling steps influences the size and number of gels
depending on the material composition of the recyclates [33]. In addition to impurities
such as polypropylene (PP) and EVOH, the use of a MAH-based compatibiliser in
particular catalyse gel formation. High fluctuations were also observed with regard to
the PP content in commercially available recyclates. For example, the PP content in film
recyclates ranged from < 1% to greater than 15%, which in turn influences gel formation.
The mechanical properties, on the other hand, are less influenced by the mechanical
recycling process. Only a slight decrease in the tensile strength of the mixtures as well
as the maximum elongation after recycling was detected. No influences on the impact
strength were observed [33].

In addition to the properties of the extruded packaging film, the production of the
spout by injection moulding is considered and analysed. The spout needs to fulfil various
quality requirements. On the one hand, the part must have sufficient rigidity, strength and
precision concerning the rotating mechanism and, on the other hand, it must have a high
level of geometric accuracy for a reproducible sealing process between the spout and
the film pouch. During the injection moulding trials different aspects of the material-
process interaction are analysed. The influence of the set parameters (e.g. injection
speed, holding pressure, mould temperature etc.) is just one example, but due to the
differences in the material composition also other effects like the influence of volatile
substances, batch changes and material conditioning (e. g. drying) are considered. First
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trials of two materials show that the PCRs show similar reactions to changes in process
settings as virgin material. For example an increase in melt temperature (+ 10%) and an
increase in injection speed (+ 60%) tend to decrease the strength (- 3%). Furthermore,
the conditioning of the PCR influences the mechanical behaviour significantly. Drying,
even though recommended by the recycler, can lead to further ageing of the material
which is detectable during processing (slight increase in injection pressure) and results
in brittle behaviour during mechanical testing. The results of the injection moulding
processing of the recyclates show a strong influence of the material composition and the
resulting varying processability on the process stability and part quality. Indicators such
as the viscosity and the part weight can be used to monitor reproducibility, but analysis
of the correlation between machine data, viscosity, part weight and part strength suggest
that similar processes can still result in considerably different part qualities. A product
passport in which the material history and composition is documented is therefore useful
for estimating the resulting component quality depending on the material and process
control.

3.2 Assessment Model for the Ecological Sustainability of Packaging

The second research strand focuses on LCA. In addition to the identification and char-
acterisation of all relevant material and energy flows a general description model for the
evaluation of plastic packaging is developed. The focus of LCA is always on compara-
bility between potential alternatives, such as the comparison of sustainability between
linear recycling and closed-loop recycling of packaging. The models and methods estab-
lished are then validated using the demonstrator product. An increase in the recycling rate
does not necessarily mean an increase in resource efficiency. With the determination of
the product design, the processes for manufacturing and further processing of the prod-
ucts as well as their recycling, the energy and material requirements of a production are
predetermined. Additionally, transport routes also influence the environmental impact.
To estimate the environmental impact, the multitude of energy and material flows of the
individual process steps of a product system must be combined into an overall balance.
These balances are analysed for their environmental impacts such as greenhouse gas
emissions or human toxicity. This is done in LCA [21]. Emissions from greenhouse
gases are described by CO» equivalents as an indicator of the impact on global warming
[22]. The calculation of environmental impacts such as eutrophication requires the use
of characterisation models based on emitted energy and material flows [21].

With the preliminary studies from [37], a model was developed with which the main
environmental impacts of a packaging pouch along its life cycle can be assessed with
the help of an LCA. The model can be used to evaluate different end-of-life scenarios
depending on the scope of the study (cradle-to-gate, cradle-to-grave, cradle-to-cradle).
The product system and the specified process modules for a pouch’s life cycle are shown
in Fig. 4.

The four stages of the life cycle: raw materials, production, usage, and end of life,
are represented by the product system. Some manufacturing procedures that are part of
the pouch’s value chain are also applicable to the majority of other plastic products. All
pouch components are made using different production processes from mechanically
recycled plastic and partly from virgin plastic. When evaluating the packaging only the
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Fig. 4. Product system of pouch manufacturing

manufacturing itself is considered, parts of the use phase for example the content of the
packaging are discarded.

In a preliminary study, an LCA was conducted for a pouch to identify the relative
influence of the individual production steps [37]. For this purpose, additional modules
such as transportation or pre-drying of the granulate were considered. The reference
flow considered for the LCA corresponds to the production of a stand-up pouch. For the
LCA the open Source Software OpenLCA was used. [38] The environmental impacts
were calculated with the ReCiPe Method. [39] The used LCI are from ecoinvent 3.9.
[40] This preliminary study endeavors to delve into the intricate landscape of individual
process modules within the framework of Life Cycle Assessment (LCA). Life Cycle
Assessment, a widely utilised methodology for evaluating the environmental impacts
of products and processes, involves various interconnected components. However, a
detailed understanding of the distinct process modules is imperative for a comprehensive
analysis. The primary aim of this study is to acquire nuanced insights into these individual
modules, setting the stage for a more profound comprehension of the broader LCA
methodology. The results of the different environmental impacts can be seen in Table 1.

The largest share of greenhouse gas emissions is attributable to the extraction and
provision of raw materials. Nevertheless, the production of the pouch has anon-negligible
share of greenhouse gas emissions. Based on this study, the next step is to specify the
modelling of raw material production and manufacturing to derive the potential for the
circular economy [37]. The next step is to enrich the developed model with primary data
of the pouch production.

3.3 Design of a Platform for Sharing Material Data

The third research strand focuses on the information and data flow-related aspects of LCA
and the design of a platform for sharing data while maintaining security, sovereignty, and
integrity aspects according to GAIA-X. In this case, a platform should primarily enable
data-driven LCA as well as information-based cooperation between the players in the
plastics processing value chain. The first task is to identify all data flows and characterise
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them in terms of collection type, storage location, and format. This is important for
defining process interfaces. The challenge in the context of the PlasticBond research
project lies in dealing with new technologies for storing, managing and orchestrating
manufacturing process data for which there is still no sound empirical evidence. While
maintaining compatibility with established standards, solutions and norms, secure data
exchange is to be ensured. This requires the definition of all desired functionalities of such
a marketplace and their continuous completion. When determining the requirements for
a platform, the first step is to define feature classes to make the individual requirements
clearer and more transparent. Requirements for a data marketplace were derived with the
help of analyses of scientific literature, expert discussions and methods of error analysis
of technical systems such as FMEA. For structuring reasons, these were divided into 14
feature classes (cf. Figure 5). Each of these feature classes contains at least one feature
that can be fulfilled in different solution specifications.

Inter-
Ecology opera-
: bility
Appli- Modular
cation ' nomy exten-
relatc’ sibili
Feature classes Feature classes
Distri- part 1 part 2 Data
buted sability sover-
operation eignty
‘ ﬂa
St;or:ge data P Data
manage- manage- & integrity
ment ment
ment

Fig. 5. Categories of the specification sheet for requirements of data marketplaces

All the requirements of potential stakeholders for the platform to be used are defined
in a specification sheet. This ensures a certain scalability. Based on the determined
requirements of the stakeholders, such as data providers and data users, the requirement
specification follows on the part of the platform developer including technology rec-
ommendations for the implementation of specific customer requirements, for example,
security and compliance demands. Based on these specifications, the platform devel-
oper offers a functional specification in which all (safety) technical and infrastructural
features are prepared in relation to the customer’s requirements. Without harmonisation
of the requirements with the solution approaches, customers will lack the necessary
acceptance and (intuitive) understanding to join the platform and share their data.

Following, each actor uploads the material and energy flow data required for LCA
into the platform while maintaining data sovereignty. A mathematical model makes use
of the LCA data identified and calculates the environmental footprint of each process
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step and/or the entire value chain. Results can be viewed by others upon request and, if
necessary, against payment. The element of potential payment for access to data leads
to the final aspect of the third research strand: New business models are identified and
developed for the plastics processing value chain and their potential is demonstrated.

The main objective of the ecological optimisation of plastic packaging is to provide
a wide range of options for exchanging information as a basis for calculating a life cycle
assessment. The focus is on the provision and exchange of primary data for maximum
accuracy of the results as well as increased flexibility and transparency regarding the
development of the calculation logic. Aggregated data or theoretical values reduce these
factors and may involve greater effort. In addition to the calculation logic to be developed,
the configuration of the platform poses a major challenge. It is subject to three central
requirement categories to counteract the current scepticism of companies in data sharing.
Data sovereignty, integrity and security must be guaranteed for network participants. This
means that data is recorded transparently and stored in a trustworthy manner, whereby
data sovereignty always remains with the owner and ownership is not transferred to
centralised bodies or third parties (data governance) [41]. In addition, data formats and
their content must be homogenised, and correspondingly flexible interfaces defined.
This enables the integration of many physical assets and existing systems without major
additional effort in data acquisition [42]. Furthermore, governance and incentivisation
mechanisms must be developed and established to motivate participants in the platform’s
collaboration network to provide authentic data within the network [43].

The prototype of the data sharing platform was implemented using an existing prod-
uct from senseering GmbH, which had already integrated the identified core require-
ments and was therefore able to focus on the development of missing functionalities.
The prototype is a distributed platform consisting of various nodes. Each node is owned
by a user of the platform. They act as data storage and enable the management and
monitoring of connected data sources. A NoSQL database is used to store the data for
greater flexibility. An SQL database is used to manage the corresponding metadata. To
ensure data integrity, hash values are generated for each incoming data record and stored
in a distributed ledger. Due to the security against manipulation, these hash values can
be used to maintain the integrity of the data. Scripts between the data source and node
consume a data stream and forward it to a node via HTTPS. All nodes are linked via
a central marketplace, which manages routing information, controls access control and
can be used as an authentication instance, for client management and data exchange.
The prototype developed enables companies to store data in dedicated rooms and share
it with other parties as required. Individual interfaces to the data storage locations were
designed to connect the project partners.

The LCA analyses are to be automated via a separate application on the digital
platform. This necessitates the establishment of a standardised data format. The process
involves the comprehensive integration of data collection across various stages of value
creation. It further requires the development of a sophisticated data model that delineates
distinct value creation steps. This model should facilitate individualised data mapping for
each company, carefully considering data availability. Crucially, it avoids the granularity
of breaking down data per machine or company. In the project, an LCA-orientated
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ontology was developed for this purpose, which acts as a source map for obtaining
information for each process step.

4 Conclusions

In conclusion, the challenges surrounding the ecological optimisation of plastic packag-
ing are multifaceted and demand a comprehensive interdisciplinary approach. Current
recycling rates remain low in Europe, primarily due to factors such as improper product
designs hindering recyclability and a lack of clear definitions for “recyclability.* Packag-
ing plastics, particularly, pose challenges due to their complex composition and reliance
on fossil fuels. Mechanically recycled plastics face various challenges along the value
chain, including material variations, degradation during processing, and the influence of
impurities. Standards for assessing recycled materials are insufficient, leading to individ-
ual agreements between manufacturers and a lack of comprehensive quality parameters.
The presented research shows opportunities for advanced analysis and evaluation of the
material itself and the resulting processing data.

Despite the shown challenges, life cycle assessments (LCAs) are crucial for eval-
uating the sustainability of packaging solutions. LCAs enable comparisons between
products made from virgin materials and recyclates, considering factors such as pro-
duction, usage, and end-of-life scenarios. The evaluation of the demonstrator shows the
positive effects of recyclates and recyclability on the sustainability of a product.

To further allow and improve LCAs, enhanced transparency and data exchange is
necessary. Therefore initiatives like GATA-X, which are presented in this paper, need to
be understood, used and enforced to enhance transparency and data sovereignty.
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Abstract. For the automotive industry, national and EU-wide regulations have
been announced for the coming years, which require evidence from the manu-
facturer on the carbon footprint of a product or sub-product. Due to the resulting
urgency, the state of the art of life cycle assessments (LCA), the “measuring instru-
ment” for such characteristic values, is subject to accelerated further development.
The decisive core element of an LCA is the transparent and consistent life cycle
modelling of materials and manufacturing processes of a product, which is a major
challenge, especially for complex product systems, such as vehicles. This chal-
lenge arises from the variety of different product information flows, e.g. material
and structural information flows, which must be completed, homogenized, and
validated. In order to conduct LCAs for such systems in appropriate time, the out-
lined information flows are usually mapped to secondary data sets. Their selection
is generally made with extensive dictionaries, which are often simply structured,
have been evolved over a longer period by different editors, and are only valid for
explicit individual assignments. In the case of new materials, modified identifiers
and standards, or subjectively made decisions, incorrect LCA mappings can occur.
Time-consuming rework or manual corrections are then necessary. Therefore, a
generally applicable, transparent, and consistent as well as extendable assignment
methodology is presented and applied to the process of automotive LCAs. The
central approach of this methodology is to secure data assignments by means of
different prioritized information sources. Among other things, data on standards,
similarity to known assignments as well as textual and material information are
used. Assignments are made cascaded so that a lack of information does not lead
to the termination of the modelling process and an assignment is returned for each
valid input. The developed assignment mechanism also offers various options for
fine-tuning the system, such as the creation of exception rules, the implementa-
tion of function-based rules, or the optional execution of supervised learning in
the integration of new materials.
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1 Introduction

In view of new national and EU-wide legislation and subsidy strategies to reduce green-
house gas (GHG) emissions, the automotive industry is facing major challenges. As the
electrification of the automotive sector progresses, legislators are increasingly focusing
on the production stage of a vehicle and individual main components, such as the bat-
tery, which is now becoming increasingly dominant in terms of GHG emissions. This
includes, in particular, the recently announced funding strategy for electric vehicles in
France for the year 2024 and the recently adopted EU Regulation 2023/1542 on batter-
ies and waste batteries, which will come into force in 2025 and requires, among other
things, proof of their carbon footprint [1, 2]. Thereby, it can be assumed that the number
of similar requirements from both legislators and customers will increase in the future.

The ability of vehicle manufacturers to prepare life cycle assessments (LCA) for the
entire product portfolio within a reasonable period of time is therefore an essential pre-
requisite for successfully meeting the above-mentioned requirements. Due to the large
number of individual subsystems, the large amount of data to be taken into account and
its completeness and completion, special importance is also given to the modeling of the
production stage when preparing an LCA [3]. In addition to modularization, parameter-
ization, and the simplification of the data space required for the calculations, automation
methods in particular are being discussed to overcome the aforementioned challenges
[4]. The core issue for many automation solutions is the reliable and automated compi-
lation of the so-called life cycle inventory (LCI), i.e. the detailed listing of incoming and
outgoing flows of the product system [4, 5]. In this context, many automation solutions
rely on the linking of LCA software tools and the company’s own product information
platforms [4]. The aim of this linkage is to model the product information relevant to
the LCA using the data sets provided in the LCA software or LCA database. As the
granularity of the product data exceeds that of the LCA databases, the product data, also
referred to as foreground data, must be projected into the master data of the available
LCA data sets, also referred to as background data. This projection process is usually
realized via reference works, see [6] or [7]. Whereby, the quality of the projection from
foreground to background data is decisive for the quality of the final LCA, see also [3].

Derived therefrom, a key factor for successfully fulfilling the legal requirements and
customer requests regarding the carbon footprint is in the transparent, reproducible, and
technically correct linkage of foreground and background data. Currently often used
reference works show weaknesses in the projection process. In particular, the manage-
ment of equivalence lists, the integration into an increasingly dynamic environment, and
the traceability of assignments have some drawbacks. To overcome these limitations,
this paper aims to analyze the state of the art and further approaches to develop a new
concept adapted to the automotive industry.

The paper is structured as follows: Sect. 2 presents the results of a literature review
reflecting the state of the art and discussed further developments. Based on the findings
from Sect. 2, Sect. 3 presents a new concept for the projection of foreground data.
Sect. 4 discusses the resulting concept, reveals limitations, and provides an outlook.
Sect. 5 presents the conclusion.
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2 Methods and Materials

The following Sect. 2.1 provides an overview of automated LCA in the automotive
industry. Building on this, advanced studies will be presented and analyzed in Sect. 2.2.
The results of the following sub-sections are based on a systematic literature review in
which over 2,300 sources from three different databases (IEEE, Scopus, Web of Science)
were examined. The core question of the review focused on the integration of LCA into
a dynamic product development process. As a result of this review, it should be noted
that only a few publications can be specifically associated to the automotive sector.
Other summarizing publications such as Haun et al. [8] reinforce this impression, as
they present a similar picture of the source materials. Haun ef al. [8] have, for example,
also identified the work of Koffler et al. [6], Yu and Kim [7] and Oliveira et al. [3] as
relevant sources for the state of the art [8]. Therefore, for the state of the art (Sect. 2.1)
and for advanced approaches (Sect. 2.2), the following sources were used primarily, see
Table 1:

Table 1. : Primarily assessed literature of Sect. 2

Topic (Section) Source Summary

State of the art (Sect. 2.1) Koffler et al. [6] Well-known approach (cited in [3, 4, 8])
for the semi-automated creation of LCA;
reference work-based projection of
foreground data into background data
master; Volkswagen

Yu and Kim [7] Approach for semi-automated creation of
LCA; reference work-based projection of
foreground data into background data
master; GM Korea Company

Oliveira et al. [3] Study on the influence of the level of
abstraction of the foreground data on the
accuracy of the LCA results and
workload

Advanced studies (Sect. 2.2) | Meron et al. [9] Method for selecting a proxy data set
with different regionalization, in the case
of a missing region-specific background
data set; classification-based

Zhao et al. [10] Method for completing information
flows of unit processes in LCI modeling
using classification and regression

Kuczenski et al. [11] | Presentation of various prototypes
resulting from a software development
project; automated creation of an LCA
product model from a parts list
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2.1 Automated LCA in the Automotive Industry

As already presented in Table 1, the sources from Koffler er al. [6], Yu and Kim [7] and
Oliveira et al. [3] are particularly relevant for the state of the art of automated LCA in the
automotive industry. Analyzing these methods, it can be summarized that they follow
the procedure outlined in Fig. 1:

( start ) — —
Abstraction
Internal sources IMDS rules I
Gather
PrOdl.JCt > component > Ga_ther r—» | Abstract data
selection data material data

Data review Data review

Adapt query, Adapt rules

NO

Generate
end LCA Model | LCAdata base

| D Component list D Bill of Materials D Projection on LCA aggregation level D LCA model generation |

Data review

Fig. 1. : Simplified flow chart for an automated generated LCI in the automotive industry (derived
from [6, 7])

Figure 1 shows how an LCI model of a vehicle is typically generated in the production
stage, starting with the selection of a specific product via the consolidation of component
lists and data of the International Material Data System (IMDS), and the application
of abstraction rules. Besides the consolidation of foreground information, i.e. vehicle
structure (components) and material information (IMDS), the projection process of the
primary data to the aggregation level of the LCA database (background data) represents
a major module of the concept in Fig. 1. Whereas in the preceding modules primarily
different vehicle-specific information is merged, for the first time the projection process
represents a specific change to the input data with a correspondingly significant influence
on the LCA. With regard to Yu and Kim [7] and Koffler et al. [6], this step is mainly
defined by one or more control files storing abstraction rules in tabular form [6, 7]. The
quality of these files is the responsibility of the expert team in charge [6], see also the
similar work by Oliveira et al. [3] or the summary by Haun et al. [8].

Assuming a quasi-static environment, e.g. constant parameter naming, this approach
generates a manageable amount of manual work. Especially if, as suggested by Koffler
et al. [6], the aforementioned abstraction rules respectively the look-up tables are only
created for the first vehicle project to be analyzed and expanded accordingly in the course
of subsequent projects [6]. However, if the boundary conditions change (identifiers,
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calculation assumptions, etc.), the maintenance of these look-up tables can represent a
bottleneck for the (partially) automated LCA creation process. In practice, the following
aspects have proven to be a hindrance to the process when using a similar approach:

e Modeling of similar materials and processes: If the look-up tables are maintained
over a longer period or by several people in charge, it is not guaranteed that the
most representative data set is selected for each material. Different editors or newly
added data records in the LCA database can lead to inconsistencies between related
materials and process descriptions.

e Changing assignments at material master level: As there is a dedicated assignment
of an LCA data record for each material, it is complicated to change the assignment
for an entire material data cluster. Possible semantic relationships between different
materials and their attached material information can only be mapped to a limited
extent using a look-up table.

e Orientation guidance for new materials: In particular, changing designations using
freely selectable designators, such as the trade name, the standard name, or own
internal names, can result in an increased research workload.

e Integration of multi-level dynamic fallback options for missing input data: If
information is missing for the adequate projection of a material, usually only a few
fallback options, such as the material grouping of the German Association of the Auto-
motive Industry (VDA), are used, see [3, 6, 7]. A situation- and material-dependent,
arbitrary fallback strategy for individual material categories can generally only be
achieved with a high workload when using the existing approach with control files.

The aspects mentioned above clearly show that a field of research is emerging in
this regard. In the following, these aspects will serve as points of reference for further
investigations. First, possible known solutions should be discussed which address the
set of questions specified here.

2.2 Known Approaches to Improve Projection Quality

Many of the advanced approaches discussed in the literature deal with the completion
of the LCI with the use of computer-aided methods, such as machine learning or other
complex statistical models, and attempt to categorize or regress the data on the basis of
specific accompanying parameters [9, 10, 12, 13]. The exemplary work of Meron et al.
[9] or Zhao et al. [10] should be mentioned in this context, which show how specific
data gaps can be closed with the help of classification and regression. Meron et al. [9],
for example, present a methodology for the selection of proxy data sets to describe a
region-specific water supply system using classification algorithms [9]. Zhao ef al. on
the other hand show how data gaps of unit processes in the LCI modelling can be closed
using regression [10].

For very large, heterogeneous, and complex product systems, however, it cannot
be guaranteed that the boundary conditions, i.e. the availability of all accompanying
information, necessary for such approaches can be established for each component.
This fact can be underpinned by the initial filling levels of the IMDS by Koffler ef al.
[6]. Despite the promising study results of scientist like Meron et al. [9] and Zhao et al.
[10], an automated LCA in the automotive sector would therefore often be preceded by
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the expert-dependent selection of a sufficiently representative entry data set. Other more
general approaches with a focus on the basics of process modeling, i.e. the assignment
of foreground and background data, must first be identified, see also [11].

With the help of the review conducted by Kock ef al. [5] suitable relevant publi-
cations could be found. In this context, particular attention should be paid to the work
by Kuczenski et al. [11]. Kuczenski et al. [11] present the results of an open-source
software development experiment in which three developers were independently asked
to automatically generate a so-called product system model (PSM), an LCA model of
a product, based on a parts list [11]. In accordance with the aim of automated model
creation, four decisive steps were to be addressed in the course of the project [11]:

1. Import and interpretation of the parts list

2. Enriching the parts list with essential data such as material composition and weight

3. Linking the product information (foreground) with the information from a selected
LCA database (background)

4. Transfer of the model into an interoperable format

The focus of the three prototypes pslink, antelope and perdu was set differently
in dealing with this task, so that the complexity of the approaches varies from proto-
type to prototype, especially in the third aspect that is decisive for the presented work
[11]. Table 2 summarizes the main differences and characteristics of the data projection
approaches based on [11].

Table 2. : Data linking of the prototypes

Prototype | Linking of foreground and background data

pslink 1. Manual creation of a semantic network for materials (relationships in the
network (score descending): equivalent, broader, narrower, derived)

2. Manual listing of all available background data records

3. Linking the background data set list with the semantic network using the
similarity of the network node names and the process names in the background
list (binding), setting a similarity score

4. Linking a material with an input node for the semantic network, setting a
similarity score

5. Creation of an absolute score value for all nodes with a binding starting from the
respective input node (multiplication of the individual scores along the path)

6. Selection of the background data set with the highest score in each case

—_

antelope | 1. Specific linking rules between foreground and background data

—_

perdu . Classification of processes (background data) using a user-selectable product
classification database (Global Product Classification, North American Industry
Classification, etc.)

2. (Manual) classification of product information at part level (foreground data)

3. Picking the background data set based on the set group

With regard to the limitations of approaches analogous to those of Koffler ez al.
[6] or Yu and Kim [7], the prototypes presented by Kuczenski et al. [11] outline initial
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approaches for addressing the current limitations of automated model creation with a
focus on the selection of data sets. The pslink and perdu prototypes deserve special
mention here, as these two systems have provided deeper insights into the respective
new type of linking process used. Prototype perdu, for example, responds directly to
the question of an orientation aid for novel products by using a semantic network for
materials. The pslink system, on the other hand, uses lexical analysis to show a way
of consistently mapping related and similar materials. However, in view of the legal
requirements in the automotive industry, there are still some limitations to the operational
use of these systems that still need to be addressed:

e Handling variable naming of materials background data records: Background
data sets are selected by the prototypes based on their name. Particularly in the case
of an inhomogeneous data master, with changing identifiers from different sources,
it cannot be guaranteed that the most suitable data set can always be found using
the identifier. Data records with generic or short names can sometimes be given less
consideration than data records with more descriptive identifiers. Furthermore, when
using the perdu approach, an already set classification does not seem to be considered
further, as the model is built on the basis of individual flows [11]. This can result in
different assignments for a process master. In addition, a fallback option does not
appear to be provided for missing assignments in perdu, see [11].

e Handling the use of variable material naming: Like the selection of a background
data set, inconsistent assignments of background data sets and foreground data can
occur because of an inhomogeneous master of material identifiers for a material
group. For example, the trade name of a material does not have to correspond to the
standard identifier of the same material, although both material entries should ideally
be modeled in the same way.

e Modeling of complex subjects: All approaches shown by Kuczenski ef al. [11]
focus on the assignment of one data set to describe one attribute. However, analogous
to Koffler et al. [6], if different processing methods for the same material are to be
considered, it should also be possible to model simple process chains. The approaches
presented by Kuczenski et al. [11], though, do not address this aspect.

e Audit-compliant archiving of assignments: To ensure the reproducibility of the
results of a model, changes in the assignment mechanism may only be actively trig-
gered. If the database is changed (added processes), e.g., it must still be possible
to reproduce a result that has already been created. It must therefore be possible to
record the corresponding data statuses and settings.

In summary, the findings from Sect. 2 indicate a comprehensive need for research
regarding the projection of foreground data in the context of more restrictive requirements
and an increasing need for LCA product evaluations.

3 Model Development

Based on the limitations from Sects. 2.1 and 2.2, a projection interface was conceptual-
ized and newly developed as a bridge module between the foreground and background
data for the framework in Fig. 2.
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Fig. 2. : Framework for a new approach

The provision of a part list enriched with material information and corresponding
interfaces for PSM creation are considered as given. The core element of the developed
approach is the so-called material module, which provides basic functions for linking
foreground and background data and is made up of two interlinked core components:
the projection layer (PL) and the material classification layer (MCL). These determine
how a relevant characteristic in the enriched parts list or bill of materials (BOM), i.e. an
object to be assessed, is linked to the background data.

3.1 Projection Layer

The key component of the material module is the so-called projection layer, an ordering
tree that primarily contains all expected process descriptions of the product spectrum
from an LCA perspective and creates a semantic framework for background data similar
to pslink. Advantageously compared to pslink, the background data is not added directly
through a lexical analysis but is assigned to the individual nodes independently of the
name. One material data set and any number of processing data sets can be assigned to
each node of the PL, so that each relevant characteristic can be described via a simple
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modular process container (material — processing 1 — processing N), analogous to
Koffler et al. [6]. In addition, data set assignments are hereditary, so that all children
receive the assignment of the last parent node in the case of missing their own setting.
Each setting is inherited individually so that, for example, deviating settings of a single
processing method at child node level are possible without affecting the other inherited
assignments, see also Fig. 3. The PL thus also enables different processing methods for
the same input material or semi-finished input product. In addition to the links to the
background data, evaluable functions and term lists can also be added to each node of
the PL and, together with the background data links and a distinct node identifier (ID),
form the projection node layer (PNL).

Default entry node

Materials

PL —

Cold Rolling
Hot Rolling

Exampleset

M1 W D:3 Y
| Process | I Dl Dl Material

| ! : < P 1

Processing N

PNLs —
At b f00 L= 057
True True bl
| PNLs also contain list of known indentifiers | —]

Fig. 3: Inheritance logic of the projection layer

The described PL is the basis of the mapping mechanism and can already be used for
initial linking of foreground and background data independently of the MCL, as shown
in Fig. 3. For this purpose, the PL must be evaluated using an associated recursive
evaluation function and two additional arguments: an entry node for the PL and an
argument list formed from the BOM for evaluating the functions of the PNL. Starting
from the set entry node, the evaluation function then evaluates the function stored in the
respective PNL with the argument list. If the entry node is not specified, the root node
of the PL is used by default. If the evaluated node function returns the logical value
“True”, the evaluation function for the children of the active node is called recursively
until the value “False” is returned for the first time. The last node of a branch whose
node function has returned the value “True” or is equal to the entry node is then adopted
as the setting for the respective characteristic value of the examined BOM. In contrast
to the other approaches discussed earlier, the node function can be designed to be as
complex as desired, if its return value can be mapped as a logical value. For example,
string similarities, RegEx commands, or statistical functions can be used. All attributes
of the BOM can also be used as arguments for the node functions if the layout is designed
accordingly. Individual nodes of the PL are prioritized according to their position in the
tree to ensure unambiguity. For example, if the node functions of all child nodes of a
parent node return “True”, the first child of this node is weighted higher than its sibling
nodes.
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Alongside the evaluation of the node functions, assignments can also be made using
the term lists of the PNL. These term lists act as exception rules to skip the evaluation
of the node functions partially. In the currently implemented prototype, for example,
material identifiers can be stored for each node of the PL. If one of these stored material
identifiers occurs in a characteristic of the BOM, the corresponding node of the PL is
set as the entry node for the previously mentioned evaluation function. The evaluation
of the parent nodes can then be skipped, for instance.

3.2 Material Classification Layer

To be able to identify material groups in the described concept whose naming does
not follow any general lexical rules, the material classification layer can be connected
upstream of the PL, see Fig. 4. The MCL enables existing classification systems to be
considered so that an exception rule does not have to be enforced for every special lexical
case of a material. The MCL represents a collection of different official and internal
material databases that can be expanded as required and are interpreted as classification
trees similar to the PL. Each category of a material database corresponds to a node of a
classification tree with a distinct ID. Furthermore, the materials stored in the database
are attached to each node with associated information, such as identifiers, synonyms,
or substance information. Each node of the MCL can also be given an ID of the PL, a
so-called foreign key, in order to create a direct link to the PL. The material information,
the node ID, and the foreign key then form a material classification node layer (MCNL)
in line with the PNL. All child nodes of an MCNL inherit the same PNL node ID, so that
when the decisive parent node is selected, the entire branch of the MCL is automatically
linked to the selected PNL, see also Fig. 4. When using the MCL, the argument list
mentioned at the beginning is therefore used in the first step of the overall evaluation of
the material module to assess the MCL with an associated further evaluation function.
For example, a material identifier in the BOM can be checked for identical names with an
entry in the MCL. The MCL then returns the ID of the matching node and consequently
a node of the PL. This node then serves as the entry node for the evaluation of the PL,
as shown in Fig. 4. Any exception rules of the PL remain unaffected by this.

Materials that cannot be classified directly are checked for similarity to the existing
classifications (Sgrensen-Dice coefficient, Jaro-Winkler distance, etc.), similar to the
procedure in perdu, and are presented to the user for confirmation. Furthermore, if
substance information is available, the developed concept also allows a classification
based on this accompanying information alongside the lexical comparison. The master
of the known settings of a material database tree can be sustainably expanded once the
classification has been completed. If no user input is made for an unknown material, the
MCL does not return an ID, so that the routines set in the PL are used, starting from the
root node of the PL.

In summary, the presentation of the interlinking of the individual elements, such as
PL, PNL, MCL and MCNL, fully describes the concept required in Fig. 2. Based on
this, a prototype was realized in the programming language R with the help of the pack-
ages {shiny}, {shinyTree}, {shinyAce} and custom-written libraries, so that a practical
evaluation was possible.
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4 Discussion and Outlook

The limitations of the known approaches discussed in Sects. 2.1 and 2.2 directly set
requirements for the developed concept, so that the resulting prototype can also be
discussed and evaluated on the basis of these specifications, see Table 3.

Aspects not yet addressed, but to be considered in the further development of the
concept as well as of the prototype, are the processing of scenarios with different region-
alization, optimized materials, and components with targeted values for certain impact
categories, and corresponding data sets. In addition, the direct linking of LCA results,
such as carbon footprints of individual materials or even entire components, is also
conceivable within the framework of the concept presented.
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Table 3. : Addressing of fulfillments of the presented approach

Requirement

Addressing

Modeling of similar materials and processes

Related materials can be categorized by name
using the MCL and transparently linked to the
PL. Various manufacturing processes and
further classification using the PL are also
possible when using the MCL. Unknown
materials are provided to the user with a
corresponding suggestion for classification in
the MCL. Various material databases, even
describing the same material master, can be
stored in the MCL for adequate classification

Changing assignments at material master
level

If the PL is ideally filled, background data is
only set for the decisive nodes so that any child
nodes inherit their assignment. Changing the
assignment of a central node therefore has a
direct influence on all child nodes, so that
settings can also be made for the entire root of
a material, such as changing a manufacturing
process

Orientation guidance for new materials

When using the MCL, materials can be
classified by technical aspects. In addition, the
MCL is designed as a growing database so that
existing classifications with systemic assistance
provide orientation for new materials

Integration of multi-level dynamic fallback
options for missing input data

The layers stored in the material module serve
as dynamic fallback options for each other. As
the PL has a hierarchical structure, at least the
root node of the PL and therefore a background
data set is returned for each valid entry of a
characteristic of a BOM

Modeling of complex subjects

The PL is designed so that any number of
consecutive manufacturing data records can be
added in addition to a material background data
record

Audit-compliant archiving of assignments

As all background data to be set must be set
once when the PL is created, a changed
background database status does not lead to a
changed assignment of background processes.
The setting can only be actively adjusted when
the PL is updated
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S5 Conclusion

Based on the underlying challenge of linking foreground and background data in a clear,
flexible, and transparent way, a new concept was developed, implemented, and tested
using a prototype. The core element of the concept is the so-called material module.
This contains the so-called projection layer and an additional material classification
layer. In combination, these allow both multi-layered rule-based evaluations of material
information and the processing of product data using external material classification
systems when linking data. The main advantages of the shown concept compared to
existing solutions are the multi-level, unambiguous and seamless fallback strategy, the
linking of background data with the aid of semantic correlations from different sources,
and the demand-oriented modeling of relatively complex product subsystems.
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Abstract. Hybrid lightweight components, e.g., made of glass fibre reinforced
plastics and steel, have the potential to reduce the environmental impacts during the
use-phase of automotive vehicles. However, the end-of-life (EoL) of lightweight
materials such as glass fibre reinforced plastics still poses a challenge, since mate-
rial separation is challenging and no consequent recycling system is established,
as it is e.g., for steel. Furthermore, the application of secondary materials can
reduce the environmental impacts in the raw material stage. These aspects lead to
uncertainty about the EoL impacts of such hybrid components. In order to assess
the environmental impact of automotive components, the EoL is a relevant life
cycle stage and should be included in Life Cycle Assessment (LCA) studies. To
do so, it is required to define possible recycling scenarios and applications of the
recycled material to enable a calculation of different EoL routes. This approach is
demonstrated within this paper, by defining multiple recycling routes of a hybrid
lightweight component, depending on the depth of disassembly and calculating
the environmental impacts of these different EoL routes through LCA.

Keywords: Hybrid component - Composites - End-of-life - Recycling - Life
Cycle Assessment

1 Introduction.

One method to reduce the environmental impacts of automotive components is by reduc-
ing the components mass through light weighting in order to decrease the energy con-
sumption in the use stage. This can be done through the material lightweight approach,
where a component’s material is replaced by another material with improved mass-
specific properties [1]. Especially the combination of different materials, e.g., combin-
ing steel with glass fibre reinforced plastic (GFRP) has a high lightweight potential
whilst keeping valuable properties of the metallic part, such as weldability or the duc-
tile failure mode. These components with a combination of different materials are also
referred to as hybrid components. One big disadvantage of hybrid components is related
with the end-of-life (EoL) treatment and especially the recycling, since the separation
of the different materials is often difficult [2]. In addition, legal requirements such as
the revised directive on end-of-life vehicles [3] aim to increase the share of materials
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that will be recycled. Furthermore, it is not easy to predict, which EoL treatment the
materials will go through (i.e., recycling, incineration or landfill), since this strongly
depends on the future material separation and recycling technology, the grade of disas-
sembly during EoL treatment and the materials themselves. The different EoL routes
are also connected with different environmental impacts. Even though a high share of
recycling without loss of material properties is striven for, it might not always lead to the
lowest environmental impacts, e.g. due to high energy demand during recycling [4]. To
avoid a problem shifting of environmental impacts from the use stage to the EoL stage
it is thus required to analyse the environmental impacts through Life Cycle Assessment
(LCA). For such LCAs it is essential, that a viable methodological approach is applied,
that includes the EoL-stage as well as environmental benefits from recycled materials.
Furthermore, different EoL routes should be analysed to identify the EoL routes that
lead to the lowest environmental impacts and to reduce uncertainty connected to future
EoL scenarios. Therefore, the environmental impacts of a hybrid automotive lightweight
component will be analysed with respect to the above-mentioned methodological chal-
lenges. To do this, a viable LCA methodology will be chosen and different EoL routes
for the hybrid component will be defined and analysed (Sects. 2 and 3), in order to then
recommend an EoL route with the lowest environmental impact (Sect. 4). Finally, a
conclusion and an outlook are provided (Sect. 5).

2 Life Cycle Assessment Methodology.

The environmental impacts of the hybrid components and the different EoL routes are
determined by conducting an attributional LCA. The LCA is carried out with the conven-
tional steps of goal and scope definition, life cycle inventory analysis, life cycle impact
assessment and interpretation of the results.

The intended application of the performed LCA is the quantification of the environ-
mental impacts associated with the EoL processing of an automotive hybrid component.
Therefore, the functional unit of this LCA is the EoL processing of a GFRP reinforced
steel bumper crossbeam in an automotive application from the front crash management
system.

The focus lies on the comparison of different EoL routes at the product life cycle. Ger-
many was chosen as the geographic location for the EoL processing. Further assumptions
such as different disassembly depths for the different routes are explained in Sect. 3.2.

Product life cycles with recycling should be assessed in a way that takes into account
all inputs and outputs of all connected systems, since this avoids to subjectively choose
a method to allocate the environmental benefits of recycling between the life cycle in
which the waste is generated and the life cycle in which the recovered material is used [5].
Therefore, the substitution approach according to Geyer et al. was used as methodology
for the EoL assessment [4]. Other methods of allocation, such as the circular footprint
formula (CFF), can provide false incentives, as e.g., the CFF does not account for the
waste disposal avoided through recycling [6].

After research on possible EoL pathways was done, the possible routes were dis-
cussed with regards to technical and economic feasibility within the consortium of the
project in which this study was carried out. The disassembly depth is one of the main
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influencing factors with regard to the possible EoL pathways and is discussed in detail in
Sect. 3. Within Sect. 3, the detailed life cycle inventory is also provided. Primary data for
the component composition and materials were used, as well as literature regarding the
EoL pathways and secondary data from the ecoinvent v3.9.1 database [7]. For the Life
Cycle Assessment Modelling the python-based software Activity Browser was used [8].
Within the Life Cycle Impact Assessment, the impact categories (IC) acc. to the Prod-
uct Environmental Footprint 3.1 methodology were used with the corresponding impact
indicator and impact assessment methods, excluding toxicity related impact categories.

3 Theory and Calculations.

Within this chapter the theoretical background for the definition of the analysed recycling
pathways will be provided and the chosen pathways will be described. Furthermore, an
overview about the Life Cycle Inventory (LCI) for these pathways will be provided.

3.1 End-Of-Life Processing of Automotive Components and Recycling of GFRP

The state-of-the-art processes for material separation and sorting of automotive compo-
nents are a shredding process followed by different process steps for material sorting,
such as magnetic and density separators. Typically, only spare parts, comparatively high
value components or large plastic components will be detached from the end-of-life
Vehicle (ELV) [9]. With upcoming regulations such as the revised ELV directive [3],
this might change in the future, leading to a higher disassembly depth in ELV processing.
In order to analyse the EoL of automotive components, the disassembly depth of the
EoL processes plays a major role, since purer material streams are possible when the
input into the shredding process is purer and more predictable [10], thus enabling other
recycling pathways for the materials.

Due to the novelty of the application of hybrid steel-FRP components, no recycling
pathway is yet established. However, Heibeck et al. have shown, that the material separa-
tion of metal and FRP material is possible with a shredding process [10]. Since separation
by shredding is already state-of-the-art (SoA) and material sorting technologies enable
to form separate material streams of plastics and metal e.g. through magnetic separation,
the next step of recycling or treatment is defined by the material streams of the hybrid
components, thus steel and GFRP. Since recycling of steel is established, the EoL of
steel needs no further investigation, as recycling can be assumed as default pathway.

For GFRP however, multiple EoL routes are possible. These processes can be clas-
sified into mechanical, thermal and chemical processes [11]. SoA end-of-life options
for GFRP are incineration and the use in the cement industry, both of which can be
categorised as thermal processes [11, 12]. During incineration the polymer matrix is
used as energy source, whilst the inert glass fibre remains and will be landfilled. When
using GFRP for the cement production, the polymer matrix will also be used for energy
generation whilst the fibre is used as material for the clinker composition [11]. Multiple
recycling processes with a higher degree of material valorisation are technologically
possible or under current investigation. Bernatas et al. gave an overview about common
recycling processes within their review [11] and also included the use of GFRP in the
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cement production as one recycling option. These recycling processes result in different
uses of the polymer matrix and the glass fibre for GFRP. Within the thermal processes,
pyrolysis, fluidised bed technology and microwave pyrolysis all utilse the matrix for
energy generation, thus releasing the fibre to be used as reinforcement material. The
chemical processes, which are all using the mechanism of solvolysis, separate fibre and
matrix to use the fibre for reinforcement, whilst the matrix is turned into monomers
or oligomers to be used as organic intermediate material. Within mechanical recycling,
GFRP is shredded into small parts and sorted into different sizes resulting in a matrix
rich fraction that is used as filler material and a fibre rich fraction that can be used as
reinforcement material. From these technologies the pyrolysis, the mechanical recycling
and the use in the cement plants are the most mature technologies [11, 12]. Additional
pathways for thermoplastics with novel technologies have also been described in [11]
with the main aim to keep an optimum of the mechanical properties through different
technologies of aligning the reclaimed and often cut fibres. One of the presented tech-
nologies also enable the use of fibre and matrix by forming a new thermoplastic GFRP
panel through shredding, remelting and forming. Within the review on FRP recycling
by Yang et al., the approach of remelting and remoulding thermoplastic FRP has been
described as feasible way for recycling, if a reduction of the properties is acceptable [13].
The feasibility of this approach was shown for post-industrial PA66GF35 by Bernasconi
et al., who showed that the reduction of the mechanical properties through recycling
corelated with the reduction in fibre size and produced and automotive clutch pedal
from the recycled material [14]. Similar results were obtained by Kuram et al. with
PA6GF30, where post-industrial material was recycled multiple times and the mechan-
ical properties were reduced with each recycling step mainly due to reduction in fibre
length [15]. They also concluded that the mechanical properties were still acceptable
until the third recycling loop. Otheguy et al. shredded glass fibre reinforced polypropy-
lene (PP) from EoLL GFRP laminates (post-consumer) and mixed these with primary PP
to produce granules for injection moulding and showed, that properties were achievable,
that would be acceptable for non-appearance automotive applications [16]. In conclusion
the approach to remelt and remould thermoplastic FRP appears to be a feasible recycling
pathway both for post-industrial and post-consumer material if the material streams are
pure enough and the reduction of properties is acceptable.

Even though multiple pathways are technologically possible, the economic feasibil-
ity is also highly relevant for EoL treatment options. Liu et al. analysed the economic
feasibility of recycling pathways for fibre reinforced plastics [17] from wind turbine
blades, where relatively predictable and pure material streams can be expected. Their
analysis has shown, that due to the relatively low value of glass fibre, only the mechan-
ical recycling and chemical recycling (solvolysis) are economically feasible recycling
options. This analysis was done based of thermoset GFRP, thus the results can not directly
be transferred to thermoplastic GFRP materials, as the previously described pathway of
remelting and remoulding for thermoplastic GFRP has not been included. It is however
expected, that this pathway would be even more economically feasible than the mechan-
ical recycling pathway of thermoset GFRP, since the matrix material would also be kept
as high value material and not as a filler.
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3.2 Definition of Recycling Pathways for Hybrid Components

Based on the described EoL options for ELV components and fibre reinforced plastics,
three different EoL pathways have been defined as exemplary scenarios. These scenarios
should illustrate differences with regards to the disassembly depth and the valorisation
of the GFRP material, yet be considered to be realistic. An overview about the chosen
pathways is given in Fig. 1.

Hybrid component in End of

Life vehicle
|
v
Dismantling of Subassembly
A4 v
Shredding Shredding
v v
Material sorting (air and Material sorting (air and
magnetic separator magnetic separator)
|
v v
» Recycling of steel + Recycling of steel + Recycling of steel
» Incineration as part of + Use of GFRP as + Shredding + use of GFRP
shredder light fraction + substitute in for PA6 GF30 injection
Landfill of inert GF cement production moulding granule
leftovers production (recycling )
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Fig. 1. Analysed end-of-life pathways of the hybrid component

With regards to the disassembly only two options were considered to be realistic:

1) no dismantling of the subassembly, so the bumper crossbeam stays attached to the
car body, that will be shredded whole

2) dismantling of the subassembly, so the crash management system (CMS) will be
detached from the car body, which includes the bumper crossbeam.

A further dismantling of the bumper crossbeam from the crash management system
is unnecessary, as the rest of the CMS is made of metal, so a good material separation
is already possible. Also, further detachment of the GFRP organic sheet from the sheet
metal part of the bumper cross beam was assumed be unrealistic since the strong bonding
between GFRP and steel would require a high effort to separate the materials without
crushing the GFRP material, which is assumed to be uneconomic since GFRP is a
comparatively low value material. For both options (dismantling or no dismantling of
subassembly) the next steps were assumed to shredding and material sorting, since this is
the SoA technology and the technology has proven to be viable for hybrid components.

After the material sorting, the steel from the component is assumed to go into the
existing recycling stream for all three scenarios. For the scenario without dismantling,
it is assumed that no sufficient separation from the other shredder light fraction (SLF)
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is possible for the GFRP material, so it will be utilised thermally and the inert glass
fibre will have to be landfilled (scenario IL). After disassembly two scenarios were
considered: use of GFRP as substitute in the cement production (scenario DCP), since
this is the SoA for comparatively pure material streams of GFRP; and shredding to
smaller size and use for the production of PA6 GF30 injection moulding granule by
remelting and remoulding whilst adding primary PAG6 to achieve the correct mass ratios
(scenario DIM). The scenario DIM is chosen as best-case scenario because of the low
grade of material decomposition and under the assumption that the material has similar
or only slightly lower mechanical properties compared to primary PA6 GF30 injection
moulding granule. This assumption appears reasonable since primary PA6 is added and a
fibre laminate with endless GF was shredded, which enables the production of a granule
with a similar fibre size as in primary PA6 GF30.

3.3 Life Cycle Inventory

In Table 1 the component properties of the hybrid component are given as well as calorific
values that are relevant for the calculation of substituted fuels. The Life Cycle Inventory
(LCI) for the LCA of the different EoL scenarios is given in Table 2, where negative
values correspond to credits for avoided unit processes. For the DCP and DIM scenarios
a share of 12% material loss of GFRP was assumed similar to the mechanical recycling
data from [18]. Furthermore, the additional disassembly of the CMS was assumed to
be conducted with an electrical impact wrench and the electricity was calculated acc.
to an average power for an impact wrench. Only electricity was considered for this
disassembly process. The use of GFRP in the cement industry was modelled acc. to
[19], however within this study no differences in transport have been considered. Here
the mass of hard coal that is avoided was calculated according to the calorific values
that are provided in Table 1, however the differences in emission of the incineration for
the cement production was not included, as only material credits were given. For the
waste incineration process of PA6 credits for electricity and heat were given according
to the used ecoinvent dataset [7]. For the production of the injection moulding granule
the proxy “extrusion of plastic film” was used.

Table 1. Component properties and relevant material properties for LCA of EoL pathways

Property Value Unit
Total component mass 4.000 kg
Steel mass per component 2.800 kg
GFRP mass per component 1.200 kg
Share steel in component 0.700

Share GFRP in component 0.300

Share PA6 in GFRP 0.336

Share glassfibre in GFRP 0.664

Calorific value hard coal 27.910 MJ/ kg
Calorific value PA6 30.400 MJ/kg
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Table 2. Life Cycle Inventory of different EoL pathways

Scenario | Process Value Unit

All Shredding and material sorting 1 kg / kg EoL comp
Steel production EAF route (incl. Sorting + |1 kg / kg EoL steel
pressing)
Steel production: low-alloyed, converter -1 kg / kg EoL steel
(avoided)

IL PA 6 incinerated 0.336 kg / kg EoL GFRP
Glassfibre landfilled 0.664 kg / kg EoL GFRP
Electricity production (avoided) —0.3248 | kWh/ kg EoL GFRP
Heat production (avoided) —2.3621 |« MJ/kg EoL GFRP

DCP Disassembly with impact wrench 0.0093 kWh / kg EoL GFRP
Material loss GFRP shredding + sorting 0.120 kg / kg EoL GFRP
(SLF)
PA 6 incinerated (SLF) 0.040 kg / kg EoL GFRP
Glassfibre landfilled (SLF) 0.080 kg / kg EoL GFRP
Electricity production (avoided) —0.039 kWh / kg EoL GFRP
Heat production (avoided) —0.283 MJ / kg EoL GFRP
Hard coal (avoided) —-0.322 kg / kg EoL GFRP
SiO; (avoided) —0.321 kg / kg EoL GFRP
Al O3 (avoided) —0.058 kg / kg EoL GFRP

DIM Disassembly with impact wrench 0.0093 kWh / kg EoL GFRP
Material loss GFRP shredding + sorting 0.120 kg / kg EoL GFRP
(SLF)
PA 6 incinerated (SLF) 0.040 kg / kg EoL GFRP
Glassfibre landfilled (SLF) 0.080 kg / kg EoL GFRP
Electricity production (avoided) —0.039 kWh / kg EoL GFRP
Heat production (avoided) —0.283 MJ / kg EoL GFRP
Size shredding 0.880 kg / kg EoL GFRP
Additional PA 6 1.068 kg / kg EoL GFRP
Extrusion 1.948 kg / kg EoL GFRP
Substituted PA6 GF30 (avoided) —1.948 kg / kg EoL GFRP

4 Results and Interpretation.

The relative results of the LCA of the different EoL scenarios are shown in Fig. 2 with
the corresponding absolute values in Table 3, where the lowest values mean the highest
credits for the EoL treatment through substitution of material and / or energy.
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Fig. 2. Relative LCA results of different EoL pathways for multiple impact categories: Acidifica-
tion (A); climate change (CC); energy resources: non-renewable (ER); eutrophication: freshwa-
ter, marine, terrestrial (E-F, E-M, E-T); ionising radiation (IR); land use (LU); material resources:
metals/minerals (MR); ozone depletion (OD); particulate matter formation (PMF); photochemical
oxidant formation (POF); water use (WU)

All scenarios show a total negative impact in the EoL treatment in all impact cate-
gories except in ionising radiation. This stems from the share of nuclear energy in the
European electricity mix, which is used within the steel recycling process or for the sce-
nario DIM for the extrusion process. Furthermore, the scenario DIM, in which the EoL.
GFRP is used to produce injection moulding granule does not have a negative impact
value in the impact category land use due to the use of wood-based packaging materials
for the extrusion process. Overall, the scenario DIM shows the lowest values in 8 out of
13 impact categories. All higher impact scores in the scenario DIM (E-F, IR, LU, MR,
OD) are connected to the production of PA6 or to the extrusion process of the PA6 GF30
granule. In Fig. 3 a heatmap shows the environmental hotspots and subprocesses with
the highest credits for the respective scenarios.

Within this figure the efforts and credits for the steel recycling are aggregated since the
steel recycling is the same for all processes. Recycling of steel also has the highest credit
in most impact categories for the scenarios IL and DCP, thus contributing most to the
overall negative impact, whereas the material credits of GFRP gives the highest credits
for the scenario DIM. Furthermore, additional efforts of DIM are also environmental
hotspots mainly due to the additional primary PA 6 that has to be fed into the process and
the electricity for production of new injection moulding granule. However, as can be seen
in Fig. 2 they are outweighed by the material credits in many impact categories. For the
scenario DCP shredding and sorting has the highest impact in most IC, as relatively low
additional effort has to be undertaken (only dismantling) but overall, 4 kg of component
have to be shredded and sorted. The overall picture of the heatmap shows a fairly even
distribution amongst most impact categories with respect to the subprocesses. The outlier
in IR for steel recycling is described above. In the impact category climate change the
incineration and landfill subprocess has the highest impact for the scenarios IL and DCP
because of the incineration of the polymer.
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Fig. 3. Heatmaps of LCA results for subprocesses of different scenarios

In order to put some of the results into perspective, the results for the climate change
impact values are shown together with the LCA results of the life cycle of the hybrid
component in Fig. 4. The use stage is modelled acc. to fuel consumption calculated by
using the method of fuel reduction values [20] and have been calculated with a simulation
simulated within the project consortium. However, the LCA of the component shall not
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Fig. 4. Climate change impact of the different EoL scenarios in comparison to the remaining life
cycle phases of the hybrid component
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be described closer here, as the focus this paper is the difference between the EoL
scenarios.

Here it can be seen that the overall credit for the scenario DIM is almost twice as high
as the credits of the other two scenarios, where the scenario DCP only has a 22% higher
credit than the scenario IL. This low difference stems from the relatively high share
of the steel recycling credit. Overall, the EoL scenario DIM could reduce the climate
change impact of the hybrid component by 26%.

In total the scenario DIM is favourable in 8 of 13 impact categories due to the high
material credits for the PA6 GF 30 granule, but also has the highest impacts in the
remaining 5 impact categories because of the large additional efforts. The scenario DCP
is favourable in all impact categories to the scenario IL. When put into perspective to
the environmental impacts of the overall life cycle, high reductions of the environmental
impact can be achieved due to a feasible EoL strategy, which would be the scenario DIM
for the climate change impact category.

5 Conclusions and Outlook

A LCA of three possible EoL scenarios of an automotive hybrid component made of
steel and GFRP has been conducted. For the definition of these pathways different EoL
processing technologies have been analysed and three possible EoL scenarios have been
defined. It has been shown, that by using thermoplastic matrices instead of thermoset
for FRP components, additional EoL pathways can be enabled.

The LCA results have shown, that all three scenarios result in credits in most of the
analysed impact categories. The major shares of these credits stem from the recycling
of the steel component, if the GFRP material is not recycled. Overall, the recycling of
the GFRP material into an injection moulding granule is favourable in 8 of 13 impact
categories. Especially when put into perspective to the overall life cycle of the hybrid
component, the lever to reduce the environmental impacts through recycling can be quite
high. Therefore, it is important to already consider the EoL. when designing a component,
to enable the most favourable EoL pathway, also with respect to the disassembly of the
component group. Ideally, the application for the second life of the recycled material
would already be considered in this design phase.

Within the definition of the best-case scenario of recycling of the GFRP material
to produce PA6 GF30 injection moulding granule, assumptions were taken regarding
the technological feasibility and the processing technology. These assumptions would
have to be undermined by additional research. However, since the difference between
environmental benefits are quite high compared to the other scenarios in many impact
categories, it is likely that even with further additional efforts the recycling into injection
moulding granule is to be preferred over the other pathways of incineration and landfill
or the use in the cement kiln. Other recycling pathways such as pyrolysis and solvolysis
have not been analysed and should also be analysed within future investigations to give
a complete picture of the environmental impacts or benefits of all possible recycling
pathways.
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