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FOREWORD

This eBook is published at an opportune time in the history of prosthetics. Particularly, recent technological
advances in actuation, microelectronics, batteries, and fabrication methods have fueled the emergence of upper
extremity prostheses with far greater movement capability than was previously possible. With the ability to
provide a large number of possible movements, such prostheses offer great promise for enhancing the ability of
amputees to better perform the activities of daily living. Use of this enhanced capability, however, requires in
most cases a user interface that enables efficient and intuitive access to the multiple movements offered by these
prostheses. Thus, leveraging advances in motor functionality in upper extremity prostheses is fundamentally
dependent on corresponding advances in user interface and control.

The appropriate availability of possible movements and the nature and capability of the control interface are
strongly coupled. Introducing additional movement capability will in many cases impose a greater control
burden on the user. Although neural interfacing has the potential to supply a rich set of control information, the
amount of control information is likely (for the foreseeable future) to be far less than that employed within the
native limb. A single-degree-of-freedom hand, for example, is limited in movement capability, but is relatively
easy for an amputee to control. A twenty-degree-of-freedom hand, conversely, has a great deal of movement
capability, but may be difficult for an amputee to dexterously control. Thus, the extent of appropriate movement
capability of the prosthesis is highly dependent on the control interface approach. Understanding the balance of
movement capability and control burden requires knowledge of advances in both areas, and additionally requires
knowledge of appropriate assessment tools with which to measure functional efficacy.

This eBook provides an excellent overview of all these areas of research. Specifically, the eBook describes a
number of recent advances in the design of prosthetic fingers, hands and arms, which provide considerably
greater movement capability than previously possible. The text additionally describes recent work in which
peripheral neural implants are used in an effort to provide motor control of a multigrasp hand prosthesis, and to
provide some degree of sensory information to the user. Finally, the development of dexterous prostheses and
associated control methodologies must be conducted in the context of functional assessment. As such, this eBook
also includes important and expert treatment of methods for the functional assessment of upper extremity
prostheses, and describes such assessment as applied to multigrasp prosthetic hands.

This is an exciting and promising time in the history of upper extremity prostheses. The functionality of such
prostheses has changed relatively little over the past several decades. The technological advances presented in
this eBook promise to change substantially the capability and functionality of upper extremity prosthetics, and by
extension, promise to substantially improve quality of life for upper extremity amputees.

Michael Goldfarb

H. Fort Flowers Professor of Mechanical Engineering
Vanderbilt University, Nashville — TN (USA)
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PREFACE

The loss or the congenital deficiency of a human upper limb part represents a serious physical and psychological
trauma, apart from having an evident and considerable restriction on personal autonomy in everyday living.
Rehabilitating an amputee with a proper device allows the patient to recover (part of) the lost autonomy and the
sense of psychophysical integrity, and thus to enable his/her reintegration in domestic, working and social
environments. The prosthetic intervention is a complex process which involves technical aspects and clinical
issues strictly dependent on the amputee to be treated. Prosthetic rehabilitation is therefore carried out by a
multidisciplinary team including physicians, technicians, therapists and psychologists which operates with the
aim of providing the amputee with the device and the services that best match his/her different requirements.
Prosthesis developers study different solutions with the aim of optimizing the prosthetic system performances,
its usability, wearability, and maintenance. Therefore, also in the design process many key factors of different
nature are of primary importance.

Due to many reasons, the technological level of the powered artificial arms for upper limb amputees has always
been fairly poor so far if compared with that of other analogous systems (e.g. lower limb prostheses, assistive
robots, human-robot interfaces, biomedical robots...). However, there is no doubt that in the recent years the
upper limb research stimulated the most exciting developments in prosthetic technology. Indeed, new terminal
devices (articulated hands, sensorized hands, partial hands for finger amputation...) and novel articulations for
the artificial arm (wrist and shoulder with one or more degrees of freedom, elbow joint) have been recently
proposed (and some of them are also commercially available); a new concept of the socket has been developed;
the control hardware, software and firmware are in continuous progress for the implementation of more and
more effective control options for the wearers as well as for an easier management of the electronic boards.
Finally, also the clinical treatment of the patients is improving: the most important novelties of the last years are
the surgical technique known as Targeted Muscle Reinnervation for an enhanced myoelectric control of the
artificial arm, the implantation of nano-sensors on nerves for the development of neuroprosthetic systems, and
the prosthesis osteointegration for the direct suspension of the prosthesis to the residual limb.

A number of internationally renowned public agencies and industries are investing a great amount of financial
resources. For instance DARPA (Defense Advanced Research Projects Agency of the USA government) that
recently invested tens of million dollars in two ambitious programs (involving many research teams) intended to
face the increased incidence of amputation injuries being seen in the ongoing conflicts in Afghanistan and Irag.
In particular the prosthetics industry is trying to exploit the fruits of the Revolutionizing Prosthetics Program
RP2009, which is probably the most outstanding project in upper limb prosthetics so far. On the other side, the
wave of renewal of upper limb prosthetics systems is dragging also many other manufacturers and research
institutes, which recently presented interesting enhancements of their own products and prototypes.

The proposed eBook aims at illustrating the most significant milestones provided by the scientists in this new
prosthetic research era and also sheds lights on new trends, future developments, and on the most challenging
issues of the fascinating field of rehabilitation robotics. In Chapter 1 the most recent technology innovations are
reviewed with the analysis on the critical issues involved in the design of upper limb systems. Chapter 2 focuses
on clinical applications for the treatment of partial hand amputations with the new prosthetic solutions
commercially available (Pro-Digits by Touch Bionics, SC). Chapter 3 presents the basic principles at the basis of
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the neural control of a prosthetic device, with the results of an in vivo test performed in Rome (Italy). In Chapter
4 the milestones of prosthetics outcome measurements are presented, aiming at defining standardized protocols
to evaluate prosthetic systems and prosthesis wearers. Functional and psychological evaluations are matters of
Chapter 5, where the analysis of a patient wearing a new multi-grip commercial hand (Michelangelo by Otto
Bock, GE). The last two chapters of the eBook are devoted to the presentation of technologies that can have a
major impact in the next future for the upper limb prosthetic filed. In Chapter 6 the design guidelines for the
development of anthropomorphic robotic hands are outlined, with the presentation of a bio-inspired hand with
soft pads and compliant joints. Chapter 7 finally presents the framework for the development of virtual reality
systems useful for the simulation of upper limb functioning, both for the development of new high-level
prostheses and the training of patients in the first stages of their prosthetic rehabilitation.

The Editors wish to gratefully acknowledge both Dr. Claudio Mazzotti for his support in editing the chapters and
all the Reviewers for their contribution to guarantee a high scientific standard.

Vincenzo Parenti Castelli

Full Professor of Mechanics of Machines
University of Bologna (Italy)

Marco Troncossi

Assistant Professor of Mechanics of Machines
University of Bologna (Italy)
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CHAPTER 1

The Design of Advanced Prosthetic Limb Systems

R.F.ff. Weir

Department of Bioengineering, College of Engineering and Applied Science, University of Colorado Denver |

Anschutz Medical Campus, Colorado (USA)

Abstract: In the USA there have been many initiatives to develop advanced arm/hand prostheses
in the light of the casualties seen in the wars in Iraq and Afghanistan. In this chapter the issues
involved in some of these designs is presented as well as an overview of some of the more high

profile prosthetic system development efforts.

Keywords: Prosthetics, Upper-extremity, Myoelectric, Amputation, Neural Interface, Decoders

Corresponding Author: R.F.ff. Weir — e-mail: richard.weir@ucdenver.edu

From the legends of The Early Mythological Cycle of
the Oral Tradition of Irish Literature. The chief
characters in this cycle belong to the Tuatha Dé
Danann (The Tribes of the Goddess Danu), a
supposedly divine race which inhabited Eireann
(Ireland) before the coming of the Celts. "It was the
law and custom of the Tuatha Dé Danann that no man
who was not whole could be King. Nuada, King of the
Tuatha Dé Danann, had led his people to Eireann and
victory at the First Battle of Moy Tura but he also lost
his arm in the battle. Thus was Breas the Beautiful
made King by the Tuatha Dé Danann. The rule of
Breas, son of Eolatan the Immortal of the Fomar, was
an oppressive one and the proud Dé Danann were
forced to pay tribute to Balor of the Evil Eye, King of
the Fomar. Dian-Cecht, the Healer, fitted Nuada with
an arm of silver, miraculously made, such that each
joint answered his will as though it was his own flesh
and blood. Once again considered whole, Nuada was
reinstated in the sovereignty by his people and from
that time forth was known as Nuada Airgitlamh or
Nuada of the Silver Arm."

[From: "The Book of Conquests" by Jim Fitzpatrick,
1978. Paper Tiger Press.]

INTRODUCTION

Today’s prostheses and interface techniques are still a
long way from realizing Nuada's Silver Arm - such
that each joint answered his will as though it was his
own flesh and blood. To today's users every
advancement in limb prosthetics is compared against
re-creation of the physiological limb and the
experience of the artificial limb. Although many
people use current prostheses well and, in this way,
accept the state-of-the-art, they are generally not
satisfied with it. It is the nature of the work that
prosthetics research is driven by dissatisfaction.

The ongoing conflicts in Afghanistan and Iraq have
focused much media attention on prosthetics in the last
few years. Watching this media, one is led to believe
that there are a multitude of revolutionary new

"bionic" arms available to our wounded troops. This is
not the case. Soldiers needing upper-limb prostheses
are being fit with similar upper-limb prosthetic
systems to what was standard-of-care at the beginning
of these conflicts.

What did change was that, due to the perceived lack of
function of current commercially available upper-limb
prostheses, a large number of major research programs
were initiated to develop advanced replacement
arm/hand systems, for persons with arm amputations.
In particular, the Defense Advanced Research Projects
Agency (DARPA) had two "Revolutionizing
Prosthetics" initiatives. 1) A two year initiative,
"Revolutionizing prosthetics 2007 (RP2007)", that was
awarded to DEKA - the goal of which was to develop
a multifunction prosthesis for above-elbow amputees
using commercially available off-the-shelf (COTS)
components and was to be controlled using
conventional non-invasive techniques, and 2) a four
year initiative, ‘“Revolutionizing prosthetics 2009
(RP2009)”, that was awarded to Johns Hopkins
University Applied Physics Laboratory (APL) - the
goal of which was to develop a fully functional
biomechatronic analog of the human hand and arm.
The arm was to be capable of duplicating the function
of the original limb, including sensation, and
withstanding the rigors of daily living and was to be
controlled using advanced techniques such as brain
machine interfaces or peripheral nerve interfaces or
targeted muscle reinnervation with implantable
myoelectric sensors.

The arms seen in the media were the European
Cyberhand/SmartHand Project from Italy, the
Rehabilitation Institute of Chicago's (RIC) Targeted
Muscle Reinnervation (TMR) Arm, the DARPA
RP2007 DEKA Arm, and various DARPA RP2009
APL Arms. These projects represent "what might be"
rather than "what is".

The demographics of the upper-limb population make
the design and development of arm/hand replacements
a particularly challenging problem. In the USA lower-
limb amputees outnumber upper-limb amputees by

Vincenzo Parenti Castelli and Marco Troncossi (Eds)
© 2012 The Author(s). Published by Bentham Science Publishers
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about 10:1. LaPlante and Carson [1] and Ziegler-
Graham et al. [2] estimated that absence or loss of an
upper-extremity limits 102,000 people in the USA.
The most common is loss of one or more fingers
(61,000): next most common is loss of one arm
(25,000). While Dillingham et al. [3] in a review of
hospital discharge records between 1988 and 1996
found that approximately 18,496 individuals were
reported to have upper-limb amputations or congenital
limb deficiencies annually. Ninety two percent of
these were distal to the wrist i.e. partial hand
amputations. Of the ~100,000 people with upper limb
loss in the USA ~57%, are below-elbow amputees and
23% [4, 5] are above-clbow amputees. Most upper-
limb amputations are traumatic and work related and
therefore the individuals involved are typically 20-60
years old and still engage in active lifestyles. Atkins et
al. [6] conducted a survey of 1,575 persons with
upper-limb amputation and found 1,020 (65%) were
body-powered users, 438 (28%) were electric users
and 117 (7%) were bilateral users of prostheses. About
~80% all people with amputations use a prosthesis [7]
which for ~50% of below-elbow amputees is an
myoelectric prostheses [8] the remainder wear body-
powered prostheses. However, it should be noted that
while these studies tend to capture the dominant
prosthesis used by the people queried, many active
prosthesis wearers wear several different prostheses,
crossing the entire spectrum of devices — the more
active the person, and varied the lifestyle, the more
different prostheses might be utilized — of both body-
powered and electric.

A few of things arise from these observations: 1)
There are not many people with upper-limb
amputations - so the potential market is small. 2) The
vast majority (93%) of people have a unilateral
amputation therefore most of these individuals can live
quite well with only their remaining intact arm. This
means that the barrier to acceptance for arm/hand
replacements is high. 3) The higher the level of
amputation the greater the impairment and so too is
the rejection rate.

Rejection of a UE prosthesis has been attributed to a
multitude of factors: lack of cosmesis, lack of
function, length of amputation, skin condition, post-
amputation pain and discomfort, prosthesis control
system discomfort, time of fitting (i.e., time since
amputation), cultural and family attitudes, presence or
lack of training, fitting techniques, quality of
amputation surgery, absence of “team concept” of
rehabilitation, ignorance of 3™ party funding sources,
ignorance of doctors etc. Prime among these issues are
interface comfort issues such as weight and ability to
dissipate heat. The highest rejection rate is among
individuals with unilateral trans-humeral or higher
amputations because these individuals can live
adequately with their sound limb and wearing a
prosthetic arm is often more trouble than the perceived
functional advantages. It is interesting to note however
that just wearing an arm of some form - passive

R.F.ff. Weir

cosmetic device or active - can help to balance an
individual and thereby help reduce future issues
related to living with an unbalanced spine.

Current research on advanced arm prostheses can be
divided into the following categories:

e Interface Techniques

e Decipher User Intent — what is the user trying to
command the prosthesis to do

e  Prosthetics technology/Mechatronic Systems.

Prosthetic arm technologies have historically offered
patients limited functionality because there were
insufficient control sources with which to control a
mechanical arm with an equivalent number of degrees-
of-freedom (DOF) to the natural arm. The
function/performance of standard-of-care prosthetic
systems is optimized to the control interface (type and
number of control sources) available.

Standard-of-care prosthetic systems are either body-
powered or electric-powered. In a body-powered
system a body motion is captured and used to transfer
force and excursion to an attached prosthetic
component. Body-powered systems consist of a cable
driven split-hook as a terminal device. It is the cable
that is the interface between the user and the prosthesis
that gives these systems their advantages. Because of
the cable the user retains a sense of feedback about the
terminal device through forces exerted on the body
through the cable as the terminal device interacts with
the world. Body-powered systems, while highly
functional, simple, rugged and inexpensive, are also
limited by their control interface - the control harness -
to control 1 DOF at a time with switches used to cycle
control between DOFs. In reality, there are only so
many ways to harness someone to capture body
motions before this becomes burdensome [9]. This
technology dates to the end WW2 and has remained
largely unchanged: a testament to its good design and
simplicity? Perhaps it is also true that in the USA the
reimbursement is such that prosthetists are not
motivated to fit these devices which reduces the
incentive for R&D in cable—driven technology. It is
also true that many users, and society, expect more
hand-like devices which tends to drive much of the
research.

Electric-powered systems typically use myoelectric
control to control at least some of the DOFs. In
myoelectric control, (myo-)electrodes on the skin
surface sense electric fields, the electromyogram
(EMG), generated by muscles that lie beneath them.
The EMG seen at the skin is a composite of all the
active muscles in the residual limb [10]. Three, maybe
four, independent (cross-talk free) surface EMG sites
can be located on a residual limb [11]. A prosthetist
needs skill to locate them and typically only two EMG
sites are used in an agonist-antagonist pair over the
flexor and extensor muscles of the forearm or the
biceps and triceps for an above elbow amputee or the
pectoralis and deltoids for a patient with a shoulder
disarticulation amputation.
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After amputation, there are not enough surface control
sources to simultaneously control the many DOFs
required to replace a physiological hand and arm. This
lack of control sources combined with a lack of
simultaneous control ability and a lack of robust/stable
control signals reduce both body-powered and electric-
powered prostheses to sequential control. Sequential
control as currently implemented is slow and
unintuitive. Consequently many amputees do not use a
prosthesis because they can perform tasks more easily
with their sound hand. The ability to simultaneously
control 2 or 3 DOFs in a standard myoelectric arm
prosthesis would represent a significant advance [9].

In the author’s opinion, significant advances in the
control interface will not occur without further
surgical intervention to either revise the limb, implant
some device, or some combination of both. But
somebody who has undergone traumatic limb loss and
much surgery is often highly resistant to further

surgery.
INTERFACE TECHNIQUES

While advanced prosthetic arms can be designed with
more joints for increased function, unless better control
interfaces are developed these arm systems will not be
able to be controlled. Interfaces that will provide the
user with the increased number of independent control
sources are needed to take advantage of the recently
developed advanced multi-DOF arm systems. There
are a number of interface techniques under
development at this time to increase the number of
control sites. All involve some form of surgical
intervention and some involve permanent implantation
of various devices. In the body, motor commands come
from the motor cortex in the brain, descend through the
spinal column, and go through peripheral nerves from
the spinal column to the muscles of the arm. In an
amputee some of the muscles of the arm are lost along
with some peripheral nerves but much the command
pathway remains. Research into interface techniques
that use residual muscles, peripheral nerves, the dorsal
root ganglia of the spinal column, and motor cortex in
the brain are all ongoing. Our group, at the
Biomechatronics Development Laboratory (BD Lab.),
likes residual muscles since any technique must out last
the life of an active individual (>80 years) and muscle
signals are stable and large and relatively easy to
interface with. All the other approaches still have
lifetimes measured in 2-3 year range. Our approach is
based on implantable myoelectric sensors, as described
in the following section.

Implantable Myoelectric Sensors (IMES)
Jor Prosthesis Control

Under NIH funding the BD Lab. is developing
Implantable Myoelectric Sensor (IMES) devices [12]
that can be chronically implanted into the residual
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muscles of an amputee’s arm using minimally invasive
surgical techniques (Fig. 1). These sensors receive
power, digital addressing, and commands from an
extracorporeal telemetry controller (TC) that will
ultimately be built into an amputee's prosthetic socket.
Each IMES acts as an individually addressable,
intramuscular bipolar differential electrode, or myo-
electrode, to detect the electrical activity (EMG)
generated as a by-product of normal muscle
contraction. The IMES transmit these EMG signals,
over a transcutaneous magnetic link to the TC. With
IMES no wires penetrate the skin. The TC “strips” the
EMG data from the telemetry, and sends it to the
prosthesis controller. This technological development
addresses an important limitation in the development
of sophisticated hand prostheses: obtaining sufficient
physiological signals to control the many DOFs that
compose complex hand functions.

By implanting an IMES sensor in small independently
innervated muscles and sensing these muscle's EMG
signal at its source the muscle acts as a biological
amplifier of the neural command. There are some 18
muscles in the forearm related to the control of the
hand. At present we pickup 2 independent sites using
surface techniques. Our goal is to someday capture as
many as 26 independent sites in the forearm (there are
3 muscles that each 4 independent slips running to
each finger). Both experimental and modelling work
suggest that the pickup area for an IMES is an ovoid
about Smm in radius about the long axis of the IMES
[13]. This means we can implant in muscles with a
diameter of 10mm and still expect crosstalk-
independent signals.

The IMES system is currently capable of reading
EMG signals from up to 32 sensors. The hermetically
sealed package used for IMES is the same package
used for the AMF Microstimulator which has been
designed to survive in the body for 80 years [14].
Furthermore, the sensors can be implanted using
minimally invasive surgical techniques in a relatively
benign outpatient procedure [15] and can use the
devices within a couple of weeks post-implantation.
IMES has application anywhere myoelectric signals
need to be sensed - be it upper or lower limb
prosthetics or controlling powered orthoses  for
patients with ALS. We are at present working with
Alfred Mann Foundation (Valencia, CA, USA) and
Sigenics (Chicago, IL, USA) to get these devices FDA
approved for use in People.

Targeted Muscle Reinnervation

Targeted muscle reinnervation (TMR) is a relatively
new surgical procedure developed by Todd Kuiken
and his Laboratory, Neural Engineering Center for
Artificial Limbs (NECAL), at the Rehabilitation
Institute of Chicago [16]. In TMR, muscles that are
not functionally critical are deinervated and then
reinnervated at multiple locations with nerves that
formerly went to the hand and forearm. The muscle,



6 Grasping the Future: Advances in Powered Upper Limb Prosthetics

i .

Fig. (1) — Holding an IMES in an Alfred E. Mann
Foundation RFB BION® Package. The inter-electrode
spacing (10 mm) is appropriate for whole muscle
activity recordings.

after reinnervation, should then be a good source of
myoelectric sites for prosthesis control. The main
advantage of this nerve-graft system is that there are
potentially many discrete control signals available and
that these control signals relate directly to the original
function of the nerve.

In the case of the high level amputee (Fig. (2)) the
median (M), ulnar (U), radial (R) and musclo-
cutaneous (MC) nerves are usually still present. The
musclo-cutaneous nerve controls elbow flexion while
the radial nerve controls elbow extension. Pronation of
the forearm is directed by the median nerve and
supination by the radial and musclo-cutaneous nerve.
Extension of the hand is governed by the radial nerve
and flexion of the hand by the median and ulnar
nerves. Since each of these nerves innervate muscles
that control motion about different DOFs, they should
supply at least four independent control signals. The
nerves are controlling functions in the prosthesis that
are directly related to their normal anatomical
function. In addition, the shoulder is free to control
other functions.

This approach has been successfully applied to
number of people - the first being an individual who
received bilateral shoulder disarticulation amputations
following an electrical accident. In the case of the
individual with the bilateral involvement, portions of
the left pectoralis muscle were deinervated then
reinnervated with the median, radial, ulnar, and
musculocutaneous nerves. Three of the four targeted
nerve/muscle grafts succeeded, enabling this
individual to myoelectrically control his prosthetic
elbow, wrist rotator, and gripper. The BD Lab. helped
to develop the RIC TMR arm [17] that was
subsequently fit to this individual to allow him to push
the envelope on what he might be able to functionally
control.

IMES and TMR can be viewed as complementary
technologies. IMES can be used to read the EMG
signals needed for TMR. TMR can be used to create
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Fig. (2) — Targeted Muscle Reinnervaton. Schematic
of how reinervation of the pectoralis muscle with the
major nerves of the arm might be used to create
physiologically correct myoelectric control sites for
prosthetic arm control.

hand sites in individuals who have lost all their hand
musculature such as in the case of a trans-humeral
amputee. Both groups work in the muscle because the
signal amplitudes are much greater and the tissue is
much more robust than nerve tissue. If a focal
recording can be taken from a muscle then it is a good
representation of the descending neural command.
The down side of the TMR procedure is that it requires
additional surgery which many amputees are resistant
to and it involves a long rehabilitation time before any
prosthesis can be worn. The patient needs to wait six
months while the nerves regenerate before any device
can be controlled.

Peripheral Nerve Interfaces

Peripheral nerve interfaces have the advantage that in
the periphery the nerves are decoded by their
geography i.e. if one finds a nerve in the left arm then
one knows it is a left arm nerve as opposed to
recording from neurons in the brain. Unfortunately for
amputees one is also dealing with cut nerves which
complicates matters when interfacing with nerves.
Nerve tissue is sensitive to being penetrated so lifetime
is an issue. Also all the current penetrating electrode
technologies are too stiff, being made out of silicon, so
there is a stiffness mismatch between the nerve tissue
and the electrode causing irritation and necrosis of the
nerve tissue. Typical nerve signals are in the micro-
volt range, EMG signals are in the mV range. This
means high gain amplifiers are needed to sense nerve
signals.

Current approaches are exploring Longitudinal
Intrafascicular Electrodes (LIFE). Dhillon et al. [18,
19] were able to demonstrate both command and
sensation through a LIFE interface in human amputee
subjects controlling a Utah arm. The SMART hand
project (See below) in Europe used LIFE electrodes
for their demonstration of peripheral nerve control.
Under the DARPA RP2009 project Utah Slant arrays
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were being explored for peripheral nerve interfaces by
Greg Clark and Dick Norman at University of Utah
[20]. The Utah Slant array is a bed of nails approach
similar to the Utah Array [21] used for Brain machine
interface (BMI) work but with sloping electrodes so
the cross sectional area of the peripheral nerve can be
sampled. This work is still in the animal study phase.
Dustin Tyler at Cleveland Clinic [22] is using a cuff
electrode array that fits around the outside of nerve to
stimulate and sense from encircled fibres. This is the
least invasive of the peripheral nerve approaches and
therefore has the best chance of success - however
being on the outside of the nerve it reads a composite
signal from the neurons inside of the nerve - so it lacks
the specificity of a penetrating electrode. Also
explored are sieve electrodes where neurons are
encouraged to grow through an array of electrodes
[23]. Nerve interfaces are being worked on but they
are still a long way from being practical. In my
opinion, the Cleveland stimulating cuff electrode array
holds the most appeal for use in sensory feedback back
into the body since it is the least invasive of the
approaches mentioned. Sensory feedback, or a sense
of touch, is important if one wishes to perform true
dexterous manipulation [24].

Brain-Machine Interfaces

Another human-machine interface technology that is
under intensive development is brain-machine
interfaces (BMI). A BMI involves placing electrode
arrays on, or under, skull to detect EEGs, or under the
Dura and into the brain tissue itself to detect individual
neuron trains. Most commonly a "Utah Array like"
[21] electrode array is inserted into the motor cortex
region of the brain and individual neuron signals are
passed out of the brain to an external computer that
runs various complex algorithms to map the received
neuron signals to an intended motion of a monkey arm
or computer cursor or wheelchair controller or
mechanical arm.

Prosthesis control is frequently given as a justification
for BMI research. However, in the author’s opinion, it
is not reasonable to ask someone who still has the use
of an intact arm to undergo brain surgery and have the
immunity of their brain compromised by penetrating
their Dura. For someone with high level quadriplegia
whose choices are more limited this level of
invasiveness may be warranted.

One of the leaders in this area is John Donoghue's
group at Brown University and part of the VA COE on
Restorative and Regenerative Medicine - they are the
developers of the BrainGate2 Neural Interface System
and are the only people to have implanted humans
with a BMI [25, 26]. Working with individuals with
high level tetraplegia the BrainGate research
consortium has implanted a number of their
BrainGate2 Neural Interface Systems and used them to
control external devices such as a communication
device, desktop computer, wheelchair, or prosthetic
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arm, or working with VA Cleveland COE on
functional Electrical Stimulation (FES) to use FES to
control a paralyzed limb. There are many other teams
working in the area of BMI using EEGs [27] or
invasive approaches with monkeys [28, 29]. Miller
[30, 31] at Northwestern is notable because he is
looking at sensory feedback as well as motor
commands. Greg Clark [20] at Utah was part of the
DARPA RP2009 BMI team as was Richard Anderson
[32] of Caltech, and Marc Schieber at Rochester. A
good review of neural interfaces can be found in
Horch and Dhillon [33]. The BMI aspect of the
RP2009 initiative has come to dominate phase III of
this project.

DECIPHER USER INTENT

Once control signals have been transduced the
prosthesis controller must determine from these
signals which motors to drive in the prosthesis. In the
BMI world this is known as the Decoder. The various
control approaches for EMG signals fall broadly into
one of the following categories.

Direct control: This is the most primitive, simple and
robust approach, and represents current commercially
available prosthetic devices. In Direct control the user
voluntarily contracts one muscle in the absence
(independently) of all others. If intuitive control
motions can be found Direct control can provide
intuitive simultaneous control of multiple DOFs
within a prosthesis. Generally, the prosthetic
component is driven at a speed that is proportional to
the difference in the amplitude of the two EMG
signals. TMR patients use this approach for their take
home prostheses. The BD Lab. is exploring use of this
approach with IMES to simultaneously control
multiple DOFs in a dexterous hand prosthesis [34].
Control using Pattern Recognition: Developed over
the last 20 years by University of New Brunswick
Canada, a Pattern recognition based controller
recognizes a specific pattern of EMG signals and
executes an associated function. Pattern recognition
approaches requires a pattern to be stored for every
movement. From the user’s perspective the control is
intuitive and easy to remember since users execute the
movement they want the prosthetic limb to perform
with their “phantom limb.” These approaches do not
provide true parallel/simultaneous control of multiple
DOFs. This approach has been dogged by clinical
issues such as having to retrain the system every time
the system is donned, or electrode lift-off or muscle
motion problems.

Control by Internal Model: An internal model
approach uses EMG signals measured in the user’s
residual muscles to predict muscle activation in an
anatomically correct biomechanical muscle model of
the intact limb [35, 36]. These activations drive
muscles in a simulation of the intact hand causing
joints in the hand and wrist of the simulation to move.
The simulation predicts which joints should move.
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Based on these predictions the prosthesis controller
commands the motors of the prosthesis to match the
joint positions of the internal model. This approach
holds the promise of true simultancous/dexterous
control of an artificial hand.

Endpoint _control: In endpoint control the user
commands the end position of the hand rather than
thinking about the position of each joint. The user
focuses on the hand position and commands up, down,
left, right, forward or back and the controller computes
what the joint position for the shoulder, elbow and
wrist should be to place the hand where the user wants
it. This approach was first used by Simpson in the 70s
[37] and is now being revisited by DEKA for the
DARPA RP2007 arm.

PROSTHETICS TECHNOLOGY/
MECHATRONIC SYSTEMS

This is the physical prosthesis hardware. There have
been a number of initiatives to develop multi-function
arms and hands in the past few years as well as the
introduction of a number of new commercially
available multi-articulated hands. Recent
developments in this area have been dominated by the
DARPA "Revolutionizing Prosthetics" programs
which were in turn driven by the injuries being seen as
a result of conflicts in Afghanistan and Iraq. The
recent arm systems are as follows:
e Cyber Hand/SMART hand Project in Europe.
RIC Six Motor Arm
DARPA RP 2007 DEKA Arm
DARPA RP 2009 APL Proto 1 Arm
DARPA RP 2009 APL Proto 2 Arm

o Intrinsic Hand

o Extrinsic Hand
e DARPA RP 2009 APL Final Limb System
e The UNB Hand
Only the CyberHand project (now the SMART hand
project) in Europe and RIC Six Motor Arm pre date
the conflicts in Afghanistan and Iraq. The BD Lab. has
been involved in all these initiatives with the exception
of the European Cyber Hand project.

CyberHand/SMART Hand Project

The Cyber Hand/SMART hand project is made up of a
consortium of institutions led by Paolo Dario at the
Advanced Robotics Technology and Systems (ARTS
Lab), Scuola Superiore Sant'Anna, Pisa, Italy (Fig. 3).
The SMART hand mechanical design consists of five
under-actuated fingers [38]. All fingers have 3
phalanxes and have angular and grasping sensors. The
thumb has a two DOFs. The hand architecture is a 4
DOFs hand with a 2 DOFs thumb, an index finger and
a combined Middle-Ring-Little finger drive. The
mechanism uses cables to articulate the fingers.
Grasping capabilities, robustness, cosmetics, small
weight and human size as design philosophies were
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Fig. (3) — SMART hand CAD model showing how
motors sit in the hand to pull fingers and thumb
closed.

emphasized over high dexterity, high power and
manipulation capabilities. This hand is capable of
grasping function and not object manipulation within
the hand. The project has recently garnered a lot of
media attention because it implanted LIFE electrodes
into the peripheral nerves in the arm of a subject in
Sweden [39]. This subject was able to elicit sensations
and commands with their temporary implant similar to
those reported by Dhillon et al. [18, 19].

The RIC Six Motor Arm

The RIC Arm (Fig. 4), was developed just before the
conflicts in Afghanistan and Iraq started as a research
system for TMR [17]. It was built to push the envelope
in terms of how many DOFs might reasonably be
driven by someone with bilateral shoulder
disarticulation amputations and TMR. Built around a
Liberating Technologies Inc., (LTI) Boston Elbow, the
arm was an international affair consisting of a hand
with built-in wrist flexion unit from Kesheng
Prosthetics CO Ltd., Shanghai China, a wrist rotator
from Otto Bock, Vienna, the Boston Elbow, LTI,
USA, a humeral rotator [40] and an Edinburgh
Modular Arm system, (EMAS) shoulder, from Touch
Bionics, Scotland [41]. The BD Lab., in addition to
designing the humeral rotator, helped Dr. Kuiken to
integrate the components into a system and patch into
the electronics to make EMG sensors capable of
reading chest EMG without picking up heart beat [42].
This arm was built around a centralized controller in
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Fig. (4) — RIC Six Motor Arm. Developed for use with
TMR patients.

the Boston Elbow - it did not use a bus system making
it easy to work with. It is still used by NECAL at RIC
today because of the straightforward way the drives
are interfaced to the central controller.

The DARPA's RP2007 and RP2009 initiatives saw
huge investment in the development of advanced
upper extremity prosthetic arm systems. It has had a
huge impact on all areas of upper-limb system
development as can be seen by the control interface
work in the area of BMI and peripheral nerve
interfaces. While this has been a good thing for the
field of P&O it should be realized that the
specifications for all the arm systems developed were
based on a unilateral trans-humeral amputee or higher
- because the highest rate of non-prosthesis use is
among this population. This decision initially drove
the design discussion away from making systems
suitable for the largest population segment of upper-
limb amputees i.e. trans radial amputees. In spite of
this both the RP2007 and RP2009 have developed
trans-humeral solutions.

DARPA RP2007 DEKA Arm

This is a modular powered arm system with 10
powered DOFs (Fig. 5). The hand has independent
control of a 2 DOFs thumb, a 1 DOF index finger, and
a Middle, Ring, and Little (MRL) finger unit. All
fingers are kinematically linked so they can wrap
around objects as they are flexed. There is a 2 DOFs
wrist with rotation and flexion/extension, powered
elbow, humeral rotator and a 2 DOFs shoulder with
flexion/extension and abduction. DEKA Research
(Manchester, NH) also explored dynamic socket
concepts [43] and with Randell Alley of BioDesigns,
Inc., developed the “High-Fidelity Interface” [44]. The
High-Fidelity Interface uses an alternating series of
compressions and tissue release areas working in
concert with the dynamic elements involved.
Allegedly, this allows a much heavier weight to be
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Fig. (5) — Generation 1 DEKA Arm.

borne by the user while offering significant
improvements in range of motion and heat dissipation.
The DEKA arm is designed to be controlled with
conventional control approaches and with a foot based
inertial controller. Because of the trans-humeral
amputee specification the first version of the hand is
too long to be used on all but the shortest trans-radial
patient. The DEKA arm is currently undergoing an
optimization study run by the VA [45]. The goal of
this study is to inform the design of the Generation 3
version of the DEKA arm by providing real use data to
the engineers.

DARPA RP 2009 APL Prototype 1 Arm

The DARPA RP2009 initiative was led by APL. This
program was structured around the development of
three arm systems. Prototype 1 was a 7 DOFs arm
which was to be provided as a take home prosthesis
for those subjects undergoing TMR as part of the
program. This arm was designed by the BD Lab. in
collaboration with Otto Bock, Vienna, with electronics
and control software provide by APL. It was built in
one year with supposedly off-the-shelf-components
but in reality everything had to be designed from
scratch (the wrist flexion unit, the humeral rotator, and
shoulder, all electronics and software) or modified
(Michelangelo Hand, wrist rotator, Dynamic arm). At
the time the Michelangelo Hand existed only as a first
prototype and the Dynamic arm had to be modified so
it could be run using an Axon bus for control (the
Axon bus is the new proprietary communications bus
developed by Otto Bock to control the joints in the
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arm). The humeral rotator, shoulder and wrist were
designed the BD Lab. (Fig (6)).

The Michelangelo Hand is the new hand from Otto
Bock. It has a speed of 4 rad/sec and a pinch in excess
of 28 1bss. It consists of 2 drives. A main drive that
pulls all fingers and thumb closed together and a
thumb switch drive that moves the thumb into lateral
prehension or palmar prehension. The main drive is
based on the EC45 drive from Maxon and has all
electronics for motor control and bus communication
integrated into it. We used the Michelangelo main
drive for both the humeral rotator and shoulder. This
arm worked surprisingly well and was fitted to a
number of TMR patients at the RIC (Fig (7)). This
arm, without the BD Lab. components, forms the basis
for Otto Bock's TMR arm announced at ISPO 2010.

DARPA RP 2009 APL Prototype 2 Arm

The Prototype 2 arm (Fig (8)) was a built as a
technology demonstrator to prove that conventional
DC electric motors could used for the actuators and
still meet the DARPA specifications. The arm had to
be able to lift 50 Ibs at the elbow and 90 Ibs at each
DOF at the shoulder and have no-load speeds of at
least 120 degs/sec at each joint. The arm was built by
New World Associates (now Hunter Technology).
Because this arm was specified for persons with trans-
humeral or higher amputations the design team
assumed that the forearm volume was available to
them for hand actuators. This was in spite of it being
pointed out that this would preclude persons with
trans-radial amputations. In light of this and the
availability to Otto Bock of some new small 10 mm
motors, the BD Lab. and Otto Bock were tasked with
designing a hand that met the DARPA hand
specifications but that would be suitable for trans-
radial amputees. Thus two hand systems were built for
prototype 2. A 15 DOFs Extrinsic hand with actuators
in the forearm built by Hunter Technology and Kinea
(Evanston IL), and an 18 DOF Intrinsic hand built by
the BD Lab. and Otto Bock. APL provided electronics
and software for both hands and arm. Both hands were
designed to do 311N for cylindrical prehension, 89N
for tip prehension and a speed 360°sec per finger.

Fig. (6) — Prototype 1 arm based on early version of
the Michelangelo Hand and modified Dynamic Arm.
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Fig. (7) — Trans humeral TMR Subject wearing
Prototype 1 arm.

Fig. (8) — Prototype 2 Arm capable of curling 50Ibs at
the elbow.

Extrinsic Hand

This hand was a beautiful piece of engineering in
which a Cobot approach [46] was used to pull cables
that crossed the wrist and went into the hand. Springs
were used to provide finger extension - similar to the
Cyberhand. A Cobot was attractive because it has a
continuously variable transmission (CVT). With a
CVT it is possible to adjust the effective gear ratio and
keep the motor operating at its most efficient point.
The basic architecture was to have a single large
modified Maxon EC45 motor rotate a central shaft at a
constant speed and then to have a series of 5 'pucks',
each with 3 steering drives, sit along this central
rotating axis. Each puck controls 3 DOFs (Fig. (9)).
The pucks essentially act as a power "take off" -
flowing power from the large motor through the small
steering motor to drive a winch which winds in or
releases the cable to actuate a DOF. The angle of
attack of a steering motor on a roller pressed against
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Fig. (9) — Extrinsic hand showing Cobot Module of 5
pucks each with 3 CVTs.

the central shaft dictates the amount of power to flow
in that DOF. The Cobot idea is very elegant but
complex. This hand used all custom motors and
drives. In addition the cables were very hard to
maintain and controlling the hand to get a desired
motion was very complex since it involved having to
control multiple cables simultaneously. The
electronics also turned out to be very difficult due to
the number of wires that had to be accommodated for
each drive.

Intrinsic Hand

To develop a fully functional hand suitable for persons
with trans-radial amputations all the actuators
necessary to drive 18 DOFs had to be intrinsic to the
body of the hand (some 15 motors in all) with another
3 motors housed in the wrist. For this hand everything
from sensors, to high level processors, low-level
control electronics, wires, motors, prosthetic socket,
cosmetic covering, and power source had to fit into a
volume that was broadly anthropomorphic and weigh
no more than % kg [47].

Custom brushless DC electric motors, developed by
Maxon (Switzerland), capable of providing high
torque at physiological hand speeds were used for the
15 drives in the hand and Axi motors where used for
the wrist. These motors were coupled with what were
supposed to be high torque capacity Wolfrom
transmissions to form the basic actuator for the hand.
Each finger had 3 articulations with 2 motors. The
distal and medial phalanges were driven by 1 motor
coupled by a differential drive mechanism - proximal
interphalangeal/distal interphalangeal (PIP/DIP) drive.
The proximal phalange had its own drive - the
metacarpophalangeal (MCP) drive. In the palm, the
index, ring and little fingers had ab/adduction (Ab/Ad)
drives. The thumb had 4 DOFs each with its own
drive. The wrist was supposed to do flexion-extension,
radial-ulnar deviation and wrist rotation. Low-level
electronics to handle basic motor operation such as
commutation and transduction of local sensors were
developed by APL (Fig (10)). In addition, force and
position sensors were integrated into each finger tip
and joint axis. All these sensors and motor controllers
were coupled to a single large hand control module
that was ultimately to be mounted in the back of the
hand.

During testing, the robustness of the electronics suite
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Fig. (10) — The finished Proto 2 Intrinsic Hand.
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NOTE: R cannot be formed with the current design of this device

Fig. (11) — CAD model of the Intrinsic Hand
recreating the American Sign Language Alphabet.

became a source of concern with the largest problems
stemming from wires pulling free of the motors,
connectors and motor control boards as hand grasps
were performed. Moreover, Wolfrom drive efficiency
problems resulted in lower than predicted grips. The
wrist electronics were never fully integrated and
therefore never ran. Although not all of the design
goals were met, the time between design concept to a
functional prototype donned by a test subject was less
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than one year.

The Intrinsic hand was mechanically capable of
generating all but one of the American Sign Language
(ASL) postures (Fig (11)). The Intrinsic Hand did not
have the capability to do "R" which needs to cross the
middle finger over the index finger — this could be
achieved by increasing the range of MCP extension for
the fingers and the range of adduction of the fingers.
This demonstrates the Intrinsic hands capability of
complex posture generation, a necessary prerequisite
for dexterous manipulation.

This hand, of all the hands mentioned in this chapter is
the only one capable of true dexterous manipulation
because it had independent control of the MCP and
PIP joints in each finger as well as control of finger
and 4 DOFs for the thumb (See Mason and Salisbury
[48] for theoretical requirements for dexterous
manipulation).  Ultimately an Intrinsic  hand
architecture was chosen for the Modular Prosthetic
Limb (MPL) hand because it could meet the DARPA
specifications in terms of speed and grip strength and
could do so in a form suitable for persons with trans
radial amputations.

DARPA RP2009 APL Modular Limb

The Modular Prosthetic Limb (MPL) (Fig (12)) arm is
an iterated version of the Prototype 2 arm. The MPL
hand maintained the intrinsic architecture but the palm
and fingers were redesigned and the drives where
completely redesigned. Motors were second sourced
from Emoteq rather than Maxon. The Wolfrom
transmission was eliminated in favour of a planetary
transmission for the hand, thumb, Ab/Ad drives, and
one of the wrist drives. The BD Lab. and Otto Bock
were tasked with developing a 2 motor finger (2MF)
variant to enable dexterous manipulation for this limb
but by the end of the second phase of the DARPA
RP2009 project the priorities for whole RP2009

Fig. (12) — Photograph of the DARPA RP2009
Modular Prosthetic Limb as it is being assembled.
The hand is shown with both 2 motor fingers (index
and middle fingers) as well as one motor fingers (ring
and little fingers) and a 4 motor thumb.
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initiative were changed and the focus was shifted to
obtaining BMI control of the arm. To execute this
program shift, resources were diverted and the 2 motor
finger variant shelved, settling for a simpler hand with
single motor fingers and a single Ab/Ad drive for all
fingers.

The resulting hand has fewer DOFs then the Intrinsic
hand of prototype 2, it no longer has independently
controlled PIP and MCP joints and has a single
Ab/Adduction drive and a 4 motor thumb. The end
result is a hand that is capable of sophisticated
grasping function only.

The UNB Hand Project

The UNB hand [49] (Fig. 13) aims to create a hand
solution that optimizes function with respect to the
number of drives needed [50, 51]. In order to create a
hand capable of executing the six basic grip posture of
Keller et al. [52] it was determined that 3 degrees of
motion were required. Additionally, the limitations
posed by using two or three articulations per finger
along with experience gained from other multi-DOF
hands was incorporated into the overall design
specification. In this hand the index finger and the
thumb are individually actuated at the meta-carpal
phalangeal (MCP) joint and carpometacarpal (CMC)
joint respectively. The middle, ring, and little (MRL)
fingers are actuated by a single drive followed by two
differential gearing systems. The differentials, located
at the MCP joints of the MRL fingers, are configured
similar to a whiffle tree, and balance the torque
between the fingers while providing independent
movement of each finger.

All digits have a kinematic linkage system within the
proximal phalange which creates an extra degree of
motion about the proximal interphalangeal (PIP) joint.
Enabling the fingers to conform (wrap around) to the
shape of the object grasped. To execute both lateral
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Fig. (13): Photograph of first prototypes of the UNB
Hand. The current iteration is much narrower and is
appropriate for an adolescent or a small woman.
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prehension and palmar prehension with a single DOF
thumb a novel cam profile was developed to enable
the thumb to execute lateral prehension at full thumb
open, maximum hand opening at mid-range of its
travel and palmar prehension at the full close end of
the thumb travel. Compliant elements in the MCP and
PIP joints allow for compliance in the flexion-
extension and  abduction/adduction  directions
respectively. Where possible, the mechanical design
uses off-the-shelf components in order to minimize
production costs. The drives use coreless brushed DC
motors and associated 4-stage planctary gearheads.
The distal gearing and differential systems are
modified parts designed to withstand maximum
loading conditions. The majority of the purchased
components are also modified to fit within the hand
envelope. The UNB hand is a multi-axis adaptive hand
prosthesis currently in its third iteration that can form
all six basic hand grasps through the novel thumb
architecture. The mechanism is able to both passively
and actively adapt to the shape of a grasped object and
is short enough to be fitted as a trans-carpal hand. The

mechanism includes the local microprocessor
controller.
CONCLUSION

A lot of arms and hands have been described here and
for all of them their true function cannot be taken
advantage of unless better control interfaces are
developed. As mentioned, there is much research
going on in the realm of neural interfaces but for the
most part it is still research and a long way from being
of clinical use. In the author’s opinion further surgical
intervention to create additional control sources or to
implant devices will be necessary to create these
advanced interfaces. The downside is that individuals
who have undergone traumatic amputation are often
resistant to further surgery. Also, those individuals
with unilateral involvement can function adequatly
with just one arm, meaning they do necessarily need
what we can offer them — so the barrier for acceptance
is high. If a device is too heavy, a hassle, to
uncomfortable it will not be worn. It is also my
opinion that when designing hands you should build to
the control interface available if you want a clinically
viable device. Many of the devices mentioned do not
have an adequete control interface. In the case of the
DARPA RP2009 project we were told to “.. to assume
the control would be available..” and given that what
could we build. So given carte blanc we built the
Intrinsic hand - a hand with 18 DOFs. Although the
control does not yet exist to take advantage of this
hand. I view this hand as a technology demonstrator
and an existance proof to say that “yes” we can build
such a hand and it worked. We can say to the neural
interaface people we are capable of making these
devices if you can provide the control. These are all
excititng projects that push the envelope of the
available systems and now the media is gone we need
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to settle in for the other 95% of the effort needed to
make these devices reliable and ready for use in a
clinical enviroment.
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Experience Fitting Partial Hand Prostheses with Externally
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Abstract: Prosthetic management of partial hand amputation poses many challenges to
prosthetists and other treating professionals. Partial hand amputations have been challenging to
fit with externally powered devices due to the limited space available for prosthetic
mechanisms. It has long been the goal of prosthesis designers to mimic as many of the six
commonly referenced grasp patterns as possible. With the commercial introduction of
individually powered fingers exciting possibilities for fitting externally powered finger
prostheses that can replicate various hand postures is now feasible. Powered fingers have
allowed individuals with partial hand absence to regain some of the dynamic and conformable
grasp functions they lost. This chapter will present a general overview of prosthetic options
available for partial hand prostheses with specific focus on externally powered fingers.
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INTRODUCTION

Prosthetic management of partial hand amputation
poses many challenges to prosthetists and other
treating professionals. Loss of a hand causes obvious
functional disability but also has substantial
psychological and social impact. The hand is an
incredibly complex instrument with its many joints
providing an almost unlimited numbers of possible
hand postures. Sensory feedback provides a wealth of
information of both hand position and information
about the environment the hand encounters. Prosthetic
replacement of these features represents a monumental
challenge which is presently unattainable. Loss of
sensation alone in an otherwise functional hand causes
significant disability, this reality underscores the
difficulty in replacing an amputated hand.

It has long been the goal of prosthesis designers to
mimic as many of the six commonly referenced grasp
patterns as possible [1]. To date there have been four
multifunctional hands introduced for commercial
distribution, the iLimb hand from TouchBionics
(www.touchbionics.com), the BeBionic hand from
RSL Steeper (www.rslsteeper.com), the Michelangelo
hand from Otto Bock (www.ottobockus.com), the
Vincent hand from Vincent Systems
(www.vincentsystems.de). These hands are primarily
designed for persons with amputations above the
wrist. For the majority of partial hand amputees there
are only two commercially available electrically
powered options presently available; ProDigits from
TouchBionics and Vincent fingers from Vincent
Systems. With the introduction of these individually

powered fingers exciting possibilities for fitting
externally powered finger prostheses are now feasible.
This chapter will present a general overview of
prosthetic options available for partial hand prostheses
with specific focus on externally powered fingers.

INCIDENCE

Partial hand amputation is the most common upper
limb amputation level in the United States. In a review
of hospital discharge records between 1988 and 1996,
Dillingham et al. [2] found that approximately 18,496
individuals were reported to have upper-limb
amputations or congenital limb deficiencies annually.
Ninety two percent of these were below the wrist.
Trauma is the predominant cause of partial hand
amputations and it is important to note that often the
remaining portions of the hand are also damaged.
Limited joint range of motion, hypersensitivity,
scarring and a lack of strength in the remaining
portions of the hand may be complicating factors.

PROSTHETIC OPTIONS

Until recently prosthetic management of partial hand
amputation has relied on three basic categories of
prostheses: aesthetic passive hand restorations,
opposition posts, and body powered designs. When
deciding on the type of prosthesis to be prescribed,
variables include age, sex, occupation, degree of
physical activity, gadget tolerance, type of amputation
and unilateral versus bilateral involvement. As with
other upper limb amputations two or more prostheses
may be required to meet the multitude of patient

Vincenzo Parenti Castelli and Marco Troncossi (Eds)
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needs. Use of a trial prosthesis can be invaluable in
determining if a particular type of prosthesis will meet
the users needs and expectations.

Silicone Hand Restorations

High definition custom silicone prostheses have been,
and continue to be, the best option for reproducing the
natural appearance of the hand [3]. Pillet pioneered the
use of custom silicone hand prostheses that very
closely match the color and form of the missing hand
allowing the user’s hand absence to go unnoticed by
the casual observer. This is an important point because
if the individual with a hand difference resorts to
hiding his hand in a pocket to avoid being noticed the
extremity is functionally more disabled than
necessary. Silicone prostheses have a long history of
use and are generally well accepted [3, 4]. These
prostheses provide static replacement of the missing
parts of the hand and are often referred to as passive
prostheses since the prosthetic components do not
provide active motion. However, these prostheses do
offer function in addition to the extremely important
psychological benefit of restored body-image [3]. The
amount of function they offer is dependent on the

(b)

Fig. (1) — (a) Hand requiring opposition post to allow
grasp using the intact index, middle and ring fingers;
(b) Prosthesis made of a rigid plastic with compliant
foam on the gripping surface.

Uellendahl and Uellendahl

active features of the remaining hand. For example if
the thumb is the only finger remaining the silicone
fingers provide opposition for the thumb allowing the
hand to grasp objects, a function that would not be
possible without the prosthesis.

Silicone prostheses also can serve to protect sensitive
areas of the amputated hand. Custom silicone hands
provide good stain resistance however the material can
be damaged if subjected to use for manual labor. Since
silicone prostheses do not provide active finger
function they do not provide the grasping functions
required by many partial hand amputees.

Opposition Posts

Opposition posts are best utilized by persons with
either their thumb remaining and fingers missing or
thumb missing and fingers remaining. As the name
implies an opposition post consists of a rigid post
attached to the remnant hand with a prosthetic socket
in order to oppose any remaining fingers. Opposition
posts are generally simple and durable (Fig. 1).

Body Powered Options

Historically there have been attempts to provide body-
powered prostheses for partial hand amputations such
as the Robin Aids hand which could be configured in
various ways to replace complete loss of the fingers.
This hand used a shoulder control harness. However,
the Robin Aids hand is no longer commercially
available. More recent body-powered systems include
the X-Fingers (http://www.didrickmedical.com) and
M-Fingers (http://partialhandsolutions.com).

The X-Fingers use a multiple linkage design, typically
used to power the distal interphalangeal (DIP) and
proximal interphalangeal (PIP) joints with the force
and excursion of the metacarpophalangeal (MCP) joint
of the affected finger (Fig. 2). In the authors’ opinion
the X-Finger has limited indications for use since it is
primarily a finger driven design and requires enough
lever distal to the MCP to produce useable force.
Cosmetic covering is problematic.

Fig. (2) — X-Finger prosthesis fitted for amputation of
the index finger at the PIP joint.
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The M-Fingers use a cable actuated wrist driven
design where wrist flexion causes finger flexion at the
MCP and PIP joints of the prosthetic fingers, the DIP
joint is fixed [5] (Fig. 3). The M-Finger prosthesis
uses a Whiffletree design to allow conformable grasp
where finger motion continues until blocked by the
object being grasped. Grip force is low due to the

(b)

(©

Fig. (3) — (a) M-Finger prosthesis fitted to a trans-
metacarpal amputee; (b) bilateral M-Finger fitting with
wrist driven design on the left and finger driven design
on the right;(c) three finger M-Finger prosthesis with
wrist level silicone socket and prepreg carbon frame.
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mechanical design, however due to the conformable
grasp prehension is adequate in many cases. A
disadvantage of the wrist driven design is that wrist
motion is linked to finger flexion and neither can be
positioned independently. Also sustained grip force
requires maintenance of wrist position. Cosmetic
finishing is difficult. The M-Fingers are also available
in a finger driven design for partial finger amputees.
These fingers use MCP flexion to drive PIP flexion by
routing a cable from the dorsal side of the intact MCP
joint to the palmar side of the prosthetic PIP joint
(Fig. 3b). Use of the M-Fingers for finger driven
control requires sufficient length of the involved finger
distal to the MCP joint in order to produce adequate
force and excursion.

Another body-powered partial hand option is the so
called *handi-hook” (Fig. 4). This device uses a
conventional hook prehensor attached in the palm of
the partial hand prosthesis using a rigid socket,
flexible hinges and a figure of 8 harness. Control is
achieved with combinations of elbow, shoulder, and
scapular motions. This type of control produces force
and excursion for good terminal device function. The
disadvantages of using proximal joints to control the
terminal device are that the terminal device is linked to
these proximal motions and cannot be controlled
independently and these motions may appear
unnatural. Body-powered cable actuated control has
the inherent advantage of providing proprioceptive
feedback to the user regarding force, position and
speed of movement through the linkage of the
controlled component to the proximal physiological
joints [6].

Externally Powered Options

Partial hand amputations have been challenging to fit
with externally powered devices due to the limited
space available for prosthetic mechanisms. Early
powered prostheses for partial hands such as those
described by Weir [7], Gow [8], Putzi [9], Biden [10],
and Lake [11] were not commercially available. The
commercially available Otto Bock transcarpal hand is
not configurable for different finger absences and is
best suited, as the name implies, for the most proximal
of partial hand amputations.

A distinction between the attempts at providing
externally powered solutions for partial hand amputees
is whether the drive mechanism is in the body of the
hand or contained in the fingers. For the mechanism to
be applied to the largest number of partial hand
amputees the drive mechanism should be contained in
the fingers. Only the designs originally proposed by
Weir [7] (Fig. 5), Gow [8], and more recently Schulz
[12] satisfy this requirement.

Electrically powered partial hand prostheses offer
advantages over the body-powered systems discussed
above. No force or excursion is needed for operation
and finger activation can be independent of proximal
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Fig. (4) -

(@ a voluntary closing hook (www.oandp.com/products/trs) with palmar

Uellendahl and Uellendahl

(©
attachment;

(b) a partial hand fitted with voluntary opening hook (http://www.hosmer.com) [photo courtesy of Wayne Daly];

(c) a quick disconnect mechanism shown with passively positioned gripper (www.n-abler.org).

Fig. (5) — Prototype partial hand prosthesis with
individually powered fingers (printed with permission
of Richard Weir).

joint position. Without the need for user produced
force these systems may be better suited for
individuals with sensitive residual limbs as may result
from damage caused by a traumatic injury. Also grip is
maintained without prolonged control input. The
electric device is not back drivable and the prehension
force is generally greater than that obtained with wrist
driven devices.

Electric prostheses for partial hand prostheses also
have disadvantages compared to body-powered
designs. There is no direct feedback from the control
system regarding finger position, speed of movement
or force generated. The space needed for hardware to
control and power the fingers is difficult to house
within the normal confines of the natural hand space
making cosmetic finishing difficult. It should be
pointed out that in cases of more proximal
amputations such as transcarpal, wrist disarticulation
and long transradial, powered finger systems can allow
for improved cosmesis compared to other hand
designs by affording room in the body of the hand for
the control system and power supply (Fig. 6). With the
commercial introduction of ProDigits by Touch
Bionics Inc. in 2007, exciting possibilities for fitting
externally powered finger prostheses became feasible.

Fig. (6) — Prototype hand designed by the lead author
using four ProDigit fingers and an M-Thumb suitable
for amputations at and proximal to the transcarpal
level. The controller, 1300 mAh battery, charge port,
and on/off switch are housed within the hand body. An
Otto Bock system electric hand with quick disconnect
is shown for size reference.

DESCRIPTION OF PRODIGITS

ProDigits grew out of the Edinburgh Modular Arm
System (EMAS) project headed by Gow at the
Rehabilitation Engineering services, Princess Margaret
Rose Orthopedic Hospital, Edinburgh, Scotland. The
EMAS project began in 1988 and led to the
development of an electrically powered full arm
prosthesis fitted to a shoulder level amputee in 1998
[8]. The first clinical trials of ProDigits for partial
hand prostheses was reported by Ronald in 2001 [13]
(Fig. 7).

The present ProDigits system consists of fingers, a
control unit, power supply and signal input sensors.
Each finger consists of a motor and drive train which
articulates the MCP joint (Fig. 8). A cable is routed so
that MCP flexion causes PIP flexion on the index,
middle, ring, and pinky fingers, the thumb IP does not
articulate. There is no articulation at the DIP. There
are two motor sizes allowing for four different
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Fig. (7) — Example of the first ProDigit system fitted
clinically (copyright NHSLothian).

proximal finger lengths. Additionally there are
interchangeable finger tip lengths. The present design
requires finger absence 34 mm proximal to the MCP
joint in order to achieve normal finger length. Since
each finger is self-contained a variety of partial hand
amputations can be accommodated.

The microprocessor control unit accepts two control
inputs and has five motor drivers. The control unit is
configurable using a wireless Bluetooth interface.
Control strategies employing one or two inputs can be
selected from drop-down menus according to the
particular needs and preferences of the amputee.
Signal gains and thresholds can be adjusted in the
software.

Power supply is provided by a 7.4 volt Lithium power
pack. There are presently two battery sizes, an 800
mAh and a 1300 mAh. Selection of the battery
depends on the space available to house the battery,
the number of fingers being driven, and the anticipated
daily duration of use. Ideally a battery should provide
enough power to operate the prosthesis for one full
day. Requisite with the battery is a charge port and
on/off switch. These two components require space
and must be accessible to the user. The present charge
port is much larger than would be ideal, however, at
this time no suitable replacement is offered.

There are currently two types of control inputs
recommended for use with ProDigits, myoelectrodes
and force sensitive resistors (FSR’s). Both types of
inputs can be used for single site or dual site control
strategies.

Exchangeable

Finger Tips Drive
e Housing Ku;:l(_:kle
»B = Fairing

- PIP Joint Center
' _’ MCP Joint
Center

Fig. (8) — ProDigit component parts.
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DESCRIPTION OF VINCENT FINGERS

The Vincent© Systems GmbH - Medical Technics
Group from Germany offers the latest powered finger
system to become commercially available. The
Vincent System grew out of the work by Schulz who
has been involved in development of prosthetic and
robotic hands at the Karlsruhle Institute of Technology
for over a decade [14]. The Vincent powered finger
system consists of individually powered fingers with
articulation at the MCP joint and the PIP joint (Fig. 9).
The MCP articulation is driven by the motor and the
PIP joint is linked to MCP motion with flexible metal
struts.

This design allows force to be exerted by the distal
finger segment when the finger is moving in extension
as well as flexion, a feature not available in designs
that employ a unidirectional link to drive the PIP joint.
Two motor sizes and several finger tip lengths are
offered in order to match the finger lengths of a variety
of hand sizes. In contrast to the mostly plastic
construction of the ProDigits, the Vincent fingers are
made of an aluminum alloy (AlmgCu) and are fitted
with a soft and compliant finger tip. The size of the
Vincent finger is significantly smaller than the
ProDigits, especially the build height proximal to the
MCP joint which is 22mm shorter when fitted with
spring loaded electrical contacts and 25mm shorter
when fitted with flying leads for motor connection.
This short build height allows fitting of many more
persons with partial hand absence while maintaining
natural hand proportions [15]. The fingers are also
much smaller in the anterior/posterior dimension
providing a more slender hand (Fig. 10).

Control of the Vincent fingers is provided by a
microprocessor that accepts one or two control inputs.
Two controller designs are available, a four finger
controller or a 5 finger controller. The five finger
controller offers the option of vibration feedback to the
user regarding grip force. Signal gains and thresholds
can be adjusted with the computer interface.

Power supply is provided by a 7.4 volt Lithium power
pack. The most notable feature of the power supply
system is the charge port/on-off switch module which
is attached to the charger with a magnetic link. This
provides a charge system that is low profile allowing a
better appearance to the finished prosthesis compared
with the charge port/on-off module supplied with the
ProDigit system.

Exchangeable

Finger Tips
MCP-PIP
Joint Link

PIP Joint
Center

Motor

MCP Joint
> Center

Fig. (9) — Vincent Systems finger component parts.
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53.57 grams

39.75 grams
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Fig. (10) — (a) Vincent Finger (black finger) shown with a ProDigit. Both fingers are shown with the larger motor
that is available from both manufacturers. As shown the ProDigit weighs 53.57 grams and the Vincent Finger
weighs 39.75 grams. MCP joint centers are indicated by the red line; (b) ProDigit shown superimposed on adult
male hand; (c) Vincent Finger shown superimposed on same adult male hand. Both fingers are the same length

from MCP joint center to finger tip.

Finger tests comparing the speed and torque of the
ProDigits and the Vincent System fingers reveals
comparable performance. Testing was performed by
an independent laboratory under the direction of
Richard Weir. Both systems were purchased in the fall
of 2010 and were tested as delivered by the
manufacturer with the supplied control unit, power
supply and FSR’s using the large motor fingers. The
maximum speed for the ProDigits was 1.48
radians/second and 2.04 radians/second for the
Vincent System fingers. Torque at the MCP joint
measured 0.60Nm (0.44 ft-lbs) for the ProDigit and
0.49Nm (0.36 ft-lbs) for the Vincent System finger.
The Vincent System controller offered a “Power
Boost” mode that increases grip force by rapidly
pulsing the finger motor. With “Power Boost” enabled
the torque at the MCP was 0.58 ft-lbs. Although
TouchBioinics offers a similar “Pulse” feature in the
full iLimb hand, it was not an option in the controller
supplied with the ProDigits.

CONTROL

Typically control inputs for powered fingers are
provided by either myoelectrodes or force sensitive
resistors (FSR). Other inputs are possible such as
linear transducers and switches. Schulz has also
suggested use of strain gauges for control of powered
fingers, for example a strain gauge might be
positioned at the MCP joint of an intact finger to
provide control of one or more missing fingers on that
hand [12]. Control schemes that have been used
clinically include single site with fast/slow selection of
open/close or with alternate direction control where
one signal opens and the next signal closes and so on.
Present controllers for powered fingers also can be set
for voluntary open/automatic close or voluntary
close/automatic open when using one input. Dual site
proportional control is also possible and is generally
the preferred method of control. In the primary
prehension mode all fingers are driven simultaneously,
each finger continues to move until an object blocks
its motion or it reaches its mechanical stop thus

providing a conformable grasp. A second prehension
mode can be selected using a variety of mode selection
commands such as maintaining a hold-open signal
after the fingers have reached their extension limits,
cocontraction, or rapid repeat contractions in the same
direction. The typical second prehension pattern is
precision pinch where the index finger and thumb
become the only active fingers with the other fingers
driving to a fully flexed position or remaining
extended depending on the program selected or user
input. If a powered thumb is not utilized then only the
index finger would be active in this mode. This second
mode is useful for fine grasp using tip prehension
between the index finger and thumb or to allow the
index finger to be extended for activities such as
keyboarding or pressing buttons on a phone.

When myoelectric control is used the controlling
muscles can either be in the hand or forearm. Using
the muscles within the hand has the advantage of
providing finger control independent of wrist motion
and avoiding the need to cross the wrist joint with
electrode wires. The thenar and/or hypothenar muscles
have been used for control. When some fingers remain
it is advisable to use muscles that do not control the
remaining fingers, i.e. if the thumb remains the thenar
muscles should not be used to control the prosthetic
fingers. Use of intrinsic muscles for myoelectric
control also has disadvantages. The size of the
electrodes can make the hand bulky and it is difficult
to house the electrode package within the hand space.
Often when using intrinsic muscles only one usable
muscle site is possible and experience and user
feedback has suggested that two site control is
preferable to single site control. Since the majority of
muscles controlling the physiological hand are in the
forearm it is natural to use these muscles for control of
prosthetic fingers. Experience has shown that the users
can isolate myoelectric activity sufficiently to control
the prosthetic fingers without producing significant
wrist motion when desired.

New technologies for prosthesis control are on the
horizon. These include pattern recognition [16, 17, 18]
as well as implantable myoelectric sensors (IMES)
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[19, 20]. With IMES it may be possible to control a
greater number of finger motions directly or through
pattern recognition. Already there have been a limited
number of clinical trials involving control of ProDigits
using more than two control inputs. One such example
was fitted to an individual who retained slight motion
at the MCP joints of his index, middle, ring, and pinky
fingers. Each of these mobile remnants controlled a
single FSR with a dedicated microprocessor for each
finger. This configuration allowed direct control of
each finger independent of the other fingers. Another
approach for control of multiple fingers is to assign
one of the two control inputs to specific fingers. One
way to do this is to partially overlap two FSR’s so that
a mobile limb segment can press in one of three
locations i.e. only on one or the other FSR or on both
together. Using this control method it is possible to
have direct access to a variety of finger motion
combinations. Other control methods that can produce
interesting results are the use of fast/slow contractions,
co-contractions, timed mode changes, and use of
component position for mode changes. Using fast/slow
(rate) control with two electrodes can produce four
movement patterns from two electrodes. Co-
contraction or one of the other mode change
commands adds another dimension of control using
the same two electrodes. Mode changes initiated by
the component state have been used for many years
such as the elbow hold steady used on the Utah arm
(http://utaharm.com) where once the elbow is held
steady the elbow locks and power is transferred from
elbow to hand or the RSL Steeper mechanical elbow
where cycling of the elbow lock also turns the electric
hand on and off. A more recent example is the RSL
Steeper BeBionic hand where the passively positioned
thumb selects different grasp patterns depending on
whether the thumb is in an opposed position or non-
opposed.

PROSTHESIS DESIGN
Sockets

The role of the prosthetic socket is to provide a stable
connection of the prosthetic fingers to the residual
limb, to securely suspend the prosthesis and serve as a
place to mount the prosthetic components such as
battery and myoelectrodes. Traditional upper limb
prosthesis construction utilizes plastics for both the
interface material and structural components. With the
introduction of high consistency rubber (HCR)
silicones it is possible to design and fabricate silicone
interfaces in new ways that take advantage of the
unique attributes of this material and means of
manufacture [15, 21].

Material thickness, stiffness, and elasticity can be
selectively controlled. It is possible to incorporate
hardware such as electrode mounts, screw
attachments, zippers, battery compartments and wrist
mounts into the silicone during fabrication (Fig. 11).
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A
Fig. (11) — Finished ProDigit prosthesis with HCR
silicone socket. Electrodes and wires are housed
within  the silicone construction. A  battery
compartment is accessible through a zipper.

Custom silicone sockets have been reported to provide
better comfort as well as the ability to protect fragile
skin from breakdowns when compared to other
materials used for prosthetic sockets [22]. Therefore,
silicone has proven to be the socket material of choice
in the authors’ experience [22, 23]. Since most partial
hand amputations present with a hand remnant that is
larger in circumference than the wrist it is useful to
incorporate a zipper to allow entry of the remnant
hand and when zipped provide excellent suspension.
Also the socket should not restrict useful limb motions
such as those that may be available at the wrist, thumb,
or other remaining joints. In cases where the distal
limb is only slightly larger than the wrist the elasticity
of the silicone material may expand sufficiently to
allow entry of the limb without a zipper. The material
can be made thin and flexible in select areas to allow
joint mobility. HCR silicones are manufactured using
a high pressure two-roll mill. These materials are clay-
like in their forming state. The stiffness of these
materials using the Shore A durometer scale is
generally between 15 and 70. These different
durometer materials can be precisely positioned to
control regions of stiffness and elasticity as desired.
The material can be blended to modify the durometer
and other physical properties, has a high tear strength
and produces no volatile by-products.

A critical attribute of the physiological hand is the
exquisite sensation it provides. When possible it is
advantageous to leave normally sensate areas of the
hand exposed such as in cases where the thumb
remains and the majority of the thenar eminence is left
exposed [11, 22]. However, in some cases when
dealing with an injured hand hypersensitivity may be
experienced in which case the amputee may benefit
from the protection provided by covering these
sensitive areas with the silicone socket. Ultimately a
balance must be achieved between exposing sensate
skin, protecting hypersensitive areas, providing secure
fixation of the prosthesis, and providing sufficient area
to house and connect the required hardware.

Prosthesis design related to thumb type

In light of the vast variety of possible hand amputation
configurations, one key feature that will categorize the
type of prosthesis is the condition of the thumb
(Fig. 12). Since the thumb is the most important finger
representing 40% of hand function [24] the level of
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Fig. (12) — Examples of partial hand amputations that
are candidates for fitting with powered fingers.

thumb  function  retained  deserves  further
consideration. In order to provide good function the
thumb should afford sensibility, stability, opposition
and length [7]. When the thumb is partially amputated
it may be treated surgically with lengthening, web
space deepening, toe transfer, pollicization or
osseointegration [25, 26]. In many cases where the
thumb is partially amputated other fingers are also
damaged or missing. Communication and planning
between the surgeon and prosthetist is important for
optimization of hand function. Through early
interaction using a team approach outcomes can be
optimized.

Surgeons should consider not only the cosmetic and
functional results but also how a particular surgical
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intervention may affect the use of a prosthesis [11].
For example, in cases where all fingers have been
amputated and the thumb is missing at the MCP joint
it may be advisable to provide an osseointegrated
thumb prosthesis in combination with powered fingers
for the index, middle, ring, and pinky fingers. This
would allow the prosthetic thumb to be positioned in
opposition or for lateral prehension using intact
mobility of the metacarpal. The powered fingers
would provide force and a conformable grasp. The
osseointegrated thumb provides direct proprioceptive
feedback to the user regarding the force exerted on
objects grasped.

In cases where the thumb is missing, and surgical
options are not pursued, the options include provision
of a powered thumb or a passively positioned thumb.
When there is enough space a powered thumb can be
provided. The powered thumb allows for a wider
range of object sizes that can be grasped without
manually repositioning the thumb compared to the
passive thumb options. One disadvantage noted when
using the powered thumb is difficulty targeting small
objects that would be grasped using tip prehension.
When both sides of the grasping unit are moving the
users need to estimate the point in space that the
fingers will meet. Users of a fixed thumb hand will
place the object to be grasped against the thumb and
allow the index finger to come against the object using
the thumb as a fixed point of reference. Fixing the
position of the thumb in space is a natural mechanism
of grasp as reported by Wing who observed a pattern
of natural hand usage in which the index finger rather
than the thumb was responsible for reduction of grasp
aperture as the hand approached an object [27]. This
was observed in able bodied individuals as well as
individuals using a prosthetic hand where compensa-
tory proximal motions were used in order to keep the
moving thumb in a relatively fixed location [27].
Compared to the full iLimb hand the current ProDigit
design does not generally allow rotation of the thumb
to a lateral prehension position. Due to the volume of

Fig. 13 — (a) the APRL thumb in the narrow opening positions; (b) the APRL thumb in the wide open position;
(c) the M-Finger thumb rotated for precision pinch prehension.
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the ProDigit thumb proximal to the articulation many
individuals who are missing their thumb do not have
sufficient space for mounting of the powered option.
The Vincent System thumb attachment point is much
closer to the MCP joint articulation allowing greater
opportunity to fit a powered thumb within the normal
volume envelop of the natural hand. In cases where the
powered thumb is not possible either a passively
positioned friction thumb or a passive locking two
position thumb can be provided.

The friction thumb from the M-Finger system
(www.partialhandsolutions.com) offers rotation where
the locking thumb from the APRL (www.hosmer.com)
hand does not. The locking thumb is better suited to
activities where higher loads are experienced since the
friction thumb would move as a result of these high
forces (Fig. 13).

Coverings

Covering of the prosthesis is desirable for aesthetic
reasons, to keep dirt out of the finger mechanisms, and
to improve the functional grasp of the hand with the
addition of a soft compliant covering. A variety of
coverings have been utilized including very thin
leather athletic gloves, textile gloves, and silicone
gloves (Fig. 14). The silicone iLimb skins have been
used in some cases where the finished hand was not
excessively large. In cases where some fingers are
remaining off-the-shelf silicone gloves have been cut
to avoid covering the intact fingers. Custom silicone
gloves have also been provided. Certainly finding a
suitable covering is difficult and remains one of the
goals of future development. The external covering is
a critical component providing not only the final
aesthetic appearance but also must provide increased
compliance and friction for better stabilization of
objects. Ideally the covering material should have high
elasticity under low deformation forces, be tough, and
capable of being shaped and colored to match the
user’s hand characteristics. Since every hand has a
unique shape, provision of a custom glove would be
ideal. However, manufacturing a custom glove is both
time consuming and expensive. One solution for
custom glove manufacturing may be found with
computer aided design and manufacturing [28].
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CASE EXAMPLES
Carpometacarpal Level: Powered Thumb

Case one presents the prosthetic considerations for an
individual who suffered a traumatic amputation at the
carpometacarpal level (Fig. 15). This 67 years old
male had a traumatic amputation of his non-dominant
hand as a result of a water-skiing accident. His
residual hand is scarred and there is very little motion
at the wrist. The initial prosthetic recommendation was
to consider revision surgery to the wrist disarticulation
level. This change in amputation level would allow
fitting of a wider variety of terminal devices. Without
physiological wrist motion the benefit of partial hand
amputation versus wrist disarticulation is mostly lost.
This patient refused revision surgery and therefore
fitting proceeded using five powered ProDigit fingers.
The finished prosthesis was provided eight months
after the injury. The finished prosthesis provided
several grasp patterns due to the conformable grasp
provided by five independently powered fingers. A
second mode of operation was programmed into the
controller. This second mode was accessed
myoelectrically by a sustained hold-open signal. When
second mode is selected the middle, ring, and pinky
fingers fully flex and the thumb and index finger
become the only active fingers in a precision pinch
grasp pattern. All fingers resume function with another
sustained hold-open signal. The socket was made of
silicone and incorporated a zipper for easy donning
and doffing. Full forearm rotation was retained in the
prosthesis. The battery and charge plug assembly were
housed within the silicone construction on the medial
forearm surface. Control was achieved with two
electrodes, one over the forearm flexors and the other
over the extensors. At one-year follow-up this patient
reports wearing his prosthesis “a few times” a week.
On days he wears the prosthesis he tends to wear it all
day, about 8-10 hours. He wears the prosthesis on days
when he anticipates activities that the prosthesis will
facilitate. He finds the prosthesis particularly useful
when he needs to hold objects while manipulating
them with his sound-side hand which is as one would
expect for a unilateral amputee especially when the
amputated hand is the non-dominant hand. His 1300
mAh battery is sufficient to operate the five powered

©

Fig. (14) — () a leather athletic glove; (b) TouchBionics iSkin silicone glove; (c) TouchBionics LivingSkin

custom silicone glove.
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fingers all day for his typical usage pattern. When not
wearing his ProDigit prosthesis this patient wears a
custom silicone socket to protect his scarred residual
limb which is prone to abrasions.

Transmetacarpal Level: Friction Thumb

Case two reviews the fitting of a transmetacarpal level
amputation for an individual who sustained a
traumatic amputation 18 years before this episode of
care. This 45 years old man presents with good wrist
motion. He has previously been fitted with body-
powered hook prosthesis as well as a myoelectric
transcarpal hand. These previous prostheses were
rejected due to the excessive length and bulk of the
finished prostheses. Since too much of the hand
remained to fit a powered thumb within the normal
geometry of the hand a friction thumb and four
powered fingers were provided (Fig. 16). The friction
thumb acts as a static back stop for the powered
fingers during grasping. Since the thumb does not
move, small objects are easier to grasp then generally
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is the case for a moving thumb design. This user
demonstrated good ability to grasp small objects by
placing the thumb against the object and then closing
the powered fingers to achieve grasp. The socket
design used was the same as described in case one.
Due to the flexibility of the silicone wrist motion is
hampered only slightly. The zippered silicone socket
provides excellent fixation on the residual limb.
Initially, during the test socket phase of fitting,
intrinsic hand muscles were evaluated for control
using the hypothenar muscle signal to alternate
direction of the fingers. Also during the fitting two site
control using forearm musculature was evaluated. This
patient felt that use of the forearm muscles was
preferable due to the ease of control and the direct
access to the open or close functions. At eight months
follow-up this patient reports wearing the prosthesis
all day (12 hours) almost every day. He uses the
prosthesis to carry his computer bag, hold his cell
phone, and other daily activities such as cooking,
cleaning and home maintenance. With the 1300 mAh
battery the prosthesis operates for a full day with few
exceptions.

Fig. (16) — (a) residual limb; (b) prosthesis during test fitting; (c) final prosthesis (photo courtesy of TouchBionics)
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Thumb Remaining

Case three is a 50 years old man who presents with a
diagonal amputation of his index, middle, ring and
pinky fingers starting at the transmetacarpal level of
the index finger and approaching the carpal level of
the pinky. The thumb is intact (Fig. 17). The
amputated hand was his non-dominant hand. The
amputation resulted from trauma sustained by a
hydraulic press. Since the thumb provides normal
motion and sensation, it can be expected that function
with four powered fingers will be superior to the first
two case examples. The intact thumb provides for a
variety of grasp patterns where the thumb is in
opposition as well as for lateral prehension. The thumb
provides excellent proprioceptive feedback regarding
objects grasped and can modulate grip force. Of
primary concern for ProDigit fitting is the length of
the fingers. The ProDigits require approximately 34
mm proximal to the MCP articulation to achieve
physiologically natural length. In order to provide a
prosthesis that is as close as possible to the normal
length the shortest fingers were provided. The
disadvantage of using the short fingers is that they
provide less force than the longer fingers due to the
smaller motors. In this case that trade-off was
acceptable because the thumb was capable of
producing enough force as well as detecting any
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slippage of objects held. The silicone socket was
designed similar to the previous cases with attention to
maximizing thumb range of motion as well as
exposure of normal skin of the thenar eminence for
tactile sensation. Since the thumb remained the thenar
muscles were not considered for control due to their
involvement in thumb function. Single site control
using hypothenar muscles was evaluated as was two
site control using forearm muscles. Two site control
using forearm muscles was preferred. At an 18 month
follow-up this patient reports full-time use of his
prosthesis. He is employed full-time and performs
shipping and receiving functions that require him to
lift and manipulate packages using both hands.

After two years of daily use the ProDigit prosthesis
was replaced due to normal wear and tear accelerated
by exposure to the corrosive environment encountered
working at a salt mine. At this time the Vincent
System fingers were provided. Two forearm located
myoelectrodes again provide control of the four
powered fingers. Due to the much shorter build height
of the Vincent System fingers compared to the
ProDigits, the large motor fingers were provided for
all four digits while maintaining anatomical overall
length of the hand. The longer fingers provided a
noticeable improvement is grasp due to the greater
encapsulation of objects grasped. Most noticeable to
this user was the lighter weight and more natural and
slender appearance of the hand.

Fig. (17) — (a) appearance of partial hand amputation without prosthesis; (b) ProDigit prosthesis fitted allowing
restoration of a variety of prehension patterns; (c) Vincent System showing anatomically correct finger lengths;
(d) Vincent System shown utilizing index point feature for keyboarding.
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Fig. (18) — (a) appearance of hand without prosthesis; (b) three finger ProDigit prosthesis fitted.

Thumb and Index Finger Remaining

Case four demonstrates ProDigit fitting when multiple
fingers remain. This 16 years old male suffered a
traumatic farming accident that resulted in amputation
of his middle, ring, and pinky fingers. The index
finger remained but was limited in function with a 75
degree flexion contracture at the MCP joint. The
thumb function was normal (Fig. 18). Without a
prosthesis, grasp between the thumb and index finger
was weak and instability of objects grasped was noted.
Powered fingers were provided for the missing fingers.
This fitting achieved greater stability of objects
grasped due to the larger contact area and
conformability of the powered fingers. The thumb,
including the majority of the thenar eminence, was
exposed from the silicone socket as was the complete
index finger. Control was achieved with forearm
flexors and extensors. At initial follow-up this patient
reported that the prosthesis was useful for holding
objects that he could not hold without it. He wore the
prosthesis “most days”, usually for 4-5 hours at a time.
At later follow-up, one year after delivery, this patient
had outgrown the prosthetic socket and refitting of the
prosthesis using the existing components is being
pursued.

CONCLUSIONS

Powered finger prosthesis for partial hand amputation
is in its infancy. Powered finger prostheses have
allowed individuals with partial hand absence to
regain some of the dynamic and conformable grasp
functions they lost. This experience as well as new
technologies  for fitting, manufacturing, and
controlling powered fingers will undoubtedly lead to
improvements upon these early designs in the near
future. New prototype ProDigits are in the design
phase to significantly reduce the size and build height
of the finger proximal to the MCP joint [29]. The
Vincent fingers already provide a minimal build height
proximal to the MCP joint. A short build height allows
many more persons to be fitted with powered fingers
that achieve a physiologically appropriate length.

Shorter build height also allows for provision of a
rotating thumb mechanism that can be fitted in some
partial hand prostheses to allow lateral positioning of
the thumb. Rapid manufacturing techniques may allow
customized structural components to be made in a time
and cost efficient way [30]. Computer aided
manufacturing may also offer a way to create molds
for custom silicone coverings that match the unique
shape and size of any individual powered finger partial
hand prosthesis [28]. With the many hand postures
possible with individually powered fingers comes the
task of controlling these motions. In recent years much
progress has been made in development of real-time
pattern recognition that could allow direct access to
various grasp patterns. In this regard IMES also offer
interesting possibilities. Whatever control method is
employed it should provide consistent and reliable
control and with experience use should become
subconscious.
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Abstract: Recent findings in clinical neurophysiology show that the cortical representation of an
amputated hand is not so largely affected, as once thought, by critical rearrangements, and that
central and peripheral neural connections somehow maintain their functions. These findings
paved the way towards the exploitation of cortical and peripheral residual functions by neural
interfaces for hand prosthesis control. In the present study, a young male amputee has been
implanted with four intraneural multielectrodes, two in the median and two in the ulnar stump
nerves. During the next four weeks, these electrodes were used with the double purpose of
recording neural signals (for the extraction of subject’s motor intentions to be performed by the
robotic hand prosthesis) and eliciting sensory feedback through proper electrical stimulation
(pulses frequency and duty cycle). Recorded neural signals were mapped in real-time onto three
actions of the robotic hand through an amplitude on the best matching channel threshold
method, while, thanks to an Al classifier trained offline, was achieved an 85% accuracy.
Recorded peripheral nerves activity was then compared with the cortical activity over the
missing hand motor area. By performing the classification of the motor intention over the
peripheral signals solely during a time window compatible with the transmission delay of the
motor command from the cortex, identified as an event related desynchronization of the EEG
thythm, the classification rate approached 100% of success. The study also aimed at
investigating possible neurorehabilitative effects of the re-acquired stream of data to/from the
missing limb and the continuative use of a high-interactive hand prosthesis. Results show that
training for robotic hand control and for sensory perception produced a normalization in the
electroencephalographic activation pattern and a reorganization of the motor cortical maps as
evaluated via TMS, with restriction of the cortical overrepresentation of muscles proximal to the
stump. In parallel, a clinical improvement of phantom limb pain has been observed, that
recognizes in the correction of the aberrant plasticity in its anatomical substrate.

Keywords: Robotic Hand Electrodes, Multi-channel Interfaces, Proprioceptive and Tactile Feedback, Clinical
Neurophysiology, Brain Plasticity, Phantom Limb Pain.

INTRODUCTION and functional deficiencies with the use of prostheses.
Cosmetic prostheses were already present in Egyptians

portraits, whereas devices specifically conceived for
Since thousands of years, Humans suffering for post- functional restoration appear in the early 1500’s [2].
traumatic limb amputation try to compensate cosmetic Despite the huge innovations in science and
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technology which characterized the last five centuries,
there are still several sensible limitations which have
to be overcome before high-tech prosthetic devices
will be really able to substitute the amputated limb.
The most advanced hand prostheses commercially
available are little more than pincers with one degree
of freedom, with no or a few embedded sensors which
do not provide any proprioceptive feedback, hence
requesting the user to continuously visually monitor
the prosthesis operations. This can explain why the
vast majority of amputees still use cosmetic prostheses
only, if any at all. It is quite obvious that the
performances theoretically required to an upper-
limb/hand/fingers prosthesis are remarkably more
complex than those expected from lower limbs
prostheses. This problem has not been solved by upper
limb transplantation, which does not seem —so far— to
represent an acceptable and viable solution, at least for
large scale use [3]. The overall user acceptability of a
prosthetic device depends from multiple factors, such
as dexterity, anthropomorphism, controllability,
autonomy and dependability. The current advanced
research in robotics is trying to answer to these
challenges by studying novel sensing and actuation
miniature  devices, possibly based on MEMS
technologies for allowing the monolithic integration of
motion control and sensory data acquisition and
processing capabilities. Also advanced kinematic
solutions are under investigation to allow natural
movements with under-actuated mechanisms [4], in
order to keep the mechanical complexity —and the
weight— within acceptable limits. Such efforts are
enabling the first developments of compact, light-
weighted, multi-fingered hand prostheses which
embed low-level controllers for active grasping control
and could be prone to perform dexterous manipulative
tasks, if properly interfaced to the user [5].

The bottleneck of current research on novel robotic
prostheses has been moved to the interfacing level.
Prosthesis motor performances and acceptability are
now influenced mainly by the quality and quantity of
sensory information fed-back to the user [5, 6]. Under
this regard, information transfer rate and latency -i.e.
the time delay between command and action enabled
by the interface- play a major role [7].

Ideally, a Brain-Machine Interface (BMI) should be
able to implement a closed-loop control of the
mechatronic prosthesis while exchanging bidirectional
(efferent and afferent) information with the nervous
system of the amputee. In fact, one of the most
intriguing and disruptive innovation that might have a
dramatic impact on the application of such a new
generation of hand prostheses is the enhancement of
the exteroceptive and proprioceptive channels that the
device is able to establish with the patient in a
physiological fashion, in order to partially recover
natural sensations and re-obtain full consciousness of
the missing limb, by embedding it again into the
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personal body scheme. From a design perspective, the
development of highly performing hardware (in terms
of mechanics, sensing capabilities and actuation
means) should be intimately interwoven with the
development of suitable control techniques, and both
such aspects should build upon a proper natural and
intuitive bidirectional interface with the user, that, at
present, still represents the main actual functional and
technological limitation of the whole system.

Persistence of Neural Pathway

Amputation of a limb involves the complete and
sudden truncation of all the afferent and efferent
nerves that innervate the lost part, triggering
anterograde and retrograde changes to and from the
stump, which affect both peripheral and central
nervous systems. Cortical reorganization that follows
limb amputation is accompanied by an invasion from
the adjacent territories of the cortical areas devoted to
the representation of the lost limb [8-10], but several
recent evidences show how the deafferented hand-
controlling cortex still remains responsive to stimuli
which “seem” to be coming from the missing hand
[11-13]. Since the amputation does not completely
erase relays and connections, these areas can be
exploited as potential targets for user-prosthesis
interface by implanting a bidirectional intraneural
electrode in the stump nerves for controlling the
artificial robotic device [14].

Amputation of a limb is, for nearly all amputees,
followed by the sensation that the lost body part is still
present and kinesthetically perceived. These
phenomena are grouped in the frame of the so called
phantom awareness and phantom sensation
respectively [15]. In 50-80% of amputees a painful
dysesthesic perception in the lost limb named
phantom limb pain (PLP) or syndrome (PLS), is
observed, which is an additional cause of disability
[16]. Cortical reorganization in both motor and
somatosensory  systems, assessed with several
methods, primarily manifests in patient with PLP, and
probably represents its neuro-anatomical substrate
[17-21].

Interfacing with Peripheral Nervous System

New approaches in developing artificial architectures,
that compensate for the loss of motor and sensitive
functions, involve the capability of directly interfacing
to the nervous system at a peripheral level.

This can be done via implanted microelectrodes
capable of exchanging information with the nerves.
Peripheral nerve interfaces aim at detecting electrical
activity of the nerve fibres and/or to excite them as
selectively as possible [22-25].

From a neuroprosthetic standpoint, invasive peripheral
neural interfaces offer a very good compromise
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between the extremely high invasiveness of cortical
implants and the low selectivity of
electroencephalographic (EEG) or electromyographic
(EMG) interfaces, which are also limited by the
unnatural control strategies and lack of proper sensory
feedback.

Neural interfaces mostly use an electrical coupling
method both for detecting the bioelectrical activity of
the nerve fibers (recording) and/or to induce their
excitation (stimulating). Thus, the neural electrodes
have to be implanted in the proximity of a peripheral
nerve, even within it, to reduce tissue impedance and
the current intensity needed to trigger stimulation.
Unfortunately, the selectivity for stimulation or
recording from individual nerve fibers increases with
the invasiveness of the electrode. Implanting an
electrode inside the nerve, instead of placing it around
the nerve, increases the selectivity of the contact and
the signal to noise ratio [26, 27].

Given the same fibre-stimulating contact distance,
large myelinated fibres are picked up more effectively
than small myelinated and unmyelinated fibres.
Therefore, tactile or position sensations can be
selectively and focally elicited without concomitant
pain, while motor signals to extrafusal fibres are
recorded much more easily than those to intrafusal and
vegetative fibres. If the number and spatial density of
recording sites within the nerve are higher, then the
probability of recording signals from the fascicles,
originally innervating the missing limb and conveying
the information relevant to the desired movement, is
significantly higher [22].

Recently, thanks to peripheral intrafascicular
electrodes implanted in the stump nerves of amputees,
two different research groups were able to record
volitional motor nerve activity that has been used by
the patient to control the grip of a hand prosthesis [28]
and the flexion-extension of an artificial finger [29].
Horch and colleagues were the first to stimulate nerve
fascicles using thin insulated conducting wires LIFEs,
implanted into median and ulnar nerves. Half of eight
amputees discriminated tactile and proprioceptive
unimodal sensations with stable topography [30]
which improved with training [31]. Three subjects
were able to rate the level of force from a strain gauge
placed on a robotic hand thumb and to match with the
intact arm the elbow angle of the robotic arm. The
other three volunteers succeeded in matching with the
robotic arm different levels of force and elbow angles
through one motor channel [28].

OBJECTIVES

The goal of this study was to evaluate the reliability
and biocompatibility of a novel peripheral intraneural
multielectrode in recording neural signals from motor
fibres of a human subject. The study lasted four
weeks. Recorded signals were classified into rest and
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three voluntary emitted commands dispatched to the
missing hand/fingers, while sensory feed-back was
electrically delivered as a surrogate of action-driven
perception. Byproduct of the study is the development
of a neural classifier that allows to improve the
amount of correct classified intentions of the user. In
parallel, this work evaluates the redirection of previous
aberrant cortical neuroplasticity and the concomitant
amelioration in phantom limb symptoms due to the
reacquired bidirectional stream of data.

METHODS

Four intrafascicular multielectrodes have been
implanted in the peripheral nerves of the upper limb in
a human volunteer.

Subject

A 26 year old right-handed male with left arm trans-
radial amputation due to a car accident happened two
years before the experiment (Fig 1), who had
previously tried, without satisfaction, aesthetic and
myoelectric prostheses, was selected.

Previous medical history was unremarkable. Full
neurological and neurographic/electromyographic
exams were normal. Neuropsychological and neuro-

Fig. (1) — Different views of the transradial amputation
of left upper limb of the subject who took part in the
experiment after the car accident. (From [1])

Fig. (2) — A and B: optical microscope views of tf-
LIFE4 at different magnifications; C and D: electrodes
footprint with dimensions. Note that only the encircled
part remains within the nerve and contains the
recording contacts (i.e., yellow rectangular L1 and L2
of C), as schematised in E. (From [1])
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psychiatric tests (MMPI-2, WAIS) demonstrated
normal comprehension and intellectual capacity, and
excluded personality disorders.

The study was approved by the local Ethics
Committee and by the assigned office of the Italian
Ministry of Health. An informed consent was signed
by the patient in the presence of a witness from his
family.

Electrodes

Longitudinal intrafascicular electrodes (LIFEs) are
inserted longitudinally into the nerve to lay in-between
and parallel to the nerve fibers [26]. Thin-film LIFE4s
(Fig 2) represent the last generation of such electrodes
and present several contacts deposited over a
polyimide substrate. Their contacts can be used to
perform invasive multi-unit peripheral nerve recording
and stimulation, thus allowing the combination of
neural signals from multiple sites to better reconstruct
the patterns of input or output information. Each single
electrode is fabricated from a thin insulated
conducting Platinum (Pt) stripe embedded in a
polyimide, with eight recording pads left exposed.
Both thin Pt layer and polyimide assure
biocompatibility and flexibility [32, 33]. tfLIFEs allow
more selective interfacing than extraneural electrodes,
which wrap the whole nerve, because they acquire
signals from few axons only. Electroneurographic
(ENG) signals from peripheral nerves have been
recorded for long periods (months) in animals using
LIFEs, demonstrating their biocompatibility [34].

Surgery

After general anaesthesia, skin was incised along the
medial edge of the biceps muscle for 10 cm to expose
ulnar and median nerves in the distal upper arm;
following epineural microdissection, two tf-LIFE4s
[33], 3 cm apart, were inserted in each nerve under
surgical microscope (Opmi Vario/NC33, Zeiss). A
tungsten needle allowed electrode filament
introduction into the nerve fascicle. tf-LIFE4s were
introduced 45° obliquely to assure stability and to
increase the probability of intercepting nerve fibres.
The distal handle of the electrode was anchored to the
epineurium by a 8.0 nylon suture. Four through holes,
lateral to the incision, allowed the positioning of the
tf-LIFE4 wires. Four weeks later, tf-LIFE4s were
removed.

Prosthesis

A stand-alone version of the CyberHand prototype
(Fig. 3), which approximates dimensions and grasping
capabilities of the human hand with five underactuated
fingers actuated by six motors (5 for the independent
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Fig. (3) — Robotic hand experimental movements
(A-Rest, B-Power grip, C-Pinch grip, D-Flexion of
little finger).

flexion/extension of the fingers, 1 for the opposition of
the thumb), was employed [35].

It was endowed with 6 position sensors and 5
tensiometers able to measure tension of the cables
controlling finger flexion, similar to Golgi tendon
organs. However, validation of real time artificial-
sensor feed-back was not part of the present
experiment; sensory stimulation and feed-back were
delivered by the experimenters and not by the robotic
hand sensors.

Stimulation/Recording System

The Stimulation and Recording System is devoted to
the amplification, filtering, acquisition and the storage
of the neural (ENG) and myoelectric (EMQG) signals,
as well as to the electrical modulated stimulation of
the neural fibres in contact with the tf-LIFEs.

Four integrated 4-channel amplifiers (Grass QP511
Quad AC Amplifier System for Evoked Potentials,
EEG, EMG) simultaneously amplified ENG signals
(by a factor of 10.000, and band-pass filtered between
100-10k Hz), and EMG signals (by a factor of 5.000
and band-pass filtered between 30-3kHz).

A 16 channels, 16 bit, 1 Ms/s analogue-to-digital
converter (ADC), connected to a PC, was used.

A two channels stimulator (Grass S88X Dual Output
Square Pulse Stimulator) was programmed for
releasing trains of rectangular biphasic cathodic
current pulses. Trains duration ranged between
300msec and 500msec, releasing between 3 to 250
pulses per train (with pulse frequency ranging between
10Hz to 500Hz). Pulse parameters such as current
intensity (10-100 pA) and duration (20-300 upsec)
were set in accordance with tf-LIFEs intrinsic
limitations on charge density.
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For safety reasons, the whole system was powered by
an isolation transformer for medical applications.

Motor Output Recording

The protocol included the following phases: 1) Pre-
implant training with a virtual hand for standardizing
movement imagination; 2) Post-implant training to
control output of tf-LIFE4s during motor imagination
and stimulation for hand/fingers sensory feed-back ; 3)
On-line prosthesis control designed to train the subject
to control and standardise tf-LIFE4 output induced by
movement imagination; 4) Off-line development of a
classifier-algorithm for optimal prosthesis control.
During phase 1), the patient practiced by imagining
three single movements performed with the missing
hand as shown in dedicated videos: (i) fist grip; (ii)
pinch grip; (iii) flexion of the little finger (Fig. 3).
These three actions were considered representative of
the variety of movements controlled by the nerves
under investigation: mostly median fibres for the
pinch, ulnar for little finger flexion, and both for the
power grip.

Following tf-LIFE4s implant, phase 2) began, in
which the same videos were used to trigger user motor
intents while recording his neural signals. Videos
showed alternating open-relaxed hand movements and
were synchronised with the recording system. Signals
from tf-LIFE4s, biceps and triceps EMG electrodes
were simultaneously recorded using a 48 kHz
sampling rate, and were data-windowed in 1000
samples for mean rectified value calculation.

In phase 3) ENG channels with the best signal-to-
noise ratio were selected while analyzing the
recordings from the previous phase. Their online
activities, together with EMG activity, were shown to
the subject, who was asked to modulate them while
keeping the EMG silent.

Once a stable level of training was achieved, LIFE
signals were translated into robotic hand actions and
the subject had direct visual feed-back on the correct
execution of the intended movement. Each movement
type was triggered by the signal level of a proper
single channel. In order to exclude activities caused by
unwanted muscle contraction or environmental noise,
only rectified values greater than 3+8 pV in a time
window ranging from 5 to 20 ms were used. Channels
were chosen depending from their signal-to-noise ratio
and anatomo-functional location (i.e., channels from
the median nerve for power or pinch grip, channels
from the ulnar for little finger flexion).

For phase 4), off-line examination of the original ENG
signals and their processing was carried out to
optimise the prosthesis control in order to avoid ‘false’
positive  (unwanted movement) and negative
classifications (no movement performed despite the
intention). For efferent signals processing, selected

Di Pino et al.

features were extracted as input to an artificial neural
network, after wavelet denoising and spike-sorting by
using a template creation and matching approach [32,
36, 37]. Support vector machines were trained to use
waveforms of the identified spikes to infer the type of
imagined movement. The analysis was applied to a
progressively higher number of active sites in order to
test whether correct classification improves.

The reliability of classification was evaluated as the
accuracy of the system in avoiding ‘‘false” positives
(unwanted movements) and negative classifications
(no movement performed despite command dispatch).
To further improve the performance of the motor
control system, only the features of the signals falling
in the time window compatible with the transmission
delay of the motor command from the cortex,
identified as an event related desyncronization of the
EEG rhythm, have been taken into consideration.
Whenever one type of action was classified, the
robotic hand started and completed a movement after a
time lag appropriate to a natural condition.

Sensory Stimulation

To identify afferent fibres eliciting sensations, full
mapping of all 32 contacts within the tested nerves
was carried out. Rectangular cathodal pulses with 10-
300 ps duration and 10-100 pA current intensity were
employed. To avoid electrode damage, all stimulation
trials were below 75% of the maximum charge (~4
nC), in the form of 300-500ms 10-500Hz pulse trains.
The best active sites for sensation were characterised,
beginning with short and low-current stimuli (10 pA,
10 us), which were progressively increased in order to
elicit different sensations; either the electrode’s safety
limits or subjective discomfort determined maximal
stimulus intensities. A psychometric staircase method
was used to quantify sensation, ranging from the
minimal perceived threshold (score=1) to discomfort
(score=5).

Stimulation was also tested the 7™ and the 8" day after
implant as feedback during a control motor task, in
which the patient was asked to produce a power grip
every 5 seconds. In a set of trials, an operator triggered
a stimulus train (0.3s train of 70Hz, 10 p A, 10 ps
pulses) after each burst of efferent activity recorded by
tf-LIFE4s; success rates with or without sensory feed-
back were then measured.

Neuroplasticity and PLS

Cortical reorganization has been monitored through
Electroencephalography (EEG) and Transcranial
Magnetic Stimulation (TMS) before the implant and
repeated the day before the explantation of the
electrodes.
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Phantom awareness and phantom-limb syndrome
(PLS) were evaluated pre-surgically and were
followed up at the end of the training period and 3
months after implant removal, using an abbreviated
version of the McGill Pain Questionnaire (stMcGill),
the present pain intensity scale (PPI), the pain visual
analogue scale (VAS), and an open section for
description of phantom awareness.

Electroencephalography

Voluntary movements are accompanied by a definite
pattern of changes in oscillatory firing of cortical
neurons. While the presence of an ERD (Event-
Related Desynchronization or a power decrease in a
frequency range timely related to a given event) has
been linked to the activation of cortical areas related to
preparation of movement, the ERS (Event-Related
Synchronization) has been associated to inhibited or
idling areas.

Topographical maps of ERD/ERS in alpha-1 (8-10
Hz), alpha-2 (11-14 Hz) and beta (15-25Hz) bands
were obtained by averaging for each band the time-
frequency representation in the period from 500 to
1500 ms. The topographical maps of the different
sessions were compared.

EEG signals were recorded from the scalp in different
sessions: i) before surgery (PRE) during voluntary
command to perform left hand grasping, ii) after
LIFEs implant (POST) and intensive training for
motor commands control simultaneously to ENG
acquisition, iii) during right hand movement. Thirty-
two electrodes (scalp sites defined according to the
international 10-20 system), mounted on an elastic cap
and binaural reference, were used. Skin/electrode
impedances were kept below 5 k Q. Recordings were
carried out using a time constant of 0.1 s. EEG data
were sampled at 1024 Hz (pre-sampling analogical
filter 0.48-256 Hz, BrainAmp System).

Transcranial Magnetic Stimulation

Cortical motor output was mapped via TMS
(Magstim200; eight-shaped coil with an inner wing
diameter of 70mm; stimulus rate 0.1-0.2c/sec;
intensity 10% above standardised excitability motor
threshold [38]) for each hemisphere. To check for
interhemispheric differences, Motor Evoked Potentials
(MEPs) were recorded from proximal muscles of both
limbs (biceps and deltoid) during separate mapping of
right and left hemispheres.

The patient wore an elastic cap with a 99-square grid
over the sensorimotor cortex. Square 1 corresponded
to the point where the minimal intensity triggered
MEPs of largest amplitude and shortest latency (hot
spot); this was coincident for biceps and deltoid on
both hemispheres.

Grasping the Future: Advances in Powered Upper Limb Prosthetics 33

RESULTS

Motor Control

tf-LIFE4s recorded a progressive improvement of
signal-to-noise ratio which stabilised within about 10
days following surgery. All the contacts in all
electrodes recorded properly during the entire 4-week
experimental period. Contacts belonging to one
electrode stopped working on the last day; the
electrode was found dislodged from the nerve during
LIFEs removal. Off-line signal processing using the
algorithms previously described allowed up to 85% of
grip type correctly identified in the phase of mental
activity immediately following the resting period.
Evaluation of signals extracted from several contacts
of different electrodes from both nerves improved
discrimination performance in comparison to
information obtained from only one contact. Moreover
correct classifications improved with time (75% on
day 26 to >85% on day 28), indicating a learning
effect. When only the time windows compatible with
the transmission delay of the motor command from the
cortex, identified as an ERD of the EEG rhythm, were
analyzed, this value reached almost 100%.

Optimal control can be achieved by combining
information extracted from grip-related neural signals,
together with fixed parameters embedded in the
robotic controller and selected by a trial-and-error
procedure. The level of “shared control” between the
user’s brain and the robotic controller can be modified
according to the performance of the prosthesis [39].

Sensory Stimulation

Three of the four electrodes appropriately stimulated
for 10 days. Discrete tactile sensations were elicited
from different stimulating sites of three electrodes
(i.e., from 4 sites of EL1 and EL 2 in the median nerve
and from 5 sites of EL3 in the ulnar nerve). In all
cases, sensations were referred in the fascicular
projection territories of the corresponding nerves. As
an example, sensations related to median nerve
stimulation through L1 and L2 sites of EL1 electrode
were referred by the subject both as touch and tingling
in the middle of the palm and near the base of the
index and middle finger, while sensations related to
ulnar nerve stimulation through R1 site of EL3
electrode was referred as touch sensation on the wrist
that irradiated towards 4th and 5th fingers.

In agreement with the results of previous studies [30],
stimulus frequency concurs to modulate the sensation
intensity on a log scale.

When stimulation was added as sensory feedback for
the motor control task, the success rate increased
significantly and rapidly.

The electrical charge necessary to elicit sensations
(minimal threshold) increased during the first ten days
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from 0.1 to 1 nC, until no sensation was elicited
through any of the three electrodes despite the
maximum allowed charge (~ 4 nC) was delivered. In
order to avoid Pt electrochemical irreversible damage,
with possible contamination of motor signal
recordings, stimulation procedures were halted.
Several, not mutually exclusive, explanations for this
failure can be proposed: a) progressive ‘habituation’ of
the patient, moving from an initial ‘hypersensitivity’
due to long-lasting sensory deprivation (subjective
sensory threshold below maximum of stimulation),
which then decreased and stabilised at a more
physiological level (subjective sensory threshold
above maximum stimulation); b) surface of the
miniaturised  contacts limiting the maximum
applicable current charge, i.e., ~ 4 nC, well below
parameters reported in [30]; c) fibrotic tissue reaction
which, however, was only suspected on visual
inspection during LIFE removal but was not
histologically demonstrated due to ethical restrictions.

Electroencephalography
In the first session (PRE) before surgery a slight power
decrease in both alpha 1 (8-10Hz) and beta bands in

the ‘event’ period after trigger onset was observed.
Interestingly, in the second session three weeks after

MISSING LIME (eft)

Before LIFEs inplant

After LIFEs smplant

RIGHT LIMB

alpha 1 alpha 2
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LIFEs implant (POST) and intensive training for
motor control of the missing hand/fingers, a clear
pattern consisting in an abrupt and intense power
decrease (ERD) over the central sensorimotor areas
contralateral to the missing hand in the time preceding
voluntary movements was reliably observed in alpha 2
and beta bands (Fig 4), as widely documented by
previous studies in healthy people. In alpha 1 band a
diffuse desynchronization in bilateral central, frontal
and parietal regions was also evidenced. In both
sessions, in alpha 1 band a higher ipsi- than
contralateral  desynchronization was found in
sensorimotor regions. The time preceding the real right
hand grasping was associated with an ERD maximal
to the contralateral central areas in all frequency
bands. In alpha-1 band, a great involvement of the
bilateral parietal areas was also observed.

Transcranial Magnetic Stimulation

Stimulating  left hemisphere while recording
contralaterally in the distal (ADM e ECD) and
proximal muscles of the healthy limb both the number
of responding sites and the stimulating threshold do
not significantly change before and 4 weeks after the
implant (distal muscles PRE: responding sites 22,
threshold 37%; POST: responding sites 20, threshold

100

Fig. (4) — In the first three columns Scalp topography of ERD (blu)/ ERS (red) in alpha-1, alpha-2 and beta bands
in the time period of 500-1500 ms after that the subject received motor trigger is shown. C3 and C4 location are
evidenced by red circles. In the last column the time-frequency representations of EEG power modulation in
primary motor cortex (C4 on right and C3 on left) is shown. Boxes indicate the frequency bands and time period
considered for scalp topography. Three lines correspond respectively to voluntary motor command of the missing
limb before and after LIFEs implant (up) and for voluntary movement of right hand (bottom). (From [1])
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36%; Proximal muscles PRE: responding sites 30,
threshold 52%; POST: responding sites 35, threshold
53%). On the contrary as regard as right hemisphere
stimulation, recording from the proximal muscles of
the severed limb, the number of responding sites
significatively (p<0.05) decreased (PRE 36 vs. POST
16). Stimulating threshold did not change (Fig 5).
Pre-surgical TMS motor maps showed an abnormal
interhemispheric asymmetry of motor cortex
excitability in the hemisphere governing the stump.
Following training, post-surgical maps, in parallel
with reduction of PLS, showed a clear reduction of
this asymmetry and a trend toward balanced muscle
representation in the two hemispheres, as in control
subjects.

Phantom Limb Syndrome

Before implant, the patient referred a moderate PLS
and perceived the phantom of his left upper limb as if
¢...the missing hand is directly attached to the stump,
without any forearm, but blocked by an heavy load or
tightly fastened by a belt that makes any movement
impossible’. (Fig 6).

This weird perception underwent to a normalization
when investigated the fourth week after surgery, but
returned by the 3 months follow-up. A similar
behaviour was evidenced by the improvement of PLP,
as evidenced by all the three clinical scales adopted in
the questionnaire (Table 1).

DISCUSSION AND CONCLUSIONS

A 4-weeks duration of tf-LIFE4s implant was dictated
by the European Authorities as the maximum test
period for an experimental medical device still under
scrutiny for human biocompatibility. The robotic hand
was not directly worn by the subject: the hand,
connected to tf-LIFE4s, was on a table in front of the
subject. Despite such limitations, several new findings
emerged from the study, as reported here. First, this
generation of LIFEs can be implanted and used in
humans for several weeks with a high rate of success
in picking up signals with a good signal-to-noise ratio.
Electrode positioning remained stable in situ even
when carrying out everyday life activities (the patient
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Fig. (5) — Istogramms of responding sites before (red)
and four weeks after (blu) the implantation recording
respectively from distal and proximal muscles of the
healthy limb and from the proximal muscles of the
stump. (From [1])

Fig. (6) — Modification in subjective awareness of
phantom limb before (left) and after four weeks of
training in active prosthesis control and feedback
perception. (From [1])

lived at home except for 3 days for surgical
procedures). Multiple electrodes in different nerves
with several contacts guaranteed a reliable flow of
signals. Second, simultaneous recordings from several
sites of 3 electrodes from two nerves improved the rate
of correct classification for movement control with

Table 1 — Modification of phantom limb syndrome during the experimental period and after 3 months. (from [40])

SfMcGill | PPI VAS
(0-45) (0-5) (0-10096) Subjective description of PLS
Pre-implant 18 3 38 No forearm, blocked hand
Post-explant 11 2 23 Regain forearm, movable hand
3 months Follow-Up 17 3 36 No forearm, blocked hand
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higher sensitivity and specificity (i.e., less false
positive/negative) compared to a single-contact
classification, particularly when discriminating
independent movements. The amount of correct
classification can be further improved by combining
simultaneous acquisition of signals from the
sensorimotor areas dispatching the motor command
(via EEG) and from the nerve fibres as final output to
the target muscles (via tfLIFE). Quality and selectivity
of efferent signals dispatched during movement
imagination was augmented by concomitant sensory
feed-back.

Tactile sensations were elicited and modulated by
afferent stimulation during the first ten days following
the implant.

Moreover, training for robotic hand control and for
sensory perception produced a normalization in the
electroencephalographic activation pattern and a
reorganization of the motor cortical maps
distinguished by TMS with restriction of the cortical
overrepresentation of muscles proximal to the stump.
In parallel, a clinical improvement of PLS, with a
progressive return to perception of full-length forearm
and of the hand free of motion, has been described by
the subject. Such clinical improvement was no longer
present at 3 months follow-up.

When making an analytic comparison between the
present study and previous reports some important
differences are found: 4-weeks from a maximum of 2
weeks, a significantly larger number of electrodes and
contacts, the ability to control up to 3 individual
movements with a high success rate; the
demonstration of plastic rearrangement of motor areas
with parallel changes of clinical condition. One main

Di Pino et al.

weakness of this study is the short-lasting ability to
deliver stimuli for sensory feed-back (Tab. 2)

The adopted prosthetic device, thanks to the
bidirectional interface established at the neural level,
showed a high interactivity with its user, thus
achieving those neurorehabilitative qualities that could
address the cortical reorganization toward a curative
plasticity and that can be considered as beneficial
“side effects” of the use of such device.

The work presented here opens a number of research
avenues centered on the concept of effectively and
bidirectionally interfacing a hand prosthesis to the
human brain. Although noteworthy improvements
have been made over the past decade in terms of BMI
and mechatronic technologies, for future direction of
this study, advances are expected in a number of areas,
including: i)  analysis of  tissue-electrode
biomechanical interface (for solving issues related to
electrodes mechanical stability against nerves
physiological ~ deformation and  inflammatory
response); ii) improvement of wearability of the
prosthesis (for solving issues related to energetic
autonomy; embedded control; wireless data
transmission; weight; number of actuated and
controllable degrees of freedom); iii) achievement of
overall system biomimicry.

The latter aspect does not refer to mere cosmetics, but
to the whole set of anatomo-functional dynamic
aspects, that play a major role in the effective interplay
between the neural system and the upper limbs. Under
this regard, emerging trends in robot system design,
such as embodied intelligence and neuro-inspired
control, may drive the development of novel
prostheses, featuring highly biomimetic cosmetic,
behavioural and interaction solutions.

Table 2 — Analytic comparison between the present study and previous two reports [28, 29]

Dhillon et al. Jia et al. Present work.
N. of subjects 6-8 case report case report
Implant 2 days (first stud
dufation 14 de}llys (last stud};r)) Acute study 4 weeks
Surgery Implant implant/explant
Pre-training NO 2 weeks 2 weeks
Interfacing recording/stimulation Recording recording/stimulation
protocol
Type of Single filament LIFEs spring-like single {fLIFE 4
electrodes filament
Amount of 4-8 mono-electrode each better 4 among 6 4 multielectrodes
electrodes subject monoelectrodes 8 channels each one
Implanted Median and ulnar median, qlnar and median and ulnar
nerves radial
Min 4,7nC min 0,1nC
Stimulating max 12,7 nC max 3 nC
electric Increase in the time of the - Increase in the time of the
charge needed charge to evoke the needed charge to evoke the
same sensation same sensation
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Table 2 (continued) — Analytic comparison between the present study and previous two reports [28, 29]

Dhillon et al. Jia et al. Present work
P. width 250 ps (300) P. width 20 ps (300)
Stimulation P. ampl 200 uA(l-ZQO) P. ampl 10 pA(1-200)
parameter P. freq (randomly assigned - P. freq 10-100 Hz
by PC!) Train duration 500 ms
Train duration 500 ms Train frequency 0,2 Hz
gﬂglgiﬁlon Whole study - Ten days
Attempt to make a Amﬁmal In?elhgen@
. Classifier applied in a time
Motor movement that results in . . .
. . . window compatible with
control maximum audible activity
. the presence of ERD seen
with loudspeaker in EEG
Only finger extension
with one electrode
implanted in radial
Controlled 1 D-o-F (graded control) nerve.No achieved 3 whole hand complex
movements . movements and rest
control with ulnar
and median nerve
electrodes
. Operator driven intraneural
Feedback Loudspeaker noise - . .
stimulation
Clinical brain plasticity and
correlated phantom limb phenomena
features monitoring
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Abstract: Assessment tools are vital in measuring the outcomes of any practice or proce-
dure. In the development and use of a prosthetic limb, this can be divided into three areas;
the basic functions of the design, activities the limb is used for, and the amount the user ac-
tually employs the hand in everyday life. Each area is distinct and different and it needs dif-
ferent tools designed specifically for each area in order to reliably measure these outcomes.
The development of these tools must include means to make sure the tool measures what
the tester thinks it measures and makes sure that such measurements are consistent across
time and between testers. Once a consistent set of tools is developed it allows clinicians to
discuss and compare devices, training methods and solutions. It also allows investigation
of different designs.

Currently, the emphasis is on the basic practical measurements of function, activity and
participation. This uses simple methods based on observation, timing or questionnaires
to measure the use of simple prostheses. With newer designs of multifunction hands and
microprocessor controllers being introduced, there are more varied control methods for the
different hands. This requires more sophisticated methods to measure the impact of the
new designs. These new methods include the measurement of the motions of the body
and upper limbs with optical methods, and looking at measuring the cognitive load that
controlling such hands impose on the user. To allow simple comparisons between users,
the tasks and methods have to be constrained. This creates more artificial activities which
may themselves be too artificial to tell the observer what they need to know, so the choice
of activity is a balance between realistic tasks and reliable results.

Keywords: Upper Limb Prosthetics, Assessment, Outcome Measures, Occupational Therapy, Prosthetic Hands.

WHY WE NEED ASSESSMENT different aspects to consider. A single measure will only
capture some small part of a total picture.
In all aspects of endeavour it is important to be able toFor example; in a team sport, it might seem fair to pay
measure the impact of our efforts. In medicine this is es-all team players in proportion to how good a player they
pecially true, as the effectiveness of a treatment or techwere, but, one must be able to say what a ‘good’ player
nique has an impact on how we might direct our effortsis. We might assess their ability, give that a value and
or resources to ameliorate or fix a problem. Assessthen perhaps divide the salary pool in proportion to that
ment is the act of measuring change in a complex sysvalue. The bigger the value, the larger the pay cheque,
tem. In the physical sciences it generally is quite easys0 the better the player the better the salary. This all
to measure the impact of a procedure through the diregtomes down to the definition of what "a good player"
measurement of the change created, such as changesmeans. So the important question is what indicators can
strength, length, or mass. In the biological sciences it igve use that can tell us their level of ability.
much harder to find something that is unique and meanA simple measure of the value of a player might be
ingful to measure. Instead, what commonly happens ishe number of goals they have scored. Clearly a high
we must find something we can measure that changegoal scorer in any spottasto be a good player. But
at the same time, and in a similar way, to the changavould this be fair? Of course not. We all know of ex-
we want to measure, and use this as our window intaellent players whose role is more to set up their team
the changes. Of course this measurement only works amates to score, which is why in team sports such as ice
long as the relationship works. In any complex activity hockey, goalsand assists are counted. This is fairer,
(such as employing a prosthesis) where there are maryut even this cannot cover the matter completely, as the
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goalkeeper rarely gets to scoreassist scoring. So the
idea of using the number shots on goabr savesoo
could be used. Hence, these measures cover much of
what a player can do, but not all of it. Finally, when
one has considered all these mechanical aspects of the
game, there remain an intangible factor, some teams can
do better simply because someone special is playing, ir-
respective of the number of goals, assists or saves th

Kyberd et al.

the ability to control the ball in isolation). Ideas
are tested and accepted or rejected based on the
physical properties of the device. At this stage it
is not a practical device and cannot be used by a
limb deficient operator for any length of time. Itis
the simplest measurement, like the goal tally in the
sporting example.

e .
make. How could you capture their impact on the teamdgevel opment When the concept is shown to have some

So one can see that even something as straightforward
as a team sport has many factors that cannot be easily
measured, and no one factor sums up the complex idea
of a good player. So when it comes to the use or func-
tion of a prosthetic arm, the majority of things that are
important to the use of the device cannot be easily cap-
tured by a single, simple, measurement and what you
need to know will depend on who you are or what you
are doing; from designing to fitting a device, and train-
ing or using the prosthesis. Each will dictate what your
priorities and interests are and so what you want to mea-
sure. It is no more complete to rely on the number of

merit, the ideas can then be tested performing ac-
tivities that the final device might undertake. Here
the design must evolve into one that can be used
by a person in the field. They can then perform
tasks to test if the design is capable of the func-
tional range set for it. It is like recording the num-
ber of goals scored. The results of this may be fed
back to the original designer so that the research
can continue, or used simply to adjust the current
design to allow it to work in the field. These are as-
sessment that use the hand’s performance and are
not an evaluation of the hands themselves.

things one can pick up in a set time as a measure 0Etlinic The next phase is to take the device to the clinic

function for a prosthesis, than it would be to count only
goals. How often does the user employ the arm to as-
sist in a task? Or how much of the time is an object
picked up by the prosthesis and passed to the natural
hand, or is passed across the body (if it is too large or
awkward). Finally, how does the person feel about their
hand? This can be the intangible, but important, aspect
of the fitting.

LIFE CYCLE OF A PROSTHESIS

A prosthetic hand or arm is like other manufactured de-
vices. It has to be designed, built, and tested, before it
goes to the users to see what they think. A difference
in the process, as compared to other products is that
a clinical team will have a perspective on the product.
Can they fit it? Is it compatible with other components?
Furthermore, the user has her/his own feelings. Will it
perform the functions the user wants to do with it? Is
it easy to use? What does it look like? Can | afford it?
Each person is part of the process and has a different
outlook and aim. The process can be divided into four
phases [1]:

Research In this phase, it is the engineer who wants
to make a device to undertake some task. S/he
is interested in the basic ideas of the mechanical
form and control of the hand. What the prosthe-
sis needs to do may come from a specification,
which is based on the input from other people in
the field. The design process is always iterative;
design, test, adjust, retest and so on. At this stage
assessment simply involves measuring the physi-
cal properties of the device; its mass, size, speed,
grip/lift strength. This phase is the one that most
resembles the physical sciences where the mea-
surements can be simple (in the sport analogy like

and see volunteers try the device out for the first
time. This requires simple tasks to be undertaken,
where the results are unambiguous and the team
can see if it is working or needs changes to the
design. In this phase assessments cover both per-
formance and social aspects such as size and shape
of the device. Hence, different and more complex
measures are needed, thus in sport it would be like
measuring the number of assists.

Home The final arena is that of everyday life. Does

the prosthesis do the things the users want from it?
Many of these things are the intangible. The way
persons feel about their prosthesis may be dictated
by factors that have very little to do with the design
of the device, or what the designer was thinking
about when s/he created the device. Perhaps the
person’s feelings are more to do with how recently
they underwent their amputation, or how people at
work reacted to them, or what they believed the de-
vice would do for them when they ordered it. All

of these factors are useful to measure so that the re-
search and/or clinical teams can determine why the
person accepted or rejected the device and subse-
qguently can change how they approach the design
or the individual next time to ensure that they can
provide the correct service for that person at that
time in his/her life. None of these are closely re-
lated to the way the device behaves or moves. Used
in this phase are methods that resemble the social
sciences where many measurements are qualitative
by their nature, such as questionnaires and inter-
views. On the field, this is that intangible extra
that a player brings to the game, the morale or the
feeling of success or failure, which clearly cannot
be read on a simple scale.
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From the above, it is cledhat the different people in-
volved in the evolution of a new prosthetic limb have
different interests and will ask different questions. The
requirements for an assessment for each of them will be
different and so it is unlikely that one and the same tool
will suffice, hence the need for a range of assessment
tools. As part of this process it is important to ask the
different questions clearly and unambiguously.

Health Condition (disorder or disease)

Environmental
factors

Body Structures
and functions

Personal
factors

International Classification of Functioning

One way that gives a perspective to ask the right ques-
tions is the International Classification of Functioning,
Disability and Health (ICF), developed by the World
Health Organisation (WHO) [2, 3]. It aims to create

a single unified language for different professionals to
describe health and health related status in the hope that
everyone can adopt and use it and thus make commu-
nication between professionals, groups and countriesrig. (1) — Representation of the entire WHO-ICF
simpler, removing ambiguities. With this model it is model, showing the diérent contextual areas (Personal
possible to make the specification of goals (whether enand Environmental) and the three domains (Body struc-
gineering, clinical or personal) easier and clearer. Theures and functions, Activity and Participation) and their
ICF divides human functioning into four components: interconnections to each other.

"Body Functions and Structures", "Activities and Par-

ticipation™, "Environmental Factors™ and "Personal

Factors™. The first two components are sub-classifiedield. They have built on the approach and attempted
into domainsandcategories. Each component is part of to address some of the flaws in the method. For ex-
the process of creating, supplying and using intervenample: In the ICF prosthetic limbs are considered as-
tions for persons with impairments. sistive devices and are thus, covered by the component
The ICF relates the interactions between the health cor“Environmental Factors™. However, as with other as-
dition and the context of the person, see (Fig.(1)). Thesistive devices such as, e.g., electric wheelchairs, when
context can be thenvironmentalor the internalper-  frequently used they become part of the users’ body im-
sonal factors, which are specific to that person (age,age. This is not acknowledged by the ICF. Instead, the
gender, education, experience). The domains are thkCF significantly ignores the experience of the profes-
components describing how the condition impacts orsion and reduces the chances of creating a unified lan-
the person. The classification can then be used to iderguage and approach.

tify how much function an individual has and will help A working group of professionals in upper limb pros-
to identify their limits and what sorts of assistive de- thetics has made the suggestion that, as the prosthe-
vices might overcome these limits. Each domain carkis is a replacement of a bodily part and considered
then have qualifiers, for example if a body structure isas such by most of its users, when studying the out-
missing or impaired, the first qualifier will be that it is come of upper limb prosthetics it should be regarded as
missing and the second relates that it is a partial or enpart of the "Body Functions and Structures™ domain
tire absence. These are each given a code number. Tiig]. For prosthetics, this component captures how well
advantage of this is that it is a systematic way of look-the person has the basic functions to operate the device
ing at, and recording, the condition so that comparisongnumber of possible EMG channels and the length of
can be made between stages of a condition, or personie residual limb) as well as the performance of the de-
with the same condition. They can be made by differentice itself, (the speeds, strength and power of the de-
clinicians at different times and the results will be stan-vice). It is this interpretation that will be used here. The
dardized and reliable. From this, many different sorts of“Activities” component looks at how the device can
analysis can be made from demographics to healthcarge used. One aspect is the persaapacityto operate
policy, from research to development. Itis this last twothe hand (grasp, release, hold) and a second quality is
categories that are focused upon here. the performanceof the hand, which tasks a person can
The ICF system built on an earlier methods [4], anddo with the prosthetic design, and "‘Participation™ is
while it filled many of the gaps inherent in the ear- how the prosthesis ieally used, by the wearing pub-
lier approach it still contains too little on the measure-lic. It is concerned with how much the person engages
ment of the quality of life of the persons assessed. Inn real life situations with the prosthesis. From this per-
this current example, the ICF has been used as a stapective it can be seen that the ICF captures most of the
ing point by professionals in the upper limb prostheticsareas described for the development of the prosthetic
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hand within its three domains, shown(Fig.(1)).

The full ICF model then looks at the relationship be-
tween external and internal factors and the different do-
mains and allows coding of those factors and whether
the impairment is mild, medium or severe. For the pur-
poses of this exercise most prosthesis users would have FEiet = s G
very similar codes, but it is the discipline of how the in-
teractions are considered that is useful for this study of
assessment.

Each domain has a different method to measure the
guality within the domain:

Research

Activity I Clinic

Body Structuresand Functions are the technical as- | Participation
pects of the device or the physical aspects of the
person. How big it is, how fast, what is the size Fig- (2) — The development process of a prosthesis
of its grasp, how fast can it grasp an object, whichmapped onto the WHO-ICF domains. The overlapping
objects? These can often be measured with tool§reas showhe potential competences of different tools
such as rulers and scales or timers. to assess different parts of the process.

Activity is about the operation of the device and what
the device can be used for. So the measurethe person’s ability and something of their motivations.
are based on performing activities with domesticIf the clinicians want to know how the user feels about
equipment such as jugs or cups or other items thatheir device and how it integrates into their lives (i.e.
allow Activities of Daily Living to be simulated. participation), how it changes their quality of life, then
For a prosthesis, it is easy to imagine this formthe information is more likely to be obtained through
of assessment taking place in the clinic, or a sim-questionnaires.
ulated domestic environment. Clinicians would From the above it can be seen that at each stage a dif-
then observe the device being used. ferent tool is used to obtain the information, and that
S ) ) each provides a different insight. Some of the measures
Participation is what the users really do with their de- || overlap with adjacent domains, but only with mul-
vices. To capture this generally requires askingiiple assessments will the full picture be clear. To cover

users, so this is measured using questionnairespe entire range will require the identification of a suffi-
This captures the opinions of the users, which iSciently broad set of tools.

a complex and multi-factorial process. Now that we understand what it is we need to measure,

. . .. ... wemustnow understand how complex the simple act of
What is clear from this is that each domain is d'St'nCtmeasuring something is.

from the others and the chances that one tool designed
for one domain can measure appropriately any other d

main is slight, (Fig.(2)). So what is needed is a series o EASUREMENT

tools, one or more for each domain, which together caWWhen we wish to measure something we use a means
cover the range from the design office to the home.  that is understood by everyone, because it is an agreed
The development of a prosthesis becomes a procesgandard. For example; if we wish to measure length we
with different assessment tools used at different times: use a ruler that is marked in meters. The length of all
First, the designer wishes to find out if a particular de-rulers are based on a single standard. So any meter is
sign can open wide enough to grasp everyday objectthe same as any other.

or flex fast enough to be useful. So they Usenc- Measuring mass is more like assessment. We measure
tional/technicaltests, such as measuring the gape of themass by inferring it from the weight of an object. The
hand or timing it as it opens and closes. weight is the force experienced by a mass in a gravita-
Later on, as the device has advanced, assessment shiftsnal field. So if we measure the weight on the earth
to Activitybased measures. Can the hand pick up houseand the moon we will get very different results. The
hold objects? Can it retain them to move them about™oon’s gravity is one third of that of the earth, so an ob-
While this is important to the engineer, now input from ject's weight will seem to drop to a third of what it was
the clinical team becomes important as their insight intoon earth. For a correct measurement we would need
its long-term use becomes relevant. Early fittings in theto use a method that is known to be the same on both
clinic use observation-based measures of prosthetic usplanets, or know that one method is not appropriate (or
Finally, the device transfers to the home/community andvalid) for one particular place.

the activities must reflect tasks specific to the needs oThe important matter for any measurement of a prop-
that user. Now the outcome measure may tell the clinerty is that; is it the same if one person makes the mea-
ician about the functional capabilities of the hand or ofsurement or a second person does? Also, is it the same
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measured today as it will be tomow8 If two identical  fitting them with a prosthesis and being able to tell how
subjects are tested will they get the same score? Therfeinctional a user they will become, or testing a student
are a number of things we must be able to control forbefore they start their university career and being able to
such a thing to be possible and it is not always appresay what grades they will get at their final exams. For
ciated how many of these things are common knowl-prosthetics this sort of prediction is extremely hard to

edge. For example; in measuring length, it is likely to do.

be true that if two people perform the same measure on

the same object days or months apart they will come ugreliability

with the same value. But this is truenly if they both

know how to use a ruler. While this is probably the If the test has validity then another important feature is
case, other measures are harder to make as consistentthgt it must beaeliable. This has already been touched

this. on. We need to know that the result does not depend
o on the person who measures it, the person who is being
Validity measured or the day the measurement is being made on.

o . N So if the same thing is measured two successive times,
The validity of a measure is those qualities that makegeconds or days apart and it hasn't changed then the

it mean what you think it means ameliability is thatit  score must be the same (inter-sample or test-retest, re-
will do so irrespective of who or when the measurementjapility). There are two forms of this. The first is if one

is made. Validity and Reliability are ways of demon- person measures the same thing twice, therrétpgsat-
strating that any measure can be trusted to give an angye, (intra-rater reliable). The second is if taliffer-
swer that reflects the underlying truth. They are referrecynt heople measure it in succession, this may prove the

to as thepsychometriproperties of a test. inter-rater reliability. The third factor is if two objects
There are a number Of d|ﬁerent qualltIeS that atest Carhave the same property then they must score the same
have show that it is valid: if measured under the same conditions (irrespective of

If a test hasFace validityit means that, on the face if who measures it). This ister-subjectreliability.

it, the instrument appears to assess the right qualities final aspect of interest to the person making a mea-
This is a subjective assessment of whether it does it dg rement is how to interpret the result. One aspect of
the job itis supposed to do?: "Do the best players reallyerest might be to measure the change brought about
get paid the most?" by a new treatment or technique. Ideally, an objective
A second consideration i§ontent validity. This is & measure would be to run a test before and after the treat-
judgment as to whether the instrument samples all ofent, and see the difference in the scores. The question
the relevant content, or domains. For example; doegs then; is the difference due to the normal difference
our test of a player use goals, assists, shots on goal angbtween measurements (the reliability) or due to some
saves, to make its determination? Also, are these th@hange in the subject? Which it might be clearly must
only qualities we know that indicate a good player?  gepend on how much difference is normal between tests
If there is an existing test that will reIiany make the as- of the same person who hasn't Changed_ The more re-
sessment, but if it is too complex, or time consuming tojiable the test, the smaller the differences between mea-
be used routinely, you may want to devise a new test. Isyres of the same state, and so the smaller the measured
this case you may assess the new téstiterion valid-  change can be that is due to a real change in the sub-
ity. For this you make measurements with both tests a“jiact. This is the test'Sensitivityto change. However,
see if they both come up with the same results. For exjust because it is possible to measure a difference this
ample if the scores go up and down together and by thenight not have any real meaning. For example; if we
same proportions (but not necessarily the same valuesydd the number of assists to that of the number of goals
then the new test has Criterion Validity. Additionally, if scored, and the same person still has the highest score,
these sets of measurements are made at the same tifigen the salaries will not change. Or if a person’s new
then the new test h&Soncurrent validity. hand scores five points higher than their old one, but
When there is no existing scale to compare a new testhey still cannot tie their shoe laces, then the difference
the originator constructs a hypothesis to explain the rewill be one that makes no real difference. This is the
sults of the assessment and compares those results Responsiveness the test; its ability to measure a clin-
those genuinely obtained. The hypothesis is that thecally relevant change.

something of interest (say manipulative function) is tied

to a variable, (such as number of blocks moved in aFunctional Measurement

minute). The originator of the test would then measure

subjects with that test and see if the results vary in anhile for physical objects we can see if we are measur-
way that matches her/his expectations. If yes, the teshg the same thing, with biological measures it is much
hasConstruct validity. harder to be sure we are measuring what we think we
Finally if the test can predict an outcome, then it hasare. So in any measure, it is important to establish what
Predictive validity. This is like testing a person before our tool is actually measuring.
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This is similar with functional assessment in prosthet-formation about how good a player is by watching them
ics. Theidea of functional performance is something score a goal. A different method to look at how the
that an experienced practitioner can recognize, but it iprosthesis is used is to employ a questionnaire, which
much harder to describe or quantify. Some tests arallows the subject to score how well or often s/he uses
observational and require a skilled practitioner who isthe hand and for what tasks.

trained to conduct the test. If an observer sees a differonce we have chosen what we will measure and the way
ent functional performance with two prostheses and theét is done, we must test the face validity. Does it mea-
same user, what is different? Is it that one of the two desure a hand’s ability to hold an object? Or is it really the
vices is a better manipulator, or is the user more skillecoperator’s ability to use the hand in an effective man-
at using one device over the other? Thiscépacity ner. These are two different things and if it measured
versus performance. Both are interesting questions, butone when the intention was the other then the face va-
it is important to establish which it is we are measur-idity would be poor. Similarly, the content validity of
ing and if the tool can differentiate between these twoa hand test might be that it measures how well the hand
circumstances. Otherwise we may come to the wrongicks up, holds on to and releases a range of objects
conclusion; that one device is better than another, wheof different sizes and shapes. If it fails to measure the
the subject has just had more practice with the first thamhand’s ability to hold large smooth round objects, but
the second. only small light rough objects, then its content validity
As we have seen, for every new measure the validitywould be suspect.

needs to be demonstrated, so that any new measu#ter this the reliability of the tool needs to be assessed.
needs to be compared with an older tried and validatetVe can see this means many separate measurements
one (if one exists). If the older measure records a drof the same people on different days with different ob-
in value or performance, then if the new measure is senservers to see if the same ratings are obtained.

sitive or valid, it too must show a similar proportionate |f we know the above then we need to work out how
change. So when a new measure is devised it must hav@uch it can measure, and what its sensitivity is. For
its various properties measured and compared to oldesxample, we know that we do not use a meter rule to
ones so that we can be sure of the results. This meangaeasure the width of a piece of paper, or micrometer to
the development of a new measure is a long and commeasure the size of a room. Each tool’s sensitivity is
plex one, estimates say up to ten years for full validationappropriate to the job to which it is put. Another matter

[5]. For more information on this topic: [6]. of the sensitivity is what it can differentiate. What is the
smallest difference between samples that we can mea-
Development of a New Assessment Tool sure and know that the two are really different? If one

item is 3.5 and the other 3.6, is one really different to the
Once a particular aspect of the development process of gther, or simply is it the normal variation between two
new prosthesis is identified, then the appropriate meangeasures of the same object that causes this difference
to measure it must be chosen. For example; if the tesh values? Above all, these statistical concerns must be
is activity based, then how the activity is scored is im- considered when designing the measure.
portant. One way would be to record the time it takes t0Beyond this, how well is it likely to be received by prac-
complete the test, or the number of times the subject cafitioners? If it is to be used generally, the tool must be
perform the test in a fixed time. This is the person's ca-yser friendly, i.e. easy to administer, inexpensive and
pacity to operate the prosthesis. Scoring can be simplehe results must be easily understood and easily inter-
and can make the measurement objective as it does Ngteted. If it does not fulfil these specifics, then no mat-
depend on the opinion of an observer. It may be repeaiger how valid or repeatable it is, it is unlikely to get wide
able as the task can be performed well and often, but thigge
captures only a part of the entire process of undertaking
an activity. The alternative is if you are interested in theTHE FEUTURE OF ASSESSMENT
actual use of the prosthesis in daily life, then one needs
an observer to watch the person perform an activity andcrom the above description it can be seen that there are
score how good the subject is at a task or how easily o number of barriers to making an assessment and un-
often they perform all the task or important aspects of it,derstanding any results generated. The first would be
such as picking up objects with the prosthesis, or onlythat the problem is poorly defined. Without a frame-
grabbing them with their intact side then passing it overwork within which two people in different places can
to the prosthesis. To score the tasks reliably requires thealk together it is hard to know what someone means
observer to be trained to perform the test and skill ancdr if there is agreement between them, like if the defi-
practice to observe the task consistently. A skilled ob-hition of the word ‘length’ in two different countries is
server, someone who is knowledgeable in a subject ounderstood to mean the same thing.
activity will be able to see more of what is happening Historically, there has been little consensus over any
and interpret the motions of the user more accuratelyforms or methods of assessment. A group may develop
in the same way as a keen sports fan will get more ina tool and use it, perhaps with only limited validation.
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The group may continue to useahd promote it over groups in the prosthetic field were becoming convinced
a number of years, and so others may adopt it withouthat the only way forward was to develop validated
criticism. The idea and theories of assessment have déeols and one such group reasoned that this state of af-
veloped over the years and those who have adopted fairs could only exist if a consensus was reached within
particular test may not understand fully the implicationsthe professions of therapists, prosthetists and engineers.
of their choices or methods. One result of this is thatGiven that it can take a decade to develop a brand
there have been local variations created, based on a parew tool, the group did not believe it would be effec-
ticular test. A group of therapists in a busy clinic may tive to create new tools when some may already ex-
find that a specific test takes too long, so they choose tist and knowledge of their strengths and weaknesses
use only some of the test. They may pick the parts of thavere already known and understood. This group be-
test that make sense to them, or seem to tell them abowutme theUpper Limb Prosthetics Outcome Measures
things that they are interested in. They may substitutegroup (ULPOM), which drew from professionals in Eu-
one test for another, or incorporate some elements fromope and North America [8]. They set out to create
another test. The drawback of this is that any of the vala consensus by analyzing the state of the science at
idation work conducted by the originators of the test isthe time (roughly 2005) and to make recommendations
now completely irrelevant. The test may not be repeatconcerning which tools were useful. Around the same
able any longer, and it may not measure what they thinkime, the World Health Organisation published the In-

it does. The choices made are based on the practitionetsrnational Classification of Functioning, Disability and
experience and so they may get subjective informatiorHealth model and it was very simple to incorporate this
from one of these modified assessments. More imporidea into the thinking of the group. The ICF was a re-
tantly, they would not be able to generalize these findvision of the earlier, International Classification of Im-
ings, or compare the results with others, as their interpairments, Disabilities, and Handicaps (ICIDH), which
pretation would not mean the same thing as the originaWas first published by the World Health Organization in
unmodified test results. 1980 [4]. After field trials and consultation, the modi-

In the example above, the second group may use théed system was endorsed by the World Health Assem-
same terms as the originators and mean something quitdy in 2001. The ICF defines terms and makes it clear
different, hence no common terminology exists. Whenwhen two persons are talking about the same concerns
such terms are used in relation to outcomes, there is aner not.

ple opportunity for misinterpretation of the meaning if

the terminology is not clarified. For example, the ques-1 e ULPOM Process

tion: Is this device reliable? This question seems simple ) .

and straightforward, but the words mean different things' '€ 9roup investigated the assessment tools for upper
to different people within the procesBeliabilityto an  IMPS on record. They located any literature and re-
engineer would be the average time between failures/i€Wed if these tools had been tested for validity (and
but to a user it is likely to be if the hand opens Whenwhat sorts of validity) and what area of upper limb func-

s/he wants it to, or if the battery lasts all day irrespec-tion they had been tested for [1]. Ba;ed on thes_e results
tive of the amount of use. they were then able to draw up a list of the different

A further problem is that any work addressing the va.lools with a r(_ecommendation for their_domain of com-
lidity of any particular measure requires large numbersP€tence and if they were usable, and if not, what would
of subjects in order for the statistics to reach signifi—need to be doﬂe to make them usable. A_ddltlon_ally, the
cant levels. The overwhelming majority of limb fitting _recommendanons would allow groups with an interest

centres rarely see sufficient users in a year to reach thid furthering th_e.idea tq fill _in th? gaps identified, carry-
goal. Only with the combined results from multiple ing out the validity testing identified by the group.

centres might the numbers of people tested climb to ust hirty five assessments in the areas of; hand function,

able levels. Similarly, if a consortium of different cen- a_lctivity, g(_)aI-S(_a'Fting, quality of life, an_d user satisfac-
tres wished to work together it is hard to pool the datalion were |den_t|f|ed. The group determined one of three
without an agreement on what is meant by any measuréf"’com"nend""t'onS for each test:

In recent years there has been a push for treatments {Qccept if the test had psychometric merit and was clin-
be more based on clinical evidence. This means that  jca|ly useful for upper limb prosthesis users.

it must be possible to measure the impact of an in-

tervention or treatment. Validated measures of asses§onsider if with modifications or psychometric vali-
ment therefore become an important part of this pro-  dation the instrument could be useful for upper
cess. When Marshall conducted a survey in 2000, of  limb prosthesis users.

the 300 randomized trials of schizophrenia treatments
t'hey' f°“”‘?‘ that a test was 40% more Iikelly to be posi- and/or was not clinically useful for the target
tive in their outcomes if they used unpublished (and so group.

non-validated) scales [7].

In the early years of the 21st century individuals andTable (1) contains the important results of this analysis.

Reect if the test did not have psychometric merit
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Table (1) — Upper limb prosthesis outcomeasures recommended by the ULPOM group, categorized according
to the ICF a - primarily intended for adult population p - primarily intended for paediatric population.

ICF Domain Accept Consider
Function SHAP[9] (a) Box and Blocks [10] (a,p
Sollerman [11] (a,p)
Michigan Hand
Questionnaire [12] (a)

Activity ACMC [13] (a,p) UNB Test (p)
PUFI [14, 15] (p) UBET [16](p)
PODCI/POSNA [17] Assisting Hand
CHQ [18] (p) Assessment [19] (p)
SHAP (a) TAPES [20] (a)

OPUS [21] (a,p)
CAPP-PSI [22] (p)

Participation COPM [23] (a,p) TAPES (a)
PEDSQL [24] (p) OPUS (a,p)
CHQ (p) CAPP-PSI (p)
Disabkids [25] (p)
PUFI (p)

WHOQOL [26] (a)
Goal Attainment Scaling [27](a,p

The ULPOM ultimately joined forces with members of NEWER METHODS

the American Academy of Prosthetists and Orthotists

at a State of the Scienddeeting on the topic of Up- The ULPOM method has so far concentrated on the
per Limb Outcome Measures to extend and deepen thi§€asurement instruments that were already in existence
review of the state of the profession and broaden thé@nd partly validated. At the same time a revolution
recommendations. As a part of the meeting an evil" the ap_phcaﬂon of technology to prosthetic arms h_as
dence based review was performed with recommenda2€€n taking place. After many years of stagnation with
tions based on an in-depth review of 640 peer-reviewedninimal changes to devices (outside specialist centres
journal articles. The recommendations from the EBRWhiCh continued to innovate alone), an increasing in-
paired with the recommendations from the ULPOM angterest from the manufacturers in improved designs of

were combined into a document as a supplement to thRrosthetic hands was observed. Many of these designs
Journal of Prosthetics and Orthotics [28]. are multifunction hands with multiple independent fin-

gers. Similarly, advanced controllers, which are able to
From this analysis, the next stage for the profession is td!/Se more information taken from the user and the pros-
adopt the tools that are already valid, adapt those toolghesis were becoming practical and new surgical tech-
that are in the ‘consider’ category to make them validniques that could provide more control channels were
and reject others (not listed). If anyone wished to addPeing perfected. This has created a need to measure
a test to the list they would need to become involved inmore than the person and the hand’s simple ability to
the process of validation of the tools. grasp and move an object. Fortunately, at the same time,
new measurement tools and techniques were being de-
The critical consideration concerning the ULPOM pro- veloped by other industries. These could then be used
cess is that the members cannot dictate which tools mugo measure more advanced concepts about how a pros-
be used by the profession, they can only point in the ditheses is used and how it might be controlled. With all
rection of those tools that are the most valid. Beyondthese measures it is important to design the right tests
this it is up to the individuals and clinics to decide which and be sure they measure what we want to measure. The
tools to use. It is for this reason that the "accept" cat-following describes the new tools and some of the pit-
egory has more than one tool in each domain. Manyfalls encountered in trying to design a new assessment
centres will have experience in a particular measure, omethod for prosthetic arm users.
may not be able to afford a new tool or the training to
use it, thus they have a choice between several differeriVlotion analysis
ones and it is hoped that they can find one to suit their
needs and tastes. Others may wish to conduct researdfie are all able to spot when a person or animal is in-
based investigations and others will be more clinicallyjured from the way it moves. So, the idea of using vi-
focused, which will influence their choices. sual tracking of motion, especially for gait, is clearly an
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appealing one. Marey in 1873 wése first to record bow and wrist angular patterns in populations of unim-
the motion of people and animals walking and then perpaired individuals and subjects’ affected by a plexus
forming functional activities [29], but this analysis was lesion [31] and shoulder impingement syndrome [32].
restricted to simple measures. It required the developThe tasks used did not include daily activities, however
ment of electronic cameras and high speed computerthe authors indicated suitable parameters (such as the
to be able to perform detailed analysis of the motionsmoothness of execution of the task, and the angular
of humans [30]. Initially, this was limited to walking range of motion during critical events within a task)
(gait) studies. This was for several reasons, not the leasb identify the differences between healthy and non-
being that the resolution of the cameras did not allowhealthy individuals.

the easy recording of any other motions. A second factight and others used a tool developed for hand function
tor was that walking is a very well controlled activity. assessment; the Southampton Hand Assessment Proce-
Normal healthy gait is cyclic and repeats closely. Thisdure (SHAP) as the driver for tasks of daily living [9].
allows a single motion (or stride) to be recorded andThe design of SHAP was particularly effective at cre-
for it to be regarded as representative of the person’ating a closely controlled task set. The tasks revolve
motion in general. Motion data from different strides around a form board and are self timed. Each task is
can be overlaid one cycle on another to gain averageommenced and concluded by the pressing of the timer
values. Speed and stride length variation can be rebutton. This creates the same start and stop posture,
moved when the graphs of a person’s gait is normalizeaimilar to heel strike or toe off in gait. Each SHAP
to 100% of the gait cycle (that the same point in thetask (twelve abstract objects and 14 simulated Activi-
stride is taken as 0% and that point in the next strideties of Daily Living), has a prescribed position on the
as 100%, and the motion scaled so that the entire stridf®orm board, so each motion is controlled and the trajec-
matches this). This makes the gait of two persons otories of each body segment is similar between many
different heights and walking speeds easily comparasdifferent subjects. This ensures that the motions of the
ble. Upper limb use is very different. Every reach andsegments in three dimensions can be plotted together
grasp tends to be different to every other, both by theagainst the standard deviations of the population means
same person and between two different persons. Thiand hence the differences between the subject and the
means that if measurement is not designed carefully ipopulation can be observed. This means that, by us-
cannot be compared easily. If one was to repeat maning SHAP in combination with Motion analysis we are
different tasks, many different times, with many sub- able to study different prosthetic devices impact on mo-
jects, it would be possible to get statistical measures ofion during task performance, such as the construction
the tasks as the person performs them. With this onef handgrip and how it influences the position of the el-
would get an indication of the repeatability of the ac- bow when grasping the key in the Key turning task, or
tion. However, this would require extremely large num- if different prosthetic devices create different body po-
bers of subjects. Even then, to record a representativsitions for the same task. If this is the case, would any
number of movements might prove impractical. of the devices indicate a risk for over-use problems in
A second way is to control which tasks are performedthe elbow?

and how they are executed to ensure that the subjectdurgia advanced these ideas creating a nominative
all perform them sufficiently similarly, so that the same group and then compared the results with subjects with
types of comparisons as undertaken with gait analysisa distal radial fracture [33, 34, 35, 36]. The normative
can be made. This latter solution can result in reasonresults are shown in (Fig.(3) and (4)) for one task. It
able results but it can be criticized as making the taskss turning a key in a lock. (Fig.(3)) shows the actions,
so abstract as to be artificial. The person may not perwith the subject pressing the button, reaching to turn the
form the task in a natural manner and the motion maykey, then after letting go pressing the button to stop the
not actually reflect how they would use the hand or arntimer. In (Fig.(4)) the times are scaled from 0% when
in a real situation. However, in a similar manner to thethe timer is started and 100% when it is stopped. In a
other assessment tools discussed previously, some valgimilar manner to gait studies, the axes of the arm are
able information about the way a device can be used, oghow left to right and joint levels from top to bottom.

is used, can be measured. As with the other instrumenthe standard deviation of the normal range is shown as
it is important to establish the aim of the measurementa shaded area and the mean as a bold central line. Note:
One aspect may be whether it is for assessment of thBro/supination is properly a function of the forearm, but

individual or the gathering of population data. is grouped with the wrist as it is visually more appropri-
ate.
Examples of the Role of Motion Analysis Currently, only the kinematic data of upper limb mo-

tion can be recorded easily. In human gait it is easy
Over the past decade the adoption of different task$o measure the distribution of ground reaction forces to
to drive motion analysis of the use of upper limb hasbuild into the model. To be representative, upper limb
grown. One solution proposed by Rau was to usemotion needs to be rather broader in scope, with multi-
repetitive tasks so they could observe differences in elple motions recorded. For a complete study it would be
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Fig. (3) — SHAP Key turning task. Typical events as cycle percentages, left to right, top row: Timer started at 0%,
key reached about 40%, key turned at about 60%, bottom row: Timer stopped at 100%. Kinematic data is recorded
using motion tracking equipment (for clarity, not shown here)

necessary to be able to record the forces generated fofable (2) — Simulated ADL tasks of Zinck et al. [40]
each finger and across six axes (three translations and

three rotations). This is a complex process and somg Task Task
progress is being made towards this goal [37]. In the_nNumber . _
meantime the recording of the kinematic data alone is 1 Hanging clothes on a clothesline

Slicing bread
Simulated eating with a knife and a for
Sweeping the floor with a broom
Stirring in a pot
Cutting a circle in paper with scissorg

proving valuable [33, 36, 38].

One criticism of the SHAP style of assessment is tha
it was aimed to assess the function of one hand, thus
most of the tasks were mono-manual, with the hang
under test dominating proceedings. For a person with
a single sided loss the prosthesis is generally used in

a support role, rather than as the primary manipulator.

Additionally SHAP restricts the way someone can usetages.

their hands to a more limited range. This shows theOne such experiment was conducted by Zinck [40]. He
conflicting requirements for the design of a means ofrecorded thenotion of both limbs while 20 able bodied
assessment. If a task is restricted then it reflects reasubjects and 4 prostheses users performed six simulated
ity less well, but as the next example shows, the les@DLs (Table (2)) in order to observe the impact of the
constrained the test the more variable the result and th@rist on the rest of the body. Each able bodied subject

=~

OB WN

harder it is to compare them. performed the task with their arms unrestricted and then
wearing a custom splint on their elbow and hand to limit
The Use of the Wrist in Manipulation the range of motion of the joints as if they were wear-

ing a condylar suspension socket and a single degree of
The single biggest impact that a prosthesis has on th&seedom prosthetic hand, (Fig.(6)a), but with an unre-
motion of the user is the number of axes in the pros-stricted wrist. The subjects ability to grasp was signif-
thesis that are easily driven. If there are fewer motiongcantly impeded by the splint, but they did have a little
possible than the natural arm (which is generally true)more motion in their fingers than with a genuine single
the operator has to use other bodily motions to placelegree of freedom prosthesis.
the prosthesis in the correct place to manipulate the ob¥he tasks were designed to address some of the lim-
ject. These motions could be through greater ranges dtations of the SHAP style of assessment. SHAP can
used more frequently than a non impaired person woulde simply the use of the apparatus and timed tasks, the
or they may have to use greater forces through the remotion analysis being an addition. Zinck’s work was
maining joints. All of these responses are associatedesigned to use motion tracking to follow the person as
with over-use injuries (such as Repetitive Strain Injury,they performed everyday bimanual tasks. The expec-
RSI). There is evidence that having a unilateral loss idation would be that the prosthetic side would be used
associated with greater risk of over-use injuries [39]. Itin the supporting role, but to find this out, the motions
is very hard to prove this directly, and the most directof impaired and unimpaired subjects were measured,
way would be to record those injuries reported by manyalong with the motions of a small number of prosthetic
users over very long periods of time. This is somethingarm users.
that is complex and hard to complete successfully wherSsome experimental data for the cutting task is pre-
the numbers of patients are so small. If the greatesented in (Fig.(5)), the subjects are shown (Fig.(6)a) and
ranges of motion are required to perform tasks with a(Fig.(6)b). Each graph is for a different axis of the upper
prosthesis, these can be observed using motion analysimdy. The angular displacement of each axis is shown,
and this might improve the ability to study this ques- progressing down the body from the head, with the X,
tion. Additionally, if the adoption of newer prostheses Y and Z axes shown side by side. If a particular joint
changed these results, perhaps towards the more natuiddes not possess that particular degree of freedom then
ranges, it might suggest their use had long term advanthe space is left blank so that the position of each axis is
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Fig. (4) — Plots for the different angles of the arm during the SHAP task to turn a key. The columie$ éve

right; flex/extension, add/abduction and internal/external rotation. Reading down the rows are the joints going down

the arm, shoulder elbow wrist. The grey areas represent the 95% confidence interval and the bold line is the mean
of five normal subjects. Time is scaled to the start of the test as defined by pressing the timer button, to stopping it
similarly.

always in the same relative position on the page. Wheting the paper fifty degrees round and cutting the next
both limbs are involved each chart shows both the soundegment, she holds the paper close to her lap with the
and prosthetic side. The red lines are the mean paths q@rosthesis and cuts round with her sound hand. As she
the unconstrained able bodied subjects, the green thgets to the end of her cut, she chooses to cut from the
same with splints and the blue is a single user of a mysame starting point in theppositedirection. To under-
oelectric single degree of freedom hand, with a passivéake this she holds her head on one side and her sound
wrist. arm abducts away from her body, as can be seen in the

What was observed was a large variability in the Waycharts. This reduced the numb_er of times_ she ngeds _to
pen and regrasp her prosthesis, something which will

that different prosthesis users performed the same task! , >
The activity of the able bodied users with the limita- take longer and increase uncertainty in the success of

tions of motion resemble those of the same people whef1€ task. While the splinted, unimpaired users continue
unimpaired. Generally, the splinting has a limited im- {©© cut the paper in small stages and move the paper

pact on the motion of the arms. Only the shoulder@ound.

and humeral elevation on the “prosthetic” side and thegjmiiarly, compensation was seen with the other tasks.
pronation on the unimpaired side resemble the differgrom this it is clear that prosthesis users employ wider

ences that the prosthesis user employs. This suggesf§nges of motion in the trunk and the prosthetic side
that a fully mobile wrist can position the hand in the 51 the unimpaired group. So there is a higher risk

correct place and the rest of the arm is used to compenyp ¢ the person will suffer from overuse injuries in later

sate for the limitations in the socket attachments. life compared with the general population. Addition-

Taking the cutting task as an example and the results ddlly, these injuries may not be isolated to the prosthetic
a single subject compared with the unimpaired populaside, but may affect any joint of the body. Since people
tion (red): What can be seen is that the subject choosesith limb absences depend even more on their ability to
a different strategy to perform the cutting manoeuvre perform tasks one handed than most non affected indi-
Instead of cutting roughly fifty degrees then regrasp-viduals, it is a concern that the wrong prosthesis, or one
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Fig. (5) — Cutting task (Figure caption at page 52)
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Fig. (5) — Cutting task (Figure caption at page 52)
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Fig. (5) — Kinematic data of the cutting task. Able bodied population are green curves and the two blue lines are
themotions of a single prosthesis user. Each joint is plotted with X, Y and Z axes, with the full execution of the task
being resampled to 1000 points and this is plotted as the abscissa. If the joint does not flex in that axis the plot is
blank, but maintaining all three plots ensures that the relative position of the different plots remains the same. The
task is to cut a circle in a piece of paper with a pair of scissors. The prosthetic subject keeps the paper in her lap and
rotates the paper more rarely than the two handed subjects, cutting from on top after 450 points. This is most clearly
visible as the peak in the head tilt, humeral rotation and wrist abduction. Red = Unimpaired population mean, Green
= splinted population mean, Blue = User of a single degree of freedom myoelectric hand. Upper set are the right,
unimpaired arm, lower plots are the left impaired or prosthetic arm.

(b)

Fig. (6) — (a) The cutting task performed by an unimpaired @set the same user wearing splints to impede
motion to simulate the use of an extra-condylar suspension socket and a single degree of freedom hand, but a fully
articulated wrist. Note: Unlike the experienced user of a prosthetic hand, the subject continues to cut the paper
but makes small cuts and moves the paper in his hand; (b) the cutting task performed by a user of a single axis
myoelectric hand with passive pro/supination. Notice that instead of repositioning the paper in the prosthesis the
user changes the approach of the good hand and wrist. This change in the wrist flexion is visible in the traces in
(Fig.(6)a) roughly 50% of the way through the task.
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with too few selectable motions may decredfse per- that is easier to achieve instead of the harder one. This
son’s chances to be able to act independently when themmay be awkward or encourage the sort of motions that
grow older. Thus the ability to objectively measure theare associated with over-use injuries, which should be
impact of a different design on the motion of the user isdiscouraged.
a useful method in determining the value of a design. There is no single protocol to test any situation. Differ-
ent types of tasks (walking or grasping) need different
Assessment of Cognitive Load methods to measure the cognitive load in each situa-
tion. The basic form of a dual task test is to have a
subject perform two tasks, both separately and together,
and see how much of each task can be achieved in each

) o situation. Each task uses some of the subject’s cogni-
As the focus of study shifts towards the activity based;je capacity. If the tasks are well chosen, it will be

measurements, what becomes important is to know howhossible to conduct both tasks to their full capacity
effective the person is with their prosthe3|s. There ar&jmultaneously, but it is possible to perform them both,
a number of ways to measure this, and most centre 0g; g |ower rate or skill. It is important for the tasks not to
the activity itself, such as ADLSs etcetera, but what ispg g gifficult that the subjects stop one task altogether
missing is; how easy it is for the wearer to use the 5nq concentrate on the other. So it can be seen that the
prosthesis? This is clearly becoming more important se|ection of the correct task is paramount to the success
as the prosthesis designs get more complex and potegs ihe experiment.

tially harder_to operate_. ,If a ha_nd is harder to use, thenI'he second task may impact on the first in one of two
there is a high pro.bablht.y It will not be used fully, or ways: The first possibility is if the same processing cir-
.no,t worn at all. With existing deggns of assessmept,cuitry in the brain is used to perform both of the tasks.

it is difficult to separate the design of the prosthesis gy oy1d be achieved through a division of processing
In the prosthetic case, we are talking about

the controller and the ease by which a user can operatg,o ) ,rces

the QeV||ce. W'th?(m thc'is,’ |tr|]s_hard to krf\ow dlf a pebr— the motor cortex and so, we need a second motor task.
SOn IS Slow or awkward in their usage of a device De-rpq important problem is that it is quite hard to find two
cause of the mechanical constralnts a particular des'g[ﬁdependent motor tasks that can be performed together.
or the mental load the operation of the hand places op- example: one pair of tasks might be to use ones

the person. While manipulation is not as stereotypica,, s to manipulate something, while walking. This is
as walking, many parts of the control of grasp are still o o4y 1o motor tasks, but it is tricky to work out how

subconscious. Therefore, if the use of a prosthetic hango do this practically. Cognitive psychologists use these

requires more attentional load on the part of the OP€18f50)s to measure the way the brain instructs the body

tor, I_movx_/i_ng the extent of this gffect on the prosthesisy, nqe |f instead, two tasks use different processes
use is critical. To explore this difference we may use a(say motor and speech), but need to employ the same
technique known aBual Task measurement, ~_input/output resources there is still going to be compro-
Dual Task measures ask a person to perform an activityyises in the allocation of those resources. In fact in
under test and then uses a second task to partly occuysychology there is still debate as to which occurs in
the attention of the subject while performing both tasks.pyal Task and which is important. While this uncer-

If the subject cannot perform both tasks at once to thgainty may confound the interests of the cognitive psy-
same ability as they do either task, then the second tast'ﬂwologists, who wish to know more about the way the
is having an impact on the first. The level of this impacthyman central nervous system works, it is less of a con-
can then be used to compare the result with a secongern to someone in prosthetics research. What we want
primary task of interest. Basically, if it is hard to do o measure is simply how hard it is to perform the task
two things at once, one tends to slow down one or bothang so the drop in performance between two controllers
of them until one can. For Dual Task measures, the asof interest will give us a gauge even if we weren't quite
sumption is that this difference will result in a drop in gyre what was affected. So any task that exploits the
performance in proportion to how hard itis. In the case|imits of resource sharing is a useful task.

of prosthetic control, one can imagine comparing thep, example of a task might be for the subject to per-

control of a prosthetic hand using pattern recognition, iy simple mental arithmetic while they move objects
with the more conventional, dual site myoelectric chan-5,,nd with the prosthesis.

nels, to see which is harder to perform.

It is important to study this as the consequences of tryScoring the Task

ing to use a prosthesis that needs too much effort to

complete a task that might otherwise require little or noScoring of the task is important. It is possible to imag-
attention when performed using a natural limb, is thatine that different persons may use different strategies to
the person may understandably reject the limb. If it isget the task completed, and scoring calculation needs to
harder to perform the task with a prosthesis, the usebe able to account for this. For example; if a person per-
will tend not to undertake the task or will use a solution formed both tasks at once just slowing down each, this

I ntroduction
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would look like a differentesult to the alternative strat- ones hands, so that the reading becomes too much a
egy where they perform each in turn and swap quicklydistraction. The alternative is an audio version of the
between them. The amount each is degraded may we$troop. In this method, clearly male and female voices
depend on how the subject chooses to divide the taskead the words; "“Man™ and "Girl" interchangeably
up. Each subject is likely to be different. and the listener has to determine and state the gender
Let us assume that each subject performs each task sepf the speaker, not the sense of the word. These forms
arately so that their full capacity of the task is known. of the words are used, as "woman™ has more sylla-
Such tasks might be performing reaching and graspingples than "man™ while ™girl” does not, this differ-

for the primary task, so the count of the number of suc-ence in length would give the listener a different cue
cessful completions are then the primary scB®,The  to work from other than the sense of the spoken word.
secondary task could be the number of successive sulfhe trouble is that although some literature claims its
tractions of seven from a starting number of 93. Thisusefulness [42], the authors’ experience is that one can
would be the secondary score Ss. Finally the two taskslivorce ones hearing from listening and react entirely
would be performed together and the dual scores ar frequencyof the signal and not content, (something

measuredPd andSd. much harder do with vision). Thus in most situations it

The cognitive load is then the impact of the primary onis too easy to perform and it does not impact on either
the secondary and the secondary on the primary: test, so the scores do not change and the test tells us

nothing. Of course, a person who is illiterate would be

Cg= ((Ps—Pd)+ (Ss-Sd)/2) (1)  able to perform the visual Stroop perfectly and would

only respond to the colour of the words.
There are other word games that one can perform to sat-
urate ones cognitive processes. For example; one can

To test the difficulty of one control task compared to an—l's'ten 10 a sentence and report if it makes sense. The
other, the primary task would now change to the Secon&entence is constructed. from real words tr}at are used
different control method (such as teememanipulative In a standard and meaningful way, but don't, of them-
task but using a different myoelectric controller format), selves, makes sense[43].
then if it is easier to do the new task, then the reductior‘: ]

or example:

in score will be less because it will take less effort to

operate and so will have less impact on the secondar)}.—he man crosses the roashakes sense, grammatically

With a smaller score it would be possible to see that it isand logically

harder to use the first controller compared to the secondbut

Looking at only one measure (say the drop in primary
task) will only capture part of the impact, hence the
mean of the two impacts are taken.

Choice of Task The man runs the wall only makes sense grammati-
cally
The choice of task is crucial to the success of the mea-
sure. If it is too easy and the subject can perform bottso it follows all the rules of English grammar and is
without saturating their capabilities, it will not give a nonsense otherwise. Thus, the listener has to compre-
useable measure. If it is too hard, the task operatiomiend the meaning and analyze the words as well as their
may stop altogether and so that too will not furnish usgreater meaning.
with a usable result. For example; if the second task wadVith many of these tasks, learning is a real problem. As
juggling balls while walking, then some people would with the other tests, if the tests are to be objective, then
be unable to juggle at all, while others would walk and each time a person performs a test they should achieve
juggle with little impact on either. the same score. For a dual task the reduction in score
When walking is tested, it is possible to use a visualshould be from the impact of the second test. If instead,
task, as one does not need to use much visual attentiagach time the subject takes the secondary test s/he is
to walk. A popular task used in these circumstancegetting better, then the order of the tests will make an
is called themodified Stroop testnamed after its de- enormous impact on the final score. So if both tasks
signer) [41]. The subject has to identify taelour of  are taken separately first and then together then the sec-
the letters on a screen. The test being that the wordendary score may b@igherwhen done in combination.
that arewritten are the names of different colours. So Again, experience with these tests does not show they
the wordreadsa different colour to that it is written in.  are reliable enough to be used in conjunction with dual
This exploits the fact that once one can read, one cantask measures.
help reading, so one tends to read the word, rather tha®ne technique employed in the psychology community
see the colour. It is possible to overcome this, but onlyis mathematical tests. These are really effective as they
with practice and leisure. If one is pressed to performare hard to learn to do better and they are very objec-
the primary task as well, it becomes harder. tive. For example, counting backwards by sevens is
The visual Stroop is hard to use for manipulative tasksquite hard to do (while backwards in twos is much eas-
One needs to be able to see what one is doing wither). With practice one will only improve slowly, so
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the results across a morning experimental sesgmmit  a post and large electronics to control it. By the turn
change due to the repetition. Most people can’t rememef the century it was possible using the first ever bus-
ber the answers, so a second test will have quite similabased prosthetic arm system; TOMPAW (Totally Mod-
results to the first, which is important for repeatability ular Prosthetic Arm with Workability) [46]. This al-

of the test. If the person is good at this task, they ardowed a modified Edinburgh arm [47] to be controlled
even less likely to get better between runs of a dualsing the microprocessors and instructed by a joystick
task experiment, as they may already may be as goodttached to the shoulder of the subject.

as they can get. This sort of test is often used in cogni-The protocol had two control formats:

tive psychology experiments to great success. However,
the population of subjects that undertake these tests is
seldom typical of the general public. They are often
psychology undergraduate students, whose schooling is
likely to have been better and more recent than the gen- 2. Coordinated Control (CC) The X position of the
eral population. This is not a problem for these exper-  joystick corresponded to X position of the wrist
iments which aim to unpick some aspect of the human The Y position corresponded to the Y position of
cognitive processes, but this test has a basic flaw for  the wrist

a test on the general population, including real users

of prostheses. For although it is a good test, requir-SUbjeCtS then drove the arm using their acromion and

ing effort and concentration and will allow the person €Y were asked to place the wrist in one of three posi-
to occupy much of their mind, it is mathematical. This tions as quickly as possible (Fig.(7) and (8)). This was
is a skill fewer members of the general public possesdl® Primary task. One can imagine that there is a range
than a similar sized population of numerate undergrad®Ver which the arm can move and targets were placed at
uates. Indeed, the mere mention of numbers may terrir)g‘e_ limits of this envelope. The two alternate primaries
some people. Of course, if ones congregation is engi® eing th.e Coordmgted Corltrol or thg Direct Control of
neering or psychology students, one can assume a corfjach axis by an axis of the mput.Joy'stlck. The secondary
fort and familiarity with mathematics that makes such {2k was to perform the multiplication tables. The sub-
tests possible. If we chose to use this on a more generfCts were final year engineering undergraduates.
population, then we may find that some of our poten-
tial subjects would not wish to participate in the experi-
ment, being uncomfortable or even scared by numbers. [
The result of this is that we sub-select our populationto [
the numerically confident members of the population,
this reduces the validity of the experiment as we do not
know if there is anything special about such a group of
users that would change the overall result of the test.
For example; such people may well be far happier with
new technology and more ready to try new ideas and
less likely to give up on a difficult prosthesis. If what
we want to know is how easy the average user finds the
prosthesis, this method will not get to them. Indeed, the
population of users of prosthetic hands at any one cen-
tre can be so small, that to lose those who will not do
the test (rather than try the hand) may drop the potentiafig. (7) — Assessment of the control of a prosthetic

1. Direct Control (DC) The X position of the joystick
corresponded to shoulder elevation The Y position
corresponded to elbow flexion

pool of users considerably. shoulder. The movement of tleromion is mapped to
_ _ the motion of the end of the arm, or the motion in the
An Exampleof ItsUsein Upper Limb Control horizontal is mapped to the shoulder elevation and ver-

tical motion to elbow flexion. The three spatial targets
An example of the development of dual task in use inare shown ahead of the subject.

manipulation tasks, demonstrates some of the pitfalls in

this process. For an ideal test, the scores of each of the two tests
A test was designed to measure the impact of using coshould always be lower when both tasks are performed
ordinated control of a shoulder/elbow prosthesis. Theogether, each having an impact on the subjects’ abil-
idea here was that the operator only needs to contraty. However some subjects were actually getting better
the position of the wrist in space, they do not need toat the task with practice, so that despite the distraction,
attend to the relative positions of the shoulder and eltheir overall score did not change between tasks. The
bow, this is taken care of by the computer controller.mean percentage change of the primary task is shown
This was first tried in the 1970’s at Southampton Uni-in Table (3). The Coordinated Control task is impacted

versity [44, 45]. It required a heavy arm mounted onless by the mathematics task than the Direct Control.



56 Grasping the Future: Advances in Powered Upper Limb Prosthetics Kyberd et al.

Y imperfectly measured.

The test measures the subjects kinaesthetic skills and
mathematical skills which will be different for each sub-
ject, giving wildly different scores. Taking changes in
scores does remove some of this effect.

Finally, current prosthetic control tends to have a sin-
gle continuous motion input and one switch input so
a real prosthesis controller would be one myoelectric
channel and one bump switch, which would have been
much longer in execution than the DC control. If this
had been one of the control paradigms the results should
have been much more distinct.

> X The role these techniques will play in assessment in the

future, depends on the interests of the persons apply-
Fig. (8) — Envelope of the motion of the arm prosthesis.ing the techniques. In the examples shown here mo-
tion analysis was used to record aspects of the Activ-
ity domain. For all three examples the tests looked at

The secondary task was more similarly affected, howihe performance aspect of Activity. Had a new wrist
ever it is necessary to consider the context of the twodesign been added to the second tests, (page 50), then
tasks. A mathematical task, even on this population waéhis would have been able to measure the capability of
potentially harder for 21 year old engineers than thosdhe device. Such tools are hard to employ to measure
of a generation earlier who went to school before calcufarticipation, not only would it restrict the activity to a
lators became the norm and learning the multiplicationsingle room, but the presence of markers and cameras
tables had a greater emphasis. Naturally, it was stilmay inhibit natural behaviour, the very aspect that is
appropriate to expect these students to be comfortabl@uPposed to be measured. Itis possible that with lighter
with a mathematical task. Perhaps if their lecturers hadind more compact cameras, that activities may be mea-
been set the same task they may have found the multiplisured at home, but with all such aspects of monitoring
cation easier. If this was the case then the result wouldhere are important concerns over invasion of privacy of
be more dependent on testing their education than thefh€ USers.

ability to control the arm. Conversely, the younger sub-

jects after years of computer games may have found the ONCL USIONS

control of the arm simpler, therefore again testing age

rather than ability. So it is clear that a simple test like Assessment is becoming a more important part of the
this still has many dimensions to be considered. process of developing and applying a prosthetic limb.
Relative changes in scores for two tasks would removeéEach part of the process requires different tools to mea-
some of this dependence on other factors. Thus Equasure the impact of choices in the design or application
tion 1 is applied to the individual scores, which recordsof the technology to prosthetic users. The tools have to
the effect of the primary on the secondary and the secbe designed to supply reliable information that is eas-
ondary on the primary. ily comprehended by others in the same field, allowing
In all three areas the Coordinated Control had a smallethe easy exchange of ideas and information about the
drop in performance. Application of the effect of the devices and controllers that are in use or being devel-
two tasks on each other brought a small, barely signif-oped. Older, established tools are simple measures us
icant, difference in favour of the Coordinated Control. ing observations, timed activities or questionnaires of
The smaller drop in performance means it was less dethe users of limbs. With the new devices now on offer
manding as a task. Also the standard deviations wergnore sophisticated tools are possible. They use more
smaller, therefore it was more uniformly achieved, com-computational techniques to observe the action elec-
pared with the Direct Control. tronically, or newer theories of the mind to attempt to
There were many reasons for the weak result: measure the cognitive load required to operate the de-
Learning of the task is not uniform; it is hard to judge V/C€S-

and it cannot be easily determined without many re-mportant in all this is the need to identify a set of tools
peated measures of the task with each subject. Thighat would make comparing results between clinicians
would make the experiment much longer. and centres possible. With a degree of understanding of
It is not clear that the task really saturated the usersthe principles of design of the tools and the standard-
abilities. If the tasks used less than 50% of the cogni-ization of approach this will allow a broader knowledge
tive resources, then they could service both tasks withand greater transparency between centres, techniques
out a drop in performance, hence the impact of each isind programs.
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Table (3) Mean of the changes in performancelaf shoulder control experiment. DC = Direct Control, CC =

Coordinated Control. The changes are percentage changes from when each task is performed separately to when
the primary and secondary task are tried together. The combined score is the mean of the individual scores, showing

the impact of one on the other, antte versa.

Movement Task Mathematical Task Combined score
Primary Mean | Standard | Mean | Standard | Mean | Standard
Task Change | Deviation | Change | Deviation | Change | Deviation
DC 15 20 67 15 41 15
CcC 8 10 62 18 35 12
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CHAPTER 5

The Psychosocial and Biomechanical Assessment of Amputees
Fitted with Commercial Multi-grip Prosthetic Hands
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Abstract: The scenario of upper-limb prosthetics is rapidly changing: innovative solutions are
“moving out” from laboratories to be used by patients in the every-day-life. In particular,
prosthetic hands are facing major changes, with the availability of multi-grip options. While
these new technologies are potentially effective for patients, they are surely more expensive and
complex in terms of mechanics, electronics and cosmetic covering, i.e. aspects that also
determine an increase of maintenance costs. Since it is important to provide patients with
effective components while keeping costs under control, technology assessment is crucial. In
this framework, the aim of this Chapter is to provide an overview of some evaluation tools that
were set-up at Centro Protesi INAIL to gain insight into the psychosocial and biomechanical
aspects of upper-limb amputees using high-tech prostheses. A case study reporting the
application of these tools is also presented, regarding a patient using the Otto-Bock
Michelangelo hand. Results highlighted an increased satisfaction with the new multi-grip hand
and, remarkably, the new prosthesis triggered a higher level of embodiment, with a mind-
changing in the use the previous hand as well. Thanks to pleasant appearance and functional
features of Michelangelo, the patient started to assume more natural gestures and postures also
with the traditional myoelectric hand, reporting this different way of thinking the prosthesis as
“a fundamental step for an amputee”. Regarding the biomechanical assessment, the shoulder
biomechanics was positively influenced by the availability of the lateral grip and by the overall
hand shape, which allowed the patient to approach cylindrical and coin-shaped objects in a more
natural way, limiting the shoulder compensatory movements. Overall, the assessment tools that
we set-up provided a valid contribution for the systematic analysis of the changes taking place
in the amputee due to the use of new technologies. The broad on-the-field experimentation will
ultimately prove the validity of the approach.

Keywords: Amputation, Upper Limb, Prosthetic Arm, Hand, Myoelectric Control.

* Corresponding Author: A.G. Cutti — e-mail: ag.cutti@inail.it

INTRODUCTION

Upper-limb amputations in Italy are about 4.000 per
year, ie. about 25% of the total number of
amputations reported by the National Healthcare
Service [1]. The most frequent cause of amputation is
traumatic, with percentages ranging from 53% to 69%
depending on the source [2, 3]. Upper-limb
amputations taking place during work are about the
75% of the total work-related amputations and are
mostly fitted with a prosthetic solution by Centro
Protesi INAIL, which is a specialized division of the
Italian Workers” Compensation Authority for
prosthetic/orthotic treatments and assistive
technologies provision. Among the anatomic segments
of the upper-limb, the hand is the most affected, i.e.

about the 95% of cases at national level [1]. Statistics
regarding work-related upper-limb amputations
confirm this trend, with an 85% of the total.

From the prosthetic perspective, patient satisfaction
remains a challenge, with statistics reporting a
rejection rate or non-wear of about 25% [4, 5].
Functional limitations and ease of use can discourage
amputee from the active use of the artificial arm,
especially for more proximal levels. After a few
decades of relative stagnation, innovations in
mechatronics and science of materials are leading to a
technological leap: new prosthetic components are
becoming available on the market which might
provide amputees with substantial benefits in terms of
function and positive implications at the activity,
participation and, more generally, quality of life level
(see Chapter 4 for an introduction to ICF domains).

Vincenzo Parenti Castelli and Marco Troncossi (Eds)
© 2012 The Author(s). Published by Bentham Science Publishers



60 Grasping the Future: Advances in Powered Upper Limb Prosthetics

These components are, in particular,
controlled, multi-articulated hands.
While these new technologies are potentially effective,
they are for sure more expensive and complex in terms
of mechanics, electronics and cosmetic covering, i.e.
aspects that also determine an increase of maintenance
costs. Since it is important to provide patients with
effective components while keeping costs under
control, technology assessment is crucial. Since
prosthetic fitting requires the cooperation of a team of
professionals with the patient and his/her family, the
assessment must be multi-factorial. In the framework
of the methodologies introduced in Chapter 4, the aim
of this Chapter is to provide an overview of the
evaluation tools that were set-up at Centro Protesi
INAIL to gain insight into the psychosocial and
biomechanical aspects of the amputees using high-tech
prostheses, with specific reference to new prosthetic
hands. A case study reporting the application of these
instruments is also presented, regarding an amputee
using the Otto-Bock multi-grip hand named
Michelangelo.

myoelectric

PSYCHOSOCIAL ASSESSMENT

Psychosocial aspects play an important role in
acceptation and proficient use of upper-limb
prostheses, as highlighted in recent studies on the topic
[6]. The question arises, therefore, if new high-tech
components can have an impact on the acceptation of
the amputation, social integration and, ultimately,
perceived quality of life. The need for such kind of an
assessment was further supported by the first
experimentations with commercial multi-articulated
hands carried out at Centro Protesi INAIL since 2007,
from which we had the perception that amputees were
experiencing a feeling of appeasement just operating
the hand and seeing the fingers opening and closing in
a “human-like” fashion.

For a systematic collection and
psychosocial reactions and adjustments to new
advanced prostheses, in comparison with standard
myoelectric solution providing cylindrical tri-digital
grasp only, we developed an assessment protocol. The
protocol consists of a specifically developed semi-
structured interview and a battery of self-report
questionnaires, aimed at investigating the following
variables:

1. prosthesis usage and satisfaction;

2. psychological reactions (anxiety, depression);

3. presence of psychological distress before the
amputation and preview treatments;
psychosocial interventions after amputation;
expectations concerning the prosthetic device;
social integration and perceived social support;
social role of the prosthesis, with particular
attention to its role in the presentation of self and
in the relationship with others;

8. personality characteristics.

In particular, the protocol comprises 4 parts:

analysis of
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1. personal form that collects patient’s personal
information (age, gender, educational level,
marital status, work, etc.);

2. semi-structured interview that consists of
3 sections, with multiple choice and open-ended
questions: Part I collects information about
variables related to amputation, use/satisfaction
with prosthetic device, and motivation for
technology use; Part I investigates the presence
of pre-amputation psychological distress and
previous treatments, along with post-amputation
psychological emotional sufferance and possible
interventions; Part III consists of questions
related to other important psychological and
social factors: social integration, perception of
vulnerability, activity restriction and social
avoidance, perception of others’ reactions to the
prosthesis, relationship with family and friends;

3. paper and pencil questionnaire on patients’
expectations related to prosthetic device and
believes about its impact on their life;

4. battery of standardized
questionnaires.

For what concerns this last part, the following six
questionnaires were included, based on recent reviews
that identify common psychosocial post-amputation
challenges [6-8]:

1. State-Trait Anxiety Inventory — Forms Y1 and

Y2 (STAI-Y) [9]
The STAI-Y consists of two 20-item scales for
measuring the intensity of anxiety as an
emotional state (State Anxiety, STAI-Y1) and
individual differences in anxiety proneness as a
personality trait (Trait Anxiety, STAI-Y2). In
responding to the STAI-Y1 items, subjects
report the intensity of their feelings of anxiety
“right now, at this moment”, whereas responses
to the STAI-Y2 items require subjects to indicate
how they generally feel, reporting how often
they have experienced anxiety-related feelings
and cognitions.

2. Beck Depression Inventory-I1 (BDI-II) [10]

The BDI-II consists of 21 items to assess the
intensity of depression in clinical and normal
patients. Each item is a list of four statements
arranged in increasing severity about a particular
symptom of depression, referring to criteria of
the Diagnostic and Statistical Manual of Mental
Disorders IV (DSM-IV): sadness, pessimism,
fatigue, loss of interest, self-criticalness, changes
in sleeping pattern and appetite, etc. The time
reference for the response set is two weeks.

3. Multidimensional Scale Perceived Social
Support (MSPSS) [11, 12]

The MSPSS is a 12-item scale for measuring
perceived social support of 3 specific sources:
family, friends and significant other. MSPSS
evaluates an important aspect of the broader
construct of social support: perceived quality of
relationships. Social support is believed to be a

self-report
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relatively stable construct and to contribute a
moderating influence between stressful life
events and depression-anxiety symptomatology.

4. EuroQoL Questionnaire (EQ-5D-3L) [13]
EQ-5D-3L is a standardised instrument for use
as a measure of health-related quality of life.
Applicable to a wide range of health conditions
and treatments, it consists of a descriptive
system that comprises 5 dimensions (mobility,
self-care, usual activities, pain/discomfort and
anxiety/depression) of 3 levels (1- no problems,
2- some problems, 3- severe problems) and
provides a simple descriptive profile and a single
index value for health status. It include also a
visuo-analogue scale (EQ-VAS) on which
patient indicate the perceived level of health
status. The wuse of this instrument is
recommended in studies evaluating the
cost/effectiveness interventions.

5. Trinity Amputation and Prosthesis Experience
Scales (TAPES-R) [14, 15]
TAPES is a multidimensional measure
theoretically and empirically derived to enable
examination of the psychosocial process
involved in adjusting to amputation and the
experience of wearing a prosthesis. Recently,
authors have suggested a revisited version of the
TAPES, using both classical test theory and
Rasch analysis [15]. TAPES-R comprises: three
psychosocial adjustment subscales with a 4-point
rating scale (General Adjustment, Social
Adjustment, and Adjustment to Limitation); an
activity restriction scale with a 3-point rating
scale; two satisfaction subscales with a 3-point
rating scale (Functional Satisfaction, Aesthetic
Satisfaction) and a single item for overall
satisfaction ~ with  the  prosthesis.  The
questionnaire includes a final section formed by
multiple choice and open-ended questions that
investigate the experience of phantom limb pain
(PLP) and residual limb pain (RLP), as well as
other medical conditions not related to the
amputation. Authors have highlighted the
potential applicability and clinical relevance of
TAPES with upper limb amputees [16].

6. Big Five Adjectives (BFA) [17]
BFA is an instrument that belong to the
tradition of the Big Five model, based on
psycho-lexical approachto the study of
personality. BFA consists of 175 adjectives,
measuring five dimensions of personality
(E — Energy, A — Friendships,
C — Conscientiousness, S — Emotional Stability,
M — Open-mindedness) and ten sub-dimensions
(Di — Dynamism and Do — Dominance;
Cp — Cooperativeness and Co — Cordiality,
Sc — Scrupulousness and Pe — Persistence;
Ce — Emotions control and Ci — Impulses
control,  Ac — Openness to culture and
Ae — Openness to experiences). BFA includes a
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Social Desirability Scale (DS) in order to

evaluate patient’s tendency to provide socially

desirable profile.
The protocol is intended for application in longitudinal
studies. In our intentions, a baseline must be
established before the application of the new
prosthesis. After provision of the new system,
intensive device-specific training (from 5 to 7 days
full-time) and home-use for 3 months, the protocol is
reapplied. Thus, pre-post treatment comparisons are
possible. A 6-months and 12-months follow-up are
then carried out to evaluate long-term patients'
adjustment.
It should be noted that stable variables or trait
measures (e.g. perceived social support, personality
characteristics) are administered only during initial
assessment because they are thought to be unchanged
over time. The baseline measures of these variables
may predict psychosocial outcomes at follow-up
evaluations. Thus, follow-up assessments include an
abbreviate version of the semi-structured interview,
along with the designed battery of self-report
questionnaires.

BIOMECHANICAL ASSESSMENT

In most daily activities, the kinematics of the upper-
limb and trunk has the goal to position and orient the
hand in such a way that the hand can effectively and
efficiently reach/grasp an object and transport it to the
desired target. When either the end-effector or one of
the joints in the upper-limb kinematic chain is replaced
by a prosthetic joint with intrinsic motor or sensorial
limitations compared to the original body-part,
compensatory movements are performed by the
remaining joints. At present, the typical prosthetic
solution for a transradial amputee does suffer from
such limitations: the wrist rarely features the flexion-
extension and it does not present the radio-ulnar
deviation; the hand just features a tridigital grip
pattern; none of the joints or part of the prosthesis
offers a direct sensory feedback. Consequently,
transradial amputees need to compensate these
limitations and a possible reduction in elbow flexion
due to the socket, with compensatory movements of
the shoulder, trunk and neck. Despite the clinical
observations, quantitative evidences about the actual
compensatory movements and strategies adopted by
trans-radial amputees to complete activities of the
daily living (ADLs) are quite limited [18-21], and they
generally suggest that compensatory movements
depend on the specific task and that the whole body is
involved.

In addition to being limited in number, four
methodological issues exist in the literature. The first
and most evident, is the lack of information about
scapulo-thoracic motion, which is instead of great
interest for the existing connection with shoulder
pathologies. In particular, Ludewig and Reynolds [22]
reported that alterations in the scapulo-humeral
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rhythm, i.e. the coordinated movements of scapula and
humerus when this latter is elevated, exist in
pathologies such as shoulder impingement, rotator cuff
tendinopathy, rotator cuff tears, glenohumeral
instability, adhesive capsulitis and <tiff shoulders.
Both shoulders of an amputee are at risk: the
controlateral side for overuse and the affected side for
muscle weakness [23], which has been previously
documented [24]. For these reasons, we think that
scapulo-thoracic motion should always be analyzed,
for instance with the acromion tracker described in
[25]. Moreover, we think that the upper-limb
assessment of an amputee should aways include the
measure of the scapulo-humeral rhythm during basic
flexion-extension movements in the sagittal and
scapular plane. With regard to the effect of new
prosthetic hands, it would be relevant to understand if
the availability of different gripping patters has an
effect on the scapula and humerus kinematics,
allowing the amputee to avoid positions known to be
related to subacromial or internal impingement, i.e.
related to rotator cuff tendinopathy; these positions
are, in particular, humerus flexion & abduction with
intra-rotation or abduction with external rotation.

The second limitation is the lack of information about
head and neck kinematics: these motions can be
essential to complete a task when upper-limb joints
have a limitation in the range of motion (ROM) [18].
The existence of joint ROM restriction should be
always assessed through basic, single plane, single
joint motions. In particular, it seems important to
identify if the socket is limiting the elbow maximum
flexion and ROM.

The third limitation is the lack of information and
standardization about the motion analysis protocol
used, as opposed to recent recommendations [26].
Specific indications about marker placement on the
prosthesis are not generally provided as well as the
definition of the anatomical Coordinate Systems
(CSg), i.e. the CS associated with each body segment
whose relative orientation describe the segment/joint
kinematics [26]. In particular, the elbow epicondyles,
which are commonly used as anatomical landmarks to
define the humerus anatomical coordinate system [27],
cannot be easily identified, as the lay underneath the
socket.

Finaly, the forth limitation is the long-standing
discussion about the lack of standardization of the
activities to be tested, both in terms of tasks selection
and constraints in the execution of a specific task, e.g.
regarding body posture, objects to manipulate, starting
position, ending position, timing. As discuss in [26]
and also in Chapter 4, the answer liesin the hypothesis
to be tested. First of all, it is important to define the
ICF domain of interest: impairment or activity? We
think that laboratory motion analysis is best suited for
impairment assessment, while quantitative information
about activity should be acquired by wearable
technologies [28-30], that enable measurement
outdoor, in the “real” every-day life.
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Table 1 — Anatomical landmarks used for the
definition of the anatomical/functional coordinate
systems.

Abbreviation Name
NB Proximal aspect of the nasal Bone
CH Mental Protuberance
Co External Occipital Protuberance
1J Incisura Jugularis
PX Xiphoid Process
C7 7" Cervical Vertebra
T8 8" Thoracic Vertebra
AA Angulus Acromialis
TS Trigonum Spinae
Al Angulus Inferior
GH Centre of Glenohumeral Head
EL Lateral Epicondyle
EM Medial Epicondyle

Radial Styloid; for the prosthetic
side: identified during the static

RS calibration trial to replicate
controlateral side.
US Ulnar Styloid; for the prosthetic

side: opposite to the RS.

3 Metacarpus; for the prosthetic
M3 side: just proximal to the 3"
finger knuckle.

Direction of the elbow flexion-

Viex extension axis
Direction of the forearm prono-
Vos Upination axi
pination axis
Direction of the prosthetic wrist
Viexw

flexion-extension axis

Replication of ADLs in the laboratory with the aim
of gathering information about the typical behavior of
apatient is, we think, unrealistic, since the fact that the
subject is intensively monitored, unavoidably
conditions the individual, who will tend to perform at
his/her best. Consequently, the lack of standardization
in the execution of a specific task does not bring
additional information, but introduces variability in the
data which make difficult to compare a subject over
time (longitudinal studies) or a sample of subjects.
With this framework, we support the use of tasks from
the SHAP scale, which is a proposal brought forward
in Chapter 4 as well. Additional tasks might be
necessary, depending of the responses that the
investigator wants to elicit in the subject, but these
additional tasks should be equally clearly defined and
should involve standard or easily replicable objects
whenever possible, if manipulation is required. In the
following sections, we describe the motion analysis
protocol implemented at Centro Protesi INAIL for the
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assessment of new prosthetic hands in transradial
amputees. The description is based on the
recommendations provided in [26].

Motion Analysis Protocol for Trans-radial
Amputees

Segments and joints of interest

Both sides of the amputees are measured, to allow a
within-subject comparison. The segments of interest
are the head, thorax and, for both sides, scapula,
humerus, forearm and hand. Neck kinematics comes
from the relative orientation of head and thorax.
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Scapula and humerus attitude are referred to the
thorax, following current standards.

Elbow flexion-extension is computed from the relative
orientation of humerus and forearm, while prono-
supination differs between the sound and the
prosthetic side: for the sound side it is computed
between forearm and humerus, while for the prosthetic
side between hand and forearm.

Anatomical coordinate systems

The anatomical landmarks of interest are reported in
Table 1 and the anatomical/functional CSs are defined
in Table 2.

Table 2 — Definition of the anatomical and functional coordinate systems.

Segment Axes
Yyp = (NB — CH)/I NB — CH | longitudinal
Xup = Yup A (CO — NB) /Il Yyp A (CO — NB) |I: medio-lateral
Head (HD) Zup = (Xyp A Ygp)/ll-ll:antero-posterior
Origin: NB
Yrux = ((J +€7)/2 — (PX +T8)/2)/ 1 (1] + C7)/2 — (PX + T8)/2 II:
longitudinal
Thorax (THX) Xrux = Yrux A (T8 — PX) /1l Yrux A (T8 — PX) |I: medio-lateral
Zrux = Xrux N Yrux/l-|l: antero-posterior
Origin: 1J
Xsc = (AA—TS)/Il AA — TS |I: medio-lateral
Scapula (SC) Zsc = (Xsc N(AA — AD/l X5c A (AA — Al |I: antero-posterior

Ysc = (Zsc A Xsc)/II-II: longitudinal
Origin: AA

Proximal humerus (H1)

Y41 = (GH — E)/|l GH — E |: longitudinal

Zyr = (Yus A (EM — EL)) /Il Yyy A (EM — EL) |I: antero-posterior
Xy1 = Yy1 A Zyy /1INl medio-lateral

E = (EL + EM)/2

Origin: GH

Proximal humerus (H2)
(for internal -external
rotation assessments

only)

Y42 = (GH — E)/Il GH — E |: longitudina

Xyz = (Yg1 AYes) /Nl Yy A Vi |l antero-posterior
Zyy = Xya A Yo /lIll: medio-lateral

Origin: GH

Distal humerus (H3)

Xys = Verex /|l Verex |I: medio-lateral

Zys = Xy3 A (GH — E) /Il Xy3 A (GH — E): antero-posterior
Yus = (Zys A Xy3) /Nl Zys A Xy |l: longitudinal
E=(EL+EM)/2

Origin: E

Forearm (F)

Yr = Vps/|l Vps |I: longitudinal

Zr = ((RS—US) AYg/Ill (RS — SU) A Yg | antero-posterior
Xp = (Yg A Zg)/II-Il: medio-lateral

S = (US +RS)/2

Origin: S

Hand — sound side and
prosthesis without wrist
flexion (HN)

Yun = (§ —M3)/Il S — M3 ||: longitudina

Zun = (Yyn A (US — RS))/Il Yyn A (US — RS) || anterior-posterior
Xun = Yun A Zy)/ -l medio-lateral

Origin: M3

Hand — prosthesis with
wrist flexion (HW)

Xuw = Verexw /Il Vepgxw |I: medio-lateral

Zaw = Xygw A (S — M3))/Il Xy A (S — M3) |I: anterior-posterior
Yuw = Zgw A Xgw)/ll-Nl: longitudinal

Origin: M3
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Table 3 — Sequence of Euler angles for each joint/segment kinematics of interest

Joint /Segments Euler Sequence (positive sign)
: XZ'Y”
Head relative to Thorax (flexion-abduction-internal rotation)
. XZ'Y”
Thorax relativeto Global CS (flexion-left limping-internal rotation)
) YZ!X!!
Scapula relative to Thorax (protraction-lateral rotation-posterior tilt)
Mostly sagittal plane movements: XZ'Y"’
Humerus relative to Thorax (flexion-abduction-internal rotation)

Mostly frontal plane movements: ZX'Y"’
(abduction-flexion-internal rotation)

Forearm relative to Humerus

Sound side: XZ'Y"’
(flexion-carrying angle-pronation)
Prosthetic side: XZ'Y"’
(flexion-carrying angle-dummy)

Hand relative to Forearm

Sound side: YZ' X"’

(dummy — radial deviation-flexion)
Prosthetic side: YZ' X"’

(pronation — radial deviation-flexion)

For thorax and scapula, definitions follow the I1SB-1SG
recommendations [27].

As proposed in [26], for the humerus two coordinate
systems are defined: 1) a proximal CS (normally H1,
H2 only for the assessment of the internal-externa
ROM only) to describe the attitude of the humerus
relative to the thorax, i.e. for the computation of the
scapulo-humeral rhythm, and 2) a distal CS (H3) to
describe the elbow kinematics. The proximal CS
follows the ISB-ISG recommendations, with the
epicondyles “calibrated” when the amputee is not
wearing the prosthesis, as further detailed in the
Section “Marker-set and landmark palpation”. The
distal CS, instead, is based on the estimation of the
elbow functional flexion-extension axis of rotation
[26], which allows to minimize the kinematic cross-
talk with the prono-supination.

For the forearm, the CS is based on the estimation of
the functional prono-supination axis, obtained, for the
sound side, from the relative motion of humerus and
forearm during a pure prono-supination task. For the
prosthetic side, instead, the functional axis is obtained
from the relative movement of hand and forearm. In
both cases, the functional axis is referred to the
forearm segment. For the definition of the forearm CS,
two anatomical landmarks are also required, namely
RS and US. For the prosthetic side, it is proposed to
ask the amputee to adjust the prono-supination so that
the hands can join and the forearms can touch each
other (named hereinafter “styloid calibration posture”).
RS on the prosthetic side is then identified by
replicating the position of the sound side RS on the
prosthesis. The prosthetic side US is obtained as
opposed to RS on the wrist circumference.

For the sound side hand, the CS (named HN) is based
on anatomical landmarks. HN is used for the
prosthetic side when the wrist does not feature the

flexion-extension. When the wrist does feature the
flexion-extension, instead, a functional axis describing
this hinge joint is estimated using a functional method
[26] and becomes the basis for the construction of the
prosthetic hand CS (named HW). An exception to this
approach is when the comparison of the radio-ulnar
deviation is of interest between different hand models.
In this case it is suggested to measure a static trial and
perform the radio-ulnar deviation analysis on this trial
using HN for both hands.

Joint or segment angles

Joint or segment angles are obtained following [26], as
reported in Table 3. In particular, for the elbow joint
the Euler sequence XZ'Y'' is applied to decompose
the relative orientation of the forearm and humerus
orientation matrices. The first rotation provides the
elbow flexion-extension angle. The third rotation
provides the prono-supination angle for the sound side
and a constant value for the prosthetic side, since the
prosthetic forearm does not feature the prono-
supination (which is between hand and forearm). By
applying the Euler sequence YZ' X'’ to decompose the
hand to forearm orientation matrices of the prosthetic
side, the first rotation provides the prono-supination,
the second the radio-ulnar deviation and the third the
flexion-extension. The same sequence is applied to the
sound side, but the first rotation reports a theoretically
congtant value (in the ideal case of absence of soft-
tissue artefact [26]).

Marker-set and landmark palpation

Assuming that the system of measurement is an
optoeletronic system, the marker-set is based on the
CAST approach [31], with a few exceptions. Four
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markers are positioned over an elastic band around the
head to form a cluster of markers, and the anatomical
landmarks of the head are calibrated with respect to
the cluster during a static trial. Similarly for scapula
and humerus, for which the clusters are positioned,
respectively, on an acromion cluster and in the central
part of the bony segment, slightly posterior. For the
humerus, the cluster can be based on 5 makers, in case
of visibility issues. The humerus epicondyles must be
calibrated relative to the humerus cluster when the
amputee is not wearing the prosthesis. For the
estimation of the centre of the humerus head, a
functional task as suggested in [32] is performed, and
the method by Gamage et al [33] is applied [34]. For
the sound side forearm, the cluster must be as close as
possible to the wrist, while for the prosthetic side it
must be proximal, outside of the prosthetic glove. For
the hand, a three marker cluster is used, with markers
positioned over M3 (Table 1) and on the middle of the
1®" and 5™ metacarpal bones. Two additional, small
markers are place on the index and thumb tip, to have
information about hand opening. All the object to
manipulate should bring a marker, to allow the
temporal segmentation of the activity (Fig. (1)).

Tasks

Firstly, a set of static trials are measured:
1.styloid calibration trial, as described previously
2.upright, elbow flexed 90°, humerus alongside the
body perpendicular to the ground: this trial is
useful to check the overall scapula posture and for
the analysis of the radio-ulnar deviation of the
prosthetic side.
Secondly, a set of functional tasks are required, to
complete the definition of the CSs. These are:
1.a start arc task [32] with the humerus, for the
estimation of the glenohumeral centre of rotation;
2.pure elbow flexion-extensions, to estimate the
relative functional axes;
3.pure prono-supinations, to estimate the relative
functional axes;
4.pure wrist flexion-extensions, to estimate the
relative functional axes.
Functional movements 2)-4) should be repeated at
least 5 times and the estimation of the axis is through
the Woltring algorithm [35].
Then, a set of tasks to assess the condition of the
elbow ROM and shoulder scapulo-humeral rhythm are
performed, with the subject standing still in upright
position:
1.a full ROM elbow flexion-extension;
2.a pure flexion-extension of the shoulder in the
sagittal and scapular planes;
3.a pure humerus internal-external rotation with the
elbow flexed 90°; the humerus anatomical frame
named H2 is used for an accurate measure [36].

Also these movements should be repeated 5 times, to
consider at least the central 3 repetitions.
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Fig. (1) — Marker set for the motion analysis based on
an optoelectronic system. The acromion cluster was
realized in Centro Protesi through rapid prototyping.

H
o

L—d
P

N

Fig. (2) — Marker set for the motion analysis based on
an optoelectronic system. The acromion cluster was
realized in Centro Protesi through rapid prototyping.

The subject is then asked to sit-down on a stood in
front of a table, in the following reference position
(RP):

e joint knee flexed at 90°;

¢ mid-line of the subject aligned with the mid-line of
the table, placed in front of him/her;

e the distance of the thorax from the table fixed such
that the subject can stand with the elbows flexed at
90°, neural rotation of the shoulders and the wrists
aligned with the edge of the table.

Five technical areas (10x15 cm) are then marked on
the table, considering the subject in the RP (Fig. (2)):

e A0 — frontal area (aligned with the midline),
horizontally aligned with the table edge closest to
the subject;

e Al — lateral area, aligned with the right hand of the
subject, just placed in front of the hand;

e A2 — in front of the subject, aligned with the
body’s midline at the maximum reachable distance
of the arm under investigation (without moving the
thorax);

e A3 — lateral area, aligned with the left hand placed
just in front of the hand;

e A4 — frontal area, placed on a shelf, above A2; the
height of the shelf must be chosen to aligning it
with the mouth of the subject.
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Once the RP is defined and the technical areas marked,

the subject completes the following activities at least

three times, at self-selected speed:

1. Jar task — Unilateral task

Setup: Position the jar (SHAP object) over A2
and place a marker on the cap of the jar;
Task: Starting from the RP, the subject reaches
the jar placed over A2, carries it to A0, returns to
RP, brings back the jar from A0 to A2 and
returns to RP;
Motivation: observe the reach-to-grasp, transport
and release sequence of a cylindrical object
(power-grip) of large diameter; shoulder
kinematics and inter-joint coordination can be
analyzed.

2. Carton pouring task — Unilateral task
Setup: Position the SHAP board on the table,
aligned with the midline, at a distance of 8 cm
from the proximal edge. Position the carton
(filled with 200 ml of water) and the jar (without
the cap) in the designed arcas (SHAP
guidelines);
Task: Starting from the RP, the subject first
pours the water from the carton into the jar,
brings the carton back on the board and returns
to RP;
Motivation: observe the reach-to-grasp & hold
of a squared squeezable object. Shoulder
compensatory movements can be analyzed.

3. Drinking task — Unilateral task
Setup: Position a plastic glass (filled with water)
over an area located midway between A0
and A2;
Task: Starting from the RP, the subject brings
the glass to the mouth, drinks the water, brings
back the glass on the starting position and
returns to RP;
Motivation: observe the reach-to-grasp & hold
of a small conic squeezable object. Since the
amputee is asked to drink the water, neck and
trunk compensatory movements can be
analyzed, as they might be essential to complete
the task while not spilling the water.

4. Tray task — Bilateral task
Setup: Position the SHAP tray and the SHAP
case over the table, following SHAP guidelines.
Place 3 markers on the board making a
triangular shape;
Task: Starting from the RP, the subject reaches
the board and moves the tray from one side of
the case to the other, using both hands;
Motivation: observe the strategy adopted to
grasping a flat object lying on the plane, which
would be better performed with a lateral pinch.

5. Disk tasks — Unilateral task
Setup: The disks used in the standard Minnesota
test are used for this task. Place a disk (with a
marker on top) over Al if the right hand is
assessed (A3, if the left hand is assessed);
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Task: Starting from RP the subject completes

three exercises:

1) the subject carries the disk from Al (A3) to
A2, returns to RP, brings the disk back to Al
(A3) and returns to RP;

2) the subject carries the disk from Al (A3) to
A3 (Al), returns to RP, brings the disk back
to Al (A3) and returns to RP;

3) the subject carries the disk from Al (A3) to
A4, returns to RP, brings the disk back to Al
(A3) and returns to RP.

Motivation: observe the strategy adopted to

reach-grasp-hold-transport a flat small object,

which requires a fine pinch.

Report

Range of motions are reported as max-min scalar
values. Scapulo-humeral rhythm is represented as 3
angle-angle plots for each movement, reporting the
scapula protraction-retraction, medio-lateral rotation
and anterior-posterior tilting relative to the humerus-
thoracic flexion-extention or ab-adduction. Functional
tasks kinematics is reported as a percentage of motion,
possibly with additional time normalizations for sub-
activities (reaching, grasping, transport, return to
starting position).

CASE STUDY:
OTTO-BOCK “MICHELANGELO”

Centro Protesi INAIL is active in the clinical
assessment of all commercial multi-articulated hands.
In this context, the psychosocial and biomechanics
protocol presented in the previous sections are
currently applied for the assessment of the prosthetic
hand named Michelangelo, developed by Otto-Bock
(D). After an overview of this new technology, we
present the results from a case study involving an
amputee who had the opportunity to use Michelangelo
for a period of 3 months.

Technical Features: Pros and Cons

Michelangelo, also referred to as “M hand”
hereinafter, is an innovative multi-articulated hand
proposed by Otto-Bock [37] (Fig.(3)).

Compared to the TouchBionics [38] iLimb (Chapter
2), the single digit is not the basic element of the hand,
and the hand does not feature the interphalangeal
joints (PIP), which are instead fixed in slight flexion to
resemble the human hand when in relaxed position
alongside the body. The long fingers articulate at the
level of the metacarpophalangeal (MCP) joints and
move at the same time, but only the index and middle
fingers are responsible for the generation of force.

The thumb articulates at the level of the
carpometacarpal joint (CMC), with active movements
both  for flexion-extension and ab-adduction
(differently from iLimb, in which thumb ab-adduction
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is passive, so far). The palm hosts the electronic
control unit and the motor responsible for the flexion-
extension of all fingers i.e. responsible for the hand
grip force. A second motor, which actuates the thumb
ab-adduction, is located inside the phalanx of the
thumb itself. This second motor, being responsible
only for the orientation of the thumb, can be of limited
power. Due to the orientation of the MCP joints’ axes
of rotation (not in line), the long fingers feature an
abduction movement during extension (in contrast to
iLimb, where fingers move parallel to each other).
Michelangelo can operate in three modes, depending
on the action of the thumb. At power-up, the hand
assumes a “neutral” position, similar to the attitude of
the hand when relaxed alongside the body. This is also
the mode in which the hand returns automatically after
a few seconds of inactivity (which can be set or
disabled), provided that some safety conditions are
met, including that no objects are hold. The second
mode is named “opposition”, since the thumb moves
in addunction and realizes a grip in opposition with
index and middle-finger. The third mode is named
“lateral”, since the thumb moves into abduction and
performs a lateral grip with respect to the index. Since
the maximum hand opening is 12cm, the opposition
and lateral modes allow to perform both power grips
(over wide objects, like and apple or a glass), and fine
grips, e.g. to hold a fork or a pen. The hand can be
stopped in a fully open position, which is useful to
hold a tray or a plate. Finally, during opening and
closing, fingers perform an ab-adduction movement,
which allows to grasp or hold objects between them.
Overall, therefore, Michelangelo performs 7 grasping
patterns (Fig. (4)).

For what concerns the control, Michelangelo as iLimb
takes advantage of standard myoelectric control: it is
thus required at least a single EMG site. However, two
are preferable to use, for instance, the co-contraction
to switch between opposition and lateral modes.

So far we have been referring to Michelangelo as a
multi-articulated hand. However, Michelangelo is
more properly defined as a “hand-wrist system”
(Figs. (3) and (5)). The hand is proximally connected to
a passive joint, which implements the flexion-
extension and prono-supination of the wrist. In prono-
supination, the joint behaves as a standard passive
prosthetic wrist. On the contrary, in flexion-extension
it is either free or locked in predefined angles. When
unlocked, a spring-loaded mechanism ensure its
increased mobility around the neutral flexion while
making it stiffer moving to the extreme of the range of
motion, as well as the return to the neutral flexion
when unloaded. The base of the wrist is not circular
but elliptic, to resemble the human wrist and the
system must be built in slight ulnar deviation, to
simulate the human hand attitude when relaxed
alongside the body.

The prosthetic system (hand plus wrist) has an overall
weight of 600g. The opening and closing velocity
allows a complete movement in 0.4 seconds. The
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gripping force is 100N in opposition and 70N in
lateral, while it is 15N in neutral mode.

Given the dimension of the batteries, the best
aesthetic results can be obtained with stump ranging
between short and medium. With long stumps
batteries should be placed laterally. It is important to
notice that all Michelangelo components are not
compatible with previous products by the same
company, due to a substantial change in the
communication system between components (named
AxonBus).

The glove is in PVC and its durability will be a matter
of attention since PVC is not as flexible as silicon and
it might tear due to repetitive movements of the
thumb.

-

Fig. (3) — The Michelangelo hand and wrist in a
schematic drawing (courtesy of Otto-Bock) and the
actual prosthesis, covered with a cosmetic PVC glove.

Opposition Mode Lateral Mode

Lataral Power Grig
Sl

Neutral Mode

Fig. (4) — Gripping patterns of Michelangelo (courtesy
of Otto-Bock).
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Fig. (5) — The Michelangelo hand and wrist when
donned by the patient. The wrist flexion-extension
allows some natural static postures, including holding
a sheet of paper and putting the hands on the waist.

Similarly, the choice of Otto-Bock not to implement
the digits as single units imposes restrictions over the
amount of gripping patterns available and this
limitation also needs a specific evaluation.

Patient and Study Design

The patient we report about is G.S., a 50 year-old
male, who gave his informed consent to participate in
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this study. G.S. underwent a work-related traumatic
amputation of the right, dominant side at mid-
transradial level when he was 20. He has been using a
myoelectric prosthesis for more than 15 years. At the
time the study initiated, the most frequently used
prosthetic hand was an Otto-Bock Digital Twin, that
will be refer hereinafter as the “standard” prosthesis or
DT hand. G.S. was firstly assessed with the
psychosocial and biomechanical protocol before
starting the fabrication of the prosthesis for
Michelangelo. Then, a temporarily prosthesis was
developed, allowing G.S. to experience all the
functions of Michelangelo during a 3 days
occupational therapy. After the training, the definitive
socket was realized, and G.S. used Michelangelo
during his daily life as exclusive prosthesis for a
period of 3 months. This included his usual job as
office manager, house-keeping and hobbies. During
this period he reported to prefer the wrist unlocked and
the later grip. After the 3 months, the psychosocial and
biomechanical assessment were repeated. The
psychosocial protocol was also repeated after other 3
month, during which G.S. was asked to temporarily
return Michelangelo to Centro Protesi and use the DT
hand exclusively. Results for the psychosocial and
biomechanical assessments are reported in the next
two Sections.

Psychosocial Assessment

Results

G.S. was identified as an ideal candidate for the
application of Michelangelo. His medical history does
not include other relevant conditions except
amputation. G.S. is a 'successful' prosthesis user: he
wears his device all day doing a wide range of
activities (e.g. sports, gardening, etc.). He has a broad
social support system; he lives with his wife, close to
his sons. He has an high school educational level and
works as office manager in a company.

This section illustrates the data emerging from the
evaluative sessions conducted by a psychologist at
different time points. We start by describing the
elicited data from interviews, then reporting scores of
self-report questionnaires. In regard to the application
of standard published instruments in single-case
research, changes in response to treatment must be
interpreted considering the sensitivity of the
instrument and other sources of error. The
integration between different sources of information
allows us to draw a comprehensive picture of the
patient.

During the initial semi-structured interview, G.S.
appeared motivated and collaborative. He related in a
calm and sociable manner, speaking openly about his
limb loss. G.S. reported that he did not experience past
episodes of significant psychological distress and he
never sought psychological or psychiatric treatment
after amputation. Due to the long-time interval and his



Assessment of Prosthetic Hand Users

young age at the time of accident, he claimed not to be
able to clearly distinguish the “before” and “after”
amputation period. He seemed to deny or attenuate the
sufferance faced in the early post-amputation phase. In
effect, the whole interview reflected the more general
tendency of G.S. to mainly focus on objective aspects,
neglecting more intimate themes. He evinced a focus-
problem oriented approach to life-threatening
experiences (e.g. amputation it-self). He made several
references to his perceived control over difficulties
faced in life, increased by the adoption of active and
practical coping strategies: "I try to deal with aversive
situations by finding external stimuli...". G.S.
described himself as an active person; he reported to
be curious, and to love to meet new people and to have
new experiences. In fact, patient showed high level of
social integration, not merely limited to family and
colleagues. He claimed not to have difficulties in
relating with others due to being an amputee. Even
when some people show offensive reactions to his
amputation/artificial limb, he reported to feel himself
self-confident and capable to deal with these
situations. With respect to prosthesis, G.S. appeared
globally satisfied with his traditional myoelectric
hand, identifying the robustness and functionality as
the main positive aspects of his device. However, at
the same time, he highlighted the importance of the
pleasant appearance of the artificial limb, comparing it
to a "beautiful article of clothing". The fact that
sometimes other people did not notice that he had a
prosthesis emerged somehow as gratifying for him.

At three months follow-up, the interview evidenced
stable level of emotional well-being and social
integration. The application of Michelangelo seemed
to had further improved the patient’s everyday life. He
claimed to use the prosthesis "in a different way".
Especially, he highlighted three main aspects of the
new device: a) the pleasant appearance of
Michelangelo and its “natural movement” in social
interaction; b) the functional aspect and, in particular,
the involvement of the prosthetic hand in various
activities that he previously executed exclusively with
the controlateral limb; c¢) a feeling of increased
reliability in grasping,

Table 4 — Results for the TAPES-R
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holding and realising objects. As evinced also by
scores of the Satisfaction with the Prosthesis Subscale
of TAPES-R (see Table 4), G.S. appeared very
satisfied with all aspects of the new prosthesis: the
aesthetic as well as the functional ones.

After three-months testing period with Michelangelo,
G.S. returned to use exclusively the DT hand. The
psychosocial assessment protocol was then re-applied
after three months, confirming findings of previous
evaluative sessions. Besides, interview evidenced a
relevant change in the patient's relation with the
prosthesis: G.S. reported a "mind-changing" in the
way to use the old device. In particular, he claims to
no longer use the device as a “support”, but to fully
exploit its functionality. At the beginning, he felt the
old prosthesis like a "stick" and he returned to the "old
mentality". Then he "suddenly" realised that he could
use DT hand as he used Michelangelo. Moreover, he
seemed somehow to become aware of his previous
attitudes in concealing the limb loss. He claimed that
thanks to the pleasant appearance and functional
features of Michelangelo, he started to assume more
"natural" gestures and postures also with the
traditional myoelectric hand. He stated that "this is a
fundamental step for an amputee". This different way
to use (and "think") the prosthesis appeared to be
maintained regardless the type of technology used.
Self-report questionnaires scores were in line with
findings emerged from interviews.

The patient obtained the results reported in Table 5 at
the different time points.

Specifically, from the psychodiagnostic testing the
following information emerged:

STAI — Scores showed low level of trait anxiety, with
high levels of state anxiety possibly related to
evaluation setting or prosthetic fitting phases.

BDI — Score revealed an absence of significant
distress at the three evaluation time points. Scores
below 85° percentile are considered in the average and
do not have a particular clinical significance.

MSPSS — Patient showed elevated level of perceived
social support, with high score in all support sources
(family, friend, and significant other).

Patient G.S Initial Assessment 3-Months Follow-Up | 6- Months Follow-Up
o (Digital Twin) (Michelangelo) (Digital Twin)

SAYELOSO s 4.00, 3.25, 4.00 4.00, 4.00, 3.80 4.00, 4.00, 3.80

General, Social, to Limitation

Activity Restriction 0.00 0.00 0.00

Satisfaction with Prosthesis:

T T 2.60, 2.00 3.00, 3.00 2.60, 2.00

Overall Index of Satisfaction missing value 10/10 10/10

PLP and RLP Absence PLP/RLP Absence PLP/RLP Absence PLP/RLP

* The sum of the items for each subscale is divided by the number of the items that were deemed applicable or
answered. Psychosocial Adjustment: high scores on these subscales are indicative of positive adjustment. Activity
Restriction: high score on this scale is indicative of activity restriction (it not includes upper-limb tasks).
Satisfaction with Prosthesis: high scores on these subscales are indicative of satisfaction with prosthesis. PLP =

phantom limb pain; RLP = residual limb pain.
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Table 5 — Results for the set of serf-report questionnaires
Tools Initial Assessment 3-Months Follow-Up 6-Months Follow-Up
Scores Percentiles Scores Percentiles Scores Percentiles
STAI-Y1 53 89 51 84 53 89
STAI-Y2 31 25 — — — —
BDI-II 1/63 30 0/63 20 0/63 20
Total = 76/84
Family =25/28
MSPSS | Friends = 24/28 B -
Significant other = 27/28
Descriptive System 11121 Descriptive System 11111 Descriptive System 11111
EQ-5D Index = 0,796 Index = 0,919 Index =0,919
EQ-VAS =90 EQ-VAS =80 EQ-VAS =90
Principal Dimensions of Personality
Energy [55 < T < 65]: He loves being with other people; he is glib in his actions; he is fairly
loquacious and communicative; he has good leadership skills; he is an active, vigorous and
energetic person. Friendships [45 < T < 55]: He usually pursues its own interests, but he also
knows how to meet other’s needs and to be cooperative; generally, he tends to relate with
BFA others in a kind and courteous manner, even though he can adopt sometimes abrupt attitudes.
Conscientiousness [55 < T < 65]: He follows the rules and respect the deadlines, acting with
order and method; he loves to work hard proving tenacious and persevering. Emotional
stability [55 < T < 65]: He is able to efficiently control his anxiety; he is rarely worried and he
is able to remain calm and to be in balance. Open-mindedness[55 < T < 65]: He shows good
originality and creativity; he is generally informed and has a good cultural level. Social
Desirability [45 < T < 54]: Profile does not show falsification in a positive or negative way.

EQ-5D — Patient reported only moderate difficulties in
the pain-discomfort dimension at the initial
assessment, with a total absence of impairment in the
five EQ domains at the 3-months and 6-months
follow-up. G.S. showed high weighted index of
quality of life at the three evaluation time points,
partially conform to visual-analogue self-rated health
status.

BFA - Patient showed to be an active person, engaged
in various activities. He feels comfortable with others;
he shows friendly and courteous manners. He carries
out his activities with sense of responsibility,
commitment and accuracy. He has an optimistic vision
of life; he is able to control emotional reactions. He
has many and different interests; he is curious and
creative.

Discussion

This case illustrate the critical role of psychosocial
factors in post-amputation adaptation process. The
availability of internal personal resources, such as
adaptive coping strategies and personality traits (e.g.
perceived internal control), and the presence of stable
sources of support, allowed G.S. to well adjust with
limb loss and to face different challenges related to
being an amputee at different stages of his life.

In addition, this case evidence relevant aspects related
to the embodiment of artificial limb. We extend the
successful prosthetic fitting behind the acceptance of

prosthetic device, considering the extent to which
prosthesis is experienced as a part of the body: the
degree to which the patient transforms the prosthesis
from a tool to a corporeal structure over time [39].
With the application of Michelangelo, G.S. seemed to
have further integrated the artificial limb in his self-
image and self-concept. Patient reached through
insight a new way to use and think the prosthesis
regardless the type of technology used: the prosthesis
became integral part of the user.

Finally, this phenomenological experience of
prosthetic were associated to a more natural movement
of the artificial limb.

Biomechanical Assessment

Results

Regarding the elbow pure movement assessment, the
maximum flexion with the sound side was 134°, while
it was limited to 108° and 115° with the socket for DT
and Michelangelo hands, respectively. The range of
motion was 135° for the sound side, while it was the
same for the prosthetic side, namely 112°. The socket,
therefore, limits the maximum flexion of the elbow, in
a similar way between prostheses.

The graphical representation of the scapulo-humeral
rhythm is reported in Fig. (6) for the sound and
affected side (using the M hand). Substantial
differences exist both in terms of shapes and range of
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motion, for the same range of humerus elevation. In
particular, the affected side features an increased
retraction, lateral rotation and tilting, which are
indicative of compensatory movements, that might be
due to muscle weakness or a degeneration of the
rotator cuff, compared to the sound side. This suggests
the need for a dynamic ecographic screening.

Regarding the Jar task, scapula and humerus kinematic
patterns are reported in Fig. (7). The whole movement
was divided into 6 phases, which were time-
normalized: 1) reaching, 2) holding and transport, 3)
back to starting position, 4) reaching, 5) holding and
transport, and 6) back to starting position. The
percentages of movements were based on the sound

Scapula PR-RE (Y] vs Humerus FL-EX (X)
0 - . N -

Scapula ME-LA (Y] vs Humerus FL-EX (X)
60 . - -
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side timing. The most noticeable differences are that
with the DT hand the patient approaches the object in
adduction and with a relevant posterior tilting
Fig. (8a). On the contrary, with the sound and the M
hand, the patient approaches the object in abduction
and without almost relying on scapula tilting.
Regarding the overall time taken to perform the
activity, with the sound side the mean duration was 7s,
while it was about 15s with both DT and M hands.

Regarding the Drinking task, Fig.(9a) reports the neck
and thorax kinematics, Fig. (9b) scapula, humerus and
elbow kinematics, while Fig (9¢) the movement of the
chin marker (CH) over the percentage of movement in
the anterior-posterior and cranio-caudal direction.

Scapula TILT (¥) vs Humerus FLEX (X)

20
35 50 15 /
10 y
45 40 .
30
ldeg] 25 | [deg] [deg] 5
20
20 5
W 19 -10
15 \ 0 -15
- 0 50 100 H 0 50 100 =0 [} 50 100
[deg] [deq] [deq]
s Scapula PR-RE (Y] vs Humerus AB-AD (X) & Scapula ME-LA (Y) vs Hurnerus AB-AD (X) 5 Scapula TILT (Y) vs Humerus AB-AD (X}
20
15
10
[degl 5

] 50 100 : 0
Ideg)

Side of amputation

50 100 - 0 50 100
[deg] [deg]

Sound side

Fig. (6) — Graphical representation of the scapulo-humeral rhythm for the side with (red) and without

(green) amputation.
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Fig. (7) — Kinematic patterns for the Jar task.
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Digital Twin
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Michelangelo

Fig. (8) Snapshots from the sagittal video tape showing G.S. during the Jar task, with the DT and Michelangelo
hands. A relevant change in scapula kinematics and humerus adduction can be noticed.

The task was divided into 5 phases, namely: 1)
reaching the glass of water, 2) bringing it to the
mouth, 3) drinking the water, 4) bringing back the
glass to its original position, and 5) returning to the
starting position. The percentages of movements were
based on the sound side timing. The first relevant set
of differences takes place when the glass touches the
mouth (Fig.(10)). Due to limitations in elbow flexion
and radio-ulna deviation in the prosthetic side (both
with DT and M hands), the patient uses a different
strategy to reach the target and not to spill water,
namely moving into humerus adduction with scapula
retraction, lateral rotation, anterior tilting and, most of
all, head anteposition and thorax flexion. It is
interesting to notice that neck flexion alone is not
indicative of the strategy adopted by the patient. All
other differences follow from this initial set.

Regarding the Carton pouring task, Fig.(11) reports
the scapula and humerus kinematics, with the
movement divided into 4 phases, namely: 1) reaching
the carton, 2) pouring the water, 3) bringing back the
carton to its original position, and 4) returning to the
starting position. Percentages of movements were
based on the sound side timing. Due to the lack of the
active wrist prono-supination, the patient is forced to
complete the pouring activity relying on increased
scapula lateral rotation and humerus internal-external
rotation compared to the sound side, both with the M
and DT hand. However, with the M hand the amputee
is able to reach the carton in abduction, similarity to
the sound side, as seen with the Jar task. For what
concerns the timing, the activity required about 11s for
the sound side and about 20s with the prosthetic side.
Finally, results from the Disk task are similar between
the different variations of the task, and therefore we
will present only the case of the movement between

position 1 and 3, i.e. from one side to the body to the
other, on the same level. Fig. (12) reports the
kinematics for scapula and humerus. The movement
was divided into 6 phases, namely: 1) reaching the
disk in position 1, 2) grasping and moving the disk to
position 3, 3) returning to the starting position, 4)
reaching the disk in position 3, 5) grasping and
moving the disk to position 1, 6) returning to the
starting position. Percentages of movements were
based on the sound side timing. For this task, the
patient used the lateral grasping with the M hand. Due
to this reason, major difference can be observed
compared to the movement while using the DT hand
(Fig.(13)). With this latter, the amputee is forced to
perform the movement relaying on humerus flexion,
abduction, internal rotation, and scapula lateral
rotation. With the M hand and the sound side, the
amputee avoids the subacromial impingement
position. Timing is equally informative of the change
between DT and M hands. With the DT hand the
whole movement took11s on average, while it took 7s
with both the M hand and the sound side.

Discussion

The biomechanical analysis brought in evidence
differences between the upper-limb motion strategies
while the patient uses DT, M hands and the sound
side. Firstly, the amputee has to face an elbow flexion
restriction, which most noticeably affected the
drinking, with relevant compensatory movements.
Secondly, the analysis of the scapulo-humeral rhythm
revealed that the shoulder on the side of the
amputation is probably affected as well. Further
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trajectory of the CH landmark (c) is also reported.

(©
scapula, humerus, elbow (b) during the Drink task. The
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Fig. (10) — Snapshots from the sagittal video tape showing G.S. while drinking, with the sound and prosthetic
side. A very relevant anteposition of the head can be observed, as quantified by the trajectory of CH in Fig. (8).
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Fig. (11) — Kinematic patterns from the Pouring task.

image-based analysis might lead to the set-up of
specific rehabilitation exercises and treatments.
Similarly to the Drinking task, the Pouring task
highlighted differences between the prosthetic side and
the sound side, with advantages for M hand in the
more natural approach to the object, as also
highlighted by the Jar task. The Jar task also showed
that M hand allows the amputee to reduce the scapula

tilting motion, with the scapula working in a more
physiological way. Among the tasks, the Disk showed
the most relevant improvements of M hand over DT
hand in comparison with the sound side. The Disk task
reproduces a very common working-place activity. M
hand can thus lead to a major advantage over DT hand
in terms of preservation of the shoulder joint by
avoiding subacromial impingement positions.
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Fig. (13) — Snapshots from the frontal video tape showing the different approach following by G.S. to complete

the Disk 13 task.

CONCLUSIONS

Great changes are occurring in the upper-arm
prosthetic field: innovative solutions are coming out
from the laboratories to be used by patients in
everyday life.

In order to offer successful solutions to patients and
justify higher costs, it is necessary to intensify the

activities of technology assessment, based on scientific
evidences, which is possible only through the planning
and execution of appropriate clinical trials. INAIL is
moving in this direction by means of the research
projects in progress at Centro Protesi INAIL. In this
perspective, we think that the psychosocial and the
biomechanical assessments presented here will serve
as a valid support to collect results systematically, in



76 Grasping the Future: Advances in Powered Upper Limb Prosthetics

different although crossing domains. Further activities
will be focused toward an extensive application of the
protocols to gain further insight about their
completeness and applicability. The presented
proposals are intended as a base for discussion within
the community of professionals involved in
prosthetics.
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CHAPTER 6

Design Solutions and Methods for Robotic Hands that Can Help
Prosthetic Hands Development
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Abstract: After introductory considerations on the main functional and design differences
between anthropomorphic hands conceived as robotic end effectors or as prostheses, this
chapter presents two topics related to advances in robotic hand design that seem transfer-
able to prosthetic hands, in order to increase their functional capability yet coping with
specific constraints like simplicity, lightweight, cost effectiveness, robustness, etc. The
development of a bio-inspired robotic hand, called UB Hand IV, based on an endoskeletal
articulated structure, actuated by tendons and covered by a soft dermal-epidermal layer is
briefly illustrated, in order to show the potential of its design solutions to be transferred
into prosthetic hands. The first part of the chapter presents alternative design approaches
for articulated joints and finger structures based on purposely designed compliant hinges.
The basic problem of compliant hinges adoption in robotic structures, that is the limitation
of secondary compliance effects, is analyzed and considerations about comparative metrics
are proposed. Two hinge morphologies which show promising features are critically
compared and pros and cons the production of fully integral fingers with compliant joints
are discussed. The second part reports on the development of thin soft covers for robotic
(and prosthetic) hands capable of strictly mimicking the actual compliance of human
finger pulps. A design method, called by the authors Differentiated Layer Design (DLD),

is reviewed and its potential for application on both robotic and prosthetic devices is
underlined. Conclusions summarize the main aspects that encourage the transfer of the
described results from the world of robots to that of human portable devices.

Keywords: Robotic/Prosthetic Hands, Large Displacement Compliant Joints, Soft Fingertips, Design Methods,
Performance Indexes

INTRODUCTION considered neither a plus nor a design goal but simply
one possible solution whenever the gripper has to
Defining the “optimal functionality” of robotic interact with “made-for-hnuman” tools.
end effectors can be quite a challenging task as far aé different scenario arises when dealing with the fields
the possible applications of this devices span industriabf humanoid robotics and prosthetics. In such a case,
robotics, humanoid robotics, rehabilitation medicinethe robotic end-effector is expected to provide high
and prosthetics to name a few. Therefore, it is reasonflexibility and adaptability to unstructured environ-
able to think that solutions which are well suited to ament, ideally replicating the overall functionality of
single domain might not be readily taken as generathe human hand. Therefore, issues sucliagerity,
guidelines. anthropomorphismsensing capabilittand human-like
As an instance, industrial manipulators are oftenmotionbecome fundamental. In fact, the human hand
equipped with basic grippers which are conceivedis not only a complex tool used to grasp and manipulate
so as to increase throughput and reliability [1] andobjects but also a sensory system which provides
are assumed to operate in structured environmentsiseful information about the physical properties of
In this case, the system compliance, being a sourcthe surrounding (e.g. roughness, temperature, shape,
of uncertainties and oscillations, is introduced whenetc [2]). Since the mid 80s, anthropomorphic robotic
strictly necessary and the gripper is usually designed tthands represent a mechatronic system which has
be very fast and stiff in order to achieve highly precisebeen employed as a benchmark for non-trivial design
position control. Similarly, enhanced manipulation andsolutions both at the mechanical level (kinematical
sensing capabilities, which carry a subsequent cosstructure, transmission and actuation system, joint
increase, must be carefully motivated by the applicatiordesign, mechanical properties at the contact interface)
requirements. At last, anthropomorphism cannot beand in terms of the control architecture (sensory sub-
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system, sensory-motor coordination, control strategieshe market. Concerning actuated prosthesis, body-
for dexterous manipulation). powered or externally-powered prosthesis can be used.
It is rather obvious to think of upper-limb prosthetics In the first case, the hook or the hand is attached to a
as a natural application of anthropomorphic roboticharness and to a cable transmission which is controlled
end-effectors. Nevertheless, some specific but funby the movement of the patient residual limb. In the sec-
damental problems arise concerning the technologynd case, myoelectrically controlled actuators are intro-
transfer from the field of humanoid robotics to the field duced (most of the time small electric motors) in order
of prosthetic. First of all, it should be kept in mind that to increase the dexterity of the device. Still, it is obvious
present technology is still far from being capable ofthat the number of actuators is limited by: 1) the num-
fully replicating the human hand functions. Secondly, aber of independent myoelectric signals which can be ex-
set of psychological and environmental boundary contracted from the operator, 2) the increase in weight and
ditions often convey the end-users of prosthesis (i.e. thaize of the prosthesis, 3) the need of a suitable power
amputees) to choose very simplistic devices (such asource.

hooks or one degree of freedom (d.o.f.) mechanisms)gzven if the most successful prosthetic hand is maybe
switching to less functional but cosmetically appealingthe aforementione®tto Bock SensorHanhccording
tools for social activities [3, 4, 5]. Therefore, the targetto [5]) having one d.o.f and one actuator, late research
of fully replicating the human hand functionality (as it has been mainly directed in the development and opti-
happens in the field of humanoid robotics) might leadmization of multifunctional underactuated mechanisms
to unsuccessful products within the prosthetic industry[10] possessing one or two actuators but several d.o.f..
In the same manner, the use of design solutions whicihe prototypes developed within the academic commu-
comes from the world of industrial robotic could nity (e.g. [3, 5, 11, 10]) and the recently commercial-
provide enhanced reliability and cost effectiveness buized i-Limb from Touch Bionicare clear examples of
dramatically lead to products which are not appealingthis philosophy. Naturally, beside the kinematical struc-
in terms of aesthetics and acceptance. ture and the number of actuated/passive d.o.f., the level
Within this scenario, the objective of the present chap-of dexterity of an artificial hand depends on the qual-
ter is to discuss topics related to advances in robotidty and type of sensori-motor system, embedded control
hands design that seem transferable to prosthetic handsystem and signal processing at the interface between
in order to increase their functional capability yet the device and its operator.

coping with their specific constraints. After a brief Clearly, the requirements of an optimal prosthesis
review of the state of the art concerning prostheticwould be many and mostly dependent on the user pref-
devices, the discussion focuses on specific desigerence which are primarily dictated by his social, psy-
solutions which have been adopted by the authorghological and cultural background. Still, a survey
during the development of a robotic hand prototypetaken in 1996 [12] shows that functionality is more im-
called UBHand IV [6, 7, 8]. Solutions which are readily portant to the amputees than aesthetic, the level of dex-
transferrable to the world of prosthetics are identifiedterity being determined by the desire to autonomously
along with solutions which seem promising but in the performing “normal” activity of daily living. On the ba-
need of further investigation. In particular, assemblysis of previous design attempts [13], the following list
simplification and the inherent compliance of the of generic requirements seems a reasonable choice in
hand mechanical structure (both within its articulatedthe development of novel, better-behaved and more suc-
structure and at the contact interface) represent the kegessful commercial devices:

features which are envisaged as a winning concept to

be shared between the world of robotics and the world ® Anthropomorphism (including kinematics, contact
of prosthetics. interface properties, size) and cosmetic appeal.

Reduced weight.
DESIGN APPROACH

Robustness and reliability.
The optimal prosthetic hand, ideally replicating the hu-
man hand, would possess full anthropomorphism and
full dexterity. Note that, citing [9], the term anthropo- 4 Sufficient level of dexterity.

morphism is related to external perceivable properties,

and it is not a measure of what the hand can do. On th& should be noted that a “sufficient” level of dexterity
contrary, dexterity is related to actual functionality andis hardly quantifiable (see [9]). In fact, the trade-off be-
not to shape or aesthetic factors. tween a fully dexterous device and a simple, reliable
At present, a variety of devices raging from purely cos-one is what truly differentiates one prosthesis from the
metic anthropomorphic tools to purely functional de- other.

vices (e.g. hooks) with varying level of dexterity (e.g. Taking a look into the wide field of humanoid robotics,
Otto Bock SensorHand, http://www.ottobockus.com orseveral multi-fingered anthropomorphic hands have
i-Limb, http://www.touchbionics.com) can be found on been developed in a number of research institutes all

Cost effectiveness.
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Sliding
tendons

(b)

Fig. (1) — (a) Hand and palm soft cover. B)ding tendons network

over the world (e.g. JPL Hand, MIT/Utah Hand, DLR like Fused Deposition Manufacturing or stereo-
Hand, UB Hand, Shadow Hand, see [14] for a critical lithography [17]);
review).

Some of these hand prototypes possess rigid and hard ® To reduce weight a“nd cost O.f_thf overall hand sys-
structures and complicated sensori-motor systems, de- €M, increasing its “affordability”.

sign solutions being mainly based on non-biologically

inspired mechanics, with abundance of gears, pulleys',o‘ ?fneril V'_?_\év of th_e presinttna?d protct)typefls sglo V\;n
bearings and similar hardware. This “classical” ap-In ig. (1). The main results that seem transferable to

proach leads to efficient devices yet very complex, ex—;hri_des'gn of a prosthetic fully anthropomorphic hand

pensive and often not sufficiently reliable.

An alternative design philosophy is to aim at simplifi-
cation and, but not necessarily, at the investigation and
reproduction of some biological features. In particular,
the hand that is under development at the University of
Bologna, the UB-Hand IV, has been inspired by the fol- o A distributed soft cover capable of replicating the
lowing driving issues: human finger behavior without the need to inte-

grate a cosmetic glove.

e A simplified endoskeletal finger structure, based
on adoption of integral joints actuated by means
of tendons;

e To adopt an endoskeletal structure articulated by
means of non conventional joints, sliding or com- Note that tendon transmissions are easily integrable
pliant; with either body-powered or externally-powered actu-

o ation methods (in the latter case, the actuators being lo-
e To actuate the joints by means of remotely locatedated in the palm). However, in case of prosthetic ap-

actuators with tendon-based transmissions routed|ication, the tendon network will be necessarily sim-
by sliding paths (sliding tendons); plified, e.g. coupling the tendons of each finger and/or
of the different fingers according to one of the many
underactuation patterns well discussed in the literature
[10].

e To exhibit surface compliance through a purposely
designed soft cover mimicking the human dermal-
epidermal layers;

e To reduce manufacturing and assembly complex-TRANS_FERABI—E DESIGN SOL U-
ity by systematic parts integration adopting properTI ONS: ARTICULATED FINGERS
advanced materials and technologies (e.qg. poly-BASED ON COMPLIANT JOINTS

mers and additive manufacturing technologiesas previously stated, the main goal in the design of the
Lissues related to the actuation and sensing technolagitts the fmger joints is to search for the maximum achievable

modeling and control of the hand will not be addressed. The interested.ntegr_ation between thelvarif)_us c;omponents in the per-
reader can refer to [15, 16, 6]. spective of a structural simplification, allowing one-step
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Fig. (2) — (a) Fully integral finger: dimensions when compared to human fiflwdinger with integrated compliant
joint, (c) finger with pin joints integrated into the phalanx

monolithic manufacturing and consequent reduction ofopen-loop position control of the finger and can lead
the assembly complexity. to mechanism locking as the contact pressure between
In general, joint design is heavily dependent on thethe shaft and the hub increases (due to increased tendon
inseparable binomial material-technology. At presenttraction). Because the authors think that monolithic fin-
different technologies and a wide range of materialsger structures best cope with the specifications of pros-
(including lightweight metal alloys) can be used in thesis design, in the following results will be presented
order to produce the articulated finger structure in aconcerning development of CJs. The benefits of CJs
single production step (fully integral finger Such  when compared to traditional kinematic pairs (like bear-
technologies include CNC machining, plastic moldinging couplings) include the absence of wear, backlash
(such as Shape Deposition Manufacturing (SDM)), Se-and friction still ensuring size and weight reduction.
lective Laser Sintering (SLS), Fused Deposition Mod-Clearly, the use ofarge-displacemenCJs [19, 20]
eling (FDM), Stereo-Lithography (SLA) and Electron within the hand endoskeleton is very attractive as long
Beam Melting (EBM). Nevertheless, recent advancess it can allow the generation of very slender and light
in the plastic materials technology suggest that the usenechanisms that are more safe, robust to impact and
of polymers might be well suited for the production of better respect the goal of reproducing biological struc-
artificial hands once a lightweight, relatively econom- tures. In addition, the CJ can store energy during the ac-
ical solution is sought. For instance, plastic materialstuation phase, restituting it during the return stroke. In
recently developed for SLA and FDM are beginning such a way, as demonstrated in [2, 21], the joint can be
to offer acceptable performance and costs allowing thectuated by means of one single-acting backdrivable ac-
production of complex joint shapes (as it is remarkedtuator instead of a couple of agonistic-antagonistic ones
by the introduction of plastic grippers obtained though(with obvious advantage in terms of weight and cost).
FDM within the robotic industry).
In detail, two concepts have been explored for the deBasic Definitions 4bout Compliant Joints
velopment of fully integral fingers, similar in size to the
human finger, Fig. (2)a: In practice, most applications still require CJs which are
designed to provide one d.o.f. only. In such a case, the
¢ Monolithic fingers with integral Compliant Joints ¢ is conceived in order to allowmincipal displace-
(CJs) made of the same material of the phalanxnentalong a desired reference direction when subjected
structure (Fig. (2)b). It can be recalled that a CJtg g principal load (torque or force) acting along the
consists in a flexible region that provides displace-same direction. For instance, Fig. (3) shows a cor-
ment (rotational and/or translational) between twoner filleted flexural hinge [22], i.e. an elastic structure
rigid parts through material deformation; which can act as a revolute joint by generating a ro-
tational principal displacemer,, under the principal
loadMy. They axis is calledcompliant(sensitive)axis
[23, 24] and the ratio betweely andMy is calledprin-
cipal compliance.
In both cases, tendons are routed through a series &econdary displacementalso referred to as parasitic
sliding paths which are obtained directly within the fin- effects in [22]) along the other reference directions may
ger structure (sliding tendons, Fig. (1)b, (2)b, (2)c). A occur in real applications for two reasons: 1) the pres-
complete analysis of the tendon transmission modelingence ofsecondary loadgalso referred to as parasitic
control and material selection is reported in [18]. loads in [22]) acting along those directions 2) the pres-
As for the integrated pin joints, in spite of the sliding ence of complianaxis drift (also referred to as parasitic
contacts, the joint shows very good reliability. On the motion in [25]). As for axis-drift, even in the absence
other hand, stiction and dynamic friction deteriorate theof secondary loads, the point which models the center

e Fingers with pin joints integrated into the phalanx
body (Fig. (2)c) simply consisting in a plastic shaft
which slides on a cylindrical surface.
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Fig. (3) — Principal and secondary loads (left), princi- (a) SPIR, Spiraljoint.  (b) HEL, Helical joint.

pal and secondary displacements (right).
Fig. (4) — Large displacement rotational compliant
joints

of rotation for rotational CJs or the axis which identifies

the straightine motion of translational CJs can be sub-

ject to a spatial motion during CJ deformation. not compromise the capability to satisfactorily perform-

In general, being undesired motions, secondary disi-ng the task. Considering robotic and prosthetic hands

placements should be avoided or at least minimized. IHVit_h articulz?lted fingers, during the gpproach-to-objec_:t
particular, it is possible to add rigid guides that would aJectory, fingers behave as serial independent chains
reduce parasitic effects. For instance, parasitic bendin%ﬁv'th very limited loads and the trajectory errors due
might be limited by adding lateral walls to each pha-°© Secondary displacements are quite acceptable; af-
lanx. Nonetheless, in such a case, sliding contact wouldf", e application of the contacts, the whole fingers-
occur at the wall contact interface, hence reducing thé)bJeCt syste_m can be c_oncelved as a parallel structyre
benefits of CJs when compared to traditional kinematid21] Where fingers contribute to the overall grasp stabil-
pairs. On the other hand, for a given load, the amount oftY and robustness according to their d|ffe_r_ent_placement
secondary displacements is inherently dependent on tH¥ith respect to the external load, thus mitigating the ef-
CJ morphology such that joints that behave similarly ag€Cts Of the single joint secondary displacements.

to the principal displacement can exhibit quite differentS for the choice of CJ morphqlogy,varlous types of i
sensitivity to secondary displacements. Therefore, thé-JS have been proposed in the literature and are classi-
design challenge is to determine the best CJ morpholf-'able in terms of amount of displacement (small [22] or

ogy which allows the desired principal displacementlarge [19]), number and type (_rotational_ortranslational)
while minimizing parasitic effects. of d.o.f. [26], adopted materials (multi- [27, 28, 3] or

mono-material [29, 30]) and morphology (for instance,
Compliant Joints for Robotic Fingers notch type CJ or leaf spring type CJ [31]).

In the robotics literature several examples of use of CJs
Commonly adopted CJs usually work in the small dis-in robotic structures (especially hands) can be found
placements range, while in robotic fingers the required3, 5, 3]. The applications were presented mainly un-
range of displacement is much larger (revolute jointsder the point of view of conceptual design, without de-
may be required to move up to9@hat is more than ten  tailed angly3|s of the joint behavior, prob_Iems .of sec-
times the maximum range required for normal applica-on_da}ry displacements belng most of the times ignored.
tions). Generally, joints capable of large displacementd/Vithin the UBHand project, two large deflections CJs
can be easily obtained increasing the extension of th&/ere purposely designed and tested, namely a spiral
region occupied by elastic material subjected to an im0int (SPIR, Fig. (4)a) and a helical joint (HEL, Fig.
posed deformation (e.g. very long slender beams). still(4)b). o
such solution inevitably increases the sensitivity to un-AS @ proof-of-concept prototype, both joints have been
desired secondary displacements and represents a ve#{Ployed in the realization of the compliant finger de-
critical factor against the application of CJs to robotic Picted in Fig. (2)b (in the present implementation
structures. In addition, small secondary displacement§!EL joint connects the proximal phalange to the palm
at joint level can be dramatically amplified at the end of Whereas SPIR joint connects medial and distal pha-
serial articulated chains, especially in case of high numlanges). For given overall dimensions, the CJ mor-
ber or relevant link lengths. Both these aspects (diffi-Phologies have been designed on the basis of intuition,
culty in design, modeling and evaluation of joint behav- N o_rder to maximize the extension of elastic mat_enal_
ior together with high sensitivity to secondary move- subjected to. bending. Then, each CJ have been sized in
ments) advice against the use of CJs as it seems theéyfder to achieve:
create more problems than they can solve.
This point of view can change whenever affordability
is considered a value (as in the field of prosthetics)
and task compatibility is demonstrated. As to task- 2. The same overall dimensions. It is assumed that
compatibility, it means that the presence of un-desired  the available space to host the joint is a 10 mm
displacements can be limited and, in any case, it does side cube;

1. The same range of motion (i.€45° rotation) be-
fore limit stress;
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3. The same principal displacement under the appli-
cation of the same@rincipal load (i.e. the same
principal complianceCgymy);

In addition, note that the same material (with the same
E/Y ratio) and production technologyhave been used.
Owing the aforementioned similarities, it can be hard
for designers to select between joint SPIR and joint
HEL without a deeper study of their behavior for what
concerns secondary displacements. In order to over-
come such difficulties, a comparison metric becomes
necessary. In particular, the comparative evaluation of
different CJ morphologies can be envisaged as the last
step of an iterative design procedure once multiple con-
ceptual solutions are available.

(a) ideal joint

Evaluation of the CJ KinematicaBehavior

Once defined concurrent joint morphologies, with the
same nominal performance in terms of principal com-
pliance, the big challenge is to identify that morphology
that is more suitable for application on a robotic struc-
ture. Several criteria can be defined, but many authors
[22, 27, 32] agree stating that joints with reduced sec+ig. (5) — Graphicatepresentation of compliance ma-
ondary compliance should be preferred. Therefore, itrix of ideal (a) and real (bjevolute joint. Index for

is important to identify and compare revolute joint con- rows and index for columns

figurations suitable folarge principal displacement but
with reduced sensitivity to secondary displacements. A
possible method is suggested in the following and is fi-
nally tested on the two proposed configurations SPIR, o many incremental rotations @4 A8, AB,), Af is a
and HE,'-- o . . perturbation wrench composed by 3 incremental forces
In the field of validity of the effects superposition prin- Afy, Afy, Afy) and as many incremental torques (Am
ciple (which assumes linear elastic material and smal my, Amy). The ratio between any secondary load vari-

deflections) the kinematical behavior of a CJ in 3D 4iion and any secondary displacement variation can be
space can be deduced by analysis of its compliance M3afined asecondary compliance.

trix C: given the vector of loads acting on a referenceap, igeal revolute CJ, which is expected of pure rota-
point of a joint, the displacement vector along the refer-, a10ng the principal direction even in presence of
ence directions, y, zis expressed by Eqg. 1. secondary loads, will present a compliance ma@ix
where only the ternCss = Cgymy, Corresponding to the
rotation around the principal axisunder the action of
the principal loadMy, is finite, being all the others null.
On the contrary, a real joint will exhibit finite values of
Au = [ Auy Auy Au, A8 A6, A, ]t compliance coefficients also along the other directions.
A graphical 3D bar representation of compliance matrix
C for ideal and real revolute joints is shown in Fig. (5).
The properties of a compliant structure to maintain an
high compliance in one direction and an high stiffness
in every other directions is defined sslective compli-

(b) real joint

osed by 3 incremental translations {Muy, Au,) and

Au = C - Af 1)

Af=[ Afy Afy, Af, Amg Am, Am, |

Ci1 Ci2 Ciz3 Cia Cis5 Cis ance[22]. This property, well described by the entries
Co1 Cyp» Cpz Cos Cos Cog of the compliance matrix defined in Eqg. 1, can be used
C31 C3» Cz3 Cgz4 C35 Csp as a comparison criterion.

€= Cs1 Ca2 Caz Cas Cus Cus As for the actualC calculation, the analytic form of
Cs1 Cso Csy3 Csa Css Csg its entries is known concerning simple beam-like struc-
Cs1 Cs2 Coz Csa Css Ces tures [33]. In any other case (i.e. general CJ morpholo-

h . . | displ gies) the calculation might be carried out by means of

whereAu is an incremental displacement vector COM-gjnie Element Analysis (FEA). In addition, it should be
2E indicates the material Young modulsindicates the material noted that the compliance matrix is not frame invariant

yield strength. [34, 35, 23, 24] and its derivation should be performed
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at a reference frame having one axis coincident with the
compliant axis and locatezh the point envisaged as the
CJ center of rotation (see [35] for details).

Still, being a differential operator, the compliance ma-
trix measures a local property which depends on the
joint’s configuration. Therefore, it is clear th@tcan-

not be directly used as a comparing metric. First of all,
because a unique compliance matrix is not enough to
describe the behavior of a large displacement joint in
its whole workspaceéls. Secondly, because the elevate
number of the elements composi@gdo not allow to
easily compare different CJs. Hence, with the purpose
of defining a global CJ comparison method, let define:

e The CJ workspacal, as the principal displace-
ment range which can be achieved by the joint be-
fore limit stress when subjected to principal load
of adequate intensity;

e An equivalent CJ moment of inertia as
I* =1/ECaymy (2)

where Cgyyy indicates the CJ principal compli-
ance.

In order to reason on dimensionless quantities, displace-
ments and lengths are normalized by the overall joint
lengthl (refer to Fig. (4)), forces b§I* /1%, and mo-
ments byEI*/l such that the normalized compliance
matrix C has principal compliancévy =1

The CJ comparison is then carried ot the following
steps:

1. Discretization of the CJ workspace into a finite
numberN, of CJ configurations. For instance, as-
suming SPIR and HEL joints are capable of 90
rotation (445°) andN = 5, the workspace of the
joint can be divided as in Fig.(6),’0epresenting
the joint undeformed configuration.

2. Evaluation, be means of FEA, of a normalized,
dimensionless local compliance matric€x,, in
each joint configuration. The matriky is calcu-
latedvia the following steps:

e A fraction of the maximum principal load
my is applied to reach the k-th configuration
wherek=1,..,N.

e A small variation of one secondary load com-
ponent is applied while maintaining the prin-
cipal load previously set. Then the generated
displacementdu (3 translations and 3 rota-
tions) can be measured and used for the cal-
culation of the six components @ which
are related to this particular loading condition
(i.e. k-th CJ configuration). A load variation
is said to be small if it generates a small dis-
placement [36].

Berselli and Vassura
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Fig. (6) — FEA models and workspace discretization:
SPIR(a), (c) andHEL (b), (d) respectively

e The procedure irepeated for each secondary

load component allowing to calculate the
whole joint’s compliance matrix in the k-th
configuration.

The normalized local compliance matrix is
then split into two sub-matrice€rx and
Crk containing respectively the coefficients
relative to angular and linear displacements
along the reference directions.

e[

Ck=| = 3

(Cle { Crk ®)
Clk=C;j, i=1,.3 j=1,..6.
Clrk=Cij, i=3,..6; j=1,..6.

Evaluation of two Local Performance In-
dexes (LPIs) which characterize the joint per-
formance in each configuration. The pro-
posed indexes are defined by means of the
weighted Frobenius norm [36] that is

1m n
Alg=,/- ij |2 4
M=\ [53 S @

which intuitively indicateshow largethe en-
tries of a generion x n matrix A are.
Specifically, a rotational LPIlg andatrans-
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lation LPI, It are defined as:

Grasping the Future: Advances in Powered Upper Limb Prosthetics 85

Concerning functionality, the presence of a surface
compliance can highly influence the performance of

IRk = [ Crl[F (5)  the hand when contacting the environment during
It = ||Cr|lF (6) force/position controlled task, similarly to what hap-
pens in human fingers or feet which are covered by
A smaller LPI indicates better local CJ be- pulpy tissues [37, 38, 39]. First of all, the presence of a

passive compliant surface is beneficiary in terms of con-
o ) tact effectiveness. In fact, an increased pad compliance
3. Definition and evaluation of Global Performance (or, inversely, a low pad stiffness) means larger con-
Indexes (GPIs) which summarize the overall joint tact areas for a given load and therefore reduced contact
performance over the whole workspabie pressure, reduced material stress and better contact sta-

havior.

_ ZiN=1|Rk

bility [40, 41]. Furthermore, the soft pad allows local

lrg= (7)  shape adaption in case of contact with sharp edges or
NN objects with morphological irregularities and can con-
lrg= dimalTk 8) tribute to vibration damping [42]. At last, a compliant
N covering surface helps protecting both the mechanical

A smaller GPI indicates a better global CJ behav-
ior. Note that,small secondary rotations at joint
level can be dramatically amplified at the end of se-
rial articulated chains, hence the evaluatiorirgf

is usually more significant.

structure of the hand (including the transmission sys-
tem) and the delicate sensory apparatus (if present).
Concerning safety, as demonstrated and quantified in
[14], the soft pad can be seen as a passive device which
reduces possible injuries in case of accidental impacts
with humans.

As for SPIR and HEL joints, due to the complex mor- Finally, concerning acceptance, a soft-touch feeling can
phology, the calculation of the compliance matrices atoe important in the case of human-machine interaction.
each joint configuration has been developed by meanghis issue is particularly evident in the prosthetic indus-
of FEA, using the softwar&NSYS Release 12.0. The try where hand-like gloves providing enhanced func-

material adopted in these simulations, narfeticure

tionality and increased cosmetic appeal are usually cho-

720, is suitable for SLA and exhibits a Young module sen at the expense of efficiency, cost and weight of the

E = 2870MPaand a Poisson ratio = 0.33. The GPIs
obtained from the analysis are reported in Tab. (1).

Table (1) — Global indexes f@PIRandHEL

SPIR 9.88-10°°
HEL 1.59-102

1.00-10°2
1.60-10°2

overall prosthesis.

In terms of design requirements, the properties of an
ideal soft cover are hardly definable. For instance, the
overall stiffness of a robotic fingertip, which is designed

for manipulation purposes, can be different if compared
to the stiffness of an arm soft cover, whose main func-

e
N

The values of all the GPIs show the better performances

of joint SPIR. This result is confirmed by the analysis
of the LPI'strend reported in Fig. (7). The analysis
has been limited in &45° range of rotation in order to

limit the joint stress. Nevertheless, as depicted in Fig.

(8) both joints are capable of a positive°30@tation and

a negative 45 In terms of system reliability, fatigue
failure is still an issue. However, it is strongly believed
that future improvement in terms of available materials
will allow to overcome the problem without any further
modification of the joint morphology.

TRANSFERABLE DESIGN: SOFT
COVERSBASED ON DIFFERENTIATED
LAYER DESIGN

The adoption of soft covers (pads) for artificial hands
and fingers is important primarily for three reasons:

Translational LPI
(=] o o o
S o R obhob
L I NV Y -

o 1
S =@ =sPR
"0*.__ =& = HEL

|
@
=3

principgl angular task
(a) trend of LPIlIT for SPIRandHEL

50

Rotational LPI
s 2 2 2
= N S o

14
=]
©

0.06

principgl angular task
(b) trend of LPIIg for SPIRandHEL

Fig. (7) Local performance index (LPI) trend for joints

functionalityin some specific tasksafety, andiccep- i
SPIRandHEL (Fig. (4)a and (4)b)

tanceby the users.
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(b)

@
Fig. (8) — Deformed compliant joints: (a) SPIR, (b) HEL

Artificial Pads
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Fig. (9) — Experimental results [42]. Displacement (mvajsus normal load (N) for the human fingertip and for
soft pads with different hardnegsaterials A and B) and different thickness,Material A = soft silicon rubber

(hardness 18 shore a). Material B = very soft silicon rubber (hardness 20 shore 00)

tionality is limited to safety issues. In addition, a com-
plete characterization of a robotic pad must include in-
vestigation on many properties and behavioral aspects ] >
[43]. However, a primary role is played by the behav- Distal
ior of the pad under normal contact load, in interaction
with a rigid planar object. Therefore, in the following,

the investigation will regard the contact behavior of soft ' Medial
fingerpads pressed against a rigid flat surface. T
Concerning robotic hands, the majority of soft pads - i

studied so far were made by viscoelastic polymers ho- : —
mogenously shaped over an internal rigid core mimick- Tendons | ,k- £
ing the bone or the robotic finger inner rigid structure " Proximal \|
[44, 45, 7]. In such a case [42], the parameters that

mainly contribute to the pad compliance, for a givenFig. (10) — Robotic finger endoskeletal structure and
soft layer (proximal, medial, distal phalanx cover)

external geometry, are:

e The material hardness. A higher material hardness,
ggﬁ:; ?owg:'ggar;yp:;;ecrzs of surface reliability, As an example, let us qonsidﬂrre behavipr of the hu_-
man fingertip [46, 47] (distal phalange, Fig. (10)) which
The layer thickness. A higher thickness signifiesis shown on the left diagram in Fig. (9). In order to
higher compliance which is beneficiary in terms of replicate the compression behavior of the human finger-
safety and increases grasp stability/sustainabilitytip, it is necessary to employ a very soft silicon rubber
On the other hand, high pad thickness signifies(hardness 20 Shore 00) with very high thickness (6,0
high overall limb dimensions. As a matter of fact, mm).
thickness reduction is a significant goal for the Usually the adopted pad design is a trade-off between
robotic limb designer, that cannot easily reduce thethe need of slender robotic limbs and good material
overall size of the internal rigid core (hosting ac- properties. Still, it is sometimes impossible to tailor the
tuators, transmissions, sensors, etc.) but wants tpad properties to the specific application by simply us-
obtain slender bio-mimetic limbs at the same time.ing an homogenous viscoelastic layer.
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Rigid core Once the compression law of each triangular element is
known, the overall pad compliance can be modulated by
correctly choosing the number and, consequently, the
size of the elements composing the pad.

Soft Pad

>

Selection of aSkin Material with Proper
Hardness

Indenter (external surface)

@ Following the conceptual procedure outlined in the pre-
vious section, the design of the pad starts with the se-
lection of a suitable polymer with proper hardness. Two
solutions have been considered:

1
: Rigid core
:\mtem;{ 5 e Silicone rubber Wa_cker ELASTOSIL RT 623 A/B:
layer : Skin layer two component silicone that vulcanizes at room
LConact Area temperature whose hardness can be varied in a
1 Normal Axis very wide range by adding a third component (sili-
(b) cone fluid AK). Various pad geometries can be ob-

Fig. (11) — Differentiated layer design concept tained through injection moulding.

e Tango Plus Fullcure 930 (hardness 27 Shore A):
polymeric resin used for stereo-litography. This
stereo-litographic technique allows to get complex
shape in a short producing time.

Looking for alternative solutions to homogenosisft
covers, the authors have previously proposed the con-
cept of Differentiated Layer Design (DLD) [7] which

allows to increase the pad compliance while minimiz- By using both Rapid Prototyping or injection moulding,
ing its thickness. The concept of DLD consists in theg mylti-layered DLD pad can be obtained as a single
adoption of a single solid material dividing the overall piece object, the intermediate layer being realized with
thickness of the pad into layers with different structuralyarious geometries with exception of closed-cell struc-
design (i.e. an external continuous skin layer coupledyres. In fact, concerning rapid prototyping, a remov-
with an internal layer with voids). Fig. (11) shows a gple wax must be deposited as a sustaining additional
DLD soft pad. material in case of negative slope of the lateral surfaces.
In particular, a methodology have been proposed in [8]concerning injection moulding the possible geometries
which allows to minimize the designer effort when try- gre |imited by the extraction of the mould. In addition,
ing to replicate the non-linear relationstiip= f(3) be-  sjlicon pad must be carefully cured in order to avoid the
tween the applied normal Loa#, and the contact De- presence of air within the mould. Nonetheless, beside
formation,d (LD curve), which is representative of en- the technological limitation and production difficulties,

doskeletal structures covered by pulpy tissues. different DLD pads are realizable with both materials.
Given the allowable pad thickness and the overall con-

tact area, the purpose is to tailor the pad properties tesign of theStructured Pad Inner Layer
the specific application by:
The basic idea concernirtbe choiceof the inner layer
e Selecting a skin material characterized by propergeometry is that it is simpler to design and analyze a
tribological features (hardness); simple shape element and then to replicate it as many

« Designing an internal layer geometry (Fig. (11)) so times as needed. Therefore, it is suggested to conceptu-

. o . : : lly divide the overall contact planar area into finite ele-
as to obtain a specific static compliance (increase . .
: mentary regions. Once the element LD curve is known
with respect to a non strucutured pad).

(by means of numerical analysis or experiments), the

The methodology adopted for designing the internalfumber of elementsy, can be chosen such that:
layer is composed of two steps:

F=NFR ©)
whereR = f;(d) is the non-linear LD curve of each
element.

Hence, it is proposed to divide the pad contact area into
e Secondly, the internal layer of each Triangular El- finite TEs by using @riangular grid [48].
ement (TE) is designed in order to replicate theA triangular grid is defined as an isometric grid formed
shape of the given non-linear relationsHi@). A by tiling the plane regularly with equilateral triangles.
series of symmetrically disposed inclined micro- The grid cells that fall outside the object are removed.
beams is used for the purpose. The result is a mesh with equal interior TEs. If needed,

e Firstly, the cover surface (overall contact area) is
conceptually split into finite elementary triangular
sub-regions;
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Contact Area

Fig. (12) — Triangular grid for a fingertip contact area.

the grid cells that intersect the object boundary can be
adjusted or trimmed so thdhey fit into the object.
Nevertheless, deformed TEs which are located on the
boundary might present an LD curve which slightly dif-
fers from the LD curve of interior TEs. An example of
a triangular grid for meshing a fingertip contact area is
shown in Fig. (12). (b)
Obviously, smaller TEs are beneficiary for two reasons:

Fig. (13) — Soft pad based on pattern with equally

e The object boundaries can be better captured by apaced micro-beams (a) and associatedb).
fine mesh than by a coarse mesh.

e Whatever will be the inner layer geometry of each
TE, the contact pressure will tend to be a uniform
function (i.e. a continuous function) &— co.

curve for small displacements which is characterized by
a very low stiffness. On the other hand, the load rapidly
increases once the micro-beams collapse on the outer

Note that: 1) the procedure outlined in the following re- SKin- In such situation, the TE behave similarly to a pad
made of a uniform soft material. A finite element model

gards the definition of an overall pad contact force (i.e. - e - )
overall pad compliance) which is an integral (rather than?f the TE is shown in Fig. (14). In particular, Figs.
a local) property of the Pad: ) elements are involved (14)b and (14)c depicts one collapsed micro-beam.

in the contact simultaneously and the contact area is dis-

placement independent.

The smallest sizedT\", of feasible TEs is determined by

the technological feasibility of the pads. On the otherSoft Pad Realization

hand, Eg. 9 constraints the number of elements which

must be contained within a given contact area and thereFhe smallest TE which is considered realizable by
fore the element sizArg. If the sizeArg required by  means of SLA is an equilateral triangle having surface
Eq. 9 is lower tharArT“,iE”, a practical solution cannot be area of 6.9mn¥ (i.e. 4mm side). The pad thickness is
achieved for the given TE inner-layer geometry. On the chosen to be 3.0 mm (i.e. half the thickness of pre-
other hand, iArg > ATl the TE outer-layer (skin) can viously published solutions, see Fig. (9)). The TE
be enlarged without altering théE LD curve. design is exactly the one depicted in Fig. (13), (15)
As for the TE internal layer, it is designed in order to (t = 0.5mmh = 2mmk = 1mmg@ = 45°, | to be de-
replicate the qualitative shape of the non-linear com-signed) and numerical relationship between the applied
pression law which is typical of endoskeletal structuresnormal forceF and the consequent displacemeénis
covered by pulpy tissues. This behavior is well exem-shown in Fig. (15)a (FEA results).

plified by the LD curve of the human finger shown in Let us consider first the distal phalange. The contact
Fig. (9): itis possible to note an initial, quasi-linear LD area to be meshed is a 20mm x 15mm rectangle which
curve for small displacement followed by a rapid load is meshed by means of 36 TEs in order to obtain the
increase. In order to replicate this particular compres-desired compliance. Such TE presents a surface area
sion law, it is proposed to use a series of micro-beam®f 8.3333mn?. Figure (15)b shows the numerical rela-
inclined of 3 = 45° with respect to the normal to the tionship between the normal load (N) and the resulting
external surface (normal axis, Fig. (11)b), thus trans-displacement (mm) for: 1) the structured pad depicted
forming normal loads acting on the contact into bend-in Fig. (13)a; 2) a uniform PAD of the same thickness
ing actions applied on each beam. The micro-beam$3mm) made of a softer material (refer to Fig. (9));
are placed on the edge of the TE as depicted in Fig3) the human finger. It can be seen that a 3mm thick
(13) (artificial pad internal layer surface and associatedtructured pad represents a substantial step forward in
TE). This peculiar geometry presents a quasi-linear LDhuman finger mimicry in terms of stiffness, when com-
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(b)
pared to previously published solutions where different

materials and higher pad thickness are used. Finally, the
first pad prototype is shown in Fig. (15)c. Concerning
the medial phalange, the number of TEs is reduced to
30. Concerning the distal phalanges, the overall contact
area is spilt into two 20mm x 15mm rectangles and the
number of TEs for each rectangle is 15.

The potentialities of the DLD concept have been exper-
imentally evaluated on hemispherical soft pads shaped
over arigid core [7]. The pad to be mounted on the hand
prototype are shaped as in Fig. (15)c and their physical
implementation is shown in Fig. (16).

Fig. (15) — Displacement (mnmversus  normal load (n)

for TE made of inclined micro-beander uniform pad
DISCUSSION AND CONCLUSIONS (a), DLD pad and human fingertip (b), Artificial soft
This chapter has reported design solutions and method®2d (c). Experimental (exp.) and FEM results.
concerning the adoption of sliding tendons, integrated
joint and soft covers which have been proven achiev-
able with current technology. Nonetheless, the adoptiorgrees of freedom.
of the aforementioned solutions arises serious issue¥o this respect, actuation by sliding tendons shows con-
which must be addressed. In particular, the implementroversial aspects. On one side, it is relatively easy to
tation of robust, low cost artificial hands is a target of achieve fully-integral finger structures with tendon cou-
primary importance within the prosthetic industry. To plings placed inside the hand palm; on the other side,
this respect, any approach that enhances simplificatiorthe mechanical efficiency of this kind of transmission is
reliability and at the same time reduces manufacturingather poor and no control strategies can be provided, as
and assembly costs can help. it happens in the case of robotic hands [18], in order to
In light of these considerations, transfer of design con-compensate for the many negative effects due to friction
cepts and technological solutions from the world ofand tendon compliance; furthermore tendon transmis-
robotic hands can be feasible under the assumption thaion is intrinsically reversible, while most of prosthetic
they are compatible with the peculiar features of pros-hands still adopt non-reversible mechanisms in order to
thetic devices, that is a limited availability of energy for guarantee grasp holding in case of power-off. As for
actuation and a poor capacity of control. This greatly rejoint design, experimental activity [6] has proven that
duces the capability to manage complex multi-degreegoint friction is more crucial than tendon friction and
of freedom structures: joints that can be independentan cause undesired phalanx locking. To this respect,
in robotic hands must be necessarily coupled within ahe adoption of large displacement CJs should be pre-
prosthetic device, reducing the number of actuated deferred when compared to simple pin joints. Nonethe-
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Planar
surfaces

Fig. (16) — Anthropomorphic robotic with enhanced surface compliance

less, it should be noted that fatigue failure can be arger pulps. Therefore, the application of this concept can
issue whenever compliantechanisms are considered, increase design flexibility and easily integrates the need
especially in the case of prosthetic devices where exteref acceptable aesthetics with the functional requirement
nal forces acting on the structure are largely unknownof thin, highly compliant external covers.

In any case, as said, CJ design is heavily dependent oh final consideration is that neither the proposed CJ de-
the inseparable binomial material-technology. For in-sign nor the proposed DLD pads seem to go into the
stance, techno-polymers, shaped by means of pressudirection of morphological simplification: part integra-
moulding or CNC machining, can provide good relia- tion on one side means reduction of separate items,
bility but present shape complexity limitations and areon the other dramatic growth of morphological com-
cost ineffective. Per contra, rapid prototyping allows aplexity. This drawback can be overcome thanks to the
simple, fast and inexpensive production of items but isavailability of the so-called computer-driven Additive
rather poor in terms of available materials. Still, due Manufacturing Technologies that allow to imagine, for
to the high market demand, it is reasonable to envisan imminent future, the full feasibility of integrated
age an high improvement of the material properties inmulti-material complex structures, like robotic fingers
a near future. Owing the aforementioned limitations, aor hands, in a single production step. These parts, being
comparison method has been proposed which providefbricated with an additive approach, eventually repre-
practical indications on how to choose the optimum CJsent a final product instead of a mere prototype. In fact,
for prosthetic hand. The method is applicable to novelthe term Additive Manufacturing is slowly substituting
CJ designs (such as SPIR and HEL joints) or to anythe term Rapid Prototyping [17] in order to underline a
known CJ morphology. closer link to the end-use component.

As for the soft cover, a more direct transferability can beln conclusion, the effort of the authors was in the di-
envisaged: in particular, the development of DLD padsection of exploring new design solutions and meth-
as compared to non-structured layers or to simple foanods which largely relies on the possibilities, before un-
layers, allows to tailor the local surface compliance acknown, deriving from this technological progress that
cording to specific needs. Furthermore, this concepgives more freedom to design creativity.

permits the use of one material only, to be chosen ac-

cording to its tribological properties (e.g. resistance to

wear) or manufacturabilty (e.g. compatibility with ad-

ditive technology processes that allow easy impIemen-ACKNOWLEDGENIENTS
tation of complex shape items). In practice, the DLD )
methodology enables obtaining thin compliant layers,The authors wishes to acknowledge tmdamental
thus limiting the overall size of fingers not compromis- contribution of Eng. Marco Piccinini and Eng. Marco
ing their slenderness, but at the same time to achieve &randi for performing FEA calculation and CAD draw-

global compliance comparable with that of human fin-'N9-
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Abstract: This contribution deals with a particular type of robotic systems, i.e. exoskeletons
or wearable systems. With respect to conventional robots, exoskeletons present the main
feature of being wearable and, consequently, always in contact with the human operator
during operative conditions. The design and control of exoskeletons must then necessarily
take into account this condition, not only for safety issues, but also in terms of transparency
for user’s movement and fidelity in the generation of torques/forces to the operator. The
experience of the PERCeptual RObotics laboratory of Scuola Superiore Sant’ Anna in the
design of exoskeletons is presented, by addressing the description of developed robotic

exoskeletons.

Implications for the usage of exoskeleton systems in the simulation of

grasping in Virtual Environments are discussed, with an analysis of the issues associated to
the test of myoelectric control of prostheses in Virtual Environments.
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INTRODUCTION

The idea of building artificial machines mimick-
ing the anthropomorphic aspect and functionality of
the human arm has been strongly tied with all, even
preliminary, developments of robotic arms.

For a specific type of mechanical structures, named
robotic exoskeletons, the above property represents a
fundamental and intrinsic requirement, since they rely
on an anthropomorphic structure. In general terms, ex-
oskeletons are robotic devices which can be worn on the
body, with a kinematics congruent to the limbs (arm,
hand, torso, leg or foot) they are connected to at spe-
cific points (usually more than one), in order to be able
to follow and/or constrain their motion.

The analysis of this particular type of robotic interfaces
is presented here in the framework of haptic interac-
tion, since the first examples of exoskeleton systems
date back to the early developments of teleoperation,
when robotic systems were designed to generate force
feedback remotely to astronauts in space [1, 2, 3]. The
development of force feedback devices (recently named
haptic interfaces) finds its roots in the stream of re-
search dealing with teleoperation systems, developed
since the mid 1940s, when the first master-slave tele-
operator was built by Goertz in Argonne National Lab-
oraotry, then followed the work of Vertut in France [2].
In mid 1980s, robotic master systems such as the Salis-
bury’s Force-Reflecting Hand Controller [4] were pur-
posely designed with a different kinematics from the
slave systems they intended to control. Only in the

late 1980s, a new attempt to introduce force feedback
for teleoperation tasks brought to the design of innova-
tive robotic structures specifically intended for generat-
ing force/torque components to the hand of the human
operator: such systems were also applied to the con-
trol of manipulative operations during the interaction
with Virtual Environments, and from the end of 1980s
were named "haptic interfaces". An interesting sign of
the definitive merging of the parallel developments of
force feedback devices and haptic interfaces into a sin-
gle area of research is testified by the creation in 1990
of the Journal "Presence: Teleoperators and Virtual En-
vironments" by MIT Press. Here the topic of telepres-
ence and virtual presence were considered as identical
in terms of the interface system of the human operator
with the remote or synthetic spaces. In general terms,
the common functionality of a haptic interface or of a
force feedback device is that of being able to generate
forces at the level of the human limb where these forces
are required or simulated [5]. Usually these places are
the palmar surface of the human hand when manipula-
tive operations must be controlled, or other parts of the
human body, such as the anterior or posterior parts of
the trunk in the case of whole body motion haptic in-
terfaces. To exert forces on the human limbs, when the
user intends to manipulate objects in the remote or vir-
tual operational space, as far as the interaction with the
Haptic Interface (HI in the following) is concerned, two
possible operative conditions are possible:

e the HI is always maintained in contact with the
user’s limb during the control of the operation

Vincenzo Parenti Castelli and Marco Troncossi (Eds)
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e the HI enters in contact with the user’s limb only
at the instant of time in which the generation of
forces is required

The first category, that we will call “Always in Contact”
devices [6], comprehends the large majority of present
haptic interfaces, i.e. robotic devices that are exter-
nal with respect to the user’s body and that are usually
grasped at their end-effector during the whole duration
of the interaction task. The second category, usually
called “Encountered Haptics” [7, 8], represents a com-
pletely different concept of haptic interface: here the
robotic system is controlled to follow the user’s hand or
limb at a certain distance except when a contact force
is required given the specific hand position and orienta-
tion at the specific instant of time. At that exact instant
of time, the “encountered” type haptic interface is con-
trolled in order to enter in contact with the human limb
and generating the required force vector.

In this chapter, we will analyze only the first class of
“Always in Contact” Haptic Interfaces, that are charac-
terized by the fact that the parts of their structures where
forces are transmitted to the human operator’s body re-
mains always in contact with the limb during the exe-
cution of the interaction task. “Always in Contact” de-
vices can be classified according to two different types
of systems, as External devices and Wearable devices.
As above introduced, in the definition of the Always in
Contact External Devices, the term "external" refers to
the fact that

a) the kinematic structure presents a geometry (joint
axes and their relative positioning and orientation
in space) that differs from that of the human limb
to which they are attached, e.g. of the hand-arm
complex;

b) the workspace of the device differs from that of the
human limb; these two workspaces possess an in-
tersecting volume, usually located around the ref-
erence position, which is only a fraction of the
whole volume spanned by the arm;

c) the base frame of the haptic device is usually
grounded on a fixed location or to a mobile loca-
tion that can extend its effective workspace; in this
last case, however, the complexity of the whole
haptic system increases a lot, due to the need of
allowing the mobile platform to track the user’s
movements

Exoskeletons are a particular type of wearable devices
[9], that can implement a larger number of functionali-
ties, i.e:

e to record the movement of the limb to which they
are attached in terms of specific joint motion; such
a functionality cannot be realized with external
always in contact devices since they are able to
record only the movement of the human point of
attachment in the cartesian space;

Grasping the Future: Advances in Powered Upper Limb Prosthetics 93

e to intrinsically possess a workspace very close to
that of the human limb to which they are attached;

e to generate wrenches to the human limb in all the
points of attachment with the human body; also in
this case, while for an external always in contact
haptic interface the number of attachment points
is limited to one (usually the hand), exoskeleton
systems can be designed to have several points of
attachment (usually one per limb member) with the
human body;

e to implement gravity compensation on the limb
they are covering; in general terms, exoskeleton
systems can apply a defined force field to the limb;

e to generate or constrain torques/movements at the
level of the joints of the limb they are covering;
this feature is extremely interesting in the case the
exoskeleton system is used for rehabilitative pur-
poses;

e to implement joint trajectories that map specific
limb movements;

e to scale torques at each specific joint in order to
implement an effect of amplification of human ca-
pabilities;

o the wearability of the exoskeleton system allows
the human operator to move in the control space;
such an increased mobility feature is suitable for
applications in which the user is requested to cover
a large workspace. Moreover, this is an effective
feature to be exploited in the cases the human op-
erator must interact not only with remote/virtual
objects but also, at the same time, with real ob-
jects in the control space, e.g. control panels or
real tools.

In the following, a description of present recent de-
velopments of exoskeletons systems at the Perceptual
Robotics Laboratory PERCRO is reported. Issues of
design and control of exoskeleton structures constitute
the fundamental part of the presentation. Moreover im-
plications for the usage of exoskeleton systems in the
simulation of grasping in Virtual Environments will be
discussed, with an analysis of the issues associated to
the test of myoelectric control of prostheses in Virtual
Environments.

EXOSKELETONS FOR THE HUMAN
ARM

Since the beginning of 1990s the Perceptual Robotics
Laboratory of the Scuola Superiore Sant’Anna, Pisa,
Italy, addressed a large amount of research activities to
the design and development of wearable robotics sys-
tems as haptic interfaces for Virtual Environments ap-
plications and Rehabilitation.
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Fig. (1) — Different schemes of attachment of an ex-
oskeleton device to the human arm

In 1991, being the research at PERCRO mainly focused
on robotics manipulation and robot hands, the design
of exoskeleton systems immediately followed the same
area and the first versions of exoskeletons were obtained
in 1992 both for hands and arms.

The design functionalities that drove exoskeleton devel-
opments were described in [10] in which the issues of
transparency and fidelity were outlined as fundamental
for achieving an effective solution.

Different exoskeleton structures might be devised, as
shown in Fig. (1), according to the number and location
of attachment points between the exoskeleton structure
and the operator’s arm. If attachments are considered
also in correspondence of the medium part of the fore-
arm and arm, it is possible to (locally) generate forces
also in these regions.

Four versions of the first design exoskeleton (one point
of attachment) were designed and realized at PERCRO
respectively in 1992, 1995, 2002 and 2008.

Arm exoskeleton version I (1992)

The arm exoskeleton designed at the beginning of 1990s
was one of the first example of wearable robotic systems
ever realized for teleoperation and Virtual Environment
interaction [11]. It consisted of a 7 DoFs (Degrees of
Fredom) robotic structure designed to completely wrap
up the user’s arm and supported, by means of a pur-
posely conceived frame, by the shoulders and trunk of
the user itself (see Fig. (2)).

The Degrees of Freedom imitated the joints of the hu-
man upper limb: 2 DoFs at the level of the shoul-
der (flexion-extension and abduction-adduction move-
ments); 1 DoF in correspondence of the arm (rotation of
the arm); 1 DoF at the elbow (flexion-extension); 1 DoF
in correspondence of the forearm (prono-supination
movement); 2 DoFs at the wrist level (flexion-extension
and abduction-adduction). The scheme of the kinematic
chain representing the complete 7 DoFs system is re-
ported in Fig. (3).

In principle, the arm exoskeleton had the capability to
follow a significant percentage of movements of the hu-
man arm, but constraints due to mechanical interference
did not allow to span the complete workspace of the hu-
man arm. However, very good mobility was achieved
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Fig. (3) — Kinematic scheme of an exoskeleton for the
right arm

around a significant reference position for manipulative
operations, consisting of vertical arm, flexed forearm in
the horizontal plane, wrist in intermediate position be-
tween pronation and supination.

Each joint of the exoskeleton was actuated by means
of DC servomotors integrated in the structure: such
an arrangement of the motors, although presenting a
high degree of complexity in terms of design layout and
packaging of mechanical components, allowed the great
advantage that the resulting robotic system was com-
pletely portable and no mechanical or actuation compo-
nent was remotely located.

The motion at each joint was obtained through a tension
tendon-based transmission system: while the 2 DoF of
the shoulder and the arm rotation movements were im-
plemented without the use of idle pulleys, the trans-
mission system for the elbow and forearm joints pre-
sented complex cable routing. The correct arrangement
of cables and pulleys was one of the most critical as-
pects of the whole design and testing phase. Joint rota-
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Fig. (4) — CAD model of the Arm exoskeleton II, with
a view of the innovative transmission system

tion sensors were integrated for each joint. The follow-
ing values of generated torques were obtained at dif-
ferent joints: a) shoulder joint abduction-adduction and
flexion-extension: 20 Nm; b) arm rotation and elbow
flexion-extension: 10 Nm; c) forearm prono-supination:
2 Nm.

Version I of the arm exoskeleton, being all the structure
made in aluminum, presented a total weight of 10 kg
including motors and transmission units. Gravity com-
pensation techniques were implemented in order to al-
low a transparent behavior of the user’s arm when the
exoskeleton system was worn. In fact, experimental
tests indicated that when the system was worn by the
operator, and supported by his/her shoulder and trunk,
the weight of the structure affected the maneuverability
performance only when the system was not controlled
[11].

Arm exoskeleton II (1995)

A second version of the Arm Exoskeleton was designed
in 1995 [12] in order to better take into account the other
two functional requirements of adjustability and weara-
bility.

Adjustability refers to the introduction of variability in
the size of the exoskeleton geometry, in order to accom-
modate different arm sizes (different arm and forearm
lengths and circumferences), while wearability refers to
the easiness of wearing, which represents a key issue
for the acceptance of the device among users who are
not specifically trained or have specific upper-limb mo-
tor disabilities. These two requirements were translated
into innovative design solutions introduced in the Arm
Exoskeleton Version II, respectively the design of ten-
don transmissions and a a mechanical design solution
allowing the lateral wearing of the device, as it can be
seen from the CAD model in Fig. (4).

The tendon-based driving system allowed to place the
motors away from the joints. Our design goals were
to achieve reduced link weight (especially for the dis-
tal joints), increased joint compactness, reduced encum-
brance in the workspace of the moving parts of the de-
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vice. Moreover, the devised solution allowed the usage
of grounded actuators with high peak torque and con-
sequent reduction or elimination of gearboxes (with the
associated friction and torque transmission problems).
The main drawbacks of tendon transmissions are asso-
ciated to the tendon elasticity and routing. The elastic-
ity between the motor and the link, which is inevitably
introduced by tendons, tends to lower the stiffness and
the mechanical bandwidth of the device. Therefore these
values were kept under control during the design. The
routing of the tendons from the motor to the joint be-
come complex in multi-DoFs systems. If the tendons
are guided by sheaths the routing is largely simplified
but severe problems arise in force control due to dry
friction. In all the designs of Arm Exoskeletons at PER-
CRO, the tendons are routed over idlers mounted on ball
bearings. Such a method has been used in other robotic
structures [13, 14, 15, 16]. Usually such a type of trans-
mission is planar, i.e. all idlers lay in a common plane.
A variant to this approach has been proposed in [13] al-
lowing the presence of a small skew angle between the
an idler and the following. In other designs, such as
the WAM from MIT and the Arm Exoskeleton Version
I from PERCRO, the axes of two successive idlers can
be perpendicular in order to route the tendon between
two orthogonal planes. In the design of Version II, an
innovative design solution was introduced for arbitrar-
ily placing in space the axes of two consecutive idlers,
subjected to the constitutive condition that the two suc-
cessive idlers share a common tangent line. This solu-
tion was a key factor for allowing the proper routing of
tendons around the human arm and forearm.

Another important design solution was addressed in
terms of wearability of the device. With the aim of
achieving a comfortable wearability, "open" links for
the arm and forearm were designed and patented. In
this way, the links of the exoskeleton do not wrap com-
pletely the user limb, but instead just adhere to the ex-
ternal aspect of the arm. This solution, implemented
also in successive designs, allows easiness of wearing,
since the user arm enters laterally into the device (while
an arm exoskeleton has usually to be worn just like a
sleeve) and it adapts to a broader range of user arm
circumferences. Fast lateral wearing/unwearing gives
also a greater intrinsic safety and a broader acceptance
among users. Moreover such a solution allows the user
to bring his arm very close laterally to his trunk. The
design of open links around the user’s arm and fore-
arm, while meeting the constraints of coincident an-
thropomorphic kinematics, was possible thanks to an on
purposely developed partial (semicircular) rolling ball
bearing. Such a mechanical component possesses the
same performance in terms of stiffness, weight and fric-
tion of a precision ball bearing of the same diameter.

Arm exoskeleton version I1I (2002)

A third version of the Arm Exoskeleton design was ad-
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Fig. (5) — Side view of the L-EXOS

dressed in 2000 and brought to the realization of a new
prototype in 2002, shown in Fig. (5). This third ver-
sion was named L-EXOS, i.e. Light Exoskeleton, due

to

the higher payload/weight ratio of the final design,

approximately equal to 1.

The L-EXOS is a 5 DoFs robotic device with a serial
kinematics, isomorphic to the human arm. Only 4 DoFs
are actuated, being the non-actuated DoF the last one,
aligned along the anatomical prono-supination axis of
the forearm [17]. Also for the L-EXOS, one of the main
design specifications was achieving high transparency
of use of the device, i.e. the system exhibits low me-
chanical impedance when moved by the subject (low
friction, low inertia). To fulfill such a goal, a set of de-
sign guidelines were adopted:

e Remote placement of actuation: This solution al-
lowed to drastically reduce the perceived inertia
and joint torques required for gravitational com-
pensation, and consequently also the actuator size
and the transmission tensions. Moreover, the re-
mote placement of motors allowed a better weight
balancing of the structure. All the motors of the ex-
oskeleton were located on the fixed frame (Link 0),
as shown in Fig. (8). As a consequence of ground-
ing the motors, long transmissions were required
[18, 19].

Use of tendon transmissions: Tendon transmis-
sions can easily transmit torque to joints, placed
far apart from motors, with zero backlash, low fric-
tion and low weight; For each actuated DoF, the
torque is delivered from the motor to the corre-
sponding joint. Transmissions were implemented
through steel cables that can guarantee low weight
and zero backlash, (see in Fig. (6) the routing for
the transmission of the third joint), that are also
more efficient than gear transmissions, ensuring a
better backdrivability of the system.

Integration of speed reducers at the joints: A
reduction gear was integrated at the joint axis, as
depicted in the scheme of the transmission of axis
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2 in Fig. (7). Such an arrangement allowed to re-
duce the masses of the moving parts, by reducing
the mass of the motors (near 40% of the overall
mass of the exoskeleton) and the additional mass
of the structural parts, to be reinforced in order to
sustain the weight of heavier motors. The inertia
perceived by the user at the palm was also conse-
quently reduced.

Selection of motors with high torque to weight
ratio: Electric actuators offering the best torque to
weight and torque to volume ratios were selected
[17]. To achieve a higher stiffness of the device at
the end-effector, reduction gears with low reduc-
tion ratio were located at the joint axes, thus allow-
ing to reduce the tendon tension, their elongation
and their diameter. The reduction of the tendon
diameter led to a consequent saving of mass and
volume of all the mechanical parts of the transmis-
sion system (pulleys, axes, etc.). Thanks to this
solution and to the development of expressly con-
ceived speed reducers, a mass reduction of about
35% for the transmission system and of 40% for
the structural parts was achieved.

Low transmission ratio: this allowed to reduce
the contribution of the motors to the perceived in-
ertia at the end-effector and so to lower the per-
ceived transmission friction;

Use of light materials for the construction of the
moving parts The structural components (links)
were designed as thin-wall parts, that can house the
mechanical parts of the transmission (pulleys, ten-
dons, axles, spacers, etc.) within the links, protect-
ing the inner parts from external interferences and
the user from potential harm deriving by the tensed
steel cables. Hollow sections, presenting the larger
moment of inertia than bulk sections with the same
area, were used to enhance the stiffness of the thin-
wall parts. In order to further improve lightness
and stiffness, the structural components were made
of carbon fiber. Also Aluminum parts were bonded
on the carbon fiber structure to realize the connec-
tions with other mechanical components. Carbon
fiber parts were manufactured with the vacuum-
bag technique, and with dies made of carbon fiber
too, due to the low number of manufactured proto-

types.

As far as the kinematics, as depicted in Fig. (8), the first
three rotational axes are incident and mutually orthog-
onal (two by two) in order to emulate the kinematics
of a spherical joint with the same center of rotation of
the human shoulder. The target workspace of the shoul-
der joint was assumed to be the quadrant of a sphere,
as shown in Fig. (9). The orientation of the first axis
was optimized to maximize the workspace of the shoul-
der joint, by avoiding singularities and interferences be-
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Fig. (6) — CAD model of the L-EXOS transmission
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Fig. (7) — L-EXOS: Scheme of the actuation and ten-
don transmission system

tween the mechanical links and the operator. The opti-
mization process provided also indications for the def-
inition of the shapes of the links. As a result from the
kinematic analysis, the final orientation of the first axis
(the fixed one) was chosen to be skewed with respect to
the horizontal and vertical planes, while the third axis
was assumed to be coincident with the ideal axis of the
upper arm. This implied that the third joint had to be im-
plemented with a rotational pair aligned with the fore-
arm. The fourth axis was assumed coincident with the
elbow joint and the fifth axis with the forearm, in order
to allow the prono-supination of the wrist.

The L-EXOS, shown in Fig. (5), can attain very remark-
able performance, as summarized as follows:

Force: 50 N continuous, 100 N peak force;
Backlash: 10 mm at the end-effector;
Stiffness: estimated 3 N/mm, measured 2 N/mm;

Workspace: approximately 70% of the human arm’s
workspace.

The L-EXOS has a weight of 11 kg, of which approx-
imately 6 kg distributed on link O, i.e. the fixed part,
and mostly due to the mass of the 4 motor-groups.
This means that the L-EXOS achieves the desirable low

Grasping the Future: Advances in Powered Upper Limb Prosthetics 97

' Link 2

AXIS 2 \ Link 3

AXIS4 ik 4

Link 1

AXIS 1
AXIS 5

1 sensorized
axis

Link 5

Link 0

Fig. (8) — General kinematics of the L-Exos

135°
anteposition

i

Fig. (9) — L-Exos Workspace at the shoulder joint

140°
abduction

value of weight/payload ratio close to 1 (100 N vs. 11
kg). The reported value of stiffness of 3 N/mm repre-
sents the theoretical worst-case condition.

Arm exoskeleton version IV (2008)

We have recently assisted to recent progress of upper
limb exoskeleton robots for rehabilitation treatment of
patients with neuromuscular disorders, see reference
[20] for an up to date review on the topic. Virtual reality
(VR) applications have been widely used as schemes for
rehabilitation in stroke survivors, due to the feasibility
and capability of being accepted as videogame-like ex-
ercises. Recently, in alternative to lightweight designs
with joint-delocated motors and back-drivable transmis-
sions without any force/torque sensors, an innovative
design for arm exoskeletons was addressed at PERCRO
for rehabilitation purposes [21].

Based on the experience gained at PERCRO laboratory
during the clinical evaluation of the L-EXOS [22] in the
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Fig. (10) — The CAD model and the prototype of the
Rehab-Exos (2009)

rehabilitation of stroke patients, a novel exoskeleton,
called RehabExos (Fig. (10)), was developed for the
rehabilitation of upper limb. The RehabExos is aimed
at generating controlled contact forces/torques not only
at the exoskeleton end-link handle, but also at some in-
termediate link, so that the patient can be constrained
to the RehabExos links at the level of his/her hand, arm
and forearm according to the therapy requirements and
can be easily rearranged for both left and right arm use.
As depicted in Fig. (10), the RehabExos adopts a se-
rial architecture that is isomorphic with the human kine-
matics and inclues: a shoulder joint which is fixed in
space and composed by three active joints J1, J2 and
J3; an active elbow joint J4; a passive revolute joint JS
allowing for wrist prono-supination. Actuation of the
RehabExos is provided at each joint via identical cus-
tom made Actuation Groups (hereafter indicated with
AGi) for joints J1, J2 and J4, and via a different custom
made actuation group for joint J3. Both AG1, AG2 and
AG4 comprise an electric motor, a geared transmission
with rather large reduction ratio (which optimizes the
actuation group torque-to-weight performance) and un-
avoidable compliance, a motor-side rotary encoder and
a joint-torque sensor. For a more detailed description
of both RehabExos and actuation groups please refer to
[21].

Figure (11) shows an example of a VR scenario for the
rehabilitation of reaching movement in hemiplegic pa-
tients after stroke [23]. There are seven glasses located
into a virtual book shelf. The starting position of each
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Fig. (11) — Example of a virtual rehabilitation scenario

trial is labelled as 0. The goal of the task begins when
the therapist chooses the desired object to be reached.
Then the patient is asked to perform a movement to
move the bottle from the start position to the glass and
pour the water into the glass with a prono-supination of
the wrist. During the movement, the exoskeleton drives
the patient arm to the target, providing the assistance
as needed to help the patient to execute the movement.
This class of exercises in Virtual Reality is suitable for
the training not only of neurological patients, but also
of amputees that need to learn the procedures for the
myoelectric control of new powered prostheses.

Control of arm exoskeletons

The problem of force replication (generation) by means
of an exoskeleton system can be considered identical to
the problem of force generation by an ordinary robotic
system but with the further constraint of considering
that the number of contact points with the human op-
erator can vary according to the number of attachment
points between the exoskeleton structure and the human
limb.

In the case that the exoskeleton structure is connected
to the human arm only at the level of the hand, the
system can be considered as an external manipulator
with its base link attached to the shoulders and trunk
(if dressed) or to the ground. The system can exert ap-
plied vector forces, that can be reduced to a resultant
wrench, only at the level of the hand. Under this as-
sumption it is possible to replicate external forces by
controlling the wrench applied by the exoskeleton to the
operator’s hand. By considering as an example the kine-
matic scheme depicted in Fig. (3), the variables that can
be used to achieve such a control objective are the joint
torques.

In quasi-static conditions and with no gravity, the map-
ping between the applied wrench and the joint torques
can be derived by means of the principle of virtual
works and is given by the transpose jacobian of the ma-
nipulator:

t=J"(q)F, (1)
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Fig. (12) — Scheme of the open loop control procedure

where J is the jacobian of the exoskeleton depending
on the joint position vector ¢, F is the wrench applied
on the operator’s hand, and 7 is the vector of the joint
torques. In dynamic situation and in presence of gravity,
the joint torques that must be applied to give a desired
wrench F 4., must contain additional terms devoted to
compensate the exoskeleton inertia, Coriolis and cen-
trifugal effects, friction and gravity. A complete force
mapping will thus be dependent on the exoskeleton con-
figuration, joint velocities and accelerations:

T=M(q)§+C(q,4) +D(q,4) +G(q) +J" (9)F aes (2)

where M is the inertia matrix of the manipulator, C is
the vector of Coriolis and centrifugal terms, D is the
vector friction terms, and G is the vector of gravity ef-
fects. Notice that the effect of compliance (for instance
of the transmission system) is not included in (2). The
model described by equation (2) can be used to build a
controller that regulates the wrench F to a desired refer-
ence value. If good performance of the force replication
system is required not only in quasi-static conditions,
the control must include the compensation of dynamic
effects on the exoskeleton. If the requirements are not
so strict in terms of bandwidth (say @y < 3rad/s), some
of the terms of the full dynamic model can be neglected.
Quasi-static operation ensures that the effects of Corio-
lis and centrifugal terms are small and, in the case good
backdrivability of joint actuators is ensured by the me-
chanical design in order to have low values of friction,
only the gravity compensation term can be used. The
feasibility of the control law will depend on the avail-
ability of external wrench and/or joint torque measure-
ments. For the sake of simplicity, in the following the
dependency of J and G on joint positions will be omit-
ted. If no force/torque sensors are present, an open loop
control law can be devised as follows, as shown in Fig.
(12):

T=G+J"Fes A3)

where G indicates an estimate of G. The open loop
scheme cannot be used if non backdrivable drives are
present. Further, poor performance is expected due to
friction and modeling errors in the estimation of G. If
torque sensors are present, the following control law can
be devised:

Tdes = G+JTFdes (4)
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Fig. (13) — Scheme of the closed loop control proce-
dure

where T4, is a reference value for the joint torque vec-
tor. A servo term at the hand level based on the wrench
error may be added to Fg.s in order to improve the
tracking of the reference value. A low level joint torque
control loop is then used. Joint torque sensing allows to
overcome the problems of friction, although the mea-
sure of the wrench F is affected by many errors due to
errors in the kinematic model of the exoskeleton, and
rough or no modeling at all of the exoskeleton dynam-
ics. If a 6 component force/torque sensor is present, the
loop can be closed at the hand level and the following
control law can be used, as shown in Fig. (13):

T:G%—]T(ngs‘i‘K(Fdes_F)) o)

where K is a 6x6 diagonal matrix of constant gains.
Closing the loop at the hand level allows a better mea-
surement of F, although the rejection of friction torques
cannot be effective and is strongly dependent on the arm
configuration q.

Summary on arm exoskeletons

We are assisting nowadays to an increasing interest and
number of applications for upper limb exoskeleton sys-
tems, in particular in the area of rehabilitation of motor
disorders and human power augmentation. The fron-
tiers of research in the field of exoskeletons are now
moving towards new human-robot interfaces that can
intuitively couple human intention to robot behavior
for assistance to the human, exploiting biometric sig-
nals, ranging to mention just the most important one
from EEG, through Brain Computer Interfaces [24],
eye-tracking [25] and last, but not least EMG [26].

EXOSKELETONS FOR THE HAND

Hand exoskeleton version I (1994)

Hand Exoskeletons found a relative success in 1990s,
being conceived as specific hand masters for teleopera-
tion tasks and haptic interfaces for controlling the inter-
action with VE [27].

The first hand exoskeleton prototype developed at PER-
CRO in 1994 consisted of four finger exoskeletons each
one exerting forces to the phalanges of the hand’s fin-
gers (little finger excluded).

A single finger exoskeleton, which kinematic structure
is represented in Fig. (14), consisted of four links con-
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Fig. (14) — Finger Exoskeleton Version I (1994)

nected by revolute joints disposed as the joints of each
finger. Each joint axis of the finger exoskeleton was
designed in order to approximate the instantaneous po-
sition of the flexion-extension axis for each phalanx.
At the metacarpo-phalangeal joint a passive abduction-
adduction movement has been also integrated.

The actuation system for one finger exoskeleton was
based on three DC servomotors and associated tension
tendon-based transmission systems. Each tendon was
intended to pull on the middle point of each phalanx
of the finger in order to execute the extension move-
ment; on the contrary, at each joint, the flexion move-
ment was obtained by a passive torsion spring integrated
on the joint axis. The three motors were located on a
cantilever structure fixed with the base frame of each
finger exoskeleton. Rotation sensors, based on plastic
conductive technologies, were integrated at each joint
while force sensors, capable of recording the interac-
tion force between the exoskeleton structure and each
phalanx, were located directly on the dorsal surface of
each phalanx link.

Particular attention was devoted to design a specific
kinematic structure for the thumb exoskeleton. One
of the critical factors encountered during the design of
the system was the constraints in terms of weight and
volumes needed to allow good maneuverability of the
hand. Despite these constraints, the ranges of motion of
the fingers with the worn exoskeleton can be considered
very close to those of a free human hand.

In terms of mechanical performance, the hand exoskele-
ton system obtained a maximum extension force of 0.3
N, being the force sensor range of -0.5 N to 3.0 N.
Force resolution was 0.0025 N, while the force feed-
back bandwidth was 0.5 Hz with an angular displace-
ment of 90 Degrees for all the 3 DoFs.

A new version of the hand exoskeleton was addressed in
1997 by considering a different transmission system in-
cluding an agonistic-antagonistic tension tendon-based
transmission system for each joint of the different finger
exoskeletons, a recent prototype was completed in 2009
([28], see Fig. (15)). .

Fig. (16) — Hand Exoskeleton Version II

Hand exoskeleton version II (2001)

Psycho-perceptual studies performed by [29] demon-
strated the importance of providing multiple points of
contact on the operator’s hand during haptic interaction
with Virtual Environments. Based on these assump-
tions, the design of an innovative hand exoskeleton sys-
tem was conducted at PERCRO by considering a differ-
ent approach with respect the one utilized for the design
of Version I (1994) considered expensive both in terms
of complexity and cost.

The new design approach consisted in devising a mech-
anism that, despite a reduced number of DoFs, could
be capable of providing force feedback components on
thumb and index fingertips of the hand [30].

The design of such an innovative, wearable haptic in-
terface consisted of two serial mechanical limbs, called
finger mechanisms, each one with 3 actuated rotational
joints. The base frame of each limb was attached to
the user’s forearm, while their end-tips were coupled
through spherical passive joints to the thumb and index
fingertips respectively.

The user, by inserting his/her fingertip in a thimble, was
able to haptically perceive the generated forces. The
spherical joint placed at the end-tip allowed the mecha-
nism to reach the user’s fingertip with any orientation.
As an ergonomic requirements of such a wearable sys-
tem, the motors were located on the forearm of the user,
as represented in Fig. (16).

In order to decrease the weight of the moving masses
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and enhance the backdrivability of the system, a tendon
driven bidirectional transmission was adopted, which
enabled to locate the brushed DC motors at the base.
The kinematics of each finger mechanism was com-
posed by three mutual orthogonal revolute joints, actu-
ated with a tendon drive by three actuators placed at the
base. The design of the system has considered an opti-
mization strategy for the kinematic dimensioning based
on a desired performance to be achieved over the en-
tire hand workspace. The influence of singularities was
analyzed functionally to the task [31].

APPLICATIONS TO GRASPING IN VIR-
TUAL ENVIRONMENTS AND TO VIR-
TUAL PROSTHETICS

Grasping represents a fundamental aspect of the simula-
tion of physical interaction in virtual environments. The
anatomical and functional design of the human hand is
based on grasping.

Grasping possibilities can be mainly divided into the
two group of power grips and precision grips, depend-
ing on the task to be performed, i.e. according to the
size and weight of the object to handle. Large and heavy
objects are grasped with a power grip, since objects get
enclosed securely between palm and the closed fingers
and the thumb, and this grasp is especially useful for po-
sitioning, turning and moving of an object. Small and
light objects are grasped with a precision grip, so that
objects are grasped with the fingers in opposition with
the thumb without involvment of the plam. With the
precision grip, objects can be grasped in a more sen-
sitive way, and be positioned, turned and moved more
precisely than with the power grip [32].

The number of grasping fingers influences the grasping
stability: the grip used for grasping an object is nor-
mally decided automatically by the subject according
to the size, weight, trajectory and direction of approach
to the object.

Different models of virtual hands have been developed
to allow the implementation of the grasping affordance
in virtual environments. It is clear that modeling a vir-
tual hand is a complex issue, and that some simplifica-
tions are needed to achieve a real-time physical simula-
tion of grasping.

The development of a virtual hand model is developed
observing the anatomical and biomechanical parame-
ters of the human hand and simplifying it to achieve
an approximation of real hand movements, fulfilling
the needs of the application and the implementation
hardware as well as software constraints. The physi-
cal model adopted at PERCRO is a reduced model to
18 limbs instead of the 29 carpal and metacarpal bones
of the human hand. This is mainly a result of merging
the metacarpal bones to one single rigid object. From
the software side, rigid body dynamics are used instead
of soft body dynamics.

The computational approaches based on a physical
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Fig. (17) — Example of simulation of a virtual hand

modeling of the scene and of the hand/object interaction
are of particular interest. One common implementation
of a physically-enabled virtual hand model [33, 34, 35]
is based on the implementation of three separated and
interconnected hand models corresponding to the three
main functionalities required to the virtual model, re-
spectively called the visual, the physical and the tracked
hand model.

The visual model of the hand is used for the purpose
of displaying a visual representation of the scene to the
subject, see for instance Fig. (17), with the implementa-
tion of shapes, textures and local joint deformation pro-
viding a realistic visual feedback to the user.

In order to interact with the environment, a physi-
cal model of the hand with some internal compliances
should be associated to the visual model. The physical
model can interact with the objects and resolve the inter-
action force between the fingers and the virtual objects
during grasping, associated to the solution of a hyper-
static problem, thanks to its own internal compliances.
The physical model usually presents a simplified geom-
etry of masses ad volumes to allow the real-time resolu-
tion of the associated dynamic equations and the deter-
mination of collision detection with external objects, as
shown in Fig. (18) where both models are represented.
The movements of the visual models are driven by the
physical model, whose configuration is in turn deter-
mined by the tracked hand model under the direct con-
trol of the user.

The control input of the user can be generated by a data-
glove in the most general case and is directly mapped
to a posture of the tracked hand model. The connec-
tion between the physical and the tracked hand model
is made by means of a virtual coupling [36], consisting
in a series of damping and elastic connections between
the limbs of the two models.

Recent studies [37, 38, 39] demonstrated that a few in-
put control variables, named postural synergies, can ac-
count for most of the variance in the patterns of hand
configurations during manipulation and grasping tasks.
This equivalently mean that not all the joint angles of
the hand are controlled independently from each other
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Fig. (18) — Example of interconnection of the physical
and virtual hand models

in shaping the hand to grasp different objects. Postural
synergies are expressed as a linear combination of the
hand joint angles and form a reduced set of indepen-
dent variables that can be used to suitably approximate
the hand postures in object manipulation [40].

When the grasping posture of the hand is determined by
a control input of reduced dimension, e.g. surface EMG
or finger tips position, the mapping of control inputs
to the grasping postures can be implemented by means
of the grasping synergies, expressing the joint angles of
the tracked model of the hand as a linear combination of
the available control inputs. This technique has already
been successfully employed to simplify the control of
virtual hands [40] in the case of reduced control input
deriving from the finger tips position only.

An interesting extension of the above concept is the
case of the development of virtual reality scenarios for
testing the capability of controlling new advanced pros-
thetic hands, where only EMG signals are available as
potential control inputs. In the case of most powered
transradial prostheses, typical set-ups for the myoelec-
tric control of opening/closure of the prosthetic hand are
based on the placement of single unipolar electrodes on
the forearm of the subject, exploiting the amplitudes of
surface electromyography (EMG) signals from the fore-
arm flexors and extensors to control the opening and
closing of the prosthesis.

It is however still unclear whether the residual muscles
of the forearm following amputation can provide sta-
ble EMG information for accurate real-time control of
multifunctional transradial prostheses. The control of
myoelectric prosthetic hand using EMG signals from
residual muscles of the amputee requires that the con-
ditions of the muscle of amputation are good and the
training of skills required to control and use the prosthe-
sis by EMG. As this is not usually, a possible approach
is that of carrying out the training in virtual environ-
ments. For instance, grasping of rigid object requires
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just large EMG signals, but for fragile objects EMG sig-
nals should be within a certain region to produce appro-
priate grasping force.

The outputs from the surface EMG electrodes are usu-
ally employed to train a classifier of a network for pat-
tern recognition and to drive the joints of fingers of a
virtual prosthetic limb [41]. A recent study by [42] has
shown how real-time pattern recognition can be used
with good results for the control of a virtual prosthe-
sis. In [43] a successful application of a Virtual Envi-
ronment is shown for testing the ability of controlling a
myoelectric prosthesis.

In combination with force-feedback wearable devices,
Virtual Environments represent an ideal tool for test-
ing myoelectric control of prostheses. In particular, we
consider that the technologies presented above can be
suitably used to achieve realistic simulation of grasp-
ing procedures with the purpose not only of training the
ability of controlling hand prostheses, but also of testing
new control strategies of more elaborate prostheses.

CONCLUSIONS

The different design solutions for arm and hand ex-
oskeleton systems developed at PERCRO since early
1990s have been presented. The design of robotic ex-
oskeleton systems can be considered as one of the main
lines of research carried out at PERCRO so far. While
20 years ago only few attempts were present, nowadays
the term wearable robotics identifies a concrete area of
development in Robotics and we believe that for spe-
cific application domains there will be an increasing re-
quest for future developments.
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