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Introduction

Even though the hand comprises only 1% of our body weight, the biggest part
of our sensory-motor cortex is related to its control. The loss of a hand thus
presents not only a loss of the most important tool allowing us to creatively
interact with our environment but also leaves a dramatic sensory-motor defi-
cit that challenges our central nervous system (CNS). Reconstruction of hand
function is therefore not only an essential part of restoring body integrity and
functional wholeness but also closes the loop of our neural circuits diminish-
ing phantom sensation and neural pain. If biology fails to restore meaningful
function, today we can resort to complex mechatronic replacements that have
functional capabilities that in some respects even outperform biological alter-
natives, such as conservative reconstructive measures or hand transplanta-
tion. However, as with replantation and transplantations, the challenge of
bionic replacement is solid skeletal attachment and connecting the prosthesis
to our neural circuits to achieve natural, intuitive control and also provide
basic sensory feedback. In recent years, we have developed a number of strat-
egies to improve neural interfacing, signal extraction, interpretation and sta-
ble mechanical attachment that are important parts of our current research.
This book presents a compilation of our own expertise throughout the last 10
years of research and the vast clinical experience that we have gained in
endeavouring the best possible solutions for patients that have suffered hand
loss or grave injuries leading to essentially useless extremities. This book
gives an overview of recent advances in bionic reconstruction, surgical refine-
ments over technological interfacing, skeletal fixation, and modern rehabili-
tation tools that allow quick integration of prosthetic replacement.
Furthermore, it seeks to provide the reader with the information needed to
decide as to whether a patient may be a good candidate for a bionic
reconstruction.

The development of any medical innovation is subject to controversies and
must be evaluated against the traditional concepts that have historically been
employed to meet these needs. For the upper extremity, body-powered pros-
theses and EMG-driven devices were developed and provided simple func-
tional tools. Biological replacement via hand transplantations has been
attempted as early as 1963, but until today immunosuppressive regimes have
critical side effects and the re-amputation rate is as high as 30%. Both fields
of research have made substantial progress and both reconstructive methods
must be considered depending on the specific situation, risk profile, and need
of the patient. Obviously, a hand transplantation meets the supreme



Introduction

reconstructive principle to reconstruct “like with like” best, as it offers a hand
of flesh and blood with immediate, intuitive control, sensory feedback, and a
sense of ownership that at this time cannot be achieved by any prosthetic
device. Aside from myoelectric prostheses, controlled by at least two electro-
myography (EMG) signals from remnant stump muscles, also passive, body-
powered devices are currently used in classic prosthetic reconstruction.
Passive prostheses range from stable or adjustable cosmetic hands, with sili-
cone cover and natural appearance, to prosthetic tools, which are mainly
hooks or grasping devices. So-called body-powered prostheses can perform
simple grasping tasks by external cables attached to the prosthetic arm, driven
by body movement. This serves as an assistant hand to the dominant hand,
but it is obviously not capable of performing different grasps or hand
movements.

Obviously the aforementioned replacements are far away from the goal of
“replacing like with like” and come dreadfully short in reconstructing the
functional capacity of a real hand and restoring body integrity.

In this book we present our efforts and experience in overcoming these
deficits and present methods and tools that help us to understand the princi-
ples of neural and skeletal integration of modern mechatronics. New treat-
ment options also bring up new ethical considerations. Obviously, sound
indications and a clear risk-benefit analysis are the basis of any ethical deci-
sion making. When facing an amputee both indication and risk-benefit analy-
sis present a very clear scenario; however, bionic replacement of existing
body parts brings on a broad new spectrum of ethical questions that need to
be considered. Today there is a vast array of technology-based body enhance-
ments available to us: exoskeletal support systems for the work force in the
automobile industry or in military service, sensory enhancement via night
vision, augmented reality via visual feedback, and immense support systems
of both information and data management available via voice or touchpad
technology. The human body has limitations and at the same time immense
capabilities to adapt and interact with high-end technological devices. In
extremity reconstruction, our very first bionic patient was so frustrated with
his own biological hand (that was devastated in an electrocution accident)
that we sought for mechatronic alternatives. We remember him crying for joy
when he realized that this mechatronic replacement actually worked and he
again could move fingers, even though they were not his own.

Loss of extremity function in the western world today is dramatically
more frequent due to the consequences of opulence with a neurologically and
metabolically challenged society. Here patients have lost the ability to move
their arm and hand after a brain stroke, but through cognitive nerve transfers
patients are enabled to control machines that act like arms. Patients in a
wheelchair can command various devices with their own biosignals via blue-
tooth and may ambulate with activated exoskeletons. Even today we have
virtual-based rehabilitation environments that help our central nervous sys-
tems to handle the cognitive challenges that go along with these new
technologies.

How far can we go then? We will likely not be able to alter the nature of
our existence as being fragile and limited, but to a certain extent technology
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can help overcome disabilities by exploiting the ability of our CNS to adapt
to new bodily realities, which in part can be replaced by mechatronic devices.
This book explores the limits and possibilities of modern reconstructive
schemes and seeks to provide hope to all those who have irreversibly lost
parts of their functional capacities that today can be restored by technological
advances.

Vienna, Austria Oskar C. Aszmann
London, UK Dario Farina
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General Considerations on Upper
Limb Amputation and Its Levels

Clemens Gstoettner, Stefan Salminger,
and Oskar C. Aszmann

Amputation describes the loss of a body part due
to injury or disease, most commonly referring to
the loss of a limb. Millions of people worldwide
are currently living with amputation of the upper
extremity [25]. Since trauma is the leading cause,
especially young people are affected, often suf-
fering from severe impairments of their working
status and independence in daily life [11, 19].
Prosthetic replacement aims to restore the vari-
ous functions of the lost hand—a task which
becomes increasingly challenging with ascend-
ing level of limb loss.

Epidemiology and Socioeconomic
Implications

It is estimated that approximately 1.6 million
people with limb amputation were living in the
USA in 2005, a number expected to more than
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double by 2050 [25]. Upper limb amputation,
making up for a third of that number, can be fur-
ther divided into minor (92%) and major (8%)
amputations (see below). Prevalence of major
upper limb amputation ranges from 11.6 to 13.9
per 100,000 in studies conducted in Norway and
the USA, respectively [15, 25]. Trauma is by far
the most common cause, followed by vascular
disease and cancer. In general, the typical patient
receiving major upper limb amputation is healthy
and young, compared to the morbid and elderly
population of lower limb amputees [20]. Males
are affected by major traumatic amputations
much more frequently than women, and injuries
are most often the result of motor vehicle trauma
or machinery-related accidents. The most com-
mon levels for amputation are transhumeral and
transradial, while through-joint amputations are
less frequent [7]. The incidence of traumatic
amputation increases when a country is actively
involved in war. Mortality after war-related inju-
ries has been decreasing in recent years because
of advances in field care, resulting in more survi-
vors that have sustained devastating injuries. This
is believed to be the reason for the growing num-
ber of homecoming soldiers with multiple ampu-
tations, as was seen in recent conflicts in Iraq and
Afghanistan [9]. Figure 1.1a—c gives an overview
of the epidemiology of amputation levels and
injury mechanisms in the USA.

As most acquired amputees lose their arm at a
young age, often in their twenties, reintegration
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b Frequency of major traumatic amputation by level (USA 2009-12)

\
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Fig. 1.1 (a) Distribution of amputation types among matic amputees [7]. (c¢) Distribution of trauma mecha-

patients living with limb loss in the USA [25]. (b) nisms among traumatic amputations. MVT motor vehicle
Frequency of upper limb amputation levels among trau-  trauma [7]
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€ Injury mechanism of major traumatic amputations (USA 2009-12)
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[ MVT (occupant)
Cutting/piercing accident

B MVT (pedestrian) [l Other

Fig. 1.1 (continued)

into working life is an important factor with
major implications at a socioeconomic level. In
general, quality of life is scored lower by upper
limb amputees compared to the general
population, an effect which is partly mediated by
the reduced ability to work [14]. Chapter 2 will
go into more detail regarding the sequelae of
amputation at a personal level, highlighting in
particular the psychological factors. Somewhere
between 50% and 75% of people return to work
after upper limb amputation [18]. Among others,
good general health and the regular use of a pros-
thetic device was identified as a positive predic-
tive factor for work participation in this
population. Furthermore, around 95% of upper
limb amputees suffer from some kind of
amputation-related pain, mostly phantom pain,
residual limb pain, or back pain [6]. Especially
phantom limb pain has been shown to be posi-
tively influenced by prosthetic usage [21]. There
are other detrimental long-term consequences of
amputation which may be limited or prevented
through regular prosthesis use, including scolio-
sis, atrophy of the remaining muscles, joint stiff-
ness and arthrosis. However, depending on the

[ Machinery accident
[l Firearm accident

MVT (motorcyclist)
[ Transportation (other)

level of amputation, prosthetic usage rates from
39% to 81% can be found in the present literature
[15, 23]. This wide variance may be due to the
heterogeneous cohorts regarding levels of ampu-
tation and terminal devices included [4].

General Considerations on Upper
Limb Amputation

When dealing with upper limb amputation, a
general distinction can be made between minor
amputations, defined here as affecting one or
more fingers or parts of the hand, and major
amputations, which range from transcarpal to
forequarter. Ascending the different amputation
levels from distal to proximal, the higher we go
the more severe the functional impairment. With
each joint patients lose, they are less able to con-
trol the position of the remaining limb in three-
dimensional space, and the ability to interact with
surroundings is increasingly diminished. The
complexity and versatility of motor and sensory
function in the upper limb and, in particular, the
hand has major implications on the concepts of
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amputation surgery and prosthetic reconstruc-
tion. Compared to the leg, which is mainly used
for weight-bearing and walking, the hand is
continuously performing much more intricate
and diverse movement patterns. Furthermore,
sensibility of the hand is far more highly devel-
oped, occupying a major part of the primary sen-
sory cortex. These factors currently render
prosthetic reconstruction of the upper extremity
inadequate when compared to its original bio-
logic counterpart, as motor control of current
devices is limited to few degrees of freedom and
sensory feedback is not yet possible outside of
research settings. While there have been signifi-
cant developments in prosthetic research in
recent years, ranging from improvements of the
biotechnological interface to the mechanics of
the devices, functionality for the patients has not
improved greatly. Also, many of these advances
have so far remained solely research-related,
delivering limited benefit in standard patient
care.

For the above reasons, limb salvage remains
the first goal when caring for patients with exten-
sive injuries of the arm. Reconstructive efforts
should aim at preserving as much function as
possible. Even if at a later stage it becomes clear
that biological reconstruction cannot yield the
desired functional outcomes, amputation and
prosthetic limb replacement will always remain
an option, giving the patient the chance to actively
let go of the useless extremity instead of perceiv-
ing it being taken away [2]. In limb salvage sur-
gery, there is an increasing trend toward the use
of free tissue transfers, including functional and
composite free flaps [13]. Such modern concepts
in microsurgery have made it possible to cover
bigger wounds and reconstruct devastated func-
tional units of the limb. In major traumatic ampu-
tations, replantation of the limb may be tried
whenever feasible, as outcomes regarding patient
satisfaction are generally better than with pros-
thetics [17]. While distal replantations are favour-
able, even in above-elbow amputations,
reasonable results can be expected [12]. Apart
from traumatic injuries, similar considerations
apply to reconstruction in upper limb tumour sur-
gery. In certain cases of advanced sarcoma, where

the more distal parts of the limb remain unharmed,
a very useful but often underrecognised option is
the replantation of the hand after wide tumour
resection (see Fig. 1.2) [22]. While the resulting
limb will inevitably be shorter, this is not a major
limitation in the upper extremity. As long as the
hand shows decent motor and sensory function, a
short arm can be very useful in most tasks of
daily living. The resection-replantation concept
is able to deliver a biological, sensate hand,
which is fully integrated into the body image—a
result that prosthetic replacement currently can-
not match. While similar functional outcomes
might be achieved through allotransplantation,
there is a general agreement that these procedures
are only indicated for bilateral amputees, because
of the many risks associated with foreign tissue
rejection and especially long-term immunosup-
pression (see Chap. 8).

If amputation is unavoidable, the surgeon
must be aware that the decisions taken during
amputation surgery will pave the way for pros-
thetic reconstruction and have major implications
on the overall rehabilitation process. The con-
cepts of limb salvage surgery should also be
employed to retain as much amputation length as
is necessary or even to preserve an additional
joint. In certain cases, tissue from the amputated
extremity parts may be used to gain length or pro-
vide coverage. This concept of using free or ped-
icled fillet flaps was termed spare-part surgery
[16]. Where this is not possible, traditional free
or local flaps may also be used to retain amputa-
tion length and improve residual limb function
[3]. Shape and size of the stump must be formed
in a way that will enable stable prosthetic attach-
ment. Soft tissue coverage needs to be sufficient
to prevent painful pressure points but not exces-
sive, which would lead to less stable prosthetic
attachment and poor myoelectric pickup. Distal
muscle ends are generally either fixed at the bone
(myodesis) or sutured to their antagonists (myo-
plasty). When dealing with the remaining nerves
of the stump, at the very least, traction resection
neurotomy should be employed to prevent pain-
ful neuroma formation at an area of loading.
However, targeted muscle reinnervation offers an
improved solution for this issue, not only pre-
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Fig. 1.2 This young patient suffered from a malign
tumour of his right elbow. Since the hand was unharmed,
it could be reattached to the humerus after tumour resec-
tion (a). This represents a valuable alternative to amputa-

venting neuromas but also greatly improving the
information transfer between amputee and pros-
thesis. Part III of this book will go into more
detail regarding the surgical creation of the func-
tional interface between man and prosthesis, and
Chap. 15 will give an overview on the concept of
osseointegration, which has greatly expanded the
possibilities of prosthetic attachment.

Different Levels of Upper Limb
Amputation

Minor

Amputations involving one or more fingers are the
most common in the upper limb. Wherever feasi-
ble, replantation can have very good functional
and aesthetic results, with success of the procedure
in about two thirds of the cases [8]. However, the
decision whether single-digit replantation should

tion in selected cases, preserving the biological, sensate
hand. In contrast to the lower limb, a shorter arm does not
greatly impair function and may even be hard to spot on a
first glance (b)

be performed depends on the affected finger and
level, thumb and index being the primary indica-
tions [24]. Secondary biological reconstruction in
single-digit amputations is mainly performed for
the thumb, given its indispensable role for prehen-
sile function. Pollicisation is commonly achieved
via local index/middle finger or free toe transfer.
Regarding prosthetic options, silicone finger pros-
theses may be fitted if the stump is long enough,
providing aesthetically pleasing results. Even if
the stump is very short, prosthetic fingers may be
attached via osseointegration (see Fig. 1.3). If
more than one finger is affected, individualised
biological and/or prosthetic concepts are neces-
sary, with the main goal to achieve stable grasping
function. Once all fingers are lost, biological
reconstruction is generally not an option. As
through-hand amputations are in most cases diffi-
cult to fit with functional prostheses, a shortening
to a transcarpal or even transradial level may be
considered. This should be discussed together by
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Fig. 1.3 After resection of a sarcoma of his right thumb,
this patient wished for a prosthetic reconstruction.
Because of the very short metacarpal stump, osseointegra-

surgeon, prosthetist and patient, considering
demands of the patient and the different devices
available for each level of amputation.

Carpal Disarticulation

Prosthetic reconstruction after carpal disarticula-
tion is a challenge to the prosthetist due to length
restriction of the prosthetic replacement and fre-
quently the presence of terminal neuromas. For
functional myoprostheses, it is difficult to fit all
the necessary prosthetic components while main-
taining an acceptable length of the hand, which
does not markedly exceed the sound limb. An
advantage to the transradial level is that the abil-
ity for full pro- and supination may be improved.
Wherever possible, the thick palmar skin should
be used for terminal stump coverage, as bony
landmarks of the distal radius and ulna might
lead to painful pressure spots during socket use.
Depending on patient preference and quality of
the stump, shortening to a transradial level might
be considered, especially if prosthetic fitting is
unlikely to achieve the desired results.

Transradial
This is one of the most frequent amputation lev-

els in the upper limb. There is much experience
for this level, from the surgical as well as pros-

tion was the only option to facilitate attachment of a sili-
cone finger (a). Modern prostheses can be designed to
closely replicate the contralateral thumb (b)

thetic viewpoint. For prosthetic reconstruction,
ideal stump length is for most patients some-
where between 16 and 18 cm as measured from
the lateral epicondyle, which will also retain the
main muscles for pro- and supination and pro-
vides a muscular coverage over the terminal bone
stumps. There is a multitude of prosthetic options
available, and functional outcomes with transra-
dial devices are generally favourable, even
though patient satisfaction is still higher after
successful replantation [17]. Using direct myo-
electric control, two independent signals can be
employed for addressing two degrees of freedom,
usually hand open/close and wrist rotation. As
flexion of the fingers will automatically also trig-
ger activation of wrist extensors to stabilise the
wrist, the most precise signals can be extracted
by activating wrist flexors or extensors. Here the
agonist will automatically quiet all antagonistic
activity and thus provide excellent and easy pros-
thetic control. Co-contraction may be an option
for more degrees of freedom (DOF). Recent
advances in signal interpretation strategies have
led to a large number of transradial amputees in
the USA controlling their device through pattern
recognition, while in Europe direct approaches
are still most frequently used. Body-powered
devices also remain a commonly favoured option,
delivering the benefit of improved propriocep-
tion. Furthermore, there are also some biological
alternatives for functional reconstruction in tran-
sradial amputees, as is depicted in Chap. 8.
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Elbow Disarticulation

Disarticulation of the elbow joint and very distal
transhumeral amputation are generally uncom-
mon amputation levels. While preserved epicon-
dyles of the humerus are beneficial for prosthetic
suspension and rotational control, prosthetic fit-
ting with any form of artificial elbow joint will
inevitably lead to a much longer upper arm,
resulting in an awkward and inconveniently
shaped limb. To achieve appropriate length,
shortening osteotomy of the humerus can be per-
formed, which will allow for a standard trans-
humeral fitting while retaining the advantages
described above [10].

Transhumeral

Through the humerus has been reported to be the
most common level of major traumatic upper
limb amputation [7]. These patients only have

Fig. 1.4 A transhumeral
amputee who received
osseointegration to
enable prosthetic fitting
while maintaining full
range of motion in the
shoulder

their shoulder joint left for moving the arm in
three-dimensional space. Therefore, a larger
number of myosignals are needed for intuitive
control of more degrees of freedom, even though
generally only two are available. This functional
mismatch can be greatly improved by TMR sur-
gery, which is able to provide up to six distinct
myoelectric signals and therefore allow for 3
degrees of freedom, e.g. elbow flexion/exten-
sion, wrist pronation/supination and hand open/
close. A further challenge for this amputation
level is the mechanic attachment of prosthetic
devices. Conventional socket prostheses will in
most cases require encasement of the shoulder
joint, greatly constraining range of motion. Here,
osseointegration is able to retain free shoulder
movement (see Fig. 1.4) while providing a much
more stable anchorage and easier handling and is
increasingly becoming standard care for this
indication. In selected cases it can also be
employed for very short transhumeral stumps
(<5 cm), which would for conventional socket
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fitting be regarded as shoulder disarticulations.
In order to preserve shoulder function in short
transhumeral stumps, it is essential to retain or
reconstruct the insertions of the pectoralis major,
latissimus dorsi and deltoid [20].

Shoulder Disarticulation

Shoulder disarticulation, or glenohumeral ampu-
tation, is rare but very challenging for treating
physicians and prosthetists. As the number of
available myoelectric signals is outweighed by
the degrees of freedom needed for appropriate
prosthetic control, TMR surgery for the func-
tional interface and pain control is often used and
should be standardly performed. The anatomy of
the pectoralis major and minor innervation offers
the possibility for creating four independently
addressable myosignals in these muscles alone
[1]. Socket fitting is usually very cumbersome
and results in heavy, constraining devices which
are inconvenient in handling. The acromion is
used for suspension, but belts to the other side of
the thorax are still necessary, often restricting
range of motion in the unaffected limb. However,
the use of a prosthesis should be encouraged, as it
can prevent painful sequelae of chronic imbal-
ance and is also positively linked to decrease of
phantom limb pain, aside from the more obvious
aesthetic aspects [21].

Forequarter

Forequarter amputation is fortunately performed
very infrequently, nowadays most often for the
treatment of malignant tumours [5]. Prosthetic
reconstruction will require an individualised
approach for each patient. As the entire arm
including the clavicle and scapula are missing,
the options for device suspension are extremely
limited. Any shaft will have to enclose a major
part of the thorax and will be severely constrain-
ing the remaining upper body. Depending on the
muscles available, TMR might be an option if a
myoelectric device is considered. In any case,
these cases should be referred to a centre that

has high expertise in bionic reconstruction and
is involved with novel research approaches, as
such patients may profit from novel investiga-
tional solutions which have not yet entered the
market.
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Psychosocial Importance of
the Hand and Consequences
of Severe Hand Trauma,
Amputation and Complete

Brachial Plexus Injury
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and Oskar C. Aszmann

The immense importance of the human hand is
not only based on the extremely complex func-
tional nature of it but also on the very special psy-
chological and social meaning associated with
this body part. Loss of hand function secondary to
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nerve and soft tissue damage and/or the traumatic
amputation of a hand due to severe injuries always
represents a great impairment for the individual
on a functional, social and psychological level.
Psychological sequelae result from the trauma
experienced but also from physical disabilities,
body image disturbances and last but not least
changes in social role and social interactions [5].

Psychosocial Importance of Hand
Function

The human hand is of immense functional and
social importance. We use our hands to accom-
plish almost every task in everyday life (daily liv-
ing activities): we need them to get dressed, to
put toothpaste on the toothbrush and to prepare a
meal. Additionally, we also use our hands to
interact with others in a social context. We hold
our partner’s hand, we caress our children and we
shake hands to agree on something.

The social importance of the hand can also be
seen by the many attributions that are made to the
look of a hand and to the way a hand is being
used. The firmness of a handshake, the appear-
ance of a hand and the gestures made with the
hand are all used to judge peoples’ appearance
and performance and can give a quite immediate
impression of their psychological make-up, life
circumstances and social status.

13

0. C. Aszmann, D. Farina (eds.), Bionic Limb Reconstruction,

https://doi.org/10.1007/978-3-030-60746-3_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60746-3_2&domain=pdf
https://doi.org/10.1007/978-3-030-60746-3_2#DOI
mailto:anna.pittermann@akhwien.at

A. Pittermann et al.

Just like the face, hands are almost always in
our line of vision and therefore are being used as
a means to tell us something about the person
“attached” to these hands. Also all the numerous
idioms referring to hands (“cold hands, warm
heart”; “an extra pair of hands”; “have hands
tied”; “give one a hand”; “take the law into one’s
hands”; “be in safe hands”; etc.) show the emo-
tional connotations associated with this part of
our body.

From a functional point of view, the hand is an
extremely complex tool whose dexterity today
cannot be replaced by any technical means.

Severe injuries to the hand itself or the bra-
chial plexus supplying nerval input to it are asso-
ciated with a loss of function occurring within
seconds and always impair the individual func-
tionally, socially and psychologically.

Psychological Sequelae
of Amputation and Brachial Plexus
Injuries

Individuals who experience a severe injury to
their hand and arm or a brachial plexus injury or
even an entire loss of parts are confronted with
numerous changes in their life. Marked physical
disability does not only result from functional
impairment but is also related to pain and changes
in body image perception. Furthermore, psycho-
logical and psychosocial issues may even have a
greater impact on one’s life and also the lives of
the whole family/support system.

From a psychological point of view, patients
who are exposed to a trauma have to deal with the
general impact the traumatic event has on their
psyche first. Traumatic events can lead to flash-
backs, intrusion, re-experiencing of the trauma,
sleeping disturbances and avoidance symptoms
(avoidance of thoughts, feelings or places associ-
ated with the trauma) [6, 8]. In the long run, prob-
lems like post-traumatic stress disorder, anxiety
disorders, adaptation difficulties and substance
abuse can occur. All these impairments do not
have to be linked to any physical disability in the
first line.

Patients with physical disabilities and/or
amputations resulting from a trauma addition-
ally have to deal with the psychological
sequelae following functional restrictions and
alterations in body image (see also [14, 16—
18]). Apart from chronic pain (phantom pain,
deafferentation pain), these individuals very
often face depression and/or anxiety, disturbed
body image, negative self-evaluation, sleep dis-
ruption, cognitive difficulties and unemploy-
ment [6, 9, 15]. In a review of the existing
literature, Mckechnie and John [12] found the
levels of depression in post-traumatic amputees
to be varying between 20.6% and 63%. For
anxiety it was 25.45-57%.

Despite occupational retraining a vast number
of patients with severe upper extremity trauma
are unable to return to their former work or report
a worse work situation as a result of the injury,
both of which affect their psychological well-
being but also their economic situation and inde-
pendence in everyday life [7, 9].

A visible disfigurement such as an amputation
or the physical appearance of a “plexus hand”
(atrophic, cold, discolorated) may have severe
impact on one’s perception of one’s body image
and lead to self-appearance concerns as well as
social appearance concerns [1].

Severe hand injuries also have the tendency to
have a psychosocial effect on significant others.
Family members as well as friends or co-workers
of the affected individual may become overly
protective or self-conscious and change their
behaviour in presence of the injured. A missing
or disfigured hand is a part of the body that can
hardly be concealed and is almost always visible
to the people surrounding. The affected individ-
ual becomes dependent on others even with sim-
ple tasks and loses part of his independence and
autonomy. These circumstances might lead to a
change in social roles and changing interactions
within families and other social systems that
might make the individual feel a loss of control,
helplessness and anxiety. Early psychological
intervention should therefore also concentrate on
first signs of social isolation, fear and
withdrawal.
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Psychological Interventions

Individuals exposed to a severe hand trauma are
at risk for psychological and behavioural conse-
quences [11, 13, 14, 17]. Grieving is a normal
response to amputation or severe hand injury, but
the individuals’ emotional reactions may be of
great variability and do not have to be in direct
relation to the objective severity of the injury.

Not all patients who are exposed to trauma
develop trauma-related distress [10]—a fact that
seems to be especially true in older amputees [3].
The severity and duration of the emotional reac-
tion as well as the psychological strain tell the
clinical psychologist about the need for a clinical
diagnosis and adequate treatment.

Early identification of severe psychological
disturbances may prevent progression of psycho-
logical pathology. It is therefore important to
assess trauma-related distress in patients as soon
as possible to enable appropriate interventions. It
is also important to provide individual psycho-
logical support to the patient depending on the
planned therapy, such as reconstructive surgery
or transplantation [2, 17].

Psychological support can help the individual
to develop or strengthen effective coping strate-
gies [4], emotional well-being and integration of
a new self-concept. Depending on the needs and
demands of the patient, training of relaxation
techniques, cognitive behavioural therapy (CBT)
or EMDR (eye movement desensitisation and
reprocessing) might be useful. Psychological
counselling should also be offered to close family
members if needed, and the patient should be
supported in his attempt to return to work or find
a new place in society where he/she can feel use-
ful and valuable.
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Brachial plexus injuries disrupt neural input to
the upper extremity. The extent and level of the
injury and timing of surgery determine the out-
come of either spontaneous healing or the recon-
structive efforts that have been undertaken. While
upper brachial plexus lesions have an excellent
prognosis either way, lower root lesions have a
significantly worse outcome. This is owed to
lengthy regeneration periods and the complexity
of the hand’s neuromuscular design. Bionic
reconstruction may be of particular help in this
unfortunate patient group, since the minute neu-
ral input that makes it into the forearm may not
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be enough for the high demands of a biologic
hand, but may be enough to provide biosignals
for a prosthetic replacement.

Historical Review of Inner
Amputations

The first handwritten records on inner amputa-
tions date back more than 2000 years. Homer in
his Iliad and Thucydides in his History of the
Peloponnesian War provided vivid descriptions
of ancient battlefields and war injuries including
injuries to the upper extremity resulting in dam-
age of the brachial plexus (BP) [28]. The Roman
physician Galen first described the diagnosis and
non-surgical treatment of a traumatic BPI [24]. In
1874, the rupture of the superior trunk, which is
comprised of the union of the C5 and C6 ventral
rami, was first described by Erb as a common
presentation of brachial plexus injury (BPI) [27].
At the same time, Klumpke reported of complete
BPIs and was the first to associate the Horner
syndrome with damage to the T1 root [27], where
sympathetic fibers emerge from the spinal cord.
In 1896, Thorburn was the first to report of the
surgical treatment of an inner amputation [30].
He treated a 16-year-old girl who was caught by
some machinery in a mill and found that due to a
retroclavicular lesion “[...] a plastic operation
was regarded as possible” [30]. Seven months
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after the trauma had occurred, Thorburn per-
formed the first elective brachial plexus repair;
4 years later the girl had recovered useful wrist
and elbow flexion; the hand, however, did not
recover sensation nor motor function [30].

Before the advent of microsurgical techniques,
the common consensus on treating a flail and
anesthetic arm was to amputate through the upper
arm, stiffen the shoulder joint, and—in rare
cases—fit the patient with a passive prosthesis
[29, 32]. The increase in civilian brachial plexus
lesions due to high-velocity traumata, however,
has not only promoted interest in the field but
also surgical progress managing these devastat-
ing nerve injuries [4]. In the 1970s, Millesi [16]
and Narakas [19] were the first to report good
functional outcomes following surgical brachial
plexus repair using nerve grafts [32]. During the
past two decades, the performance of nerve trans-
fers has been expanded and popularized yielding
even better results and rendering partial motor
recovery possible also in avulsion injuries affect-
ing multiple roots [31].

Etiology and Epidemiology of Inner
Amputations

A large number of injuries may cause lesions to
the brachial plexus including birth traumata, falls
from greater heights, penetrating injuries (gun-
shot wounds and stabbing injuries), and—most
frequently—motor vehicle accidents [26]. Most
injuries occur due to stretching and traction force
on the brachial plexus [1]. The brachial plexus is
barely protected from traction forces due to the
loose suspension of the human shoulder girdle
[6]. When the head and neck are displaced away
from the ipsilateral shoulder with significant
force, injuries to the upper trunk or the nerve
roots C5 and C6 frequently occur (Fig. 3.1a). The
lower trunk or nerve roots C8 and T1 are more
likely injured when the arm is forcefully abducted
over the head [26] (Fig. 3.1b).

Nerve injury mechanisms may involve
stretching, rupture, or avulsion of the nerve root

from the spinal cord [22] (Fig. 3.2). In most
cases, mixed pattern nerve injuries occur [17].
Avulsion injuries are among the most severe
nerve injuries in men, since this preganglionic
lesion includes damage to the central nervous
system (Fig. 3.2) [6]. In preganglionic (= supra-
ganglionic) nerve root injuries, the nerve is
avulsed from the spinal cord separating its
motor axons from their respective perikarya
located in the anterior or ventral horn [17].
Accordingly, postganglionic (= infraganglionic)
injuries, which involve damage to the peripheral
nervous system, have a much better prognosis.
Global or complete brachial plexopathies affect
all five roots, which contribute to the formation
of the brachial plexus.

High-speed motor vehicle accidents cause the
vast majority of today’s brachial plexus injuries
(BPIs) [17, 21, 22]. They typically affect young
men in the prime of life and otherwise healthy
condition [17, 29, 32]. In polytraumatized
patients, lesions to the brachial plexus occur in
1.2% [15]. While 0.67% of motor vehicle acci-
dents are the cause for BPIs, they occur in up to
4.2% of motor cycle accidents [15]. Accidents
with a motor cycle pose the greatest risk of
injury, since severe traction on the brachial
plexus may occur with violent arm motion when
the motorcycle rider collides with a car or other
obstacles [3, 11, 17]. Improved emergency
trauma management and intensive care as well
as advanced life support techniques have led to a
steady increase in civilian brachial plexus lesions
due to motorcycle accidents throughout the
world [4, 23, 26, 29].

While rarely seen in Europe and Asia, neura-
praxia of the brachial plexus may occur during
contact sports, especially seen in American foot-
ball, where a player makes some form of contact
with an opposing player utilizing his head, neck,
and/or shoulder [8]. The mechanism of injury
includes a forceful lateral flexion of the neck with
tension on various parts of the brachial plexus.
This cervical nerve pinch syndrome is typically
known as “stingers” or “burners” by football
players and trainers [8].
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Fig. 3.1 Injury mechanisms resulting in damage to the
brachial plexus. (a) Schematic illustration of a fall follow-
ing a motor cycle crash. The head and neck are forcefully
displaced away from the ipsilateral shoulder, which
causes avulsion of the nerve roots C5 and C6 and simulta-

Diagnosis

Clinical Examination Including
History of the Accident

Brachial plexus injuries are often overlooked in
the emergency trauma setting since patient sur-
vival is given the highest priority in the early
phase after the accident and the patient is mostly
unconscious or sedated. The diagnosis is there-
fore frequently delayed. The comprehensive clin-
ical examination of a patient combined with
profound clinically oriented anatomical knowl-

neous rupture of the lower roots. (b) An upward lift of the
arm with significant force will most likely cause avulsion
of the lower trunk or roots C8 and T1 and simultaneous
stretch injury or rupture of the upper roots

edge can provide detailed information on the
mechanism and level of a brachial plexus injury.
A detailed history must be obtained from the
patient ranging from the injury mechanism to
medical records related to the accident. Any form
of recovery since the injury should be inquired,
which influences further treatment. Evaluation of
the presence of pain is an important component
of the physical assessment, since more than 70%
of patients with multiple root avulsions suffer
from chronic deafferentation pain [20].
Psychosocial sequelae including post-traumatic
stress disorder, anxiety and/or depression, social
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Fig.3.2 Nerve injury patterns in brachial plexus injuries.
Top-down: Intact spinal nerve with dorsal and ventral
rootlets attached to the spinal cord; a preganglionic injury
showing the avulsion of both ventral and dorsal rootlets
proximal to the dorsal root ganglion; stretching of the

withdrawal, and so forth need to be thoroughly
addressed due to the severe socioeconomic
hardship that can arise from brachial plexus
lesions [7]. The advent of re-traumatization
caused by additional surgeries and hospitaliza-
tions needs to be considered as well as the
patient’s coping skills and psychosocial adjust-
ment following the accident [12].

The next step includes a comprehensive
clinical examination, which will influence fur-
ther decision-making and subsequent surgical
treatment. Muscle denervation may ascertain a
very proximal lesion consistent with a nerve
root avulsion injury [32]. These include the
serratus anterior muscle innervated by the long
thoracic nerve (C5-C7), the levator scapulae

Intact nerve root with dorsal and ventral rootlets in
continuity with spinal cord

Pre-ganglionic avulsion of dorsal and ventral
rootlets from spincal cord

Stretch injury without macroscopic
nerve lesion

Post-ganglionic nerve rupture

nerve without macroscopic lesion; a postganglionic
rupture of the peripheral nerve. The avulsion of nerve
roots proximal to the dorsal root ganglion, i.e., a
preganglionic injury, represents the most severe type of a
brachial plexus injury

and rhomboid muscles innervated by the dorsal
scapular nerve (C4-C5), and the hemidia-
phragm innervated by the phrenic nerve (C3—
C5), which may show ascension in radiologic
imaging studies. The suprascapular nerve (C5—
C6) branches off the upper trunk and inner-
vates the supra- and infraspinatus muscles. Its
denervation leads to a prominent scapular
spine, internal rotation of the shoulder, and
weakened abduction of the arm.

Unlike older descriptions of the innervation
pattern of the pectoral muscles, it has been
shown recently that there are three distinct pec-
toral nerves, which exit the brachial plexus at
trunk level [2]. The clavicular portion of the
pectoralis major (PM) muscle is innervated by
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the superior pectoral nerve, which arises shortly
distal to the supraclavicular nerve from the
superior trunk. Its isolated denervation supports
the diagnosis of a superior trunk lesion and/or
C5/C6 root avulsion. The middle pectoral nerve
arises from the middle trunk and innervates the
sternal portion of the PM muscle. The abdomi-
nal portion of the PM muscle is innervated by
the inferior pectoral nerve, which—when dener-
vated—supports the diagnosis of a lower root
avulsion (C8-T1) since it branches off the infe-
rior trunk.

An important clinical sign to localize lesions
and guide appropriate investigations is the Claude
Bernard-Horner syndrome, which comprises
damage to the nerve root T1. Its presence sup-
ports the diagnosis of lower root avulsions C8-T1.
Preganglionic sympathetic fibers exit the lateral
horn of the spinal cord at the T1 level together
with the respective spinal nerve. They terminate
in the orbit and innervate the superior tarsal mus-
cle, which contributes to eyelid opening, and the
dilator pupillae muscle, which causes mydriasis.
Damage to the sympathetic fibers at the nerve
root level T1 thus results in ptosis, miosis, and
(pseudo)-enophthalmos.

The presence of a Tinel-Hoffman’s sign (TH
sign) in the posterior triangle of the neck radiat-
ing to the appropriate dermatomes suggests a
rupture lesion distal to the dorsal root ganglion (=
postganglionic injury), whereas a patient without
a TH sign is more likely to suffer from an avul-
sion of one or more roots [23]. Furthermore, the
early onset of pain is highly associated with nerve
root avulsion [5].

The major peripheral nerves originating from
the BP (axillary, musculocutaneous, median,
ulnar, radial nerves) can be evaluated by classical
examination of global upper extremity function.
From anesthetic and hypesthetic dermatomes,
conclusions can be drawn as to which roots are
affected.

Imaging Studies

High-resolution magnetic resonance imaging
(MRI) has evolved as the standard diagnostic

tool in brachial plexus injuries and has largely
replaced CT myelography, which has long
been used in the assessment of preganglionic
root injuries [13]. MRI allows a structural and
microstructural evaluation of the brachial
plexus characterizing the location and extent of
injury [13]. Its advantages over CT myelogra-
phy include its noninvasive nature and the lack
of need for sedation. Myelography was ini-
tially introduced by Murphey in 1947 [18] and
allows the radiographic examination of the spi-
nal cord using the injection of a contrast
medium to evaluate its location, structure, and
pathology. Murphey was the first to describe
radiological abnormalities in patients with bra-
chial plexus avulsion injuries [27]. This tech-
nique was later combined with computer
tomography (CT) to allow highly specific topo-
graphical mapping of observed pathologies,
such as the formation of scar tissue around the
dural sheath, which typically tears along with
the avulsed nerve root and is visualized as a
pseudomeningocele by CT myelography [32].

Recently, also high-resolution ultrasound has
gained relevance in specialist centers in the
assessment of brachial plexus injuries [10, 14,
25], making it a valuable tool in defining the
nerve lesions in even greater detail [10].

Besides the abovementioned imaging tech-
niques, plain radiographs allow evaluation of
bone structures (humerus, clavicle, scapula, ribs)
and the height of the diaphragm (phrenic nerve
function).

Electrodiagnostic Studies

Electrodiagnostic studies may be used in addition
to confirm the diagnosis and to ascertain whether
recovery is occurring [9]. Sensory nerve action
potentials (SNAPs) may help to distinguish pre-
from postganglionic injuries [17]. In pregangli-
onic avulsion injuries, SNAPs appear normal
since the perikarya of sensory axons are pre-
served in the dorsal root ganglion. Contrarily,
SNAPs are absent in patients with postganglionic
injuries, where nerves rupture distal to the dorsal
root ganglion.
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Needle electromyography (EMG) can confirm

muscle denervation and thereby support the diag-
nosis of a brachial plexus injury. Denervated mus-
cles show fibrillations, i.e., spontaneous discharges,
upon insertion of the needle electrode as compared
to healthy muscle, which will not show any electri-
cal activity [32]. Fibrillations occur only 6 weeks
post-injury, which should be considered in the
planning of such studies. Following nerve recon-
struction surgery, the occurrence of active motor
units and decreased fibrillation potentials indicate
recovery and a good prognosis [9].
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Body-Powered Prosthetic Systems

Jack Uellendahl

Body power refers both to the power source and
to the control method for operation of the pros-
thesis. The prosthetic components are operated
through the use of the body’s own force and
excursion. By harnessing the force and move-
ment of joints more proximal to the amputation,
it is possible to operate mechanical terminal
devices, wrists, elbows, and humeral rotation
devices. Joint movements produce excursion that
is captured with the harness straps and transmit-
ted through a cable system to cause movement of
the prosthetic components. In this age of comput-
ers and miniaturized electronic components, it
may be surprising that body power continues to
be an effective form of prosthesis control for a
select group of users. Several factors contribute
to the continued utilization of body-powered
control compared to externally powered devices
including lower cost, generally more robust
design, lower maintenance cost, generally lighter
weight, and perhaps most importantly greater
proprioceptive feedback through the harness and
cable system. However, body-powered systems
also have significant disadvantages. Some users
may not be able to produce the high forces needed
to optimally operate some body-powered sys-
tems, or these high forces may cause discomfort
or pain during device activation [8]. Also some
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limb-deficient persons may not be able to pro-
duce sufficient excursion to effectively operate
the system.

Prerequisites for Body-Powered
Control

A fundamental requirement for the use of any
body-powered component is the user’s ability to
produce adequate force and excursion with the
controlling body motion. This means that the
amputee must have the required strength and
range of motion to operate the prosthetic compo-
nent though its full range of operation. For termi-
nal device operation alone, the user generally
needs to produce forces at the harness between
two and five times that of the grip force realized
at the terminal device. This is due to the mechani-
cal inefficiencies of the devices themselves and
the friction loss of the cable system. In order to
operate a typical hook through its full range of
operation, the amputee must pull the cable
approximately 50 mm. To operate a typical con-
ventional elbow through its full range of motion,
an additional 62 mm must be produced. The
residual limb must also be able to comfortably
withstand these high forces to operate a body-
powered prosthesis effectively.

In order to transfer body motions to the pros-
thesis effectively, body motions must be captured
by the harness with minimal lost motion;
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otherwise, excursion is lost. The user must be
able to comfortably perform terminal device
operation repeatedly throughout the day in order
to accomplish their activities of daily living [8].
Persons with shorter residual limbs or more prox-
imal amputations will have greater difficulty pro-
ducing the needed excursion and force. When
force and excursion are insufficient, alternative
power sources and control methods are
indicated.

Proprioceptive Feedback

Body-powered prostheses control provides users
with a wealth of proprioceptive feedback through
the harness and cable system [2]. Users of these
devices can readily perceive the position and
speed of movement of the prosthetic components
[5]. Although the harness represents one of the
main advantages of body-powered control, it is
also one of the most disliked features of a body-
powered prosthesis since it may cause discomfort
and be difficult to don.

Hybrid Control

Hybrid control refers to the use of two or more
control methods: body-powered, myoelectric,
switch, or linear transducer to name a few. But
the term most commonly refers to combining
body power with myoelectric control. Prostheses
for amputation above the elbow often are pro-
vided with an elbow, wrist, and terminal device
that need to be controlled. However, at this level,
there are too few control sites to provide dedi-
cated control inputs for each device. One com-
mon solution is to use a hybrid control system
using a body-powered elbow with a myoelectri-
cally controlled terminal device (Fig. 4.1). This
type of system has the benefit of providing a sep-
arate and dedicated control input for elbow and
terminal device and the potential to operate these
simultaneously. Targeted muscle reinnervation
(TMR) surgery as described by Kuiken [4], with
or without pattern recognition control, can
address the problem of limited control sites

Fig. 4.1 Transhumeral hybrid prosthesis with dual-site
myoelectric control of hand and cable-actuated body-
powered control of elbow

achievable with myoelectric signals. However,
the author has also achieved good results using a
hybrid control system combining body-powered
control of the elbow with TMR control of the
wrist and terminal device when sufficient force
and excursion are available. This option provides
a lighter weight prosthesis that is less expensive
than a fully electronic system yet allows the user
to realize the benefit of physiologically natural
control of the hand and wrist, which is most
important, while affording the user fast and
smooth operation of the elbow with the proprio-
ceptive feedback inherent with body-powered
control.

Even without TMR surgery, hybrid control of
a transhumeral prosthesis has been the chapter
author’s preferred method of fitting when a myo-
electrically controlled prehensor is indicated.
Compared to the use of an electric elbow, cable
control of the elbow is faster and more accurate
in positioning, and the user benefits from the pro-
prioceptive feedback through the cable and
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harness regarding prosthesis velocity, force, and
position. Electric elbows have the advantage of
affording greater live lift capability. As men-
tioned above, this type of hybrid control offers
the potential for simultaneous or seamless
sequential control of the prosthetic elbow and
hand. For some users, a hybrid transhumeral
prosthesis with body-powered control of the
elbow and myoelectric control of the terminal
device is a less complicated control strategy com-
pared to the conventional mode selection routines
commonly used to allow two control sites to con-
trol two or more electric components when TMR
surgery has not been performed. For a hybrid
control strategy where the terminal device is
myoelectrically controlled and the elbow is
cable-actuated, the harness provides a similar
function as that of a completely body-powered
system; however, the excursion requirement is
cut in half. This hybrid control strategy also elim-
inates the need to lock the elbow in order to oper-
ate the terminal device as would usually be
required for a fully body-powered transhumeral
system.

Hybrid control of a transhumeral prosthesis
costs more than a fully body-powered system.
Configuring and fitting a hybrid transhumeral
prosthesis sometimes require a higher technical
knowledge in order to combine components that
the manufacturers may not have planned to be
used in combination. Harnessing can be difficult
especially when fitting short and very short trans-
humeral levels where the user may not have
enough force and/or excursion to fully and effi-
ciently operate the elbow. Elbows with a very
strong spring lift assist mechanism have been a
considerable improvement for this user group
whenever this hybrid approach is implemented.

Terminal Devices

A terminal device (TD) is the component at the
distal end of the prosthesis that is designed to
substitute for the human hand. Because the
human hand is an incredibly complex instrument
of manipulation, expression, and sensation, a
mechanical replacement is a poor substitution.

Terminal devices may be classified as being
either active or passive. An active TD is one that
may be opened and closed with a cable and har-
ness to grasp objects. A passive TD is one that
does not open or close but may be used to stabi-
lize objects. Hooks are typically active TDs
although due to the hook shape they can be used
with great success passively. For example, a pas-
sive device may stabilize paper, while the other
hand writes, or it may hold a purse or wallet
against the body while the sound side hand
manipulates money. Hands are available as either
active or passive versions. Most body-powered
active TDs simply open and close in order to
grasp and release objects. Shoulder and elbow
motions provide the power for these movements.
Even active terminal devices are often used pas-
sively to stabilize objects, while the sound side
hand is used for object manipulation since these
prosthetic grippers lack dexterity.

When considering body-powered terminal
devices, it is important to make a distinction
between body-powered hooks and hands. Body-
powered hooks are very functional for a variety
of activities. They are lightweight, relatively low
cost, and simple in design and provide a less
obstructed view of objects grasped. Hooks are
especially well suited for heavy-duty activities.
They are less prone to damage in excessively
dirty, wet, and corrosive environments than other
options. Hooks generally provide greater func-
tion than prosthetic hands as can be demonstrated
by their preference by bilateral arm amputees.
Their smaller profile provides a better line of
sight, allowing users to better see the object being
manipulated. The smaller size also allows hooks
to more easily fit into small spaces such as wal-
lets, purses, and pockets. Hooks are available in a
wide variety of shapes and sizes. However, hooks
do not restore the appearance of a hand and there-
fore are rejected by persons who desire a normal
appearance [7].

Although there are a variety of body-powered
hands available, few are used as active terminal
devices [3]. Body-powered hands are mechani-
cally inefficient; they are not lightweight and
require a great amount of force to operate [8].
Smit et al. found that most body-powered
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voluntary opening hands do not provide enough
prehensile force to accomplish activities of daily
living [8]. These facts illustrate the point that not
all body-powered options can be considered
equal in their functional capabilities. Body-
powered hooks can be very functional but do not
provide a natural appearance. Body-powered
hands, while more cosmetic, are often not func-
tional and in those cases are little more than pas-
sive devices. Since most amputees seek to replace
both the functions and appearance of the hand
they lost, utilizing a hand prosthesis is appropri-
ate and indicated for the majority of upper limb
amputees. Traditionally this dilemma of function
versus appearance has been addressed by provid-
ing users with a hook and interchangeable hand.
Although quick disconnect wrists are common in
body-powered systems allowing interchangeabil-
ity of hook and hand, they are often difficult for
the user to manage with their one intact hand due
to the need to disconnect and reconnect the con-
trol cable. This problem can be further compli-
cated when the glove of the prosthetic hand
covers the control cable at the disconnection
point. It is worth noting that an electric-powered
hand provides both usable grip strength and a
reasonably natural appearance and that exchang-
ing electric hooks and hands is easier to perform
absent the requisite control cable [7].

Voluntary Opening Versus
Voluntary Closing

There are two fundamentally different control
methods for body-powered terminal devices,
voluntary opening (VO) and voluntary closing
(VC). Voluntary opening device are opened by
pulling the control cable and close with either
rubber bands or springs. The grip force is deter-
mined by the spring tension, and the user must
maintain cable tension to apply less than maxi-
mum grip force. A voluntary closing terminal
device uses springs to open the terminal device
(Fig. 4.2). The hand is closed by applying ten-
sion through the harness and cable system.
Maintaining tension on the cable allows the per-

Fig. 4.2 Transradial prosthesis with voluntary closing
terminal device and figure eight harness

son to continue grasping the object; relaxing the
tension on the cable opens the fingers again. The
advantage of voluntary closing devices is that
they allow for a wide range of prehension force.
Also, much greater prehension forces are possi-
ble than with VO systems. However, in order to
maintain grasp, the cable tension must be applied
continuously or a locking mechanism employed.
Voluntary opening devices have the advantage
that no effort is required to maintain grasp
assuming the object is not crushable. There are
also a wider variety of voluntary opening devices
available offering a large number of finger
shapes and grip surfaces.



4 Body-Powered Prosthetic Systems

31

Some terminal devices are specially designed
for use with tools having a knife holder, nail
holder, and chisel holder. Some models have a
“back lock” feature that locks the opening size of
the fingers around the object and does not allow
the fingers to spread open until the person applies
tension through the cable and harnessing
system.

A hook may be selected with or without a lin-
ing, such as nitrile. Lined surfaces provide more
friction for grip, but the lining will need to be
replaced when worn. Unlined hooks may have a
serrated metal surface, but this can more easily
damage items grasped.

Material choices for hooks include reinforced
plastics, aluminum, titanium, and stainless steel.
Aluminum and plastics are lightweight but are
more easily broken and therefore best for light-
duty wusage and higher-level amputations.
Stainless steel is durable but heavy (twice the
weight of aluminum) and therefore for heavy-
duty use. Titanium is lightweight and rigid but
expensive.

Harnessing

Conventional harnessing serves the dual role of
suspension and control of the body-powered
prosthesis. In designing a harness system, it may
be useful for the prosthetist to consider suspen-
sion and control separately. When socket design
provides suspension, the harness design can be
simpler and worn looser making the harness
more comfortable [6].

In the absence of socket suspension, the har-
ness must suspend the prosthesis securely from
the shoulders in order to maintain the residual
limb within the socket. The harness must be
securely anchored and its straps precisely posi-
tioned to resist distraction forces. The contralat-
eral axilla affords an anchor point for most
harness designs.

For control, the harness must transmit power
through the cable system to the distal compo-
nents. For the transradial prosthesis where only
the TD needs to be controlled, a single-function

Bowden cable is employed. The cable passes
through a continuous housing that is attached to
the prosthesis to transmit shoulder and scapular
motion to the TD without affecting the elbow.
For transhumeral fittings where both the elbow
and TD are to be controlled, a two-function
“fairlead” housing is usually employed. When
the elbow is unlocked, tension on the cable
causes the two housing pieces to be pulled
together, thereby flexing the elbow. With the
elbow locked, the force is transmitted to the
TD. With dual control, there is interaction with
the TD and elbow such that maintenance of grip
force is compromised when the elbow is
actively flexed because force is exerted on the
TD equal to the force required to flex the elbow.
One solution to this problem is to design a con-
trol system where separate control cables are
used for TD, elbow, and elbow lock. This triple
control system uses Bowden cables for each
component where shoulder flexion causes
elbow flexion, biscapular abduction causes TD
operation, and shoulder extension causes elbow
lock operation. Many people find it difficult to
achieve proper separation of the controls in
operating the triple control system [2]. Triple
control is used far less than hybrid fitting using
an externally powered option for the TD or
elbow.

The primary body motions used to control the
prosthesis are glenohumeral flexion and biscapu-
lar abduction. In the case of the self-suspending
transradial socket, it is desirable to attach the
cross bar assembly tab to the posterior aspect of
the socket which allows elbow flexion to contrib-
ute to terminal device control. Scapular or
biscapular abduction is used for tasks near the
midline of the body.

An alternative to the figure-of-eight harness is
the shoulder saddle or thoracic suspension sys-
tem. The shoulder saddle uses a pad located on
the shoulder of the amputated side as the starting
point for a similar array of straps as the figure-of-
eight harness. Because the suspension straps are
mounted to this pad on the shoulder, greater com-
fort is afforded for axial lifting. Also, these types
of harnesses do not anchor in the sound side
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Fig. 4.3 Transhumeral prosthesis with figure 8 harness

axilla but rather against the sound side thorax
below the axilla using a chest strap (Figs. 4.3 and
4.4). Thoracic suspension systems have the
advantage over figure eight systems in that they
offer more comfort in axial lifting and more com-
fort in the sound side axilla and are easier to don
in many cases. Their disadvantages include being
less cosmetic because the chest strap is visible in
open neck clothing and they are less efficient in
capturing excursion due to the less positive
anchor and tend to be bulkier around the shoulder
region.

When the transradial socket is self-suspending,
a figure 9 harness is indicated. The figure 9 har-
ness simply consists of an axilla loop leading to a
control attachment strap. Because this type of
harness is used for control only, the harness can
be worn quite loosely, and it is generally well
tolerated.

Cable efficiency is of critical importance to
the success of a body-powered fitting. Careful
attention should be devoted to producing the
straightest line of pull using materials that offer

the least amount of friction such as Spectra cable
in a Teflon-lined housing [1]. Spectra is a string-
like material with high tensile strength and a slip-
pery surface.

Wrists

There are few wrist features that can presently be
actively controlled with body power. Most body-
powered prosthesis utilize wrists that are pas-
sively positioned. One notable exception is the
N-Abler wrist from Texas Assistive Devices. This
wrist affords the user the ability to flex and supi-
nate the wrist using the control cable, while
springs provide wrist extension and pronation.
This wrist configuration is particularly useful for
bilateral amputees where there is not sound side
hand to passively position the wrist. This system
has been used successfully on short transradial,
transhumeral, and shoulder disarticulation
prostheses.

Bilaterals

Without a sound side hand to perform more dif-
ficult manipulation, bilateral upper limb users
often come to appreciate the functional capabili-
ties of hook prostheses. This coupled with the
proprioceptive feedback inherent in cable-driven
prostheses makes body-powered hooks a well-
accepted and often used prosthetic option for this
user group.

Bilateral arm amputees will often benefit from
the use of two different types of terminal devices.
This will afford the user a wider variety of grip-
ping options and greater versatility. There are a
wide variety of body-powered hooks available,
and the user will benefit from trying several
options to see which best meet their specific
needs. Another successful terminal device com-
bination employs a body-powered hook on the
dominant side and an electrically powered hook
or hand on the nondominant side. This combina-
tion provides the fine manipulation capabilities
of a body-powered split hook with the superior
gripping forces available with an electric TD and
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Fig. 4.4 Transhumeral
prosthesis with shoulder
saddle and chest strap
harness. Note the line of
pull of the harness on
the sound side is
directed against the
thorax and not into the
axilla

has been particularly well accepted by people
with transhumeral/shoulder disarticulation ampu-
tations. Voluntary opening hooks are primarily
used because they maintain grip without the need
for continued cable tension. Voluntary closing
hooks offer excellent feedback regarding
prehension forces as well as higher grip force,
however, at the transhumeral level when a single
control cable operates the elbow and hook volun-
tary closing control complicates prosthesis use.
Voluntary closing hooks also find more limited
use for bilateral fittings due to the requisite con-
tinuous cable tension (or the need for a locking
mechanism) to maintain grasp and the limited
number of designs available.

Task-specific TDs should be considered for
bilateral prostheses. These are available with
quick disconnect wrist components that enable
interchange between a utilitarian hook and spe-
cific use devices such as work tools and kitchen
utensils.

When fitting any high-level bilateral amputee,
it is advisable to start with as simple a system as
possible. Due to the many components that need
to be controlled, a hybrid approach regarding
both power and control may be indicated. Issues
of ease of control, prosthesis weight, and control
reliability along with donning ease become even
more important for bilateral users than unilateral
fittings.



34

J. Uellendahl

Harnessing for Bilaterals

Compared with the unilateral figure-of-eight har-
ness, the bilateral version eliminates the axilla
loop, a frequent area for discomfort, and is
therefore well tolerated by almost all patients
(Fig. 4.5). This type of harness is easy to don and
doff independently which is a very important fea-
ture for the independence of the user. The harness
may have a single or double ring design where
two rings are fixed to each other by a Dacron
strap, one inferior to the other. Where cable
excursion is limited, such as in the case of a short
residual limb, it is advisable to use a cross-back
strap which keeps the control attachment straps
low on the scapulae yielding greater excursion
(Fig. 4.6).

When the prostheses are harnessed together,
each prosthesis serves as the anchor point for
the other. When both prostheses use the harness
for control, inadvertent cross control becomes a

Fig. 4.5 Typical configuration of body-powered trans-
humeral prostheses for the bilateral amputee. Wrist rota-
tion, wrist flexion, terminal device opening, and elbow
flexion are controlled by a single control cable

Fig. 4.6 The double ring with cross-back strap afford an
optimal position of the control strap on the inferior aspect
of the scapula. This improves the amputee’s ability to
operate the elbow and terminal device

potential problem. One solution to cross control
is to provide a fully body-powered prosthesis on
one side and a fully electric prosthesis on the
other so the control motions cause no interac-
tion with the control of any component other
than the one intended. In some cases when one
side is amputated at a very proximal level such
as the interscapulothoracic amputation level and
the contralateral side is a transhumeral or lon-
ger, it may be advisable to provide a passive
prosthesis to serve as a firm anchor point for the
harness of that more functional contralateral
prosthesis.

Conclusion

Body-powered prostheses continue to be a viable
option for some amputees. Their simple and often
robust design makes them well suited for use by
manual laborers. Also owing to their simple
design, they can often be maintained and repaired
by individuals without specialized knowledge
and training, making them appropriate for use in
rural and remote areas where access to trained
professionals may not exist. Whenever funding is
limited, body-powered prostheses may be an
option due to their lower cost compared to elec-
tronic alternatives. Determination of the most
appropriate upper limb prosthesis must take into
account the functional possibilities of the pros-
thetic components as well as comfort, cosmesis,



4

Body-Powered Prosthetic Systems

35

and the life situation of the user. It is incumbent
upon the rehabilitation team to identify those
prosthetic design options that will be most bene-
ficial to the individual user.
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Mechatronic Design of Functional
Prosthetic Systems

Ivan Vujaklija and Dario Farina

This chapter focuses on the mechatronic compo-
nents of active prosthetics and will give an over-
view of various design approaches, hardware
interfacing solutions, and end-effector options. It
describes the hardware commonly found in both
body-powered and externally powered devices,
and it analyzes the components of current clinical
state-of-the-art prosthetics. Furthermore, the
chapter provides insights into mechatronic
designs of established research devices as well as
more pioneering solutions.

In 200 BC, a Roman general lost his hand in
combat and became the first documented case of
a prosthetic limb fitting [26]. This prosthetic
device was passive and rather bulky since it was
entirely made of cast iron. The prosthetic designs
have since been evolving by continuously adapt-
ing the latest engineering advances and materials.
Nevertheless, the first functional upper limb
prosthesis has only been available to patients
with limb impairments in late 1912. By that time,
Bowden cables had become widely available, and
the first split hook prosthesis was patented [13].
This device featured a voluntary opening of the
prehensor that was coupled proportionally to the
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level of elbow flexion through a set of pulleys and
cables. This core design has been so efficient that
it is still widely present on the market [2].

As the electrical motors became more compact
and efficient, electrically actuated hand prostheses
were introduced into the market [9]. The initial
solutions, however, were heavy and functionality
limited. The next big step in prosthetic design
occurred when the transistors came to mass pro-
duction. The Russian Hand was the first to fully
embrace this technology in 1960 [9]. Shortly after,
in 1965, the Belgrade Hand [41] was developed as
the first multi-articulated fully wearable hand
prosthesis. It represented the state-of-the-art sys-
tem that thrived on the most recent advances in
electronics and actuator miniaturization.

Since then, the prosthetic design has seen
steady incremental improvements associated
with the advances in manufacturing and materials
technology. As of recent, additive manufacturing
has been introduced in prosthetic design, and the
first fully 3D printed system has been CE marked
[53]. Moreover, the general principles of robotic
manipulator design are slowly being re-evaluated
in light of bioinspired approaches [4].

Body-Powered Prosthetic Systems
Body-powered or “cable-driven” prostheses are

those for which the power to operate certain
functions of the device comes from the user’s
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Control cable

Harness

Fig.5.1 Body-powered hook prosthesis. Opening and closing of the hook gripper are controlled by shoulder shrugging

using a harness and a system of pulleys

own body motion. Namely, as described in details
in Chap. 4 an amputee would wear a harness that
translates a dedicated intact joint motion into a
prosthetic joint movement through a system of
pulleys (Fig. 5.1) [12]. These simple yet very
effective devices deliver much-needed support in
everyday life of an amputee in a fairly straight-
forward and reliable manner. Their effectiveness
has proven so significant that some of their fun-
damental principles can still be found in modern
prosthetics. Indeed, most users that are conduct-
ing heavy lifting or intense manual activities on a
daily basis rely on body-powered grippers [17,
45]. While the cost of these devices is lower than
that of externally powered systems, the level of
comfort as well as potential functionality is
somewhat limited. However, body-powered sys-
tems tend to be lighter in weight and as such pre-
ferred by users of smaller stature. However, the
actuation requires exertion of larger forces due to
the mechanical disadvantage. This further limits
the loading capabilities of body-powered pros-
thetics and as such their usability.

Moreover, body-powered devices suffer from
a higher incidence of breakages than other sys-

tems [14]. On the other hand, due to their simple
design, the repairs are easy to perform and mostly
involve a replacement of the cable system or the
load springs. Yet, the downtime per incident
ranges from a few days to over a week, which is
a source of dissatisfaction for frequent users [45].

Clinical State of the Art

The market of electrically actuated upper limb
prosthetics can be divided into three major groups
depending on the level of disability that the sys-
tems aim to address: transradial and transcarpal
solutions, transhumeral devices, and systems for
high-level shoulder disabilities. Requirements
for each group are different, and the corresponding
devices are equipped with impairment-specific
features.

Transradial/Transcarpal Solutions

Human hands feature complex yet very efficient
design and play a crucial role in daily interaction



5 Mechatronic Design of Functional Prosthetic Systems

39

with the environment, own body, and other indi-
viduals. Therefore, their substitution is a chal-
lenge that is still to be matched by a comparably
versatile hardware. To the day, simple single
degree of freedom (DoF) grippers dominate the
market. They essentially rely on a single motor
that adjusts the aperture of the prehensor accord-
ing to the input signal. Centi Child Myoelectric
Hand, Ottobock Healthcare Transcarpal-Hand,
and Liberating Technologies Select Electric are
some of the commonly distributed prosthetic grip-
pers. Their characteristics are listed in Table 5.1.
Over the last 5 years, all major prosthetic
companies developed multi-actuated prosthetic
hands capable of performing various grips or
even moving individual digits. Similar to grip-
pers, the body of these prosthetic hands hosts the
actuators responsible for proportional control
over the dedicated DoFs. However, the raise in

number of motors leads to an increase in the
weight, as seen in Table 5.2.

In addition to these clinical devices, Vincent
Systems’ Evolution 2/3, DARPA-funded DEKA
Arm RC, and Open Bionics Hero Arm are exam-
ples of uniquely designed systems, which are
partly clinically present. Vincent Systems offers
one of the lightest solutions of its kind on the
market (~400 g) [52] that additionally combines
sensory feedback information with individually
motorized digits and fully actuated thumb. In
contrast, the DEKA Arm RC is one of the heavi-
est prosthetic hands (1270 g) [42], but it provides
a fully actuated 3 DoF wrist. Finally, Hero Arm
by Open Bionics has been the first fully 3D
printed prosthetic hand to receive a CE certificate
[34] and comprises individually actuated digits.

Compared to standard grippers, all advanced
prosthetic hands are fitted with comprehensive

Table 5.1 Overview of representative commercially available myoelectric prosthetic grippers

Full Thumb

Weight | Size closing Maximal grip| rotation Digit
Model (2) (mm) | time (s) force (N) properties dexterity Wrist options
Child Myoelectric | 238 171 0.35 63 Static First two Passive rotation
Hand by Centri digits
Hosmer Dorrance coupled
Corp [18, 20]
Transcarpal-Hand | 308 184— 1091 90 Static First two Passive flexion
Ottobock 210 digits and/or active
Healthcare [36] coupled rotation
Select Electric 470- | 184- 10.90 - Static First digit Passive rotation
Hand 520 210 active
Liberating
Technologies [27,
28]

Table 5.2 Overview of representative commercially available multi-articulated prosthetic hands

Full Maximal | Thumb

Weight | Size | closing | grip force | rotation
Model (2) (mm) |time (s) | (N) properties Digit dexterity | Wrist options
i-Limb Quantum 474 154- 10.80 136 Passive or Four Active or passive
Touch Bionics 182 motorized individually rotation and
[46—49] motorized passive flexion
BeBionic3 570- | 190- | 1.00 140.1 Passive Four Active or passive
Ottobock 590 200 individually in all directions
Healthcare (RSL motorized
Steeper) [44]
Michelangelo 420- | 177- 10.37 70 Motorized First two digits | Active and
Ottobock 510 210 coupled passive rotation
Healthcare [38] and passive

flexion
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wrist solutions. These range from purely passive
ones to a combination of passive and active wrist
systems. Commonly, the user can manually adjust
the position of passive prosthetic wrists, which
often features two modes of operation. The first
mode enables them to lock the hand in one of the
predefined positions in flexion/extension direc-
tion (Ottobock AxonWrist, Touch Bionics Flexion
Wrist, BeBionic FlexionWrist) or along the rota-
tion axis (Ottobock AxonRotation, Touch Bionics
QWD, BeBionic Short Wrist). The second mode
leaves the passive wrist unhinged so that it can
remain compliant as the hand interacts with the
environment. Besides these two DoFs, a few pas-
sive wrists allow prosthetic hands to be positioned
in virtually any direction covering the full range
of motion of the natural hand (MyolinoWrist
2000, BeBionic Multi-Flex). Most of the com-
mercially available active wrists are focused
solely on the wrist rotation (MC Wrist Rotator,
Ottobock Electric Wrist Rotator).

Myoelectric devices experience fewer mal-
functions per year then their body-powered coun-
terparts [14]. However, these repairs do tend to
take longer and be more costly.

Transhumeral and Shoulder
Disarticulation Solutions

The difficulty of functional limb restoration
increases with each additional missing joint.
For instance, in cases of transhumeral amputa-
tions, even though the wrist rotation unit can
substitute the forearm rotation, the larger
absence of the anatomy poses great challenges
in designing a balanced, lightweight system
that can handle an additional elbow DoF in par-
allel to those of the hand and wrist. Similar to
the prosthetic wrist, elbows can too be passive
or active, with passive systems dominating the
market. Still, there are a number of actuated
elbows, out of which a few representative ones
are listed in Table 5.3, offering added function-
ality. All these support a free swing mode that
allows users to have a spontaneous arm swing
during walking. The lack of this function on the
motorized elbow of DEKA Arm HC has been
highly criticized by the users [43].

Table 5.3 Overview of representative commercially
available active prosthetic elbows

Max. lift
Weight| capacity | Terminal device
Model (2) (Nm) compatibility
Utah Arm 3+ | 900- 43 iLimb, MC TDs,
Fillauver [16, | 1000 Sensor Speed
21]
Arm System | 965 14.2 BeBionic, iLimb,
Boston MC TDs, Sensor
Digital [5] Speed, El. Greifer,
Select El. Hand
Dynamic 680- |18.0 SensorHand
Arm+ 710 Speed, MyoHand
Ottobock VariPlus Speed, El.
Healthcare Greifer
(371
NY Electric | 439- 34 Michigan Electric
Elbow 453 Hook, NY-Greifer,
Hosmer NU-VA Synergetic
Dorrance Claw
Corp [19,
21].

The shoulder is the most complex of the arm
joints. For its replacement, the DEKA Arm HC is
the current only system with an FDA approval
[15]. This particular prosthetic offers four move-
ment directions across the joint [43].

Research-Oriented Systems

Since the human hand is the gold standard of
dexterous manipulators, roboticists have been
trying to replicate its design and function for a
very long time. Although artificial hands may be
built so that they are both stronger and faster than
their biological counterparts, demands for versa-
tility, robustness, and lightweight design are
largely unmet by many of the proposed solutions.
For this reason, only a few of these systems
obtained certification and can be found in clinical
settings. However, though currently not available
for clinical applications, some research-oriented
systems may be valuable test platforms for the
development of the next generation of prosthetic
hardware and interfaces.

The SmartHand transradial prosthesis [10]
was a research platform which offered 16 DoFs
and a maximum power grasp of 3.6 kg. This sys-
tem was commercialized and is now available for
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research purposes as the IH2 hand [39]. With a
weight of 640 g, it has three independently con-
trolled fingers and two compliant digits. It fea-
tures an independent controlled in abduction/
adduction by brushed DC motor with nonback-
drivable mechanism. Its versatility and ease of
interfacing make it a solid platform for further
investigation into prosthetic design, control, and
interfacing.

Unique in its actuation design, the Pisa/IIT
SoftHand is a wearable research prosthetic hand
with 19 joints [8]. It has anthropomorphic fea-
tures and is able to grasp objects of different
shapes by using only one motor. This neurosci-
ence research-inspired system is also commer-
cially available as qb SoftHand [40]. With only
one DC brushed motor, it weights 500 g and
delivers up to 84 N of force during a power grasp.
In comparison to other systems, SoftHand’s com-
pliant design provides a significantly different
test bench for research.

Open Bionics Brunel Hand is a fully 3D
printed research-oriented prosthetic hand [35].
It has a power grasp of only 2.2 kg, but it
weighs only 340 g and offers 4 degrees of actu-
ation. Being fully an open source and with a
simple built, it has a strong community of
users, as a unique environment for research
and development.

Similar to commercial systems, academia has
offered fewer solutions when it comes to more
proximal prosthetic joints. There are some pas-
sive [11, 50] and active [51] elbow solutions that
are promising, but are still not at the stage to be
offered as solid development platforms. One of
the most interesting concepts is a modification of
the LTI-Collier shoulder joint to which an elec-
tronic lock/unlock feature was added [29]. With
some further improvements, this could be a solid
start for devising a much-needed active shoulder
development bench.

Beyond Commercial Systems

While both clinical and commercially available
academic prosthetic systems adhere, even though
sometimes loosely, to a set of standards and stan-
dardized design practices, there is a range of

prosthetic hardware designs that go beyond these
conventions. These devices do not aim to become
clinically viable but rather to test the boundaries
of design and to provide insights and inputs for
developing the next generation of bionic limbs.

A number of these unconventional systems
come from a growing research area that exploits
the capabilities of soft structures and their poten-
tial for developing highly adaptive robots. These
robots rely on materials and actuation methods
which are soft, flexible, and compliant [23].
While there is a number of soft robotic manipula-
tors [22, 24, 30, 31], a truly wearable solution is
yet to be designed. Actuation is the primary chal-
lenge, preventing these manipulators to become
viable prosthetic solutions. Namely, a suitable
compromise between the size of the actuation
units and the delivered grip strength has not been
found yet. To the day, the majority of soft manip-
ulators rely on large and noisy pneumatic sys-
tems to operate [31, 32]. As an alternative,
cable-driven actuation [7, 33] and shape memory
alloys [1, 25] have been considered. However, in
case of soft manipulators, both approaches seem
to fail in delivering a sufficient grip strength and/
or are very slow.

Designing actuators with anthropomorphic
characteristics is another alternative approach
that goes beyond the classic prosthetic design. By
combining belt and cable drive transmission with
a brushless DC motor, a prosthetic elbow with
matching output torque, mass, and size has been
proposed [3]. However, this and similarly com-
plex prosthetic systems [6] are yet to be tested
and proven robust in a clinical setting.

Conclusions

Commercially available and clinically viable
prosthetic hardware has seen significant improve-
ments in the last decade. Most of the changes
were made possible due the advances in technol-
ogy and manufacturing techniques. This allowed
more actuators to be embedded in a smaller
anthropomorphic packaging resulting in more
appealing, dexterous devices. However, further
improvements are still needed. With an increas-
ing number of actuated DoFs, the problem of
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robustness has become central [14]. In addition,
the weight of multi-articulated systems has
become substantial, making some of them suit-
able for only selected users [54].

The current prosthetic hardware development
follows two directions. The first includes
approaches that aim to deliver commercially
available, but due to certain trade-offs, not clini-
cally certified systems. These devices build up on
the concepts of the current clinical solutions, by
implementing novel technologies and scientific
methodologies. They offer high flexibility and
new features but are usually not sufficiently
robust or aligned with the strict clinical require-
ments. Still, these systems are important as devel-
opment and testing tools since they are easily
accessible by researchers and practitioners. The
second direction comprises solutions that do not
adhere to the conventional design approaches,
but rather serve to critically question the user
needs and put the technology to test in order to
pave the way for the next generation of prosthetic
devices. Such systems are commonly a result of
in-lab developments and usually do not end up
being translated into commercial products.
However, the knowledge and the experience
obtained from these designs likely end up driving
future commercial developments.

The next generation of prosthetic hardware
will certainly be more compliant than current
systems and will likely incorporate neuromor-
phic features via a combination of manufacturing
techniques, redesign of actuators, and their low-
level controllers. Through the combination of
new materials and additive manufacturing, pros-
thetic systems targeting more proximal limb defi-
ciencies might also develop further. This would
fill an important gap in the market that lacks
functional, light, and tailored solutions.
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Osseointegrated Amputation
Prostheses and Implanted

Electrodes

Yan Li, Max Ortiz-Catalan, and Rickard Branemark

The load transfer from the external prosthesis to
the residual limb via the socket can cause signifi-
cant stress on the soft tissues, leading to irritation
and skin ulcers. Osseointegrated bone-anchored
prostheses systems create a direct structural and
functional connection between the prosthesis and
residual skeleton. Up to date, standardized
implant systems, surgical techniques, and post-
operative rehabilitation protocols have been
developed for osseointegrated prostheses for the
rehabilitation of amputees (OPRA), which has
resulted in better functionality, fewer complica-
tions, and a better quality of life for implant
recipients. The OPRA implant systems can now
incorporate neuromuscular electrodes to facili-
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tate myoelectric control and sensory feedback,
which is especially important for upper extremity
amputees. The latest development, called the
osseointegrated human-machine gateway, allows
for permanent implantation of neuromuscular
electrodes, which provide long-term stable sig-
nals for myoelectric control, independent of limb
position or environmental conditions, as well as
artificial sensory feedback. In addition, the mod-
ular design of this system allows any part to be
upgraded or replaced with minimal disturbance
to the other components. The osseointegrated
implants and the human-machine gateway repre-
sent frontiers in amputee rehabilitation.

Background

Despite improvements in medical and surgical
techniques for limb salvage interventions, amputa-
tion remains a common surgical procedure with a
prevalence between 33 and 39/100,000 inhabitants
in Sweden [1]. In 2005, there were approximately
1.6 million amputees in the United States, and that
number is expected to be double by 2050 [2, 3].
The current rehabilitation standard following
amputation is mainly through a socket-mounted
prosthesis [4]. Unfortunately, the load transfer
from the external prosthesis to the residual limb
via the socket connection causes significant stress
on the skin and the underlying soft tissues, leading
to irritation and ulcers [5].

45

0. C. Aszmann, D. Farina (eds.), Bionic Limb Reconstruction,

https://doi.org/10.1007/978-3-030-60746-3_6

6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60746-3_6&domain=pdf
https://doi.org/10.1007/978-3-030-60746-3_6#DOI
mailto:rickard.branemark@orthop.gu.se

46

Y. Lietal.

One solution to these load transfer issues is to
use an osseointegrated bone-anchored implant.
Because the implant directly attaches to the skele-
ton, it avoids the inherent problems of socket sus-
pension. Studies have shown that patients with
osseointegrated prostheses receive more sensory
feedback from the environment (osseoperception),
use their prostheses more often, experience fewer
problems, and have a higher quality of life [6-9].
However, early attempts to create percutaneous
bone-anchored prostheses in the 1960s and 1970s
were unsuccessful due to a high incidence of infec-
tions at the skin-implant interface and inadequate
bone anchorage. The development of the OPRA
implant system presents the histological aspects for
refining a novel concept based on the laboratory
study and clinical experience. Currently, multiple
percutaneous implant systems exist for clinical use
internationally, each attempting to create a stable
bone-implant interface while avoiding complica-
tions such as infection and loosening [10].

Development of Osseointegration

In the early 1960s, the Swedish researcher Per-
Ingvar Branemark accidentally discovered that
an implant made of titanium, a new biomaterial at
that time, remained firmly attached to a rabbit
tibia without loosening. Branemark used the
implant to study microcirculation in bone tissue
and came to realize that the excellent anchorage
using titanium implants could spawn a whole
new field of research. After thorough animal test-
ing, PI. Branemark implanted the first titanium
dental implant in a patient in 1965. After 17 years
of clinical work, this revolutionary treatment
finally garnered international acceptance at a
dental meeting in Toronto in 1982. A vast number
of clinical trials have since confirmed that the
functional and structural connection between liv-
ing bone and a titanium implant can be main-
tained for more than 50 years. P.I. Branemark
coined the term “osseointegration” inl1976 to
describe the interaction between the biomaterial
titanium and living bone tissue [4, 11].

The clinical application of osseointegration
for amputee rehabilitation began in 1990, based
on dental and craniofacial osseointegration expe-

rience and extensive basic research, including
experimental biomechanical studies of osseointe-
gration in animals and humans [12-14]. The
results of the biomechanical experiments became
the foundation for designing implant components
and rehabilitation protocols for percutaneous
osseointegrated amputation prostheses.

An osseointegrated prosthesis was first
implanted in an amputee patient on May 15,
1990, by PI. Branemark and Professor
B. Rydevik. The recipient was a 25-year-old
woman who had suffered bilateral transfemoral
amputations at the age of 15 due to a tram acci-
dent. She used her implants for more than
20 years; however, her implants were revised in
2014 due to skin infections and bone resorption.

The Initiation

of the Osseointegrated Prostheses
for the Rehabilitation of Amputees
(OPRA) Program

Based on the results of early clinical pilot trials,
PI. Branemark’s son, Dr. Rickard Branemark,
worked to standardize the implant system, surgi-
cal technique, and postoperative rehabilitation
protocol. This programmed approach was named
Osseointegrated Prostheses for the Rehabilitation
of Amputees (OPRA). The first implant systems
to be standardized were femoral implants (1998),
followed by humeral (2003) and thumb implants
(2005). The OPRA program currently provides
standard operating procedures and rehabilitation
protocols for patients with amputations of the
femur, forearm, humerus, and thumb.

The major components of the OPRA™
Implant System (Integrum AB, Molndal, Sweden)
are the fixture, the abutment, and the abutment
screw (Fig. 6.1). The fixture has external threads
that engage with the endosteal surface of the
bone. The distal part of the fixture contains an
internal fitting, which press-fits the skin-penetrat-
ing abutment and is secured by the abutment
screw. The outer end of the abutment is attached
to the external prosthetic components (Fig. 6.2).

The original surgical osseointegration proto-
col used a two-stage surgery, whether for dental,
craniomaxillofacial, or orthopedic procedures.
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Fig.6.1 The design of the osseointegrated prostheses for
the rehabilitation of amputees (OPRA) implant system.
Three major components are used: the fixture, the abut-
ment, and the abutment screw. Reproduced with permis-
sion from The British Editorial Society of Bone and Joint

Fig. 6.2 Transfemoral amputee with a prosthesis attached
to the skin-penetrating abutment. Reproduced with permis-
sion from The British Editorial Society of Bone and Joint
Surgery, from A novel osseointegrated percutaneous pros-
thetic system for the treatment of patients with transfemoral
amputation, R. Branemark, 0. Berlin, K. Hagberg, P.
Bergh, B. Gunterberg and B. Rydevik, 96-B, 1, 2014 [18]

During the first surgery (S1), the fixture was
anchored to the bone. During the second surgery
(S2), which generally took place 6 months after
the S1 procedure, the abutment was attached to
the fixture, and the soft tissues were refashioned
using a meticulous surgical technique to avoid
skin mobility in the abutment-skin interface. The
6-month healing period between the two surger-

Fixture

Abutment

Abutment screw

Skin

Bone

Surgery, from A novel osseointegrated percutaneous pros-
thetic system for the treatment of patients with transfemo-
ral amputation, R. Branemark, 0. Berlin, K. Hagberg, P.
Bergh, B. Gunterberg and B. Rydevik, 96-B, 1, 2014 [18]

ies was considered adequate, even for cases with
an undesirable bone situation (e.g., osteoporosis)
and non-optimal primary stability. Moreover, the
technique used to refashion the soft tissue is
based on extensive clinical experience from
implanting bone-anchored hearing aids (based
on the osseointegration concept) [15], which has
been performed for more than 100,000 patients.
The primary lesson learned from implanting
bone-anchored hearing aids is that immobilizing
the abutment-skin interface drastically reduces
the incidence of skin and soft tissue inflamma-
tion and subsequent infection.

During the healing period, patients were
allowed to use their socket prosthesis, but no load
should be directly transferred to the distal end of
the bone and the fixture, which means that the
socket should not be “end-bearing.” The postop-
erative rehabilitation for transfemoral amputees
started about 2 weeks after the S2 procedure by
performing gentle exercises (i.e., range of motion
exercises without full voluntary muscle contrac-
tion). More active training usually began with
loading the skeleton around 4-6 weeks after the
S2 procedure, once the skin penetration area and
soft tissues were adequately healed.

During the early load training process, the
patient used a short training prosthesis to apply
load onto a bathroom scale. He or she began by
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bearing 10 kg of weight on the prosthesis and then
increased the load by 10 kg each week until his or
her full body weight can be painlessly (as mea-
sured with a visual analogue scale) supported by
the prosthesis. The load training process usually
took 6-8 weeks. The next phase of rehabilitation,
prosthetic gait training, usually began 12 weeks
after the S2 procedure. For gait training, the patient
initially used the prosthesis for no more than 2 h
per day and only indoors. In addition, the patient
used the support of two crutches to limit weight-
bearing on the prosthetic foot. The prosthesis
wearing time, prosthetic activity, and weight-bear-
ing were then gradually increased over a period of
weeks. Patients typically achieve full-day pros-
thetic use after 4—6 weeks of gait training.

Patients were encouraged to walk with the
support of two crutches or canes during the first
3 months of prosthetic use. About 6 months after
the S2 procedure, the treatment team (surgeon,
prosthetist, physiotherapist, and occupational
therapist) reviewed the patient’s radiographic
findings and clinical status to determine whether
the patient can stop using a walking support and
whether he or she was ready to begin walking
outdoors.

During both the load training and gait training
processes, pain is an especially useful indicator.
A pain score of 5 or higher using the visual ana-
logue scale (VAS) is considered a sign that the
bone-implant interface has been overloaded. If
needed, the training progress should be slowed to
maintain a VAS score below 5. The goal is to pre-
vent overloading the ongoing integration of the
bone-implant interface, which might lead to loos-
ening of the integration and failure of the implant
system [16].

Generally, these treatment principles apply to
all amputation levels; however, some modifica-
tions are needed for certain types of amputations.
For transradial amputations, a fixture is inserted
in both the radius and ulna. With upper extremity
prostheses, the rehabilitation is generally faster,
and the healing period can be shorter because the
patient does not need to bear bodyweight on the
upper extremity. Moreover, the surgery can usu-
ally be performed in a single-stage when there is
adequate bone tissue [17].

Transfemoral Amputations

Between 1999 and 2007, a prospective, single-
center, non-randomized study consecutively
enrolled 51 patients with 55 transfemoral ampu-
tations (TFAs), mainly due to trauma or tumor,
and followed them for 2 years [18]. In this study,
the OPRA protocol was strictly followed for each
patient. All operations were performed at the
Sahlgrenska University Hospital in Gothenburg,
Sweden, and removal of the fixture was regarded
as the endpoint for failure. The patients were
reviewed at 3, 6, 12, and 24 months after the S2
procedure, and any complications were recorded.
Two validated, self-reported questionnaires, the
Questionnaire for Persons with a Transfemoral
Amputation (Q-TFA) [19] and the Short Form 36
Health Survey (SF-36) [20], were used to assess
the functional outcome and the patients’ health-
related quality of life. Both questionnaires were
completed before the S1 procedure and at 12 and
24 months after the S2 procedure.

Three patients were withdrawn from the study
for reasons unrelated to the implant (one died
from an unrelated cause, one had severe dysfunc-
tion of the contralateral knee, and one was lost to
follow-up). Four patients had falls leading to
bending or fracture of the abutment and/or the
abutment screw, which were successfully
replaced without the need to exchange the fix-
ture. Three patients had their entire implant sys-
tems removed during the study period due to
inadequate osseointegration in two patients and
deep infection in one patient, and a fourth patient
had the implant system removed shortly after the
study ended due to insufficient integration and
infection. Therefore, the cumulative fixture sur-
vival rate was 92% at the 2-year follow-up. All
Q-TFA scores significantly improved
(p <0.0001), indicating that patients experienced
better prosthetic mobility, fewer problems, and
an overall clinical improvement. The mean pros-
thetic use score (0—100) improved from 47 before
the S1 procedure to 79, 2 years after the S2 pro-
cedure (p < 0.0001). In addition, the SF-36 physi-
cal function scores showed that the patients’
general quality of life also improved (p <0.0001).
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Superficial infection was the most frequent
complication, occurring 41 times in 28 patients.
On average, each patient experienced one superfi-
cial skin infection every 2 years. Most infections
were effectively treated with short-term oral anti-
biotics; however, longer-term antibiotics, includ-
ing intravenous antibiotics, were sometimes
required. In all, nine mechanical complications in
four patients were reported with the abutment
and/or the abutment screw, resulting in fracture or
bending of the abutment and/or the abutment
screw. All patients regained normal functioning
after the damaged components were replaced. No
mechanical problems of the fixture were reported.

Transhumeral, Transradial,
and Thumb Amputations

The clinical experience with osseointegrated
implants at other amputation levels is more limited.
Between 1995 and 2010, there were 18 primary
percutaneous osseointegrated implants and two
implant revisions performed in 18 transhumeral
amputees; of those, 16 patients were available for
follow-up at a minimum of 2 years (median,
8 years; range, 2—19 years) [21]. Two primary and
one revised implants failed due to early loosening,
and the complete implant systems were removed.
A fourth implant system was partially removed
(the abutment and abutment screw were removed,
but the fixture was left in place, and the skin was
closed) due to ipsilateral shoulder osteoarthritis
and subsequent arthrodesis of the glenohumeral
joint. The overall implant success rate was 83% at
5 years, including the revised cases. The most com-
mon adverse event was skin infection around the
abutment. One deep infection occurred and was
successfully treated with antibiotics without requir-
ing removal of the implant system.

Ten patients (nine men and one woman) in
Sweden received percutaneous osseointegrated
prostheses for transradial amputations [17] (Fig.
6.3), including two patients with dysmelia and
one patient with traumatic bilateral transradial
amputation who was treated bilaterally. All
patients had custom-designed implant systems
installed in both the radius and ulna. Two patients
followed the standard OPRA treatment protocol,

Fig. 6.3 Transradial amputee with an osseointegrated
myoelectric prosthesis

which was introduced in 2003. Fixture fractures
occurred in three patients, all of whom had
received the older implant design before the
OPRA program began. Notably, no mechanical
problems have occurred since the introduction of
the OPRA program in 2003.

Between 1990 and 2014, a total of 13 patients
(ten men and three women) in Sweden have
received percutaneous osseointegrated prosthe-
ses for unilateral thumb amputations [22] (Fig.
6.4). Eleven of these patients underwent amputa-
tion due to trauma, and two patients underwent
amputation due to tumors. Seven patients
(including all six after the introduction of the
standardized OPRA protocol) performed a grip
strength test (Jamar) with an average of 28.3 kg
on the operated side versus 40.4 kg in the unaf-
fected hand (70%), and key grip strength was 6
vs. 9.1 kg. Hand function was 94% of the normal
hand using the Sollerman test. The most common
complications were mechanical failures necessi-
tating changes of components (eight times in
three patients) and superficial infections (seven
times in five patients). Three patients in the early
group lost their implants due to loosening. Five
patients had no complications. The improved
implant design and the standardized OPRA treat-
ment protocol achieved a 100% cumulative suc-
cess rate, with, on average, 9.5 years of
follow-up.
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Fig. 6.4 Thumb amputee with an osseointegrated pros-
thesis with permission of Li Y, Kulbacka-Ortiz K, Caine-
Winterberger K, Brianemark R. Thumb amputations
treated with osseointegrated percutaneous prostheses with
up to 25 years of follow-up. J Am Acad Orthop Surg Glob

Res Rev. 2019:;3(1):097. https://doi.org/10.5435/
JAAOSGlobal-D-18-00097. eCollection 2019 Jan

The current OPRA protocol has undergone
some significant changes. A second generation of
the OPRA implant system, which has up to a 40%
better mechanical endurance for long-term usage,
has been developed and clinically implemented
since 2016. The new implant system also has a
part of the surface laser-modified and nanostruc-
tured for enhanced osseointegration [23], which
provides improved primary stability and allows
for an accelerated rehabilitation process, includ-
ing one-step surgery and early weight-bearing.

Other Currently Active
Osseointegration Implant Systems

The press-fit systems present another osseointegra-
tion design, which was mainly used for lower
extremity amputees. The Integral Leg Prosthesis
(ILP) (Orthodynamics) evolved from the Endo-Exo
implant (ESKA Orthopaedic Handels), which was
introduced by Hans Grundei in Germany. The
implants have a cast stem of cobalt-chrome-molyb-
denum alloy, and the implant stem is 140-180 mm

long and slightly curved to prevent rotation in the
intramedullary cavity and to fit the normal curvature
of the femur. Since its introduction, the system has
gone through several design changes. The models
achieve immediate implant retention via the press-
fit implantation, analogous to hip arthroplasty, and
the external prosthetic limb is mounted via a multi-
component dual cone and screw system [24].

Based on similar design principles, the OPL was
introduced in Australia in 2013 and the Netherlands
in 2015. Standardized implants are used for trans-
femoral amputees with sufficient stump length
(>160 mm). In contrast, custom-made implants are
available for transtibial amputees and transfemoral
amputees with very short stumps [25].

Unlike the ILP and OPRA, the COMPRESS
system was first developed as an endo-prosthetic
system for oncologic limb salvage reconstruction
by Biomet Corporation (now Zimmer Biomet,
Warsaw, USA). The intramedullary part of the
implant is attached to the bone by transverse pins in
a bone-anchor plug. A porous-coated collar
designed to promote osseointegration is located at
the distal interface of the amputated bone. To
enhance osseointegration and to prevent stress-
shielding of the bone, the concept of compliant pre-
stress is utilized, exposing the bone-collar interface
to a compressive force. Under a FDA custom device
exemption, a percutaneous version of this system
enabling attachment of an external limb prosthesis
has been developed and implanted in ten transfemo-
ral amputees and one transhumeral amputee. Both
single-stage and two-stage surgeries have been used
for implantation of the system. Two cases of peri-
prosthetic fractures caused by falls have been
reported among the transfemoral subjects [26].

Myoelectric Control and Sensory
Feedback Using a Percutaneous
Osseointegrated Implant

Percutaneous bone-anchored prostheses allow
for full range of motion of the remaining joints.
However, myoelectric control is compromised
in certain limb positions when utilizing skin sur-
face electrodes due to myoelectric interference
from adjacent muscles (Fig. 6.5). Such interfer-
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Restricted range

of motion control

Socket
suspension

‘electrode

Fig. 6.5 Illustration of a common socket fitting (left
inset) for a high transhumeral amputee, which limits the
range of motion (green line) and prosthetic control at cer-
tain heights (red line). The osseointegrated prostheses for
the rehabilitation of amputees (OPRA) implant system
releases the adjacent joint and allows for full range of
motion (central inset). However, the controllability of the
prosthesis is compromised in certain limb positions due to

ence limits the advantages of treatment with a
bone-anchored implant. Moreover, restricted
myoelectric control can limit professional activ-
ities and activities of daily life. In addition,
myoelectric control can be affected by environ-
mental conditions, such as cold weather, during
outdoor activities. In cold weather, the imped-
ance between the skin and surface electrodes
changes, reducing conduction. The use of
implanted neuromuscular electrodes eliminates
these skin issues, and the controllability of the
prosthesis depends less on limb position or
environmental conditions [28]. Furthermore,
since the electrode is closer to the source, the
control signals do not need to travel through soft
tissue and skin before reaching the electrodes.
Thus, compared with skin electrodes, a lower
muscular effort is required to activate the pros-
thesis when implanted electrodes are used. This,
in turn, increases grip resolution and improves
proportional control, as would be expected from
an increased signal bandwidth [28].

Extensive work conducted in neuroprosthetics
has shown that epimysial and cuff electrodes are
safe, reliable, and well-characterized neuromuscu-

Restricted myoelectric

Unrestricted range of
motion and improved
prosthetic control

. Surface

% OPRA-NCAL ﬁﬁ Implanted
electrode 4

electrodes

myoelectric crosstalk from adjacent muscles (red line).
Enhancing the OPRA implant system to become an osseo-
integrated human-machine gateway (OHMG) allows for
permanent implantation of neuromuscular electrodes,
which provide long-term, stable signals for myoelectric
control, independent of limb position or environmental
conditions. Illustration reproduced with permission from
M. Ortiz-Catalan [27]

lar interfaces [29]. Epimysial electrodes have been
used extensively in humans for recording and
stimulation as part of functional electrical stimula-
tion (FES) neuroprostheses [30]. These devices
have remained implanted for over 20 years and
have been successfully used for activities of daily
living [31]. The clinical trial of the Freehand sys-
tem reported 408 electrodes implanted in 51
patients, of which only three patients were deemed
treatment failures and only one of which was pre-
sumably due to mechanical fatigue [32]. In a
related study, only 2 out of 204 epimysial elec-
trodes in 27 patients failed with an average follow-
up of 7.1 years (range, 3.2-16.4 years) [33]. In
both studies, the electrode leads (lengths,
28-83 cm in the latter study) crossed up to three
joints, which increases the mechanical stress to
which they are exposed. Nevertheless, these sys-
tems demonstrated high survival rates. Nerve cuff
electrodes have also been extensively used in
humans to treat chronic pain [34], tinnitus [35],
epilepsy [36, 37], sleep apnea [38], and blindness
[39, 40], as well as for restoring upper [41-43]
and lower [41, 44] limb function in patients with
tetraplegia or hemiplegia, respectively.
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The OPRA implant system for the trans-
humeral level has recently been redesigned to
allow for bidirectional communication with
implanted neuromuscular interfaces for closed-
loop control of the amputation prostheses. This
novel OHMG system makes it possible to con-
nect an arm prosthesis to the patient’s bone,
nerves, and muscles [28]. To the best of our
knowledge, this system, which is currently in a
clinical trial, is the first neuroprosthesis to allow
patients to operate an artificial arm using
implanted electrodes for activities of daily living
while also receiving direct neural feedback for
closed-loop control [45].

Following the design philosophy of the OPRA
implant system, the OHMG system has a modu-
lar design (Fig. 6.6); therefore, individual com-
ponents can be easily exchanged without the
need to replace the entire implant system. The
percutaneous and osseointegrated components
(abutment and fixture, respectively) were kept
intact to maintain the mechanical stability
required for load transfer between the prosthesis

e-Abutment Screw
Abutment

e-Central Screw

Fig. 6.6 Illustration of the osseointegrated human-
machine gateway (OHMG) system [28]. Loads are trans-
ferred from the artificial limb to the abutment, from the
abutment to the fixture, and then from the fixture to the
bone. The e-abutment screw (eAS), which goes through
the abutment to the fixture, is designed to keep the abut-
ment in place. A parallel connector is embedded in the
eAS’s distal end (1) to electrically interface with the arti-
ficial limb. This feedthrough is electrically connected to
an in-line connector embedded in the eAS’s proximal end

and the bone. Thus, patients who have already
received the OPRA implant system can be
upgraded to the OHMG system without needing
to replace the implant system. The abutment
screw can be modified to embed two feedthrough
connectors, one parallel at the distal end and one
in-line at the proximal end. An in-line pin extends
from the central sealing component to the inter-
face with the proximal connector of the abutment
screw. From there, signals are transferred via the
feedthrough sealing component to leads that
extend intramedullary and then through a hole in
the bone cortex to a connector unit positioned in
soft tissues. Neuromuscular interfaces can then
be connected to this latter connector unit and
placed on muscles using epimysial electrodes
and around peripheral nerves using nerve cuffs.
This modular design allows any component to be
upgraded or replaced with minimal disturbance
to the other components (Fig. 6.6).

In this first generation of OHMG systems, no
active components are implanted. Instead, the
biopotential amplifiers, control, and neurostimu-

Electrode

Fixture \

(2). The in-line connector interfaces with the correspond-
ing in-line pin, extending from the central sealing compo-
nent (3). From there, leads extend intramedullary to a
connector unit located in the soft tissues, and neuromus-
cular electrodes are then mated to this latter connector.
Reproduced with permission from Ortiz-Catalan M,
Hékansson B, Branemark R. An osseointegrated human-
machine gateway for longterm sensory feedback and
motor control of artificial limbs. Sci Transl Med. 2014
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lation electronics are placed within the arm pros-
thesis [46]. This embedded system is capable of
computing signals as well as processing and
decoding algorithms [47, 48] to infer simultane-
ous movements from different degrees of free-
dom in real time [46]. The resulting system is
self-contained, and no components over the skin
are required. The patient needs only to couple the
prosthetic arm to the abutment (which can be
done single-handedly as shown in Video 1 of
Ortiz-Catalan et al. [28]), and all electrical con-
nections and functionality are made available
automatically.

One crucial aspect of the clinical implementa-
tion of novel medical technologies is the regula-
tory framework in which they are developed and
manufactured. The OHMG system was devel-
oped within the ISO 13485:2003 standards (Med
Dev—~Quality Management) and by following a
variety of international and European standards,
such as the 93/42/EEC (Med Dev), 90/385/EEC
(Active Imp Med Dev), ISO 14708-1 (Active Imp
Med Dev), ISO 14708-3 (Active Imp Med Dey,
Neurostimulators), and IEC 60601-1 (Med Elect
Equip). Relevant sections of these various stan-
dards were considered so that this system could
be used outside the laboratory as a medical
device.

We recently reported the use of a bone-
anchored, self-contained robotic arm with both
sensory and motor components over 3—7 years in
four patients after transhumeral amputation. The
implant allowed for bidirectional communication
between a prosthetic hand and electrodes
implanted in the nerves and muscles of the upper
arm and was anchored to the humerus through
osseointegration, the process in which bone cells
attach to an artificial surface without formation of
fibrous tissue. The use of the device did not
require formal training and depended on the intu-
itive intent of the user to activate movement and
sensory feedback from the prosthesis. Daily use
resulted in increasing sensory acuity and effec-
tiveness in work and other activities of daily life
[49].

Further work is currently ongoing to develop
an analogous OHMG system for transradial and
transfemoral amputees.

Conclusion

The OPRA program’s standardization of implant
systems, surgical techniques, and postoperative
rehabilitation protocols has resulted in better
functionality, fewer complications, and a better
quality of life for implant recipients. Moreover,
the ability to integrate human-machine gateways
into these osseointegrated systems can provide
implant recipients with myoelectric control and
sensory feedback. Together, osseointegrated
implant systems and osseointegrated human-
machine gateways represent a new frontier in
amputee rehabilitation.
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Outcome Measures

Peter J. Kyberd

The ability to measure the performance of the
user, or their prosthetic limb, is key to being able
to track the progress of an individual, the result of
an intervention or the impact of a change in the
design of the device. Properly designed, such
tools can be useful both for treatment and in
research. However, to ensure a meaningful result,
the aim of a particular measurement must direct
the form of the assessment.

Introduction

Historically, there was little consensus over what
to measure or how to measure in upper limb
replacement [1]. However, over the last 15 years,
the emphasis on medical interventions based on
objective measurement has swept across the
entire medical field, (along with similar changes
in attitudes in other professions). This is a good
idea, but it is not a straightforward process to
measure outcomes as different stakeholders have
different perspectives on what is the purpose of a
measurement. For example, the payers (e.g.
insurance companies and states) will wish to
have a record of what they see as the best value
for money, the clinical providers are more con-
cerned with getting the best prescription for the
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user and then ensuring each user gets the most
out of the fitting, while the users often want to be
able to get on with their lives, performing those
tasks that are meaningful to them. This difference
creates different needs and so different require-
ments from any measurement system. From a
technical perspective, whatever aspect is of inter-
est, a valid and objective measurement is impor-
tant. This requires the tool to be designed to
measure the factors of interest, and then the tool
must be tested to ensure that its psychometric
properties are adequate for the job. So it must
actually measure what the designer thinks it mea-
sures. It must do so repeatedly with different
observers and on different days. Also users
should be able to know how sensitive the tool is
to changes in the performance of the observed
party [2, 3].

Once obtained, the information about a device
or a person needs to be communicated in an
objective and precise way. So it is necessary to
ensure the language used is precisely defined.
One systematic way to approach the problem is
to define what needs to be measured using the
WHO ICF model [4, 5] as a framework to study
the different aspects of the problem [2]. The area
is divided into three domains:

e Function: Which are the properties of the
device itself: its speed, size, mass, grip force
and range of things it can grip. These can be
measured using simple, objective tools (rulers
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to measure size or hand gape, gauges to mea-
sure forces or ranges and stopwatches to mea-
sure speed).

e Activity: What the device is capable of doing
with a competent user in control. This can be
measured with simulated activities of daily
living (ADLs). The motion of the subject can
be measured by simple observation or more
precise measurements.

e Participation: What the actual wearer uses
the device for. Historically, this was learned
through surveys, asking the person what they
did with their devices. More recently, technol-
ogy has allowed this to change to newer mea-
sures (see below).

Each domain has a different emphasis, and so
the way that the areas are measured has to be dif-
ferent. No one system could possibly measure all
of the aspects of the three domains. Any more
than a single device could measure the tempera-
ture of a meal cooked by a chef and the satisfac-
tion of the customer eating it. Some tests can
straddle two, but they cannot cover the full range.
Hence any tool is restricted to a particular
domain, and any wish to cover the entire range of
experience and prosthetic performance with a
single measure is a forlorn hope.

Quick
Easy to administer
Very limited information

Time

The Measurement/Analysis Paradox

There is a trade-off between the complexity of
the measurement and the level of information
created (see Fig. 7.1). So simple measurements
will give simple, straightforward unequivocal
results, but their use and range is limited to state-
ments such as ‘this is better than that by this
much, under these specific conditions’ (e.g. this
hand opens faster than that one). On the other
end of the scale are highly complex measure-
ments that could be sensitive enough to detect
subtle differences in form on the overall function
(e.g. change the length of a finger, or a change in
the threshold of an EMG command switch),
makes performing an operation easier or harder.

The scale also matches the transition from
design to application or Function to Participation
in the ICF model [5]. At one end something spe-
cific about the properties of a prosthesis can be
measured; at the other, the requirement is to
gauge how the device is used in the field by a
wearer.

A complex measurement attempts to capture
something subtle and meaningful about the item
in question. However to get that sort of quality of
information, the measurement will take longer:
longer to set up, longer to run and longer to

Slow, Complex
Data intensive
Hard to interpret/generalise

B&B

SHAP

Fig. 7.1 The analysis paradox—There is a trade-off
between complexity of the measurement and the level of
information gained and the time taken to gather the infor-
mation. It also maps well onto the WHO ICF domains.
The vertical scale is the time taken for the assessment to

ACMC YALE

Complexity

be conducted. The horizontal scale is the complexity of
the measure and the ICF domains; indicated on this scale
is the approximate position of different functional tests
mentioned in the chapter. (c) Peter Kyberd
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analyse. In contrast, a ruler makes a simple mea-
surement of length. It could detect the widest
gape of a hand and this could be related to the
largest object the hand might be able to hold, but
this would have to be demonstrated to be a valid
measure of function. Otherwise it is merely
implied and at the level of anecdote. The ruler is
clearly quick and easy to administer, but the
result only tells us one tiny thing about what the
hand can do. Similarly, a stopwatch alone could
be used to measure how fast the hand can open,
but it tells us nothing about how useful that speed
is when used in the field; this would require con-
text, i.e. performing specific tasks (see SHAP).

The purpose of any test is to gain an idea of
the level or quality of whatever is being mea-
sured. It is similar to written examinations, at the
end of a period of study; the content of the exam
should measure some underlying knowledge or
ability. The content and form of the exam is
aimed to get an indication of the person’s level of
knowledge. Performance at an exam should
reflect performance in the subject, even if taking
the exam is different to the real-world activity
that is being measured. So a written exam for an
engineer aims to test their ability to practice as an
engineer. It is hoped that performance in the
exam is an indication of performance at engineer-
ing. If it is possible to pass the exam when you
are not good at the target subject, then the design
of the exam is poor. So in the same way, any of
the assessment tools need to be designed to mea-
sure something that reflects the aspect of interest
and not something totally different.

Since measurements on humans can be differ-
ent on different days due to matters that have
nothing to do with the things being measured (the
person’s functional ability might be affected by
being unwell, not because their skills have
changed). The simpler the test, the more likely it
will be the same for the same person under simi-
lar conditions. Unfortunately, if it is simple, it
tells us less about a more general question.
However, complex tests may not measure what
we are interested and are more likely to be sensi-
tive to other unrelated factors. Hence the design
of the test has to be precisely configured to mea-

sure what we want to know, nothing more. A
hand function test where the hand is used to per-
form activities clearly can tell us something about
the use the hand is put to. The drawback is if the
task is complex and can be done multiple ways, it
cannot easily be employed to compare one user
to another, one hand to another, and, even per-
haps, one day to another. So the alternative is to
control the test more rigidly and so more pre-
cisely and get a more limited picture.

As an example, if a test involves feeding one-
self, a person can pick up a fork in at least one of
two distinct ways: between the tips of the fingers
or in the fist. What is needed is to know why they
used one form over another. If that difference is
because the prosthesis has limited range of
motion and can perform only one grasp and a dif-
ferent more sophisticated hand design used the
more common grasp, then this change in action
from one hand is a subtle indicator of the perfor-
mance of the prosthesis. It will tell us much about
the capabilities of the two hands. However, if the
difference in the way the fork is used is cultural,
then the result will tell nothing about the prosthe-
sis and much about the background of the sub-
ject. It is useless in this context.

If the task is made much simpler (such as
picking up blocks and moving them over a barrier
and dropping them in a container), then its rela-
tion to what happens in the real world is less
clear, but it is much more controlled and so easier
to be able to compare hands, users and days. This
is why the tool design comes down to what one
wants out of a measure.

Another aspect of the design is the level of dif-
ficulty. A test that is too easy to do will give
everyone a high score and not differentiate the
best from the merely good (this is the ceiling
effect). The reverse, a hard to achieve test that
results in many participants not scoring at all, has
a floor.

Recently, the ideas about what needs to be
measured and the technology to measure it have
become more sophisticated. Earlier designs of
tests used the basic tools of measurement, such as
timers and structured activities with form boards
and apparatus [6]. More recent innovations work
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in more unstructured environments using newer
technology for monitoring movements (such as
body motion recording [7], activity monitoring
[8] or eye motion tracking [9]).

The design of the measurement tool does
impact upon its use and utility. The aim for all
observing participants would be a test that is easy
and quick to administer and that also produced an
unambiguous result quickly. For the technical
and administrative observer, this would ideally
be a single, easy-to-interpret number (ke is a five
with this hand and a twelve with that one, which
makes him more than twice as functional’). The
therapist would more likely wish for an activity
that enabled them to interpret easily the capabili-
ties of the subject, (‘they can do all they need to
look after themselves’). Even then it would still
need metrics that were easily shared between
independent observers.

A good test relies on its psychometric prop-
erties, which need to be properly demonstrated.
These properties are those needed of any mea-
surement: that it measures what you think it
does, that the same result means the same level
of quality and that the same person measured by
the same person on different days would have
the same score. Similarly, if measured by differ-
ent persons or on different days, they must get a
very similar score. If not, then the test will not
tell us anything useful. So if we consider the use
of a ruler to measure length, the test is easy to
use and gets the same value for a set length irre-
spective of the day or observer. When the prop-
erty is poorly defined and hard to detect (such as
intelligence, beauty, or grip function), then
establishing the psychometric properties
requires considerable work to establish if the
properties are as expected. The way to do this is
to perform many repeated measurements on
large groups of people, over a long period of
time. This statistically tests the findings [10].
Virginia Wright estimated this process is
involved and can take as long as a decade [1].
There are some shortcuts (such as spreading the
measurements across a wide range of test cen-
tres, so getting access to a wide range of persons
and circumstances), but there is still a great deal
of work involved in the process.

Standardising Tests

The Upper Limb Prosthetics Outcome Measures
group was formed by professionals across the
disciplines, and they considered all upper limb
assessments they could find in the literature and
tested them against a set of criteria on validity
and usability. At the time a very few tests were
already usable as fully validated, without more
work to complete the process [2, 6, 11]. Since
that time a range of new tests have been pub-
lished. Some have clearly taken the findings of
the group and built upon them [12]. Others have
chosen to create their own tests [13—15]. Table 7.1
is the summary of tools that were reported to be
used in upper limb prosthetics. It is modified and
brought up to date from the original list in Hill
[11]; it includes (were available) publications
where the tool was used with prostheses, rather
than the original publication or when used with a
different patient group.

Since the ultimate aim of a prosthetic hand is
that it will be used to perform tasks, this suggests
that a test of functional capabilities should be
based on its ability to perform representative
tasks; however, these tasks need to be reproduc-
ible. The problem with the design of any repro-
ducible task is that it could contain very many
factors, i.e. bimanual/monomanual, short/long
time, simple/complex actions and also how the
object is held, if the grip changes, if operator
stands in one place or moves about and so on.
These can vary. The more controlled and defined
a task becomes, the easier it is to get consistent
results (the measurement/analysis paradox).
However, the further the test is taken from a real
situation, the less credible some clinicians find
the results of the test.

An example of a simple test is time picking up
a single object and moving it to a different place.
The act itself requires a wide range of skills and
abilities, from seeing the object, understanding
the task and deciding how to tackle the problem,
to being able to put the prosthesis in the right
position to be able to achieve the task efficiently.
During the task, the operator then needs to con-
trol the prosthesis to open at the right time and
release the object at the appropriate moment,
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Table 7.1 Tools that have been used for upper limb pros-
thesis assessment; references are to studies where they
have been used rather than the publications that outline
the tool, unless no such publication is available

ICF domain Box and Blocks [16]
SHAP [17]
Sollerman [18]
ACMC [19]
ARAT [20]
(B)AM-ULA [21]
Box and Blocks [16]
CAPP-PSI [22]
Jebsen [23]
(M)CRT [24]
OPUS [19]

PUFI [25]

SHAP [19]

UFES [26]

UNB Test [26]
TAPES [27]
CAPP-PSI

CHQ [28]

COPM [29]
OPUS [19]

PUFI [25]
TAPES [27]

Function

Activity

Participation

Modified and updated from [11]

ACMC assessment of capacity for myoelectric control,
ARAT Action Research Arm Test, (B)JAM-ULA (brief)
activities measure for upper limb amputees, CAPP-PSI
Child Amputee Prosthetics Project-Prosthesis Satisfaction
Inventory, COPM Canadian occupational performance
measure, DASH disability of the arm, shoulder, and hand
measure, Jebsen Jebsen Standardized Test of Hard
Function, (M)RTC (modified) clothespin relocation task,
OPUS Orthotics and Prosthetics User Survey, PUFI
Prosthetic Upper Extremity Functional Index, SHAP
Southampton Hand Assessment Procedure, Sollerman
Sollerman Hand Function Test, TAPES Trinity Amputation
and Prosthetic Experience Scales, UFES upper extremity
functional status, UNB Test University of New Brunswick
Test of Prosthetic Function

without dropping it in mid transfer. This task is
far more easily specified than the complex task of
making a meal, but the activities within preparing
the meal do map to repeated pick and place
actions. What is important is if the skill to move
the object and the skill to make the meal are simi-
lar, then the abstract object movement test will
measure the subject’s ability to also make a meal,
so that if the subject is poorer at the simpler task,
then the chances are that the more complex task
will be achieved similarly poorly. For example, if
the speed the person moves object is half as fast

with a different prosthesis, then it is likely that
the meal preparation will also be much more
slowly executed. The speed of action of the sim-
ple task is very easy to measure. Some have
raised concerns that timed tests do not measure
anything meaningful. However, timed tests have
been routinely used in many areas of assessment
for a long time [30], and studies show that speed
of action is related to ability, so that timing a
hand task will give the observer some measure of
performance [31].

Even so, the more complex the measured
task, the more likely that the result may depend
on something other than what is being measured.
It may be related to a third factor, such as ability
to switch through EMG commands. This might
depend on the fit of the prosthesis, rather than
the design of the switching method [32]. On the
other hand, it may depend on something entirely
unrelated, such as the ability to comprehend a
complex prosthesis control format. This is not
likely to simply reflect the intelligence of the
user, but rather depend on the education or socio-
economic background of the subject. It brings in
a very wide range of influences that cannot eas-
ily be constrained or accounted for. Thus there
are many coherent reasons to create simple tasks
to allow measurement to be robust and
straightforward.

One barrier to universal use is the different
perspectives of the different disciplines of pros-
thetic provision (prosthetist, occupational thera-
pist, rehab engineer). ULPOM took the field
towards a consensus and recommended some of
the simpler tests that were validated and did so
for the particular domain they had validity for.
This reflected the level of technology of the tools
and the prostheses at the time; in recent times
other tools have been developed in response to
more complex designs of prosthesis (AM-ULA)
[12] and advances in measurement tools [33] (see
below).

Test Development

An indication of the problems associated with the
design and testing of measures can be given by
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the study of some of the more popular tests. The
first two are simple Activity tests, and they were
developed from training equipment. Users were
asked to perform the task once, or more often,
and they were advised how to improve their
approach or technique. The activity’s potential
for assessment was recognised, and the devices
were modified to create standardised tools. These
tests had merit, but also flaws in their original
forms; examples of the modifications illustrate
the process of creating a reliable tool.

One additional aspect of all of the tools is that
they have users operate their prosthesis to per-
form them which gives the tester the chance to
observe the operator under controlled conditions,
so that even if the tool does not capture the total-
ity of the prosthetic operation, an experienced
observer can still see changes in the operation or
compensation, which can feed back into the sub-
jective assessment.

Box and Blocks: Small cubical wooden blocks
(25 mm a side) are held in one of two shallow
boxes (see Fig. 7.2), and the operator selects a
block, picks it up, moves the block over a barrier
along its midline and drops it into the second box.
The number of blocks transferred in a set time is
the metric [16, 34].

Flaws: Loose blocks are easy to pick up; if all
of the blocks supplied are in the box during the

Fig.7.2 Box and
Blocks test set-up with
small wooden blocks in
one compartment that
need to be moved by the
prosthetic user to the
other compartment
within a given time
(usually 1 minute).

© Anna Bosendorfer and
Agnes Sturma

measurement, then most blocks are very closely
packed and so far harder to pick up. It becomes a
challenge even to an unimpaired subject.

Modifications: Reducing the number of blocks
to allow them to be easily selected. An alternative
solution placed the blocks in standardised grid
positions, and the subject picks them up in a fixed
order [35]. This allows the motion of different
subjects to be compared as they follow similar
paths. That there are two different approaches
shows that there is yet to be a standardised
method.

Clothespin Relocation Task: The operator
moves pegs/pins of a known resistance from a
horizontal bar to a vertical one (or vice versa) in
a set time (Fig. 7.3). This test requires flexion and
extension as well as pro/supination of the hand/
wrist, and so compensations are very obvious to
both the operator and the observer. This was a
training tool adapted by Stubblefield and col-
leagues [36].

Flaws: The rig has asymmetric bars so the ver-
tical bar is only on one side; a left-handed opera-
tor has to reach across their body, while a
right-handed one does not. The order and number
of the pegs are uncontrolled as are the starting
and ending locations of the pegs. There are
colour-coded pegs of different spring resistances;
different testers used different colours.
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Fig. 7.3 The clothespin relocation task—This training
tool has been turned into an effective assessment device. It
makes the compensations that the user makes clear to both
subject and assessor. (c) Peter Kyberd

Modifications: Standardised through modifi-
cation to two vertical bars and peg order, plus the
use of the same resistance pegs [24, 37].

The process for both these tools to be devel-
oped was that occupational therapists chose a
tool they knew and trusted and created a useful
measure. However, they both required modifica-
tions to further standardise them. Once the vari-
ability of both tasks was reduced, the validity
increased.

Southampton Hand Assessment
Procedure (SHAP)

This was developed at a time when there were no
validated standardised tests for adult upper limb
prosthetics users. One of the few other tests for
prostheses that existed was one developed in

Canada (the UNB test [38]). The UNB test was
not a useful test for assessing adults, as it had
been carefully designed to be used by children of
different age groups. The UNB test had separate
tests for each age group as their cognitive and
physical development would influence their per-
formance. The UNB is an observation test; a level
of familiarity and practice with an activity is nec-
essary; otherwise, the tool will test the subject’s
ability to learn, not their ability to perform the
task. The UNB subtests were aimed to use recog-
nisable tasks that the target group could easily
understand and perform at their best. These were
specific to North American youth in the 1980s,
and so they included activities such as baseball,
which could be assumed to be universal among
some socio-economic and cultural groups not for
European children.

This example showed that the design of SHAP
had to be undertaken with care. The tasks were
chosen to be usable by adults with a general
background in the sort of devices and activities
that could be assumed to be universal in Europe.
It used a combination of standardised abstract
objects to encourage the use of standard grip
forms, plus a set of simulated activities of daily
living (ADLs) that the literature suggested were
representative and repeatable (see Fig. 7.4) [39].
The score was related to the time to execute the
task but was weighted to reflect the frequency
that the grip appropriate to the task was used in
daily life. Timing of task completion was chosen
as it was easily achieved, and other work sug-
gested the score would reflect the capabilities of
the subject. The subject initiated and finished the
timing, as self-timing was also seen to be the
most reliable way to time activities [40].

The area for the activities was limited to a
form board and a central timer. The overall score
was out of 100. There were secondary scores out
of 100 related to the different grip patterns. The
tool was validated for various psychometric
properties, and its appeal was the simplicity of its
execution and scoring. It has been tested on dif-
ferent conditions and age groups [17, 41].
However, it has not enjoyed universal acceptance.
The aim of the measurement was to assess the
person (or hand) under investigation. Thus most
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Fig.7.4 The
Southampton Hand
Assessment Procedure
(SHAP)—The complete
set of tests based on
activities of daily living
are supplied in a single
case. The test takes
about 20 min to
complete and provides a
single number that
measures the functional
range for the hand. (c)
Peter Kyberd

of the tasks were monomanual; so with a prosthe-
sis under test, the device was used as the domi-
nant hand (when more commonly, the prosthesis
is used as a helper). Critics suggested that it is not
measuring the real circumstance, forcing the sub-
ject to perform a task in a way they do not do
habitually. This is a misinterpretation of SHAP’s
role. SHAP was aimed to work in the Function/
Activity domains. Thus it is used to measure the
performance of the user with the prosthesis. It
does not measure what the user does with their
hand; this is outside its scope in the Participation
domain.

AM-ULA

For comparison is the more recently developed
Activities Measure for Upper Limb Amputees
(AM-ULA) [12]. This was also designed to cap-
ture performance in the Activity domain. It too
cannot capture all aspects of living with a pros-
thesis, but the tasks chosen were bimanual and
the subjects are allowed to use the hand of choice.
It was specifically designed following the devel-
opment of multifunction hands and arms, when
other tools were either aimed at natural hands and

were too complex for prosthetic assessment, or
there were only simpler tests for simpler prosthe-
ses (such as Box and Blocks). AM-ULA followed
on from the work of the ULPOM carefully work-
ing within the philosophy of the group to produce
a valid test with easily understood results.

The scoring runs from 0 to 40 with the higher
value relating to higher performance. The score
considers the extent of completion of subtasks,
the speed of completion, movement quality, skill
of prosthetic use and independence. Scoring is
based on a combination of observation and tim-
ing. The 18 tasks chosen for the test were based
on those that were shown to have some validity
(interrater and test-rest ICC > 0.5). Its validity
was compared with other existing tests establish-
ing the convergent validity as well. Having been
developed it has been used in a number of tests
particularly with the US Army’s DEKA arm pro-
gram [12, 26]. More recently the team has worked
on making it quicker to deliver while retaining its
psychometric properties; hence, there is now the
Brief AM-ULA (BAM-ULA) [21].

Both of these last two tools have been used in
programs to study prosthesis use where they are
not the single measurement, but one of a set of
tests to gather data on all three domains [26, 42].
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Observational Analysis

Underlying much of subjective assessment of
users is the clinical judgement. Based, at least in
part, on the observation of the user in action.
Thus the desire to quantify this is a reasonable
response. However this is a complex task; it
requires careful design to create a test with good
psychometric properties. Liselotte Hermansson’s
Assessment of Capacity for Myoelectric Control
(ACMC) is the most well controlled of all such
tools [43].

Assessment of Capacity
for Myoelectric Control (ACMC)

The aim of the ACMA was to capture the very
wide range of skills that could be shown by users
of myoelectric hands. The basic idea of any such
test is to pick task or tasks that the subject is
familiar with and ask them to perform the task
while the clinician observes. The flaw with other
tests is that if the test was based on an activity
that was too hard, few would be able to complete
it. So few would get any credit for their skills. If
it was set too easy, then all bar a few would get
the maximum rating (ceiling and floor effects).
The ACMC was based on many years of experi-
ence of observing users and is a controlled form
of observation. Familiarity with a task means the
person is as good and fluid in the execution. So an
assessment based on that task is likely to be the
best and fairest test of the subject. An ACMC test
is performed by a trained user observing the sub-
ject undertaking a task they are used to perform-
ing, and it is chosen in consultation with the
subject. The test is conducted in circumstances
that will trigger as many behaviours that are rou-
tine to the user as practical. So someone used to
making a cake can do so easily, but doing so in a
strange kitchen will force the subject to search
for the right tools, rather than the job being per-
formed entirely automatically. The result is that
the subjects will require creative and imaginative
solutions to solve the problems set to them. This

will show off the capabilities and limitations of
the subject.

For the assessment, the observer then looks
for the recognisable actions that reveal how con-
fident and capable the subject is at using their
myoelectric command channel. The observer will
watch out for bimanual use of the hand. They
would also observe confident use of the EMG
input. Thus if the user reaches with the prosthesis
and grasps the object directly, they have great
capacity. If they pick the object up with their
sound hand and place it in the prosthesis’ grasp,
they are less confident in their ability to open and
close their hand. Similarly, do they carry objects
across the room with the prosthesis, or just their
sound hand? Do they only use the prosthesis for
pushing or clamping? The observer is able to
combine the observations in such a way that the
result can give a meaningful rating of the ability
of the person to use their myoelectric hand. This
tool has been carefully designed and rigorously
tested so that variability between trained raters
and measurements is small [44]. The test’s big-
gest disadvantage is that the raters need to be
experienced therapists who are trained to under-
take the assessment, and not every team has the
benefit of such a person.

ACMC is designed to encourage careful
observation of the users. Its philosophy is pre-
cisely targeted at this group of users; what it is
not designed for is to make any statements about
users of any other sort of prosthetic limb, be it
body powered or externally powered, and switch
controlled, and the ACMC should not be used to
measure these devices. However, its observa-
tional techniques are useful and would be bene-
ficial training for anyone involved in prosthetic
research, development or application. Training
to conduct the ACMA can simply make an
observer’s ability to look at prosthetic use a lit-
tle closer to that of a person of considerable
experience (such as Dr. Hermansson). It is a gap
in the range of tools that the therapist has to use
that there is not yet a body-powered equivalent
of the ACMC, although plans are afoot to
develop this too.
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Motion Tracking

Conventional motion tracking is based on record-
ing the three-dimensional motion of retroreflec-
tive markers placed on the landmarks of the body.
This data is then combined to create a three-
dimensional model of the objects being tracked.
This was originally developed for walking gait
[45]. Its application in this context was easier to
achieve, as walking is a stereotypical cyclic
action that is repeated and varies only little
between people and between different walking
speeds. The traces of a person’s motions or forces
can be scaled and temporally adjusted to allow
the comparison between subjects, and so devia-
tions from population means can be easily dis-
cerned. In addition, it is possible to infer the
forces generated within the musculoskeletal sys-
tem from the forces at the foot, as measured using
force plates in the ground. Forces at the foot
translate to those at the ankle and then up to the
knee, hip and so on.

Once the technology had developed suffi-
ciently to detect the smaller motions associated
with arm and hand motion, the idea of measuring
upper limb motion became practical. The prob-
lem for achieving something similar with upper
limb motion tracking was that the arms do not
have a single functional stereotypic motion, and
it is much tougher to register forces onto the body
that can be used to infer internal muscular forces.

The measurement of motion can be analysed
for clinical insight in a number of different ways.
The common approach for walking is that the
analysis attempts to see how close the motion is
to that of the unimpaired. In addition to this, they
also look to see how symmetrical the motion is.
The assumption is that this is the optimal way to
approach the problem: Someone who walks sym-
metrically and like an unimpaired walker will use
less energy and have fewer side effects than a
person with differences and asymmetries. This
seems reasonable, but only the energy consump-
tion can be measured entirely objectively.
Attempts to design an experiment to prospec-
tively measure asymmetry and the musculoskel-
etal damage that might result would be ethically
impossible. Any retrospective study would

require very large numbers to generate any sig-
nificant conclusion. Moreover there is not even
consensus within the profession as to what are
the right measures of symmetry to base decisions
on. See Pryor [46] for a thorough and entertain-
ing review of the literature.

Upper limb motion is far less constrained than
gait. However some rules can be applied to analy-
sis of upper limb motion. Overuse injuries result
from the use of increased ranges of motion,
increased forces or increased repetitions of a spe-
cific motion of a joint [47]. In a person with a
limb impairment, these criteria apply to the joints
of the rest of the body as much as they do to the
shortened limb. Any joint can be used to compen-
sate for the limited abilities of the limb, or the
prosthesis. Studies of the motions of subjects per-
forming unimanual and bimanual tasks show that
these compensations occur throughout the body
[48]. The subject will shift their position so that
the limited reach of the effected limb and pros-
thesis can get then hand to the target object and
place it in the correct orientation to grasp the tar-
get. For example, a person with a loss below mid
humerus might use scapular abduction to raise
the elbow sideways and substitute for lack of pro/
supination of the wrist. The particular task cho-
sen for the assessment can make this more or less
apparent. The clothes peg/pin relocation task
requires the peg to be rotated in the hand from
horizontal to vertical and back. With this motion
any compensations become very apparent to
operator and tester alike.

The choice of which method a user employs
to put the hand in the correct position can be a
very telling measure of the effectiveness of the
control strategy. So even if the user has been
given an electric wrist rotator, they might still
choose to use humeral abduction of their rem-
nant limb as it is easier and quicker to use, over
mode switching in a myoelectric controller [17].
Potentially, it could be that the change in biome-
chanics reveals the change in the ease of con-
trol. So if a new pattern recognition (PR) system
was easier to use, then the wearer might stop
abducting the elbow and electronically pro/supi-
nate with the PR system, which would be very
clear.
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As the tools have become more sophisticated,
it is now possible to measure a much wider set of
variables associated with the use of a prosthesis.
The problem now becomes to select the right
parameter, namely, selecting the parameter that
has real bearing on the question one is attempting
to answer. One factor not previously studied is
the spread in the variation of the speeds of action
of a prosthetic hand, i.e. how often the hand is
opened quickly or slowly, or anywhere or in
between. Studies by the author show that when
performing a range of different manual tasks, the
spread of speeds the joints move at is wide, from
slow to fast depending on the action. By contrast,
the original myoelectric hands operated at a sin-
gle speed; thus, there was no spread of velocities;
it was either moving at that speed or it was
stopped. It might have been thought that this
result might have changed with the proportional
myoelectric control of modern hands, but with
the current controllers there is still little spread,
the hands being operated mostly as fast as they
can, or stopped. There is some evidence that this
might be different for pattern recognition-based
control.

If a task is very well controlled, then people
will tend to move their hands in the same ways as
in walking, and so analysis of upper limb motion
similar to lower limb motion is possible. Light
et al. used the form board-controlled motions of
SHAP to create similar motion patterns in sub-
jects [7, 49, 50] and produced ‘upper limb gait
analysis’. Similarly Schmidt also proposed con-
straining the activity to create easier to interpret
cyclic motions [51]. Other groups have chosen
not to attempt to control the motions of the arms
to facilitate easy comparison of upper limb
motion, although the technology exists there are
limited studies that use gait-like motion tracking
to analyse upper limb motion.

The major factor that mitigates against any
such studies is that it requires a considerable
investment in time to set up a motion tracking
system and even greater amount of time to pro-
cess and analyse the data, so that upper limb
motion tracking for clinical diagnosis remains
more than 20 years behind lower limb motion
analysis. An alternative approach was taken by

Hussaini et al. who used baseline data from
motion tracking of users of the clothes peg test to
create an observational test aimed at the clinical
setting [24]. The judgements are based on under-
lying experience from the motion tracking, but
the scoring is only from a simple unmarked test,
making the process of measurement much
cheaper and quicker.

Recent Trends in Outcome
Assessment

Pattern Recognition: With the rise of complex
multifunction prosthetic hands and the reduc-
tion in the size and power consumption of com-
puters, the long awaited clinical use of Pattern
Recognition (PR) of EMG signals has begun.
The earliest assessments of the technique came
from the theoretical fields and used recognition
rates and error rates to measure performance
when selecting a mode (such as a grip) [52]. A
rate of 95% would have been considered
exceptional in this theoretical circumstance.
Researchers in any other area where PR was
studied would have considered the work a com-
plete success and moved on to new areas of
study. However, as it represents a 1 in 20 fail-
ure, it was clearly not nearly good enough for
practical prosthetic applications.

At this time theoretical trials based on the idea
of achieving a target were employed. Fitts’ law
seeks to measure the way a person achieves a tar-
get and has the potential to be a more practical
approach [53]. It studies the time a subject takes
to get to a target, or the way an operator might
fail to get to the target. This is a measure based on
an idea of usable performance. For example, it
might be possible to get to a target every time, but
if it always takes a long time to do so, then the
controller is not going to be used in real prosthet-
ics. If when one tries to get to a target quickly one
overshoots and so has to repeatedly come back to
the target in the opposite direction, the person
might instead choose to move more slowly and so
not to overshoot. Fitts’ law testing not only mea-
sures the time but the quality of the movement to
the target, so the number of overshoots will be
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factored in as well as the speed to the target. Fitts’
law has been used in many fields to measure tar-
get acquisition, from computer mouse use to real
weapons training.

Ultimately for a practical subject such as pros-
thetics, the actual use of the device is more rele-
vant, so that Pattern Recognition tests are now
used in conjunction with manual tasks. One cho-
sen was the clothes peg relocation test (see
above). This reflects its movement from a
laboratory-based idea to a clinical solution. When
used with PR, it originally was a computer-based
simulation of the test. In this form it was used
simply to measure how fast a user can achieve
different control modes. When moved to the real
world, it revealed when the user cheated and
applied humeral abduction and adduction [24]
rather than prosthetic joint movement, but it can
also show if the controller was disturbed by shifts
in the socket location. When the arm is raised to
place the peg at the top of the bar, or to remove
the peg to bring it down, the prosthesis may shift
on the arm/shoulder of the operator and if so the
EMG signals will change. The question is: Will
the performance of the controller be affected? If
the controller program is not robust enough to be
useful in the real world, the settings will change
and the control of the arm will be affected detri-
mentally; perhaps they will not be able to let go
of the peg. If the controller can compensate for
these changes, then it might be ready for genuine
clinical application.

Cognitive Load: One area that promises to
reveal considerable information about the way
people use their limbs is through the measure-
ment of the cognitive load. Cognitive load is how
much concentration an operator needs to apply to
control their limb. We achieve the level of dexter-
ity we have with our bodies, in part at least, from
the amount of practice we devote to learning to
use our bodies as we grow. It is for this reason
that we can conduct most routine operations
without seeming to think about what we are
doing. It is only when we try and learn a new
skill, or are injured, we discover quite how hard
many actions are to do and how long it takes to
adapt. Routine practiced actions with our domi-
nant hand take very little effort to perform, but

the same task with the other hand requires effort
and concentration. When we perform activities,
we use a range of our senses without realising it;
using a prosthesis generally employs only some
of the senses and other senses in different ways.
If it is always hard to control a prosthetic limb, it
will always need a greater amount of cognitive
effort to use. One consequence of the greater
effort is that it will be less likely that the arm will
be used routinely. So measuring the cognitive
load needed when a user controls their prosthetic
limb is something that may tell us about how
good a particular control strategy or limb design
is, compared with the conventional systems. It
has potential to unlock the question of how effec-
tive a new prosthesis is.

Early attempts to measure load use the dual
task paradigm [54, 55]. These attempts were
unsuccessful because the tools were either inap-
propriate or unrepeatable. The tests employed
tools that were based on memory or specific cog-
nitive abilities, which were not universal across a
population. Any system that variable cannot eas-
ily produce results standard enough to be useful
in comparisons across a population [3].

For example, the basic concept for a dual task
test is that a person only has a limited ability to
process all the information needed to perform a
task. If they perform two tasks separately, they
will be able to achieve a certain level of compe-
tence in each. If they then perform the two tasks
together and the amount of combined mental
effort is more than they are capable of expending,
the combined performance is less than the sum of
both tasks alone, as both will be completed more
slowly or less efficiently as the subjects divide
their attention. This means that the impact of one
task on the other becomes measureable, by
observing a drop in performance. This paradigm
fundamentally depends on the assumption that
there are finite metal resources to process the
information and act on it and the resources are
similar across the population.

A simple example of its use is if the task is
walking in different footwear. The first shoes
are flat and the second are high heels. Without
practice walking in heels is harder, so one
would expect that the habitual users of heels
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would be less affected by using them than
strangers to the task.

An experiment to measure this would be to
have the subjects walk a fixed length and time.
Then a second task is chosen to occupy their
minds (counting backwards from 100 in sevens).
This second task is performed for a fixed length
of time, and the number they get down to is
recorded. They are then asked to walk and count
at the same time, and both the time to walk and
the number they get to are recorded. Both should
be lower than the solo runs. However, some sub-
jects could concentrate on the counting and get to
the same number and just walk more slowly. So
the eventual score has to be derived from both
numbers, i.e. the impact of the primary on the
secondary and vice versa. If now the flat shoes
are swapped with heels, and the solo footwear
test and the combined runs are performed again,
then a new score will be derived, and an idea of
how much harder it is for the two groups, wearers
and non-wearers, will be apparent. The impact on
the scores of the habitual wearers will be small,
while that of the non-wearers would be substan-
tial. Two things will be measured; how much
harder it is to walk in heels and how effective
practice makes on wearing heels.

For a prosthetic task: One task is using a pros-
thetic hand (primary task) to perform some
actions, and the secondary task is chosen that
occupies the subject. Then repeating the test
using a different (easier) prosthetic controller
design would result in less impact on the perfor-
mance. So if it was half as easy to do the task
with the new controller, then the scores would go
up as the subjects would more easily do each
task. The difference measured in the second cir-
cumstance would be lower, and this would indi-
cate this reduced impact with a better score. A
lower score indicates an easier more subcon-
scious controller.

Standard psychology literature uses visual
displays for distracting tasks, such as spotting
words in a list that do not match. Clearly this is
not practical if the task being tested is employing
a hand to perform grasping tasks. Alternatively,
psychologists commonly use a mental arithmetic
test as suggested above [56, 57]. However, the

level of difficulty of these tasks is important. If it
is too easy, it will not affect the score and will be
of no use. The alternative of it being too hard to
complete also makes it useless. The level of dif-
ficulty depends on the individual subject, and for
a universal test, this is a drawback. Of even
greater concern is that for psychology experi-
ments the population of subjects are often under-
graduate students and so are quite uniform in
their abilities and backgrounds. They are far
more likely to be comfortable with simple arith-
metic than the general population. When the sub-
jects are prosthesis users, this is a much broader
population; some users might even be intimidated
by mental arithmetic. Such subjects will either be
unable to complete the task or they will withdraw
in fear of being embarrassed by their inability. So
despite these methods being well used and under-
stood in theoretical fields, they cannot be readily
transferred to prosthetics.

An alternative way to measure the cognitive
load is the use changes in the brainwave signals
when presented with something that does not
make sense. This is the timing of evoked poten-
tials during the task execution change when pre-
sented with phrases that make sense (the boy runs
the block) compared with a phrase that makes
grammatical sense but is nonsense (the boy runs
the apple). The time the brain needs to process
the information increases if it is nonsense. This
difference can be seen in the recorded brainwave
signals. An example of its use in prosthetics is in
Deeny [58]. The disadvantage of this method is
that it is far more invasive; it uses electrodes on
the skull of the subject to record the signals. This
limits its use to the more engaged volunteer with
more time to give to the experiment.

A third approach is to use visual attention as a
surrogate for cognitive load. The gaze of the sub-
jects is monitored while they perform tasks with
the prosthesis. The essential idea is that if they
look in the same way at the same time as the
unimpaired population, then the hand is easy to
control. If they are distracted and they need to
look elsewhere when they are performing manual
tasks, then the prosthesis is less easy to control.
This test has the advantage that the person’s
visual attention is very much part of the real-world
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operation of a prosthesis, so the results are more
likely to reflect what happens outside the lab.

Results suggest that prostheses are not used in
any way that is similar to the natural limb.
Unimpaired users tend not to look at the task, but
ahead of the hand, where it will be next in the
task sequence. Such as the object that will be
picked up as they move the hand to the object,
and as soon as the hand makes contact, they gaze
jumps to where the object is going to be moved
to. What they don’t do is look at the hand all the
time the hand is moving to the object. Studies
show that the prosthesis users look more at the
hand than at the target [8, 59, 60]; they follow the
hand and do not look at where it is going.

When the task needs a focus, such as pouring
from a jug, then attention for the subject needs to
be on the water being poured; the unimpaired
person would look at the spout and the water. The
prosthesis user needs to switch attention between
the place where they are holding the jug to make
sure the grip is secure and the stream of water.
These two behaviours are clearly seen. In the
future the question this tool might be able to
answer is the impact of feedback (either extra
artificial or through a body-powered harnessing)
on how and where users look at a task.

Eye tracking is commonly used in a range of
fields from advertising to driver distraction; the
technology has advanced so that the cameras that
record the activity are very small and the result-
ing system resembles cool-looking spectacles.
One camera (the scene camera) records the view
the subject sees, and a second camera looks at the
eye of the subject and a calibrated computer
infers where the person is looking. Studies from
Sobuh [60] use only a two-dimensional set-up
where the point of regard (where the person is
looking) is mapped onto the two-dimensional
image from the camera. Analysis of the data is
slow, as the standard way to analyse such data is
for an experienced observer to segment the data,
by stepping through every frame of the data
determining where the person is looking and
recording it manually. Progressing beyond this
will require the computer to recognise what the
person is looking at, a difficult task that has occu-

pied many computer engineers for decades. Popa
[61] adopted an intermediate stage by using a
recognisable set-up (a SHAP task) to limit what
was being analysed. Only the simplest analysis
was required (the colour of the object and its
position within the frame) to identify what was
being observed. This represents only a stage in
the evolution of the technology. Herbert et al.
have a binocular system that allows them to
reproduce the focus of attention in three dimen-
sions, so in a calibrated workspace they can more
simply determine what the subject is looking at
automatically [62, 63].

Future Trends: The Participation
Domain

As the measurement systems became more com-
pact and ubiquitous, it is becoming easier to
objectively measure matters that fall within the
Participation domain so we do not have to rely on
questionnaire alone. The production of compact
activity monitors for the personal fitness industry
has created an opportunity to directly measure
the activity of the limb a prosthesis is on, or con-
tralateral limb [8]. Results are providing insights
into the way people use their limbs.

The activity monitors show tendencies that
might not have been expected. A simple predic-
tion might be that the prosthesis would be hardly
used at all, being only employed as the non-
dominant hand. In bilateral measurement of
activity, the arm carrying the prosthesis had lev-
els of activity closer to the natural than might
have been expected [8]. What was not clear from
this set-up was if the results were due to ‘bal-
anced’ activities, such as swinging one’s arms
while walking, rather than more active bimanual
tasks, where the prosthesis was used in a domi-
nant manner. This information can only be
achieved by monitoring the use of the prosthesis
very closely, using other tools.

Chadwell also undertook other measurements
of Activity and Function with one of the largest
cohorts of users to be included in a study such as
this [8, 32]. What was perhaps the most signifi-
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cant result from a professional standpoint is that
there was little support that the lab-based
functional scores relate to prosthesis use in the
field. This would suggest that measurements in
the Participation domain need to be made and
these measures need to capture more detailed
information about real prosthesis use.

One promising development in this direction
is that it is possible to wear a camera that is small
enough to not be a burden and has the storage
capacity to make the study potentially represen-
tative of true Participation. However, one factor
that will continue to raise concerns is subject
confidentiality. A decade or more ago, the idea of
carrying a camera to record all one’s actions
would have been considered impractical, fantas-
tical and an intolerable invasion of one’s privacy.
With the rise of cameras for self-filming sports,
activities or one’s driving, this means that people
are happy to wear cameras and are very ready to
share their results. Even so the cameras have the
potential to invade subjects’ privacy; as a profes-
sion we will need to be sure to find suitable solu-
tions to this problem.

Aaron Dollar and colleagues at Yale have pio-
neered this research for prosthetics. The early
work has come from studying the way that intact
subjects perform complex tasks [64]. For this
reason they have classified each action and the
subtlety of every grasp. This has required a com-
plex taxonomy of grasps, with passive use,
single-digit and multi-digit grasps [65]. The anal-
ysis of which is a very long process. It is very
similar to eye tracking analysis in that it needs an
operator to segment the data up into individual
actions and grasps. The disadvantage of this is
that they will need a considerable amount of data
to be recorded and analysed in order to be able to
say anything definitive about routine grasping or
how a particular group of users or prostheses
designs impact on the way functional everyday
handling is performed. The questions they will be
able to answer are matters such as how much the
prostheses are used at all and how much of this is
passive pushing and pulling, even with allegedly
‘active’ mechanisms. At the time of writing, the
results of the analysis are not yet available.

A trend in the last few years to start to try to
understand the underlying processes of cognitive
function and cognitive ability needed to use a
prosthesis. This welcome trend stops treating the
users as all the same and brings research to the
sort of individualised treatment of the user that
the clinic has always sought to achieve.

Users come from a wide range of social
groups, but one group that is over-represented
within the acquired loss population are young
men. These are the individuals who are more
likely (but not exclusively) to be undertaking
more risky and physical jobs or activities (such as
soldier, labourer or motorbike rider). Many will
be suffering from multiple traumas that might
impair their cognitive function in a way that
impacts on their use of prosthetic limbs. This is
one area that is beginning to get greater interest
from the profession, and we can expect better
information on it in the coming years. This, of
course, requires a totally different set of measure-
ment tools. The questions concerning psychol-
ogy and the testing of this, area are beyond the
scope of this chapter.

Conclusion

The choice of the measurement tool and the items
to be measured is a matter that needs to be care-
fully considered. The expectation that one tool
will cover all aspects of a prosthesis fitting must
be resisted. The choice of tool should be made
with care and attention to the needs of the user
and the assessment. There are three domains of
information, and each area requires different
sorts of tools designed to measure this informa-
tion. Simple tools which produce simple answers
are easier to conduct and interpret, but they do
not measure the totality of a prosthesis fitting.
Recent years have seen a trend to increasingly
sophisticated measurements being designed and
used, and the new personal technologies of activ-
ity monitoring and self-filming are opening doors
to a new realm of measurement which has the
potential to transform our understanding of pros-
thesis use in the next few years.
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Biologic Alternatives to Prosthetic
Hand Replacement

Stefan Salminger, Johannes Mayer, Simo Vilkki,
and Oskar C. Aszmann

The population who sustains severe upper
extremity injuries is predominantly young, male,
and employed in heavy labor occupations. Limb
salvage should always be attempted if there is a
reasonable potential to restore useful hand func-
tion, but may not be appropriate in complex inju-
ries. Most traumatic amputations involve only
parts of the hand, with some remaining digits [8].
Improvements in acute trauma care and micro-
surgical techniques enable limb salvage in most
of severe hand trauma cases. Even if multiple
digit amputations are necessary, a sensate partial
hand is superior to all prosthetic options [19].
However, in some cases due to the severity of the
injury, the entire hand must be amputated. Still,
in distal amputations, there are some options for
functional biological reconstruction [21]. The
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decision on the type of reconstruction should be
made very individually fitting the patient’s needs.

Krukenberg Procedure

Before the microsurgical era, the Krukenberg
procedure was a sophisticated method for the
rehabilitation of below-elbow amputees with
long residual limbs as well as in cases of con-
genital absence of the hand [7]. The Krukenberg
procedure involves surgical separation of the ulna
and radius to provide a pincerlike grasp that is
motored by the pronator teres and biceps brachii
muscles. Prerequisites for this operation are a
stump length over 10 cm from the olecranon and
good range of motion of the elbow joint. The suc-
cess of the Krukenberg procedure depends
directly on the strength and muscle excursion of
the pronator teres and biceps muscles, the quality
and sensibility of the skin surrounding ulna and
radius, and the mobility of the ulna and radius at
the proximal radio-ulnar joint. Therefore, espe-
cially in patients with bilateral amputations, the
Krukenberg procedure offers the capability of a
sensate  pinching  forceps.  Nevertheless,
Krukenberg procedure is rarely performed in the
modern era due to its poor cosmesis. However,
the motion of radius and ulna can also be used
within a hybrid hand body-powered prosthetic
fitting, where opening of the forceps is used to
close the prosthetic hand. This offers a highly
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precise control and may be an option especially
in poor countries.

As microsurgical techniques were introduced
to surgical practice, free vascularized tissue
transfers added new options, and the Krukenberg
procedure became less popular [21]. Nowadays it
is possible to reconstruct some prehensile func-
tion using microsurgical techniques such as sin-
gle or multiple toe transfer procedures, and in
very selected cases, a hand transplantation might
be an option [14, 20, 22].

Toe Transfer for Biologic Grasp
Reconstruction

In 1983, Furnas and Achauer [4] published a sim-
ple method where a great toe was used on the side
of the radius to create a pinch grip. Vilkki then
modified this technique in 1985 using a three-
jointed second toe with a hemipulp flap from the
great toe after osteoplastic modeling of the distal
radius [20].

The prerequisites for a reconstruction with a
toe transfer depend on the length of the stump,
the relationship between remaining lengths of
radius and ulna, availability of adequate skin cov-
erage, distance to sensory nerve stumps, and,
most importantly, adequate motors to move the
transferred toe. One single toe with three joints
will need at least five motors to work properly.
Two extensors, two flexors, and the intrinsics
must be brought into balance in order to create
the necessary power and mobility to stabilize and
move the toe accurately. For adequate reconstruc-
tion of a useful sensibility, the best donor nerves
are the median and radial nerve.

The single toe is positioned 7-8 cm proxi-
mally from the stump tip. This has several advan-
tages. It will limit the need for grafts, better
sensory function is achieved, and microsurgical
anastomosis becomes easier. The second toe
from ipsilateral foot is used within the Vilkki pro-
cedure. If the radial side of the distal stump is
covered with scarred tissue of poor quality and
sensibility, a glabrous hemipulp flap or in some
cases a wrap-around flap from the great toe is

performed to provide a sensory cover or “a mini-
palm” for the opposing area of the toe. The cos-
metic appearance and function at the foot are not
disturbed if primary closure is achieved. Only a
small skin graft is usually needed in case of per-
forming a hemipulp flap.

This procedure is indicated in uni- or bilateral
hand loss patients at wrist level or with a transra-
dial stump of a minimum of 15-17 cm of ulna
length. Especially in blind amputees, this method
is able to reconstruct a sensate grasping organ,
whereas rehabilitation with prosthetics in blind
amputees will not be successful [21].

After a successful toe transfer, patients need a
comprehensive rehabilitation of several weeks or
months [20]. A protective sensation at the trans-
ferred toe will return at about 5-6 months, and
functional rehabilitation will be completed about
1-1.5 years postoperatively [21]. The power of
the reconstructed pinch grip is dependent on use
and practice; however, a pinch gauge measure-
ment over 10 kg is achievable in very successful
cases [21]. The opening of the web space is lim-
ited to about 4 cm [21]. The timing of the proce-
dure should be as early as possible after the
amputation to achieve best results. In delayed
cases, intensive pre-operative muscle training is
needed to relearn activation of the distinct muscle
and loosen possible contractions.

Toe Transfers for Congenital Finger
and Hand Amputations

The rehabilitation of children or young adoles-
cents with congenital amputations is an impor-
tant issue. Prosthetic fitting often covers
important sensory and functional surfaces of the
remaining limb, and therefore abandonment of an
expensive prosthetic device is very common. The
microvascular transfer of one or more toes is a
valuable option for biologic reconstruction of
grasping function also in congenital cases.

Even in small children a congenital hand
defect can be successfully reconstructed using
microneurovascular toe-to-hand transplantation.
This is a very effective procedure to improve
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grasping ability especially in the monodactylous
symbrachydactyly type of congenital adactyly.
Microvascular metatarsophalangeal joint transfer
can also be used to stabilize a radial club hand
after alignment correction. The recommended
age in congenital cases is from 2 to 5 years. These
complex operative procedures should be per-
formed in specialized microsurgically oriented
centers with dedicated teams in order to improve
quality and ensure effective follow-up.

Human Hand Transplantation

Vascularized  composite  allotransplantation
(VCA) is arising field establishing new treatment
strategies for patients missing various parts of
their body. Although VCA necessitates lifelong
immunosuppression with all known side effects,
hand transplantation has the unique potential to
fulfill Sir Harold Gillies principle of “replacing
like with like” as such restoring a functional sen-
sate hand [3, 13, 18]. Since 2013 hand and face
allografts are recognized as organs and therefore
listed in transplantation networks [17]. Still, hand
transplantation does not represent a live-saving
procedure; therefore, the risk-benefit ratio must
be weighed carefully and patient selection is cru-
cial [6, 14].

Since the first successful hand transplantation
in Lyon in 1998, over 100 upper extremity trans-
plantations have been performed in 26 centers
worldwide listed in the international registry on
hand and composite tissue transplantation [16].
However, there were 24 known re-amputations
due to non-compliance, bacterial infection, or
arterial ischemia, and almost every single patient
experienced single or multiple episodes of rejec-
tion [5, 16]. Although homologous limb trans-
plantation at the above-elbow level has been
performed in a few cases, the functional outcome
is questionable and not comparable with below-
elbow hand transplants. Moreover, immunosup-
pression increases the risk of systemic infection,
neoplasia, organ failure, or metabolic disorders
[3]. Additionally, combined procedures of face
and hand transplantation had to accept fatalities

as a direct consequence of immunosuppressive
medication [17].

In unilateral amputees, regardless of recon-
structive technique, the remaining healthy hand
will always have better functional capacities.
Indeed, unilateral amputees with one remaining
healthy hand, which becomes dominant, can usu-
ally perform up to 90% of the ADL [2]. The
reconstructed hand by whatever means will
always be a helping hand [1, 12, 15]. Thus,
choosing the right treatment should be dependent
on what is most beneficial for the patient with the
least risk of harm. Apart from long-lasting reha-
bilitation and inpatient treatment, the greatest
risk of allotransplantation is the immunosuppres-
sive side effects [5, 9].

A multicenter study comparing hand function
of below-elbow transplanted and prosthetic hands
with objective functional outcome measurements
showed, when only motor function is considered,
that there is no significant difference between
outcomes of these two groups [14]. Both provide
reliable and sufficient hand function for the most
relevant ADL. Still, hand transplantation repre-
sents a unique method of restoring a hand both
from functional—motor and sensory—and psy-
chosocial aspects such as the restoration of bodily
integrity, strength, and even a sense of psycho-
logical closure related to the initial traumatic
event. These factors need to be considered in the
decision-making process leading to patient selec-
tion. If immunosuppression is tolerated by the
patient along with post-operative rehabilitation,
the overall goal of restoring like with like is best
achieved with hand transplantation. Therefore, in
bilateral below-elbow amputees, the benefits of
motor and sensory restoration may outweigh the
risks of lifelong immunosuppression [10, 11, 15].
In unilateral below-elbow amputees, a prosthesis
represents a useful tool assisting the remaining
limb [1, 2]. Unilateral amputees are able to com-
pensate the majority of the functional deficit
using their healthy hand and a prosthesis [5].
Studies have shown that, given the lower risks
associated with prosthetic fitting, this represents
the standard treatment for upper-limb amputees,
especially in unilateral cases [14].
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Conclusion

Procedures such as ray amputations, polliciza-
tions, and an array of other microsurgical options
will most probably lead to a superior hand func-
tion compared to any prostheses in selected cases.
In young heavy working patients, return to work
is the primary goal. The decision on the type of
reconstruction should be made very individually
fitting the patient’s needs. Compared to biologi-
cal reconstruction, prostheses provide a stronger
and more robust grip with a shorter recovery
time. Still, at this time, providing some sensation
and tactile prosthetic feedback is in focus of cur-
rent research, however, not in clinical use so far.
Thus, especially bilateral amputees benefit of a
sensate biological reconstruction.
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Selective nerve transfers are used in biological
and bionic extremity reconstruction to restore
and improve extremity function. Here, peripheral
nerves are rerouted to various target muscles, and
thereby the structural composition of motor units
is surgically altered. Previous studies have shown
a high success rate of successful reinnervation of
above 90% after these nerve transfers. In targeted
muscle reinnervation, nerve transfers are applied
to reroute amputated nerves to more proximal
muscles in the stump and thereby increase the
number of prosthetic control signals. Because
donor nerves physiologically supply multiple
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muscles but are transferred to a single target mus-
cle, the innervation ratio between donor and
recipient is substantially altered. This changes
the characteristics of the motor unit of the target
muscles that we extensively investigated in a
novel nerve transfer animal model. In this chap-
ter, we illustrate this model, the effect of nerve
transfers on motor unit physiology, as well as the
implications on improving the interface between
man and machine in prosthetic extremity recon-
struction. In addition, first results on the effect of
targeted muscle reinnervation on human motor
unit physiology are described.
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Surgical Rewiring of the Motor Unit

The motor unit is the smallest controllable unit of
force in the human body and consists of a motor
neuron, whose axon connects to the neuromuscu-
lar junction(s) and thereby to multiple muscle
fibers, termed the muscle unit [21]. These com-
ponents of the motor unit are aligned in their
physiological properties because of neonatal
development and are termed as slow, intermedi-
ate, or fast motor units.

Slow (S) motor units comprise of muscle
fibers expressing “slow oxidative” type I myosin
heavy chain (MHC) protein, are resistant to
fatigue, and can perform constant contractions.
Contrary, intermediate, or fast fatigue-resistant
(FR) motor units express fast oxidative glycolytic
MHC 1IA, are also responsible for continuous
motions, but can perform faster movements yet
fatigue moderately. Last, fast, or fast fatigable
(FF) motor units express fast glycolytic MHC IIB
and perform rapid contractions necessary for run-
ning and jumping. Depending on the function of
the muscle, the total number of motor units and
the ratio of their subpopulations (S, FR, and FF)
varies. For example, muscles responsible for pos-
ture such as the soleus muscle or the autochtho-
nous back muscles contain a high proportion of
slow (S) motor units that are less prone to fatigue.
The small muscles of the hand comprise a high
degree of slow (S) and fatigue-resistant (FR)
motor units for precise movements and a rela-
tively higher number of motor units (in relation to
their size) in comparison to proximal stump mus-
cles as the biceps [21, 28]. The particular motor
unit composition of the hand allows wide ranges
of motion spanning from delicate to gross hand
function [9, 21, 25, 27-29, 34, 39, 40].

Surgical nerve transfers are used to reinner-
vate target muscles in extremity reconstruction
and to provide more prosthetic control signals for
myoelectric prostheses in a procedure termed tar-
geted muscle reinnervation (TMR). During these
surgeries, the motor unit components are rewired
at the axonal or peripheral nerve level, as the
donor nerve’s axons and their motor neurons are
connected to a different target muscle.
Consequently, the donor nerve reinnervates dif-

ferent neuromuscular junctions and muscle
fibers, which may alter the motor unit’s physio-
logical properties [28]. Despite the routine clini-
cal use of nerve transfers for the past decades [2,
4, 10-14], their effects on the motor unit have
been relatively unknown.

Previous studies have used the hind limb of
rats, cats, and rabbits as experimental model, to
investigate the effects of cross-innervation using
antagonist donor nerves [1, 38, 36]. These studies
indicate that when one or multiple antagonistic
donor nerves are redirected to a target muscle
with less motor units, this can result in hyperin-
nervation of the target muscle by a higher number
of motor units. However, this quantitative change
in motor unit numbers may result in further cur-
rently unknown effects on the target muscle and
motor unit’s physiology and consecutively their
functionality. Therefore, we decided to extend
the investigation to all levels of the motor unit in
a clinically relevant experimental model. As the
majority of nerve transfers and TMR procedures
are used in upper limb reconstruction [2, 3, 31,
32], it became necessary to develop a more real-
istic model in the smaller anatomy of the rat fore-
limb. This is especially relevant, as both
antagonistic donor nerves and the lower extrem-
ity perform significantly different than the clini-
cal standard of agonistic nerve transfers in the
upper extremity. The lower extremity provides
mostly antagonistic donor nerves and therefore
requires more complex cognitive rewiring, which
may also explain the clinically unfavorable
results and minor use in the lower extremity [37].

In this chapter, we present investigations on
the phenomenon of hyper-reinnervation, defining
the reinnervation of a target muscle with a higher
axonal load than its original motor branch, as pre-
viously described by Kuiken et al. in a hind limb
model [26]. Further, we investigated the effects
of nerve transfers on the motor unit levels using a
novel experimental model and established struc-
tural and functional assessments. This chapter
also explores the implications of these effects for
optimizing the surgical technique for both bio-
logical reconstructions and improving the man-
machine interface for bionic reconstruction
(Fig. 9.1).
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Fig. 9.1 Motor unit composition: Motor neurons are
located in the anterior gray column of the spinal cord.
Their axons descend grouped with other axons as periph-

Experimental Nerve Transfer Model

Most experimental nerve transfer models rely on
the hind limb due to its bigger anatomy [18, 26,
35]. The forelimb model has only been applied
for the specific use in brachial plexus reconstruc-
tion [22, 30, 48]. Only one study has addressed
the need to specifically investigate the effects of
TMR experimentally, although with the limita-
tions of using a rabbit model [24]. Based on the
standard rat hind limb model for neuromuscular
studies [15, 44, 47], we established a nerve trans-
fer model in the rat forelimb to investigate the
effects of nerve transfers on the motor unit [6].
Contrary to the standard hind limb model, the
forelimb model provides a more realistic simula-
tion of the clinical application of nerve transfers
and especially TMR, regarding the ability to use
an agonistic donor nerve while providing consis-

eral nerves to the target muscles (Courtesy of Oskar
Aszmann and Jeanette Schulz’)

tent anatomy [6]. Furthermore, significant physi-
ological and anatomical differences exist between
the fore- and hind limb in both humans and rats,
regarding muscle fiber types, motor unit num-
bers, motor unit populations (slow, intermediate,
fast), and cortical representation [8, 33, 45, 46].
Based on current nerve transfer matrices for
TMR and the Oberlin/Mackinnon nerve transfer
procedure [31, 32], in this model (see Fig. 9.2),
the ulnar nerve is transferred to the lateral head of
the biceps.

Due to the size of the donor nerve and its tar-
get, the surgery is performed using a surgery
microscope, microsurgery instruments, and 11-0
sutures. For the nerve transfer procedure, the
upper extremity is exposed using a Z-shaped skin
incision from the pectoral muscle to the humerus’
medial epicondyle. After blunt mobilization, the
venous connection between the brachial and
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Control:

MCN nerve

fascicle

Fig. 9.2 Nerve transfer model: The nerve transfer proce-
dure is performed on one side, whereas the other serves as
internal control for structural and functional analyses.
During the surgery, the ulnar nerve is dissected and trans-
ferred to the lateral head of the biceps instead of its origi-

cephalic vein is electrocuted and removed to
allow exploration of the biceps motor branch.
The pectoral muscle is retracted for maximum
exposure, and the ulnar nerve is dissected from
its proximal origin to the medial epicondyle. As
shown in Fig. 9.3, the ulnar nerve is now cut dis-
tally close to the medial epicondyle and mobi-
lized to the origin from the brachial plexus’
medial cord to gain sufficient length (approx.
1.5 cm) for the nerve transfer. In between the
biceps’ two heads, the motor branch of the
biceps’ long head is resected from the muscular
insertion to its origin from the musculocutaneous
nerve. The ulnar nerve is neurotized to the epi-
mysium of the motor branch’s insertion point via
two epineural 11-0 sutures.

Postoperatively, animals are allowed to move
freely, and no restrictions are imposed. Similar to
other experimental nerve surgery models, analy-
ses were performed 12 weeks after surgery to
allow for complete reinnervation. From our expe-
rience, the nerve transfer surgery does not signifi-
cantly affect the use of the limb in daily activities,
and visual examination showed almost normal

Mototr neurons

Nerve Transfer:

Lateral head of biceps

Multiple
fascicles

Ulnar nerve

nal motor branch. This concept is similar to biological
reconstruction such as the Oberlin transfer for elbow flex-
ion or common targeted muscle reinnervation transfer
matrices to improve prosthetic control

Shoulder

Lateral
head

Elbow

Fig. 9.3 Anatomical study of the nerve transfer proce-
dure: (a) The ulnar nerve is harvested distally and trans-
ferred to the lateral head of the biceps instead of its
original motor branch. (b) Intraoperative situs after 12
weeks when the nerve has successfully reinnervated the
lateral head of the biceps (Image from Bergmeister KD
et al., used with permission [6])
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gait except for partially lost lumbrical function.
In about 5% of animals, small ulcers occur on the
forelimb’s fifth digit as a result of sensory dener-
vation of the ulnar nerve and self-mutilation.
These typically heal within days after the initial
surgery under conservative treatment.

This model can also be adapted to study nerve
transfers in neonates as used, for example, in
obstetric brachial plexus lesions, where nerve
transfers are used to reroute intact nerve function
to more important extremity function. Due to the
high neonatal plasticity, the effects of these trans-
fers may substantially vary compared to adults
and are therefore of special interest. A model was
created using the above nerve transfer procedure
in neonates within 24 h after birth. Due to the
delicate nerve structures in neonates, fibrin glue
is used instead of sutures to neurotize the trans-
fer. Importantly, a special dam preconditioning
protocol and special considerations concerning
anesthesia are required to ensure surviving of the
neonate rat.

Experimental Effects of Nerve
Transfers

In our studies, several effects occur on all motor
unit levels following the neuroanatomical rewir-
ing of nerve transfers. Most importantly, the
hyper-reinnervative nerve transfers used in TMR
and many biological reconstructions lead to excel-
lent functional muscle reinnervation and change
the motor unit composition both structurally and
functionally on all motor unit levels [5, 6].

Based on the forelimb model described above,
we performed analyses of the course of reinner-
vation after hyper-reinnervative nerve transfers
and used functional muscle assessment with pro-
gressive electrical stimulation to estimate the
number of reinnervating motor units.

This assessment showed that high axonal load
nerve transfers lead to a high degree of muscle
force regeneration that was not statistically dif-
ferent compared to not operated control animals
at 12 weeks [5, 6]. Furthermore, smaller isolable
motor units (average motor unit force) were iden-
tifiable, and additionally approximately 10-15%

more motor units were estimated in the target
muscle compared to the contralateral control
side. Retrograde labeling of the target muscles
confirmed hyper-reinnervation suggesting an
increase of about 70% more motor units. Hence,
these analyses illustrate a structural and func-
tional hyper-reinnervation of the target muscle
that resulted in the formation of smaller motor
units. Interestingly, the donor nerve provided a
total close to 300 motor neurons for possible
reinnervation, but approximately only one fifth
innervated the target muscles. The remaining
motor units of the donor nerve’s motor neurons
contributed to the formation of a neuroma at the
insertion of the nerve into the muscle, as was evi-
dent in multiphoton microscopy. These effects
presumably resulted from axons not finding suf-
ficient neurotrophic support for making sufficient
contact with the muscle’s neuromuscular junc-
tions, representing an axonal surplus exceeding
the muscle’s maximum innervation capacity.
This was also confirmed by labeling of motor end
plates, where we did not find any denervated or
polyinnervated motor end plates [5] (Fig. 9.4). In

Fig. 9.4 Muscle fiber innervation after the nerve transfer:
The donor nerve’s axons (green) reinnervate the neuromus-
cular junctions (light red circular formations) and thereby
innervate muscle fibers (red) [41] (Sample, 300-pm longi-
tudinal cross-section of Thy1-GFP rat, stained with alpha-
bungarotoxin for neuromuscular junction staining. Bar,
20 pm. KD Bergmeister). (© Konstantin Bergmeister)
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this regard, it is important to note that previous
studies not using hyper-reinnervative nerve trans-
fers showed less success in muscle force regen-
eration compared to direct repair, highlighting
the impact of hyper-reinnervation for successful
reinnervation via nerve transfers [43].

Also, sensory axons that make up a high por-
tion of the ulnar nerve contributed largely to the
neuroma as they did not find a target organ, e.g.,
denervated skin to reinnervate [20]. However,
prior studies have shown that nerve transfers after
neuroma resection into intact muscle result in the
formation of atypical intramuscular neuromas
without the typical pain [16, 17]. This finding
was also confirmed in an experimental TMR
model in rabbits [24]. Therefore, we assume that
the surplus of the nerve unable to innervate the
muscle leads to the formation of neuromas but
without the typical neuroma pain. This finding is
in accordance with clinical observations that
TMR does not result in the development of neu-
roma pain [42]. Likewise, an experimental study
indicated that TMR favorably alters the histo-
morphometric characteristics of nerves after neu-
roma resection by decreasing myelinated fiber
counts and increasing their fascicle diameter in
the transferred nerves [24]. TMR may, therefore,
prevent the formation of painful neuromas and

K. Bergmeister et al.

may instead be a viable treatment option for neu-
romas [16, 42].

A further effect of nerve transfers resulted
from rerouting motor neurons of different physi-
ological properties to the target biceps muscle,
which thereby changed muscle fiber types after
reinnervation. Whereas control biceps samples
showed a regular pattern of predominantly fast
(fatigue-resistant) fibers, this pattern changed
substantially after the nerve transfer with the
main portion of fibers switching from fast to
intermediate. The small portion of slow fibers
remained constant even after the nerve transfer
and visually in the same location. Although this
might initially result from the fiber denervation
during the nerve transfer procedure, the effect
remained constant with a more vivid expression
of the fiber types at 6 and 12 weeks. In compari-
son, this pattern is similar to muscles naturally
innervated by the ulnar nerve, as, for example,
the third lumbrical muscle at the rat’s paw, which
almost exclusively consists of slow and interme-
diate fibers as shown in Fig. 9.5.

In summary, the nerve transfers used in TMR
lead to excellent functional muscle reinnerva-
tion/regeneration and change the motor unit
composition. Following the nerve transfer, the
muscle is hyper-reinnervated by the axons of the

Fig. 9.5 Muscle fiber populations after nerve transfers:
During the nerve transfer, axons of a different motor neu-
ron pool are rerouted to different target muscles. Due to
different physiological properties of the reinnervating
motor neurons, the target muscle fibers change their pro-
tein expression to represent the physiological properties
of the reinnervating motor neuron. (a) The control muscle

is shown with predominantly red fast myosin heavy chain
fibers. (b) After the nerve transfer, the proportion of green
intermediate fibers is significantly increased. (¢) This is
similar to the original target muscles of the donor ulnar
nerve as, for example, the lumbricals that consist mainly
of intermediate fibers. (© Konstantin Bergmeister)
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larger motor neuron pool of the donor nerve.
Consequently, muscle fibers adapted to the
physiological properties of these reinnervating
motor neurons, and the physiological motor unit
integrity was restored. These results illustrate
that targeted muscle reinnervation can surgi-
cally alter the motor units of target muscles in
terms of possibly finer controllability or restor-
ing lost nerve function in anatomically different
target muscles.

Clinical Impact Experimental studies have
shown several neurophysiological effects that
take place during nerve transfers or TMR and
their subsequent reinnervation in animal models.
These studies provide insights not only on neuro-
muscular physiology but also on potential refine-
ments of the surgical techniques (e.g., optimal
donor-to-recipient ratio) as well as on possible
interface improvements for the control of pros-
theses. However, these experimental neurophysi-
ological and anatomical analyses cannot be
performed in humans. Instead, EMG technology,
as used for prosthetic control, can be used to
assess voluntary muscle function and thereby
assess long-term neuromuscular effects [19]. In a
clinical study performed in TMR patients, it was
shown that the reinnervation by an increased
motor neuron number results in a higher number
of smaller functional motor units in humans, sim-
ilar to the effects found in animal models [23,
26]. Due to this hyper-reinnervation, targeted
muscles could potentially be controlled in a finer
way than with their original innervation.

Furthermore, surface EMG analyses detected
different characteristics of reinnervated motor
units following TMR compared to the able-
bodied controls. Here, overall smaller surface
areas and shorter action potential durations were
detected. This might result from the target mus-
cle being reinnervated by physiologically differ-
ent motor neurons of the donor nerve [23]. The
change of muscle fiber MHC expression after
TMR found in animal trials, likewise, indicates
that the target muscles undergo profound neuro-
physiological changes due to the different rein-
nervating motor neurons (Fig. 9.5).

Currently, the full extent of hyper-
reinnervation in humans and its potential benefit
on the prosthetic interface is not yet completely
explored. Further investigations are undergoing
in several study groups regarding cortical reaffer-
entiation, spino-cortical remodeling, and the
effects of nerve transfers on motor unit in humans.

Conclusion and Perspective

In conclusion, this chapter describes the rele-
vance of motor unit structure and function for
surgical nerve transfers and their implications
for biological and bionic extremity reconstruc-
tion. It summarizes the status quo of investiga-
tions regarding the effects of the nerve transfers
on the motor unit and experimental models. We
show that following high-capacity nerve trans-
fers, hyper-reinnervation of the target muscle
occurs and increases muscle functionality and
controllability. In the future, it will be of great
interest to identify the optimal donor to recipi-
ent axon ratios for nerve transfers and thereby
refine this surgical technique and reroute sur-
plus axons to other muscle targets. Using the
high EMG sensitivity of modern implantable
EMG systems (as described in Part V), these
improved signals could be reliably recorded to
provide a high number of intuitive muscle sig-
nals [7]. Therefore, understanding the effects of
nerve transfers on the motor unit provides an
essential foundation to improve and refine the
function of prosthetic interfaces, which could
eventually lead to improved nerve transfer pro-
cedures and thereby handlike prosthetic func-
tion in upper extremity amputees [7]. In
addition, these investigations will evolve our
understanding of motor unit plasticity, structure,
and physiology [19].
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Above-elbow or even shoulder-level amputations
pose a major disability leading to a challenging
prosthetic replacement [5]. Although homolo-
gous limb transplantation at the above-elbow
level of amputation is possible, the functional
outcome is questionable, and the risks of immu-
nosuppression still remain high; thus prosthetic
limb replacement represents the standard of care
up to date [13, 14]. However, conventional myo-
electric control limits speed and natural fluency
of movements; thus selective nerve transfers are
used to multiply myoelectric sites and enhance
prosthetic control.
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Targeted Muscle Reinnervation

Until the advent of targeted muscle reinnervation
(TMR) technique, prosthetic function for upper
arm amputations was poor [5, 7]. Conventional
myoelectric upper arm prostheses are operated
via two surface electrodes that are controlled by
two separately innervated muscle groups. The
various prosthetic joints are chosen by co-
contractions and controlled linearly by these two
muscles. To overcome these limitations, in TMR
surgery, amputated nerves of the brachial plexus,
median, ulnar, musculocutaneous, and radial
nerve, respectively, are selectively transferred to
the remaining stump muscles to create up to six
myosignals for intuitive and simultaneous con-
trol of the different prosthetic joints [7]. In this
way, an efficient and more harmonious control of
the prosthetic device is possible without the need
to change between the different prosthetic joints
[1]. At the same time, possible neuromas are
treated or prevented, and painless wearing of the
prosthesis may be achieved [16].

Surgical Technique

The surgery is performed under general anesthe-
sia without muscle relaxation (so motor nerves
can be stimulated), in a supine position with
moderate elevation of the shoulder. The stump is
circumferentially prepared and the head slightly
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turned to the opposite side. Depending on the cir-
cumstances of the accident, the surgery begins
with a supraclavicular exploration of the brachial
plexus. Especially after high-velocity trauma and
potential traction injuries of the brachial plexus,
it is important to evaluate and also treat possible
proximal nerve damage. If the nerve lesion does
not affect the residual muscles of the stump, time
is not an issue in contrast to conventional brachial
plexus reconstructions, as nerve transfers rein-
nervate healthy muscles. In patients were the
amputation stump is paralyzed, timely brachial
plexus reconstruction is mandatory as can be
seen in the case below.

In above-elbow amputees, through a medial
approach reaching into the axillary fold, the
median, ulnar, and musculocutaneous nerves are
prepared and dissected. The motor branches to
the medial and lateral head of the biceps and to
the brachial muscle are identified. Dissection and
separation of the different branches is important,
and stimulation of the different branches should
only provoke twitches in the targeted muscles
selectively. Once the target muscles with their
branches are identified, the short head of the
biceps muscle is detached from its origin at the
coracoid process to displace it to the medial distal
aspect of the stump and separate it clearly from
the long head of the biceps. To maximize the
amplitude and separation of electromyographic
signals, a subcutaneous fat flap is placed between
the short and the long head of the biceps in above-
elbow amputees [5]. Furthermore, subcutaneous
fat over the targeted muscles is thinned to maxi-
mize electromyographic amplitude [8].

According to the anatomical prerequisites, the
nerve transfers are performed after microsurgical
preparation and exploration of all donor nerves

be neurotomized at least to a level of palpable
and healthy-appearing fascicles. With accurate
and individualized planning, a primary tension-
less coaptation can be achieved even in patients
previously treated with neuroma resections.
Howeyver, a standard nerve transfer scheme has
been established which has been used in most of
the patients (Table 10.1).

Through a second lateral incision, blunt dis-
section between the triceps heads is performed,
to separate and displace the lateral head. The
branch to the lateral head is further dissected, and
the distal radial nerve is followed until the end-
bulb neuroma has been identified. In patients
with long stumps and the presence of the proxi-
mal brachioradialis muscle, the distal radial nerve
can be split intraneurally into two parts—one to
reinnervate the lateral head of the triceps and one
to reinnervate the brachioradialis muscle. These
separate signals will allow separate prosthetic
hand opening and supination.

In shoulder disarticulation amputees, the
existing amputation scar is opened to expose the
pectoralis major muscle as well as the underly-
ing plexus of pectoral nerves from laterally to
medially. On the deep surface, the single muscle
branches originating from the superior, middle,
and inferior pectoral nerves to the clavicular,
sternocostal, and abdominal part of the pectora-
lis muscle as well as the pectoralis minor mus-
cle can be identified, prepared, and stimulated
individually [2]. At this amputation level, the
median, ulnar, musculocutaneous, and radial
nerves are typically embedded in scarred tissue.
Extensive neurolysis has to be performed to
separate the individual nerves. The dissected
nerves can be identified based on their relation-
ship to the axillary artery. Within this prepara-

and their new targets. The donor nerves have to tion of the entire brachial plexus, the
Table 10.1 Nerve transfers at the above-elbow level of amputation
Targeted muscles Nerves Prosthetic function Innervation
Biceps long head Musculocutaneous Elbow flexion Original
Biceps short head Ulnar Hand close Transferred
Brachialis Median Pronation Transferred
Triceps long and medial head Radial Elbow extension Original
Triceps lateral head Split deep radial branch Hand open Transferred
Brachioradialis Split deep radial branch Supination Transferred
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thoracodorsal and suprascapular nerves are also
identified. The latissimus dorsi and the infraspi-
natus muscle serve as additional targets to the
pectoralis major and minor muscles. To achieve
maximum distribution of the different muscle
signals, the pectoralis minor muscle is detached
from its origin and mobilized pedicled on its
vascular supply toward the mid-axillary line. In
most cases, a standard nerve transfer scheme
can be used (Table 10.2). At this amputation
level, electromyographic signals are well dis-

tributed on the chest and back, and no additional
separation or interpositional adipofascial flaps
are necessary (Fig. 10.1).

For all nerve transfers, the motor branches of
the targeted muscles are transected close to the
muscle to achieve a short regeneration time. The
proximal part of the motor branches is transected
a few centimeters back and buried deep to pre-
vent it from reinnervating the targeted muscles.
All nerve transfers are performed under loupe
magnification in an end-to-end fashion using 8-0

Table 10.2 Nerve transfers at the shoulder disarticulation level of amputation

Targeted muscles Nerves Prosthetic function Innervation
Pectoral major clavicular part Musculocutaneous Elbow flexion Transferred
Pectoral minor Ulnar Hand close Transferred
Pectoral major sternocostal part Median Hand close/wrist rotation Transferred
Pectoral major abdominal part Median Wrist rotation Transferred
Latissimus dorsi Radial Elbow extension Transferred
Infraspinatus Deep radial branch Hand open Transferred

Fig.10.1 Schematic
illustration of the nerve
transfers and the signal
pickup in a shoulder-
disarticulated patient.
(© Aron Cserveny for
Oskar Aszmann)
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or 9-0 nylon sutures and fibrin glue. The distal
neuromas are not excised, as this would necessi-
tate additional and not beneficial further
dissection.

Indications and Adapted Concepts

The ideal patient for TMR surgery has a history
of a sharp amputation without traction or soft tis-
sue injuries [11]. In these cases, the brachial
plexus should be intact, the residual muscle
healthy, and the nerves sufficient length to facili-
tate transfer. In above-elbow amputees, 50-70%
of the normal length of the remaining humeral
bone are necessary to achieve best prosthetic fit-
ting and functional outcome [10, 12]. Preferably,
the remaining joints should reveal full range of
motion. Additionally, the patient should be moti-
vated and cognitively capable for the time-
consuming rehabilitation process.

There are, however, patients who do not fit
these standard inclusion criteria who can still be
candidates for TMR and myoelectric prosthetic
usage. For patients with a short above-elbow
stump, lack of muscles at the stump region, soft
tissue deficits, or brachial plexus injuries, treat-
ment concepts such as adapted nerve transfer
schemes and additional soft tissue surgery allow
improved prosthetic function.

Brachial Plexus Injury

A 24-year-old male who suffered a car accident
resulting in an above-elbow amputation and
infraclavicular brachial plexus injury of his left
arm offers an illustrative case on adaptive nerve
transfer. He was referred to our clinic 4 months
after the injury with a complete palsy of his left
residual limb with only limited motion in the
shoulder joint and suspected damage of at least
the axillary, radial, and musculocutaneous nerve.
Brachial plexus reconstruction had not been
attempted.

Four weeks after initial presentation, brachial
plexus reconstruction and selective nerve trans-
fers were performed. The supraclavicular explo-
ration showed all roots in continuity, though only

the pectoralis major and latissimus dorsi muscles
showed response to electrical stimulation. The
infraclavicular exploration revealed the axillary,
radial, and musculocutaneous nerves embedded
in massive scar tissue. There was no response to
stimulation distal to the deltoid muscle. Through
an additional incision on the medial aspect of the
stump, the different nerves could be identified
and dissected proximally into the scar tissue.
Median and ulnar nerves, now without distal tar-
gets, seemed to be unaffected. Therefore, the
ulnar nerve was used as a graft to reconstruct the
musculocutaneous and the axillary nerves. After
complete neurolysis of the radial nerve, the long
head of the triceps showed slight response to
stimulation and therefore was not grafted. The
median nerve was transected proximal from its
neuroma and coapted to the muscle branch of the
short head of the biceps. Nine months after sur-
gery, the patient was able to move his residual
limb in three-dimensional space, and the triceps
muscle showed two individual myosignals.
Additionally, the reconstructed musculocutane-
ous nerve reinnervated the long head of the biceps
providing a fourth individual myoelectric signal.

Very Short Transhumeral Amputation

A 29-year-old male presented after undergoing a
very short above-elbow amputation after an agri-
cultural accident (Fig. 10.2). Only the coracobra-
chialis muscle and the long head of the triceps
remained. Since these two muscles did not offer
enough myosignal options, nerve transfers were
performed similar to shoulder disarticulation
amputees [1]. The residual activity of the coraco-
brachialis muscle and the long head of the tri-
ceps, respectively, provided myosignals for
prosthetic elbow flexion and extension. The ulnar
nerve was transferred to the clavicular part of the
pectoral major muscle, the median nerve to the
sternocostal part of the pectoral major muscle,
and some small fascicles of the median nerve to
the pectoral minor muscle. Distal radial nerve
fascicles (past the division to the triceps) were
coapted to the thoracodorsal nerve to create a
hand opening signal within the latissimus dorsi
muscle.
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Fig. 10.2 Patient with a
very short above-elbow
amputation

Fig. 10.3 Patient with
above-elbow amputation
and skin perforation

Insufficient Soft Tissue/Bony

Overgrowth

A l4-year-old boy suffering progressive lym-
phaticovenous malformation of his left upper
extremity underwent an above-elbow amputation
after failing multiple sclerotherapy treatments
and debulking operations. Due to appositional
bone growth, the humerus perforated the skin

7 months after the amputation (Fig. 10.3). In con-
sideration of the planned prosthetic reconstruc-
tion, we did not want to shorten the stump.
However, as the skin was already perforated, for
example, Marquardt’s stump capping procedure
for this patient was not applicable [9]. Therefore,
we performed a pedicled myocutaneous latissi-
mus dorsi flap to cover the bone and create a
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Fig. 10.4 Patient from
Fig. 10.3 with tissue
enlargement with
pedicled
musculocutaneous
latissimus dorsi flap

proper stump. In this case, the new muscle pro-
vided an additional target, and selective nerve
transfer of the distal radial nerve to the thora-
codorsal nerve was performed in conjunction
with the standard nerve transfers for above-elbow
level amputations. Almost 5 years after this sur-
gery, having reached maturity, the stump is of
perfect shape, without any soft tissue problems
(Fig. 10.4).

Rehabilitation

Since the long head of the biceps and the long
and medial heads of the triceps maintain their
original innervation, above-elbow amputees can
use their conventional myoelectric prosthesis
throughout the rehabilitation process. However,
shoulder disarticulation amputees have to wait
for reinnervation of target muscles before they
are able to use a myoelectric device. As soon as
the new myosignals are active, between 3 and
9 months postoperatively, a complex neuroreha-
bilitation program is needed for the patient to
learn how to activate and separate the different
signals, especially in patients who have lost their
arm many years ago. For this purpose, biofeed-
back systems are used to visualize the individual

myosignals. This process needs professional
guidance of a physiotherapist and/or an occupa-
tional therapist and is often underestimated [17].
The rehabilitation program in detail is presented
in Part VIL

Conclusion

Function and comfort are the most important fac-
tors for successful prosthesis use, from both the
amputees’ and prosthetic experts’ perspective
[15]. The conventional two-signal control is lim-
ited in function, unnatural, and unintuitive [1, 6].
Amputees often do not experience sufficient
improvement in their daily lives with these pros-
thetic devices resulting in up to 50% abandon-
ment rates [4, 6, 18]. However, although the
distal targets have been lost in high-level ampu-
tees, the neural signals for intuitive hand and arm
function are still available and thus can be incor-
porated into more useful prosthetic function.
Still, compliance and reliability of prostheses use
after high-level amputations remains a significant
concern [6].

In above-elbow amputees with a long stump
and existing brachioradialis muscle, six individ-
ual and intuitive myosignals can be achieved with
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the above-described nerve transfers, thus gener-
ating one separate signal for each range of free-
dom of the prosthetic device [5]. In shoulder
disarticulation amputees, a maximum of five
myoelectric signals can be achieved [13].
However, in patients not fitting the standard
inclusion criteria described above, the focus
should lie on the creation of four individual myo-
electric signals to control hand and elbow func-
tion independently. Two additional signals for
wrist control are advantageous but not a priority.
Hence, in challenging cases, the main goal is to
perform one transfer of the median or ulnar nerve
and one of the distal radial nerve.

In patients suffering additional nerve damage
requiring repair, the nerve transfer scheme has to
be adapted to minimize non-synergistic matching
between cortical organization and target muscle
function. Therefore, only cognitively “‘simple”
nerve transfers should be performed. Transfers of
both repaired median and ulnar nerves, for exam-
ple, may be difficult to incorporate into prosthetic
function since even amputees without nerve dam-
age have difficulties separating these two
signals.

The lack of sensory feedback represents one
of the major ongoing obstacles to long-term pros-
thetic adoption [3]. Patients are currently forced
to rely on visual feedback only. Despite this, tar-
geted sensory reinnervation does not solve this
problem as current prosthetic systems are not
able to incorporate this interface and patients
have reported about long-lasting dysesthesia and
pain in the reinnervated areas.
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After amputation, most individuals describe that
they can still feel their missing limb. This phan-
tom limb sensation can range from the pure per-
ception of the limb to non-painful cold and warm
sensations and electrical feelings in the limb. At
the same time, a majority of the amputees have a
painful perception of the limb that has been
amputated. This phenomenon is called “phantom
limb pain (PLP)” and is estimated to occur in
50-80% of all amputees. PLP is usually classi-
fied as neuropathic pain, mediated by changes in
the peripheral and central nervous system.
Additionally, different factors such as cause of
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amputation, amputation level, demographic fac-
tors, or psychosocial factors all seem to contrib-
ute to the course and severity of PLP. Despite the
fact that an extensive number of research projects
have been focusing on PLP, it is still not fully
understood and remains a challenging problem
for both the patient and the clinician.

Background

In 1872 Silas Weir Mitchell was the first to coin
the term “phantom limb” in relation to sensations
felt in limbs no longer present after amputation
[13, 21]. Still, the first reports of phantom phe-
nomena date back to the mid-sixteenth century,
when French military surgeon Ambrose Pare
described that soldiers with amputation were still
aware of the lost extremities [66].While phantom
sensations and phantom pain encountered much
skepticism and were rather seen as psychogenic
in the past, these phenomena are widely accepted
nowadays. We know that they not only are lim-
ited to extremity loss but can be seen with
removal of nearly every part of the body [12, 26,
35, 45]. Characteristics of phantom phenomena
can range from the non-painful perception that
the amputated limb is still present to kinetic and
kinesthetic sensations and both painful and debil-
itating conditions [21, 46].
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Non-painful Phantom Phenomena

Nearly every amputee reports to have an aware-
ness of the non-existing body part (phantom). This
phantom limb awareness appears immediately in
most cases, as soon as the anesthetic wears off and
the patient is conscious [54]. While some ampu-
tees mention an embodiment of the missing limb
without any further sensation [28, 58], others
describe exteroceptive sensations. They are often
referred to as non-painful tingling, electrical, or
cold sensory feelings in the missing limb [27].
These sensations are rarely perceived as uncom-
fortable or limiting in daily life [46].Other sensa-
tions in the phantom can include vivid and not
necessarily natural sensations of limb shape,
length, posture, and movement [46].This means
that the phantom limb can be perceived either in a
position like normal limbs or in any position in
space next to the body that normal anatomy would
not allow. Similar to this, also the length of the
limb can range from “normal” to shorter limbs.
About one-third of all amputees report that their
phantom limbs often retract inside the stump, a
phenomenon referred to as “telescoping” [60]. In
extreme cases of telescoping after upper limb
amputations, the fingers are reported to be located
directly on the end of or within the stump.

In some amputees, phantom sensations in the
missing limb can be evoked by tactile non-painful
stimulation of other body sites, e.g., the chest or
parts of the face [55, 56]. These referred phantom
sensations were described to be related to cortical
re-mapping of the hand region in the somatosen-
sory cortex of the brain, which is described in
more detail later in this chapter. However, in con-
trast to the assumption of Ramachandran that
touch-induced referred sensations are a percep-
tual correlate of cortical reorganization, more
recent research could not find a significant cor-
relation between cortical reorganization and
referred sensations induced by stimulation [23].

Characteristics and Epidemiology
of Phantom Limb Pain

PLP is usually characterized as painful sensa-
tions referred to the missing limb and can be

throbbing, burning, stabbing, or cramping [13].
Other descriptions include squeezing, itching,
tearing, and shooting sensations of electrical cur-
rent flowing through the limb [44].The pain can
be located in one region of the amputated body
part or on the entire amputated limb [27].In many
cases, amputees describe their pain as similar to
the pain experienced before amputation [6]. Most
patients with phantom pain have intermittent
background pain, with intervals that range from
one day to several weeks [68] and report of addi-
tional short exacerbations. These additional pain
attacks usually only last for seconds or minutes
and can have a different pain modality than the
background pain.

Typically, PLP starts within the first months
after amputation. Older studies report a short-
term incidence of phantom pain of 72% one week
after amputation and 67% half a year later [30].
Elsewhere, a short-term incidence of 54% for
lower limb amputees and 82% in upper limb
amputees is described [62].

Possible changes in pain modalities over time
have been discussed (from sharp or sticking to
burning or squeezing) [30] but still need to be
confirmed by larger controlled studies. In a simi-
lar way, estimations of the exact long-term preva-
lence of phantom pain and phantom sensations
vary considerably. These variations can be
explained by different investigated samples, dif-
ferent definitions of phantom limb pain, and dif-
ferent methods used to evaluate phantom
sensations. Especially earlier studies might not
discuss different sensations, which can lead to an
over- or underestimation of prevalence rates [44].
Furthermore, patients themselves often have dif-
ficulties distinguishing between phantom limb
pain, phantom sensations, and residual limb pain
[27]. Studies conducted within the last 20 years
use a clearer definition of phantom limb pain and
might therefore allow a better estimation of its
real prevalence. Kooijman et al. report of a rela-
tively low rate of phantom limb pain of 48.6% in
their sample of 99 upper limb amputees [34]. In
contrast to this, larger studies with 914 and 255
amputees found prevalence rates of 72 and 79.9%
[10, 11]. Similar numbers were found by Dijkstra
et al. for 536 subjects (upper and lower limb) and
by Richardson et al. for 59 lower limb amputa-
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tions caused by vascular diseases [8, 58].
Therefore, the prevalence of PLP can be esti-
mated to be between 50 and 80%.

Mechanisms for PLP

Regarding the definition of mechanisms contrib-
uting to the development and long-term course of
PLP, a widely agreed and accepted theory does
not exist. Nevertheless, recent literature suggests
an interaction of peripheral as well as central
pathophysiological mechanisms [13, 14, 18, 64].
Additionally,  sensory-motor  incongruence
through the loss of proprioceptive feedback after
amputation is discussed as a factor contributing
to PLP [5, 24]. Furthermore, emotional stress and
psychiatric disorders are believed to trigger and
exacerbate PLP in some patients [13].

Peripheral Mechanisms of PLP

Peripheral tissue damage or nerve injury often
leads to pathological pain processes, such as
spontaneous pain, hyperalgesia, and allodynia,
that persist for years or decades after all possible
tissue healing has occurred [4]. One of the causes
of phantom limb pain is the elimination or inter-
ruption of sensory nerve impulses by destroying
or injuring the sensory nerve fibers after amputa-
tion or deafferentation [68]. Amputation results
in massive tissue and neuronal injury with the
proximal portion of the severed nerve sprouting
to form neuromas [63]. These neuromas are
characterized by disorganized proliferation of
nerve fascicles [37] and display spontaneous and
abnormal evoked activity to mechanical and
chemical stimuli. As the nerves which form neu-
romas originally innervated areas of the now
missing limb, the central nervous system inter-
prets impulses from them as coming from the
phantom limb [66]. These ectopic discharges
from stump neuromas (mainly enlarged and dis-
organized endings of C fibers and demyelinated
A fibers [13]) represent a source of abnormal
afferent input to the spinal cord and a potential
mechanism for spontaneous pain and abnor-
mally evoked pain [18]. As Flor and colleagues

(2006) propose, the increased excitability of
injured nerves resulting in ectopic firing seems
to be due to alterations in the electrical proper-
ties of cellular membranes. This includes the
upregulation or novel expression of voltage-sen-
sitive sodium channels and decreased levels of
potassium channel expression, as well as altered
transduction molecules for mechano-, heat, and
cold sensitivity in the neuroma itself.
Additionally, they report on expression of novel
receptors in the neuroma that are sensitive to
cytokines, amines, and other mediators of
inflammation and nociception in experimental
injury. The development of new nonfunctional
connections between axons (ephapses) also
seems to enhance spontaneous afferent input to
the spinal cord [27]. Since phantom limb pain
often occurs right after amputation before neuro-
mas could have formed in the stump, another
source of ectopic activity has been searched for
and identified as the dorsal root ganglion (DRG),
which summates with ectopic discharge of neu-
romas in the stump [18]. Ectopia in the DRG can
lead to cross-excitation and instigate the depo-
larization of neighboring neurons [13]. Nystrom
[50] showed that the anesthetic blockage of a
neuroma eliminated nerve activity related to the
stimulation of the stump but not spontaneous
activity, which may be originating in the
DRG. Ectopic discharges generated in neuromas
as well as in the DRG substantially increase the
overall barrage of abnormal afferent input to the
spinal cord and upper centers, such as the brain-
stem, thalamus, or cortex [33].

Central Mechanisms of PLP

While evidence suggests that the peripheral ner-
vous system contributes to PLP, the mechanisms
described above seem to be further complicated
by central mechanisms, which maintain this
chronic pain syndrome. As peripheral changes
inevitably occur after amputation, this cannot
explain why some amputees experience severe
phantom limb pain, while others are completely
pain-free [44].Therefore, an involvement of the
central nervous system has been suggested.
Central mechanisms contributing to the etiology



106

A.Sturma et al.

of PLP can be broadly divided into spinal and
supraspinal mechanisms [27, 68].

In the spinal cord, PLP is associated with
changes in the dorsal horn. After deafferentation
the loss of peripheral input leads to decreased
impulses from reticular areas of the brainstem.
As they normally inhibit transmission of sensory
information, this leads to increased autonomous
activity of the dorsal horn in the form of “sensory
epileptic discharges” [31]. This ectopic activity
in the dorsal horn may be related to sudden pain
bursts as patients report of shooting pain attacks
that last several seconds to minutes.

Supraspinal mechanisms describe neural
changes of anatomical structures within the
brain as changes in the cortical representation of
areas adjacent to the amputated limb, with the
intensity of PLP being related to these changes.
It has been suggested that “cortical re-mapping”
might be related to PLP and that its restitution
might relieve it [7]. Furthermore, more severe
PLP is associated with a greater shift of activa-
tion in both the primary somatosensory and
motor cortices [17, 32], as indicated in Fig. 11.1.
In people with arm or hand amputations, a shift
of the mouth into the hand representation area in

Fig. 11.1 As
demonstrated by Flor
etal. 1995 [17], with
methods of magnetic
source imaging, there is
a strong relationship
between the amount of
PLP and the amount of
cortical reorganization.
This could be observed
by investigating the
focus of cortical
activation during facial
stimulation in
participants with and
without PLP. In
participants with high
levels of PLP, facial
stimulation elicited
activation in areas that
were expected to serve
the amputated hand

the primary somatosensory cortex has been
proven in several studies, with a larger shift of
the mouth representation area into the zone that
formerly represented the amputated hand and
arm in patients with greater phantom pain [17,
39, 68]. A schematic illustration of this process
is displayed in Fig. 11.2. Pons and colleagues
[52] observed massive cortical reorganization of
about 1-2 cm in adult macaque monkeys that
had been subjected to deafferentation of one
upper extremity 12 years earlier. Tactile stimu-
lation of the face was found to activate an area
of the somatosensory cortex which previously
represented the finger, the ventral hand area, the
upper arm, and the neck [22]. The functional
significance of these reorganizational changes
was reported by Birbaumer and colleagues [1],
who showed that local anesthesia eliminating
PLP was associated with a reversal of this phe-
nomenon: the cortical representation of the lip
shifted into a more caudal position, which
approximated the actual lip location in the
somatosensory cortex as compared to the intact
side. Interestingly, behavioral interventions
such as imaginative resonance training (IRT)
[43], mental imagery [40], prosthesis use [38,

Lip  Mirror D1-5
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Fig. 11.2 In amputees, phantom limb pain is associated with functional cortical changes. While sensory-motor areas
of the amputated hand decrease, a shift of the representation of the mouth in these areas can be seen

67], sensory discrimination training [15], virtual
reality training with sensory feedback [5], or
mirror training [19] have shown that a reduction
in PLP intensity levels was accompanied by
reversed or rather eliminated cortical reorgani-
zation processes post-interventionally.

Besides the functional plasticity in the pri-
mary somatosensory and motor cortex, also other
structures were identified to adapt as a conse-
quence of amputation [9, 53].

Interestingly, research by Makin et al. sug-
gests that PLP might rather be driven by the dis-
rupting of interregional functional connectivity
than by changes in the local cortical representa-
tion [42]. They could show that multiple factors
contribute to PLP, including a preserved struc-
tural representations of the area of the amputated
hand [41]. However, maladaptive reorganization
and persistent representation of the limb are not
necessarily mutually exclusive and may depend
on the task used to measure cortical changes. For
example, in a computational model of phantom
limb pain, Bostrom et al. [3] showed that both the
amount of reorganization during tactile stimula-
tion (used by Flor 1995) and the level of cortical
activity during phantom movements (used by
Makin 2013) were enhanced in a scenario with
strong phantom pain as compared to a scenario
with weak phantom pain (for a further discus-

sion, see [16]). Thus, depending on the experi-
mental context or method chosen, one might find
evidence for either cortical reorganization or
preservation of the amputated limb representa-
tion. Both cortical reorganization and preserva-
tion might not be contradictory but rather
complementary, which should be considered in
future PLP models.

Factors Associated with PLP

Different factors contributing to PLP can be clas-
sified in amputation-related factors (e.g., cause
and level of amputation, stump pain), demo-
graphic factors (age, gender), psychosocial fac-
tors (employment status), and environmental
factors (weather).

Amputation- and Stump-Related
Factors

There is a high agreement in literature that the
prevalence of stump pain is associated with
PLP. Kooijman et al. found that the relative risk
of having PLP is nearly twice as high for ampu-
tees with stump pain compared to those without
[34]. Also, Richardson et al. explored a strong
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link between PLP and stump pain [58]. Dijkstra
et al. had similar findings in 536 subjects, indicat-
ing a strong correlation of PLP and stump pain.
Additionally, they found a higher risk for PLP if
the amputation is bilateral or caused by a vascu-
lar disease or diabetes [8].

It has been reported by several authors that
the risk for phantom pain is higher in the case of
preexistent pain [34, 48] and the modality of
phantom limb pain is described similar to pain
prior to amputation [31]. Nevertheless, the rele-
vance of preemptive treatment is controversially
discussed [36, 44, 47, 49].

Demographic Factors

Phantom limb pain is more frequent when the
amputation occurs in adulthood, less frequent in
child amputees, and virtually non-existent in con-
genital amputees [8, 18]. There is conflicting evi-
dence whether there are sex differences in the
development of PLP. Kooijman and colleagues,
as well as Dijkstra and colleagues, could not find
any [8, 34]. In their longitudinal study including
33 females and 52 males, Bosmans et al. found
that PLP was more frequent in women than in
men [2].

Psychosocial Factors

Psychological variables such as depression do
not seem to contribute to the emergence but may
instead affect the course and the severity of the
pain [20, 25, 61]. Richardson et al. [57] found
that a passive coping style (especially catastroph-
izing) prior to amputation was associated with
PLP. In a study by Jensen et al. [29], it has been
shown that cognition, coping style, and social
environmental variables predict 43% of the vari-
ance of PLP intensity. Furthermore, personality
factors such as rigid and compulsive self-reliant
personality assessed directly after the amputation
were significantly correlated with a higher PLP
intensity one year after the amputation [51].
Nevertheless, not all studies could find such a
relationship [61].

Environmental Factors

Many clinicians working with amputees have
experienced their patients complaining about
more phantom limb pain during weather changes
or cold and rainy weather. A few of our middle
European patients have even reported to move to
warmer countries during wintertime to prevent
high levels of PLP. Although this phenomenon
has not been explained so far, Sherman et al. [61]
describe this phenomenon. In their systematic
questionnaire evaluation of 128 war veterans,
they asked amputees to identify everything that
induced their PLP. With 48% of all amputees
with PLP, “weather” was the most prominent
answer. As other causes amputees named pros-
thetic problems (8%), mental stress (6%), fatigue
(4%), and gut and back problems (2%), while
26% could not name a trigger [61].

One major difficulty with most of the studies
trying to identify factors that play a role in devel-
opment and maintenance of PLP is that most of
them include subjects years after amputation.
Especially for the amputees with a long history of
devastating PLP, it is hard to determine if these
factors originally caused the pain or are them-
selves caused by the experience of pain. This
consideration is especially important for the
interpretation of psychosocial factors, as it is
known that pain itself can cause behavioral
changes.

Differences in PLP Between Upper
and Lower Extremity Amputees

According to data from the 2005 to 2006 National
Amputee Statistical Database Group (NASDAB
2005), 91% of all major limb amputees in the UK
have a lower limb amputation, 4% have a con-
genital malformation of their extremities, and 5%
are upper limb amputees [59]. It can be assumed
that there are similar numbers for all first-world
countries. The main cause of lower limb amputa-
tions in those countries is dysvascularity related
to peripheral vascular disease and diabetes [59].
In contrast to that, the main cause for upper limb
amputation is trauma [63]. While cancer is a
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cause of amputations of both upper and lower
limb, there is a higher percentage of all upper
limb amputations (13% vs 3% in the lower
extremity) caused by neoplasia [59]. While
patients with lower limb amputation caused by
dysvascularity can be considered as inactive indi-
viduals with a mean age of 65-69 years (accord-
ing to the NASDAB 2005 [59]) and a long history
of pain, upper limb amputees are usually young,
active, and otherwise healthy. Additionally, as
phantom limb pain is associated with cortical
changes, the fact that the upper limb has a big-
ger representation in the primary somatosen-
sory and motor cortices [65] might influence
PLP modalities. Although most of the underly-
ing mechanisms seem to be similar for all
extremity losses, findings and treatment strate-
gies from lower limb amputees do not necessar-
ily apply for upper limb amputees and vice
versa. Nevertheless, most studies on phantom
limb pain have not focused on possible differ-
ences in these groups. While some authors sug-
gest that PLP occurs more often in lower limb
amputees [8], others found a higher incidence
in upper limb amputees [2, 62]. These different
numbers might be caused by differences (e.g.,
age, cause of amputation) between the groups
investigated or unclear definitions of stump
pain and PLP.
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Although 50-80% of amputees are confronted
with the phenomenon of phantom limb pain,
treatment strategies with high enduring positive
effects are yet to be developed. Most conven-
tional drug therapies provide pain reduction to a
very limited extent and are ineffective in a signifi-
cant number of patients. Psychological interven-
tions, which are becoming more prominent,
currently do not result in complete pain reduction
and increase in quality of life on a long-term
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basis. However, during the past two decades,
growing interest in research of underlying central
mechanisms for phantom limb pain has promoted
substantial progress in behavioral treatment strat-
egies. New emerging treatment methods include
biofeedback training, mirror therapy, graded
motor imagery, rubber hand illusion training, and
virtual reality immersion.

General Considerations

Phantom limb pain (PLP), presented after an
amputation, is caused by peripheral, spinal, and
supraspinal processes, which are further com-
plicated by patient-related factors and should all
be considered within treatment [37]. Common
approaches for pain relief include drug therapy
and invasive as well as behavioral interventions.
In recent years, behavioral treatment strategies,
which influence body ownership, body illusion,
and embodiment of artificial limbs upon tactile
and visual stimuli (e.g., mirror therapy or virtual
reality training), have been shown to effectively
decrease PLP in affected patients [16, 19, 24,
38, 45, 73]. Despite the vast amount of research
and the encouraging findings, the clinical reality
of PLP treatment is less encouraging. 70% of
phantoms remain painful even 25 years after
limb loss [84], between 50 and 80% of ampu-
tees are confronted with the phenomenon of
PLP [19, 23, 29, 32], and clinical treatment is
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commonly deemed unsatisfactory for both the
physician and the patient [27].

Evaluation of Phantom Limb Pain

Although PLP is recognized as an important
factor that may limit the amputee’s quality of
life, many patients fail to receive any pain
treatment. This issue has been already identi-
fied in 1984 by Sherman et al. [92]. In their
cohort study, they found that while 78% of
amputees complained about PLP, only 19%
had received any treatment, out of which only
1% had benefited from it. Later, Kooijman
et al. reported that only a minority of amputees
included in their study had received any treat-
ment [47].

Determining comprehensive current state of
each patient is the first step for any successful
treatment; therefore it is necessary to assess PLP
as an integral part of the overall clinical examina-
tion of each amputee. Hence, it is recommended
to include screening tools for pain to a full diag-
nostic algorithm, which should also contain med-
ical history, physical examination, and further
confirmatory tests [27]. While PLP itself can
hardly be assessed by physical examination, trig-
ger points that may provoke stump pain, or PLP
may be localized upon examination and palpa-
tion of the stump. This assessment should be per-
formed in conjunction with screening for other
stump problems, including scar deformity and
extensive soft tissue [104].

To further understand the severity of PLP, a
series of standardized questionnaires have been
developed. The most widely used scales for the
evaluation of pain intensity are the visual ana-
logue scale (VAS), the numerical rating scale
(NRS), and the McGill pain questionnaire
(MPQ) [27]. However, many more question-
naires for the evaluation of PLP, non-painful
phantom sensations, and prosthetic use are avail-
able, some of them providing detailed informa-
tion on the pain’s impact on activities of daily
life or quality of life. For the latter purpose a
generic scale, such as the Short Form 36 (SF-
36), may be beneficial as well [27].

Pharmacologic Interventions

PLP is often considered neuropathic because of
the changes that involve the central and periph-
eral nervous systems. Hence, pharmacologic
interventions have traditionally been based on
guidelines for neuropathic pain. The effect on
PLP, however, is not well-documented for most
drugs, and for some agents the effect on PLP dif-
fers from the effect on other types of neuropathic
pain [2]. Specific evidence-based recommenda-
tions for treatment of PLP were published as part
of a Norwegian national guideline for rehabilita-
tion after upper limb loss [75, 76]. These updated
recommendations for pharmacologic interven-
tions, based on the AGREE-II [10] and GRADE
[34, 97] methodology, are mainly in accordance
with those of the Italian Consensus Conference
on Pain in Neurorehabilitation [27].

First-Line Medication

Currently available evidence suggests that the effec-
tiveness of paracetamol and Non-steroidal anti-
inflammatory drugs (NSAIDs) for a specific patient
with PLP should be initially explored before other
pharmacologic agents are prescribed. These agents
are often the first choice when it comes to a range of
painful conditions; however, only limited evidence
of their effect on PLP is available. Still, these are
cheap, easily accessible medications with few side
effects [2, 36, 46, 63, 75, 86, 100]. If paracetamol
and NSAIDs do not provide sufficient pain relief,
the selective noradrenalin reuptake inhibitor (SNRI)
duloxetine (Duloxetine, Cymbalta) should be
explored before introduction of gabapentin
(Neurontin) or finally pregabalin (Lyrica). The evi-
dence for the effect of duloxetine on phantom pain
is of the same quality as for gabapentin and prega-
balin (moderate), and these are all suggested as first-
line agents for other neuropathic pain syndromes
[59, 60, 64, 71, 75, 86, 102]. However, duloxetine
has the advantage of not requiring a gradual dose
increase over time. Moreover, the side effects of
duloxetine for the most common dose (60 mg) are
at the placebo level [71]. For gabapentin and prega-
balin, side effects are relatively common [2, 72, 88],
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and in our clinical experience, these may cause the
patient to reject the medication before reaching the
therapeutic dose.

Topical lidocaine and topical capsaicin can
also be used for treatment of PLP. For topical lido-
caine, there is a very limited evidence for its effect
on PLP. However, this is an adjunctive first-line
agent for other neuropathic pain syndromes with
few side effects and low cost that is easily acces-
sible and easy to apply. It may therefore be
explored if other better documented agents have
not given sufficient pain relief [18, 75, 87].
Similarly, topical capsaicin (Qutenza, Capsina) is
also an adjunctive first-line agent for other neuro-
pathic pain with low (direct) to moderate (indi-
rect) quality of evidence for PLP. However,
common and severe side effects, high cost, and
the need for a trained personnel to apply the
Qutenza patch make this the last choice among
the first-line agents [43, 56, 57, 59, 68, 75, 86].

Combination therapy among first-line drugs
for neuropathic pain may be more efficient and/
or associated with less side effects than single
drugs and can be considered also in patients with
PLP [27].

Second-Line Medication

The recommended second-line medication in
general has less proved evidence than the first-
line agents. Moreover, side effects are common.
Second-line medications for PLP include oral
morphine, transdermal buprenorphine, tramadol,
and the tricyclic antidepressants (TCAs).

Oral morphine is a second-line drug for other
types of neuropathic pain [86] with low to mod-
erate quality of evidence for short-term effect on
PLP (4-8 weeks). Evidence for long-term effect
is lacking [2, 39, 59, 105]. Side effects are com-
mon [2, 105], and, as for all opioids, there is a
risk of tolerance and habituation. Transdermal
buprenorphine is another opioid recommended as
a second-line drug for other types of neuropathic
pain [86], with only very low quality of evidence
for effect on PLP [35, 51]. However, the transder-

mal dosage yields more stable plasma levels and
less risk of side effects, tolerance, and habitua-
tion than oral morphine [35, 52]. The choice
between these two should therefore be based on
individual assessments and patient preferences
[75]. Tramadol is a third opioid recommended as
a second-line drug for other types of neuropathic
pain [86] that has low quality of evidence for
effect on PLP [2, 59, 103] and risk of tolerance
and habituation. It may be explored if other, bet-
ter documented medications, fail to provide suf-
ficient pain relief [75].

The TCA amitriptyline is well-documented
and a first-line agent for other types of neuro-
pathic pain [25, 86, 87, 89], but high-quality evi-
dence suggests that it is not better than placebo
for PLP treatment [2] with commonly exhibited
side effects. This class of drugs should therefore
only be tried for PLP if all other treatment options
have failed [75].

Not Recommended Medication

Several other agents are mentioned in the litera-
ture for treatment of neuropathic pain but cur-
rently lack evidence for effect on PLP [2, 26, 27,
59, 75, 87]. We therefore recommend against the
use of intravenous morphine, botulinum toxin
type A injections, Selective serotonin reuptake
inhibitors (SSRIs), beta blockers, memantine, ket-
amine, muscle relaxants (such as baclofen), calci-
tonin, tapentadol, transdermal fentanyl, fentanyl
nasal spray, and local injections of corticosteroids
for the treatment of long-term PLP. In addition to
the uncertain evidence of efficacy, several of these
interventions are invasive, and for all, there is a
risk of side effects. For corticosteroid injections,
this includes the risk of subcutaneous atrophy at
the injection site, which in turn may interfere with
prosthesis use. For calcitonin, there is a small
increased risk of cancer associated with long-term
use [27]. Larger and more rigorous randomized
controlled trials are needed to clarify which of
these medications would be useful for clinical
practice in the future [2, 75].
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Non-pharmacologic Interventions
and Alternative Therapies

The fact that PLP can be influenced by cortical
reorganization processes has led to the develop-
ment of treatments that are based on active stimu-
lation of the corresponding areas in the brain
[104]. One of the benefits of these treatment
strategies is that harmful side effects are virtually
nonexistent and they can easily be combined with
pharmacologic or surgical interventions.

Mirror Therapy

Mirror therapy was first proposed by
Ramachandran and Rogers-Ramachandran in the
mid-1990s [85]. They postulated that after ampu-
tation the brain still transmits motor commands
to the missing limb. As there are no adequate
afferent sensory feedback to the brain or control
by vision, the brain cannot confirm that the limb
has been moved, causing the illusion of paralysis.
This deafferentation and the associated sensory-
motor incongruence were identified as the main
reason for pain. This led to the idea of a mirror
box that allowed unilateral amputees to see the
reflection of their intact hand where they would
expect the phantom, causing a visual illusion that
both hands were moving (see Fig. 12.1). With
this illusionary movement, they postulated that
the brain would receive visual information con-
sistent with that of the movement of the ampu-
tated limb. This approach has been shown to
successfully reduce pain [85]. Since then, several
studies were conducted to further investigate the
influence of this therapy on PLP. These included
several case studies and longitudinal studies
without a control group but also a number of con-
trolled trials. A sham-controlled crossover trial
with an intervention period of 4 weeks showed
that mirror therapy has a greater effect than men-
tal visualization or covered mirror therapy [11].
Tilak et al. [95] compared transcutaneous electri-
cal nerve stimulation (TENS) applied to the con-
tralateral extremity and mirror therapy.
Twenty-six randomly assigned subjects had
4 days of treatment with either one of these inter-
ventions. Both groups showed a significant

Fig. 12.1 Mirror therapy allows the patient to see a
reflection of the sound side at the position where the
amputated limb is expected

decrease in pain, but there was no significant dif-
ference between the groups. Another randomized
controlled study on mirror therapy for upper limb
amputees [28] showed that the participants in the
control group (n = 6) that trained with a covered
mirror or worked with mental imagery had no
significant improvement of their pain levels in the
VAS, while the treatment group (n = 9), which
performed mirror therapy for 15 min 5 days/week
for 4 weeks has done so in a significant manner.
This supports the hypothesis that the use of mir-
ror therapy may reduce PLP [28]. Although pre-
vious studies investigating the effects of mirror
therapy on PLP have limitations concerning the
sample size and setup, mirror therapy seems to be
beneficial in a subset of patients. Since no harm-
ful side effects were reported, the use of mirror
therapy can be recommended to treat PLP [27].

Virtual Reality and Virtual Mirror
Therapy

The use of augmented or virtual reality to treat
PLP is another approach aiming to control nega-
tive changes within the central nervous system
after amputation [73]. These systems can either
directly mirror movements of the healthy limb in
unilateral amputees [62] or use motion tracking
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Fig. 12.2 Motion and EMG sensors can be used to
enable movement of a virtual limb

systems [13] and/or biological signal acquisition
on the affected side to predict indented move-
ments [74]. The provided visualization can
include a simple representation of the missing
hand or can be combined with virtual reality
tasks such as picking up and moving objects, as
shown in Fig. 12.2. Additionally, EMG signals
can be used to play serious games, e.g. allowing
the patient to control a car in a racing game by
using muscular activity [82]. More advanced set-
ups of may also include multimodal feedback
[16]. Some of these strategies are also used for
signal training in prosthetic rehabilitation as
described in Chap. 21.

The evidence for this treatment approach is
limited to some case studies [70, 74] and case
series [13, 16, 41, 62, 73, 77, 91] that indicate
positive effects on PLP. Therefore, virtual and
augmented reality still needs to be seen as experi-
mental [22]. However, since virtual reality train-
ing presents a noninvasive option with no
apparent side effects [73] and is known to
increase patient’s motivation during training [80,
81], it may be considered as a supplementary
treatment strategy.

Mental Imagery and Graded Motor
Imagery

Graded motor imagery (GMI) and its compo-
nents build upon mirror therapy and similarly

aim to enhance cortical activation of painful
(phantom) limbs and therefore reduce pain. The
concept of GMI consists of three stages which
gradually engage cortical motor networks in
order to avoid triggering pain as a protective
response by an overly sensitive nociception sys-
tem [9, 66]. The first step includes left/right dis-
crimination from photographs of healthy body
parts as depicted in Fig. 12.3. Here, the affected
areas are chosen, i.e. a patient with upper limb
amputation is asked to discriminate between left
and right hands and arms. The second stage is
motor imagery where patient is asked to imagine
movements of the painful (phantom) limb.
Finally, mirror therapy is introduced, and the
patient is prompted to think about bilateral move-
ments while watching the reflection of the non-
affected limb [67].

Evaluating the effects of graded motor
imagery and its components on PLP in a sys-
tematic way is rather complicated due to the
heterogeneity of the interventions, intervention
groups, and follow-up periods [9]. Studies
investigating the effect and applicability of
GMI in the clinical practice came to contrast-
ing conclusions [53]. A recent systematic lit-
erature review concluded that GMI is widely
used to treat PLP, yet there is limited evidence
supporting this approach on the short- to
medium-term basis [5].

Prosthesis Use

There is some limited evidence indicating possi-
ble positive effects of prosthesis use on PLP as
shown in Fig. 12.4. However, most of the relevant
studies originate in the late 1990s, when Lotze
and Weiss investigated this topic.

Weiss fitted one group of patients with a cos-
metic prosthesis, while the other one was fitted
with a Sauerbruch prosthesis. This mechanical
device is surgically connected to one of the mus-
cles of the arm through a perforated tunnel
enabling direct control over the gripper. While
there was no change in PLP in the cosmetic pros-
thesis group, he found a significant decrease in
PLP in those using the active Sauerbruch pros-
thesis [101].
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Fig. 12.3 Cards with
left and right hands or
arms can be used for
lateralization training to
enhance cortical
activation of the upper
extremity

Fig. 12.4 An active
prosthesis might trigger
cortical reafferentiation
as the patient sees a
hand and can voluntarily
control its movements




12 Treatment Strategies for Phantom Limb Pain

119

At the same time, Lotze et al. investigated cor-
tical reorganization and PLP in a cohort of 14
unilateral upper limb amputees. They found a
negative correlation between extensive use of a
myoelectric prosthesis and cortical reorganiza-
tion, as well as PLP [54].

A recent study included ten upper limb ampu-
tees with PLP in a 2-week training protocol with
a myoelectric prosthesis with somatosensory
feedback. Patients reported a reduction in
PLP. Furthermore, the authors described a gain in
prosthesis function and cortical changes in the
brain areas involved in vision and pain process-
ing [83].

While this may be considered as weak positive
evidence for the use of active prostheses to pre-
vent or relieve PLP, prosthesis use is also associ-
ated with more self-confidence and better
functioning in daily life [15, 98]. Additionally,
prosthesis use does not seem to have harmful side
effects, and there are no contraindications.

Transcutaneous Electrical Nerve
Stimulation (TENS)

Transcutaneous electrical nerve stimulation
(TENS) is a form of nerve stimulation, with elec-
trodes placed onto the surface skin that is widely
used to treat chronic pain conditions [3]. It is usu-
ally administrated via portable battery-powered
devices that can also be used in the absence of a
clinician [42] as shown in Fig. 12.5. The mecha-
nism of pain relief is explained through the gate
control theory. This includes the assumption that
peripheral stimulation activates large (AP) nerve
fibers, which activate spinal inhibitory neurons.
They inhibit the activity of small nociceptive (C)
fibers, which leads to reduced pain [61].

TENS seems to be better than placebo in con-
trolled trials investigating its effect on general
neuropathic pain [14]. Also, studies with small
sample sizes were conducted to specifically
investigate its effects on PLP. In a case study,
Giuffrida et al. showed a positive effect of contra-
lateral TENS application on PLP [33]. A pilot
study with ten transtibial amputees has also found
it to be beneficial for pain treatment [69]. In a

Fig. 12.5 A typical setup for electrical stimulation of the
stump intended to mediate PLP

controlled trial, Tilak et al. could show that it is as
effective as mirror therapy to treat PLP [95].
However, like in most interventions for PLP
treatment, literature on TENS lacks the method-
ological rigor and robust reporting needed to
come to firm conclusion on its effectiveness [27,
42]. Nevertheless, it presents a cheap and nonin-
vasive treatment that is relatively easy to apply
and can be combined with other approaches.
Therefore, TENS might also be considered as a
supplementary intervention for treating PLP.

Other Strategies

Sensory discrimination training focuses on tac-
tile input to the stump area. While different stim-
uli are applied to the stump, the amputee is asked
to identify the correct location (and frequency) of
the applied stimulus [30, 40, 65]. A positive effect
on PLP as well as a reversal of cortical reorgani-
zation was reported in a small sample of ampu-
tees [30]. Similarly, a recent study showed a
relief in pain using tactile discrimination training
[99]. Comparable positive results could be dem-
onstrated in a cohort study combining visual and
sensory feedback [16]. As no harmful side effects
were reported so far and studies with larger sam-
ple sizes confirm its efficacy in patients with
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complex regional pain syndrome (CRPS), we
think that this treatment can be offered in patients
who show interest in behavioral treatment
approaches.

The positive effect of hypnosis is well-
documented for other types of pain. However, a
recent systematic review [5] found limited evi-
dence for use of hypnosis in PLP. Therefore, it
may be tried only as an additional treatment
approach [75].

On the other hand, acupuncture is not sug-
gested for PLP treatment [75] as there is only
very limited evidence on its effectiveness [27],
while it is invasive and may lead to serious side
effects such as infections or pneumothorax.

Surgical Therapies

Usually, clinicians only fall back to invasive
interventions when other treatment methods have
been proven ineffective [94] or if there are addi-
tional indications for surgery.

Deep Brain Stimulation

Several approaches that directly stimulate corti-
cal neural activity have been shown to be useful
in the management of PLP [50]. Deep brain stim-
ulation to contralateral regions (such as the thala-
mus or medial regions of periventricular and
periaqueductal gray regions) has been found to
effectively reduce phantom pain [6]. Thalamic
deep brain stimulation is thought to normalize
ectopic thalamocortical activation and abnormal
projections to the cortex [78]. Similarly, chronic
epidural motor cortex stimulation (MCS) has
been found to transiently relieve phantom pain. A
recent study in rats has shed light on the underly-
ing mechanisms of MCS and how they affect
pain-signaling pathways: apart from a modula-
tion of c-fos and serotonin expression, MCS sup-
presses neuronal activity in the ventral
posterolateral nucleus of the thalamus [44],
which is known to maintain neuropathic pain as
part of an ascending pathway. Additionally MCS
regulates neuropathic pain by affecting descend-

ing pathways, in particular the striatum, periag-
ueductal gray, cerebellum, and other thalamic
areas [44].

Less invasively, repetitive transcranial mag-
netic stimulation (externally applied stimulation
that modulates cortical excitability) [50] has been
proven successful in the treatment of phantom
pain [7, 8, 96].

Spinal Cord Stimulation

Direct stimulation of the spinal cord has been
investigated in the management of neuropathic
pain, including PLP. A recent systematic review
(which also highlights neurophysiological data
on the mechanism of SCS) found that almost half
of the included studies had not achieved pain
relief following the procedure [1].

The invasive nature of spinal cord stimulation
and its associated complications [58] in combina-
tion with the lack of evidence preclude its routine
application for patients with phantom pain.

Targeted Muscle Reinnervation

As described in previous chapters, targeted mus-
cle reinnervation (TMR) is a surgical interven-
tion to improve the neuromuscular interface for
prosthesis control [48, 49]. By re-routing nerves
that originally served the now missing limb, addi-
tional myosignals can be created [90]. This
method was originally developed to allow more
intuitive prosthesis control for above-elbow
amputees as well as after shoulder disarticulation
[4, 20, 48, 90].

As shown by Chen et al., TMR has the poten-
tial to restore cortical reorganization occurring
after amputation. By using high-density electro-
encephalography (EEQG), they assessed cortical
activity during motor tasks for the intact and
missing limb [12]. After amputation, but before
TMR, a shift of the representation of the missing
limb to other cortical areas was observed. In a
second assessment after undergoing the nerve
transfer surgery, they found that the missing limb
representation had shifted back closer to the nor-
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mal representation areas [12]. As cortical reorga-
nization after amputation is correlated with PLP
[31, 32, 55], reversing this phenomenon might
also cause pain resolution.

Apart from central mechanisms, TMR also
has the potential to change mechanisms in the
peripheral nervous system which are known to
contribute to postamputation pain. Selective
nerve transfers have been used in reconstructive
surgery to prevent or treat pain caused by neuro-
mas for decades [17]. Case studies as well as a
recent randomized controlled trial on amputees
undergoing TMR surgery have confirmed its
applicability for treatment and prevention of neu-
roma formation and PLP after upper and lower
limb amputation [21, 79, 93]. Additionally, this
effect might be even stronger when also fitting
patients undergoing TMR surgery with an active
prosthesis which they learn to intuitively control.
As described above, the use of an active device is
also correlated with less PLP [54, 101].

Conclusion

With a PLP incidence between 50 and 80% [19,
23, 29, 32] and most people still suffering from
pain years after amputation [84], it is fair to say
that current treatment approaches in clinical
practice are mostly unsatisfactory [27]. However,
with ongoing research efforts in the field, more
and more evidence has become available in the
recent years to help clinicians make informed
decisions on patient treatment. Clinical interven-
tions should start with an evaluation of the type
of pain and by communicating current knowl-
edge about the origins of PLP and available
treatment strategies to the patient. As psycho-
logical factors might influence pain, they should
be considered within treatment as well [37].
Current guidelines [27, 75, 76] suggest the use
of paracetamol and NSAIDs as first-line medica-
tion for PLP. As a next step the SNRI duloxetine
(Duloxetine, Cymbalta) should be explored
before introduction of gabapentin (Neurontin) or
finally pregabalin (Lyrica). Combination therapy
among these first-line drugs for neuropathic pain
can be considered in patients with PLP [27].

Second-line medication including oral mor-
phine, transdermal buprenorphine, tramadol, and
the tricyclic antidepressants (TCAs) usually
show more side effects, and there is relatively
little evidence for their effects on PLP [75].
Other treatments already available in the clinical
setting include mirror therapy, graded motor
imagery, prosthesis use, electrical stimulation,
and TMR that all seem to positively influence
pain levels [5, 95, 101]. Research approaches
include the use of virtual reality and sensory
feedback with promising results [16, 73, 99].
Combining these methods (as TMR used to con-
trol a prosthesis with sensory feedback) might
lead the path towards more successful PLP treat-
ment in the future.
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Electrically powered hand protheses are typically
controlled with electromyographic (EMG) sig-
nals, acquired from muscles of the residual limb.
In this chapter we will give an overview on clas-
sical EMG control as well as recent develop-
ments based on machine learning. Classical
approaches utilize two EMG electrodes and allow
to control only a single prosthetic function at a
time. Machine learning-based approaches utilize
more electrodes and can be divided into classifi-
cation and regression. Classification-based
approaches have become recently commercially
available and allow a direct access to many pros-
thetic functions, while classification-based
approaches allow for an independent simultane-
ous control of two degrees of freedom (DOF).
Targeted muscle reinnervation is a surgical pro-
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cedure to acquire additional control sites in the
amputees and enables to directly control up to
three DOF simultaneously.

Introduction

Electrically powered hand protheses are assistive
devices that can help to compensate for the
impact an amputation has to a person’s life. First
prototypes for electrically powered hand prosthe-
ses were developed after the 2nd World War in
Germany [41] and the first device that became
commercially available was released 1964 in the
UDSSR [50]. From the very beginning, electro-
myographic (EMGQG) signals acquired form resid-
ual muscles have been the most important way to
control the prostheses. Over many decades
myoelectric-prostheses had only one actuated
degree for freedom (DOF) for opening and clos-
ing the hand. Then a second DOF rotation of the
wrist was introduced. In the last years, great
advances were achieved in the development of
highly functional electrically powered hand pros-
theses with a high number of actuated joints.
Currently at least four manufacturers offer multi-
functional hand prostheses with 6 to 11 actuated
joints. However, the bottleneck for introducing
advanced functionality is not the protheses hard-
ware, but the techniques to read the intention
from the user and control the prosthesis. In this
chapter we will give an overview on the
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commercially available control techniques as
well as recent developments in research.

EMG Signal Acquisition
Physiological Background

Electromyographic signals are electric potentials
in the range of 50 pV to 10 mV that are gener-
ated by skeletal muscles during their contraction
[31]. Muscle fibers, which constitute the muscle,
are innervated by terminal axonal branches of
motor neurons. The motor neuron and its inner-
vated muscle fibers constitute a motor unit (MU)
[18]. Each action potential of the motor axon
triggers a motor unit action potential (MUAP)
that propagates toward both ends of the fibers
and causes their contraction. The MUAPs of all
MUs superimpose and form the electromyogram
that can be measured on the surface of the skin.
Since an increase in muscle force is mediated by
increases in both the number of active MUs and
their firing rates, the amplitude of the stochastic
interference  EMG  signal  proportionally
increases with force [30].

Noninvasive EMG Acquisition

In clinical diagnostics and in electrophysiologi-
cal research, disposable pre-gelled electrodes are
often used in combination with monopolar EMG
signal derivation. On the other hand, for the con-
trol of active prostheses, bipolar derivation with
active electrodes is the commonly applied con-
figuration. Here, the electric potential difference
between two electrode contacts, typically located
at a distance of 20 mm in the direction of the
muscle fibers, is picked up and amplified by a
biosignal amplifier [28]. Due to its high common
mode rejection ratio and high input impedance,
noise that is present on both bipolar electrode
contacts are suppressed, as the EMG signal gets
amplified [29]. In order to suppress motion arti-
facts and high-frequency contamination that
tends to corrupt the EMG signals, commonly a
band-pass filter with cut-off frequencies ranging

from 5 to 30 Hz at the low end and 300-500 Hz
at the top end is applied [31]. A notch filter is
often used to eliminate the power line interfer-
ence at 50 Hz or 60 Hz depending on the region.

For practical reasons dry metal electrodes are
typically used in prosthetics. Due to their rela-
tively large electrode-skin impedance, it is essen-
tial to keep the leads to the first amplification
stage very short in order to prevent artifacts from
saturating the signals. Therefore, active electrode
modules are commonly applied, which integrate
the electrodes with the amplifiers and the filters
in a compact space. Many advanced control
approaches use the raw EMG to extract multiple
features per channel. However, electrode mod-
ules for conventional myoelectric control more
often include a rectification and additional low-
pass filtering of the signal and thus provide access
to the EMG envelope.

Classical Control Approaches

Two-Channel Approaches

The most common myoelectric hand prosthesis
control methods are based on two bipolar EMG
signals picked up from a pair of antagonistic
muscles or muscle groups available at the stump
(Fig. 13.1). In case of an amputation, in most
cases a phantom representation of the lost limb
remains, and the residual muscles contract dur-
ing phantom limb motions [47]. For individuals
with transradial amputation, the wrist flexors
and extensors are typically employed while the
biceps and triceps brachii are commonly used in
cases of transhumeral amputation. The pectora-
lis major or minor or infraspinatus or teres minor
might be selected as source muscles for deriving
control signals for amputations at the shoulder
level. The electrode modules are integrated into
the inner socket of the prosthesis and pressed
against the skin with flexible polymer suspen-
sion that can partly compensate for stump vol-
ume variations [42].

Commonly, EMG activity of the flexor mus-
cles is mapped to a closing function of the pros-
thetic hand, while activity on the extensors
related to its opening. Most devices provide a
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Fig. 13.1 Conventional two-channel proportional myoelectric control with antagonistic muscles. Only one DOF is
controlled at a time and the active function is altered by performing a co-contraction. (© Ivan Vujaklija)

proportional control, i.e., the stronger the mus-
cles contract, the faster the prosthesis moves, or a
higher grip force is delivered. This control
scheme, often referred to as direct control, was
already applied in the first commercially avail-
able myoelectric prosthesis in the 1960s [50].

With the exception of targeted muscle reinner-
vation (TMR) patients, there are typically not
enough separately addressable muscles to gener-
ate independent EMG signals, which could
directly extend the prosthesis control to more
degrees of freedom (DOFs) simply by increasing
the number of channels. To control more than one
DOF with only two EMG channels, several heu-
ristics have been developed and are in commer-
cial use. For a good overview on clinically
available techniques, please refer to [34].

The most common approach for switching
between the DOFs is the co-contraction-based
triggering. Once the user contracts both muscle
groups at the same time, the active DOF is
switched, and the two EMG signals now control
another function of the prosthesis, i.e., changing
from grasping to wrist rotation. For above-elbow
prostheses, even alternating between three func-
tions (grasping, wrist rotation, and elbow flexion)
is common. However, as only one function can be
controlled at a time, cycling through DOFs is a

rather cumbersome control method and thus lim-
its the benefit of additional functions.

Another commercially popular approach dis-
tinguishes between grasping and rotation based
on the slope with which the EMG signal increases.
Slowly increasing EMG activity causes the open-
ing or closing of the prosthetic hand, while a
quickly increasing activity causes rotation of the
wrist. Once a high or a low slope is detected, the
prosthesis stays within the corresponding DOF
until the user relaxes the muscles completely and
therefore allows for a proportional control of the
speed or the force by adapting the contraction
force. Here, no explicit mode switching is
required, but the DOFs still have to be activated
sequentially.

Single-Channel Approaches

In cases when only one EMG channel can reli-
ably be controlled, both directions of a single
DOF have to be addressed using a single channel.
The direction is selected either by the initial slope
of the signal or by its absolute level (e.g., high
level for opening, low level for closing). Once the
controller detects the direction, it locks into that
state until a rest phase is detected and thus allows
for a proportional control via modulation of the
EMG activity. Alternatively, in those cases where
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even the proportional modulation of the EMG
amplitude is not an option (commonly in kids), a
hand can be open using a single channel, and the
closing is automatically done by the prosthesis
when the user relaxes. This approach is com-
monly referred to as “cookie crusher” [27].

Non-EMG Approaches

In a clinical setting, control inputs other than
EMG are also used as an alternatively or in addi-
tion to it. In prostheses with individually actuated
fingers, which are usually controlled with the two-
channel approach, grip patterns can be preconfig-
ured and selected by pressing a button on the
prosthesis with the other hand, or by moving the
prosthesis into a certain direction after an EMG-
trigger-signal. Also RFID tags placed on certain
objects can be used to automatically select grip
patterns, when the hand approaches the tag [52].

Control Approaches Following TMR

In TMR, additional EMG sites are obtained by
surgically reconnecting the still intact nerves of
the lost limb to other muscles in the vicinity [26].
In this way, intuitively controlled muscles that
react to phantom limb motions of the lost limb
are obtained and used for prosthesis control.
Since the muscles are spatially well separated
and can be actuated independently by the user,
the two-channel direct control approach can be

Fig. 13.2 A schematic
of a shoulder
disarticulation TMR
fitting (ventral side).
(© Ivan Vujaklija) Pectoralis Major
Clavicular Head

Pectoralis Major -
Sternal Head

extended to multiple DOFs (Fig. 13.2). In a typi-
cal TMR prosthesis following a shoulder disar-
ticulation, up to six EMG signals can be detected
and grouped in three pairs of commands. Thus,
independent, proportional, and simultaneous
control of three DOFs (elbow flexion/extension,
wrist rotation, and hand opening/closing) is pos-
sible [32].

In those TMR cases where fewer control sig-
nals are available, a combination of other conven-
tional techniques can be adopted. For instance,
when only five independent EMG channels are
present, a pair of electrodes could be mapped to
hand open/close and another one to elbow flexion
and extension. The signal of the remaining elec-
trode could then be split so that the initial slope
maps either pronation or supination and vice
versa. With four available channels, two elec-
trodes can be used for elbow flexion/extension
exclusively and the other two channels to either
control grasping or wrist rotation, which can be
switched through co-contraction.

Machine Learning-Based Approaches

To overcome the limitations of the classical con-
trol approaches, significant research has been
conducted in the past decades with the goal to
employ machine learning techniques for extract-
ing more control information from a larger num-
ber of EMG signals. Most of these advanced
approaches follow an established control chain
containing the processing blocks shown in

Infraspinatus (back)

Elbow Flexion/Extension

Wrist Rotation

S
Pectoralis Minor Hand Open/Close

EMG sensor



13 Control Strategies for Functional Upper Limb Prostheses 131

Control
Signals

Feature Training Labels
Vectors

r Raw EMG

Temporal

Filtering

dw |.
Feature

Extraction Estimation

Fig. 13.3 Block diagram describing the signal processing chain in most machine learning approaches for prosthesis

control. (© Ivan Vujaklija)

Fig. 13.3. Instead of just two, typically six to ten
EMG channels are used, either specifically placed
on certain muscles or equally distributed over the
area of interest. In order to extract as much infor-
mation from the signals, the raw EMG is typi-
cally used. The signals are digitized and processed
in blocks (windows) of 100-200 ms in duration
as to satisfy the optimal controller delay [10].
After applying similar noise removal filters as in
the conventional control, certain features are
extracted from the filtered EMG to condense and
describe the information that can be used by the
control algorithm. A large number of different
features and their combinations (feature sets) can
be extracted in time and/or frequency domain.
The most common ones include root mean square
(RMS), mean absolute value (MAV), slope sign
changes (SSC), zero crossings (ZC), wavelength
(WL), auto recursive coefficients, short-time
Fourier transform features, wavelets, and more
[19]. After feature selection, a machine learning
algorithm, commonly a classifier or a regressor,
interprets the signal features and transforms them
into control signals to be used by the prosthesis.
Most approaches employ supervised algorithms,
i.e., they have to be trained with samples of
labeled training data prior to their application. To
obtain these training samples, data is recorded for
which the type of contraction is known, i.e., by
relying on visual cues [1] or by performing bilat-
eral symmetric motions and measuring kinematic
or forces of the contralateral, unaffected side
[35]. In both cases (visual cues and bilateral
motions), a certain error in the labels may be
introduced due to variability in task execution.

Classification

In classification-based approaches, an algorithm
is trained with a pre-recorded feature samples of
all motions the controller should be able to detect.
It then compares the current feature vector with
the model generated from the training data and
decides for a certain motion (class). To achieve a
high classification accuracy, several types of clas-
sifiers for myoelectric prosthetic control have
been examined, such as linear discriminant anal-
ysis (LDA) [8], artificial neural networks (ANN)
[24], support vector machines (SVMs) [49],
k-nearest neighbors [24], and many more.

A classifier only estimates which motion is
active, but it does not provide any information
on the strength of the activation. It can therefore
be combined with a parallel signal path to esti-
mate the activation level (e.g., from the mean
amplitude of all channels) and enable the clini-
cally required proportional control of the veloc-
ity [4]. Compared to the co-contraction control,
the mode switching is omitted, but different
DOFs still have to be executed one by one,
which requires complex motions to be separated
into sequentially executed sub-motions. In the
last years, however, EMG pattern recognition
has been extended to concurrent classification
of motion intent by introducing additional
classes for all motion combinations that should
be activated simultaneously [36]. In this way,
the pattern recognition approach enables simul-
taneous control and thus promotes a more natu-
ral interaction with the environment. However,
with increasing number of classes, the classifi-
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cation accuracy decreases, which increases the
risk of false motions.

Although classification-based control
approaches for myoelectric control have been
proposed already several decades ago [13], their
clinical impact has been so far limited. Most
commercial prostheses still use the established
two-channel control approaches. As of recent
Coapt LLC [5] offers an FDA approved control-
ler with a classification-based control as an exten-
sion to most common hand and wrist devices. In
2018, Otto Bock has introduced their own
classification-based controller to the market [46].
The reasons for a limited transfer into clinical
applications are related to reliability problems
under real-world conditions. Factors such as a
change in arm position [11], electrode shifts [54],
and time between training and application [51] or
changing skin conditions, e.g., due to sweat [21],
alter the signal patterns and cause significantly
decreasing classification accuracies.

Regression

To overcome some of the limitations that
classification-based approaches present,
regression-based techniques have been investi-
gated to achieve an independent simultaneous
and proportional control of multiple DOFs [22].
Similar to classification, regression is also a
machine learning technique and needs to be
trained with some calibration data. The essential
difference to classification is that a regressor does
not estimate a specific class (movement) but
instead a continuous physical value (force, speed,
position, etc.) for each DOF individually. In this
way the activation ratio can be controlled inde-
pendently in all DOF, which allows, e.g., to open
the hand quickly while performing a slow rota-
tion at the same time. Various nonlinear and lin-
ear techniques have been investigated for
regression-based myoelectric control. Nielsen
et al. demonstrated successful control of two
DOF with artificial neuronal networks [35]
trained on bilateral mirrored motions, and Muceli
et al. extended this approach to three DOF [33].
Ameri et al. employed nonlinear kernel-based

support vector regression [2] and investigated
different strategies for obtaining the labels for
supervised training, including visual cues [1].
Gijsberts et al. demonstrated an effective approx-
imation of the kernel approach by Random
Fourier Features [12]. Matrix factorization tech-
niques have been able to successfully estimate
anywhere from two DoF [23] up to seven DoF
[20] control. Finally, regression control estab-
lished using autoencoders has shown to outper-
form classic control when driving multiple wrist
DOFs [53].

An extensive comparison of linear and nonlin-
ear regression techniques has been made [14]
showing that simplest of the approaches still
seem to be sufficiently effective in delivering sat-
isfactory user performance. This well may be the
consequence of continuous feedback that
regression-based approaches offer. Unlike clas-
sification where due to discrete nature of the esti-
mation the users are not fully aware in which
way the misestimation occurred, regression
approaches, with their unbounded solution space,
allow implicit adaptation to the user. This way,
they can actively compensate for false estima-
tions of the algorithm despite the commonly
occurring disturbances [15, 48]. As recently
shown in five prosthesis users, this leads to rela-
tive high robustness against potential sources of
non-stationarities such as changing arm position
or donning and doffing the prosthesis [16].
However, the additional capabilities of simulta-
neous and proportional control are followed by
the risk of unintended co-activations in other
DOFs. Thresholds to suppress small activations
can be introduced, but this problem increases
with increasing number of DOFs.

Modeling

It has been shown that simultaneous and propor-
tional control can also be achieved through mus-
culoskeletal modeling that estimates joint
moments and joint torques from the muscle acti-
vations [7, 43, 44]. This approach has been suc-
cessfully demonstrated in both upper and lower
limb prostheses [6, 45]. Instead of focusing on
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Fig. 13.4 Overview of the transfer learning process [40]:
a pattern recognition model (original) is trained on
recorded data, through a shift in electrodes, the incoming
data is thus disturbed and cannot be accurately recognized
by the original model. This occurrence is counteracted by
re-recording only a few new data points with this shifted

the explicit properties of the data or the correla-
tions, forward musculoskeletal models recreate
the biological process of motion generation. They
incorporate the physiological and biomechanical
constraints in order to estimate natural limb
motions.

In particular, since TMR allows the detection
of the neural activity of all nerves involved into
the task, including missing muscles, musculo-
skeletal models allow rather detailed reconstruc-
tion of the internal biomechanical representation
of missing limbs [9].

Transfer Learning

Various sources of disturbance, such as posture
change and resulting electrode shifts can impede
the user in everyday prosthesis control [17, 54].
Several approaches have been proposed to
improve robustness, such as implanted EMG
electrodes instead of surface electrodes [14, 38],
high-density EMG surface electrode grids [33,
51] more sophisticated feature extraction [25],
and post hoc error detection within the algorithm
[3]. However, for the most commonly used sur-
face EMG control, a quick and easy approach to
counteract electrode shift is the concept of trans-
fer learning, an approach which adapts the
machine learning model to the disturbed data
such that the original model is applicable again
[37, 39, 40]. Thereby, a pattern recognition model

Co

X

X

position to estimate new data, so that the original model
can be applied again. Thereby virtually shifting the elec-
trodes back into place, when in reality they are not. This
transformation of data is called transfer learning. (Used
with permission from IEEE)

is trained on recorded data (original) (see
Fig. 13.4). The colored circles indicate a different
class each. Then, incoming data is disturbed
through electrode shift, and the learnt model is
not applicably anymore (disturbed). The distur-
bance is estimated by recording only few new
instances from only few selected classes in the
disturbed condition (record new data). Grey cir-
cles indicate possible future positions of trans-
formed data. Finally, the algorithms learns an
updated model based on the newly acquired data
to virtually transform the data to its original
domain so that the model can be employed again
(transfer learning) [40].
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While prosthetic technology has been continu-
ously advancing over the last decades, the bottle-
neck of translation into intuitive and natural
prosthetic control has been the functional inter-
face between user and prosthesis. Currently used
surface electrodes entail various shortcomings,
ranging from low selectivity to frequent signal
instability. Most of these limitations can be over-
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come by implantation of myoelectric sensors,
thereby moving them closer to the biological sig-
nal source. Different implantable solutions for
prosthetic interfacing have been developed and
tested in animal as well as human studies. This
chapter will give a short overview of the current
limitations and go on to present promising
implantable solutions as well as a future outlook.
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Current Solutions and Their
Shortcomings

While there have been major advances in pros-
thetic technology and amputation surgery in the
last decades, the basic mechanisms of myoelec-
tric signal pickup have remained largely
unchanged since its first use roughly 60 years
ago [20]. Currently, the control of myoelectric
prosthetic devices is achieved via transcutane-
ous detection of EMG signals using surface
electrodes. These are placed in the socket of the
device and positioned on the skin over the cor-
responding muscle. Surface EMG (sEMG)
activity can thus be registered and used as con-
trol input for prosthetic movements, employing
either direct approaches or signal processing
algorithms such as pattern recognition or
regression. Transcutaneous signal transmission
bears several well-known limitations, which
negatively influence reliability and overall per-
formance of prosthetic devices, increasing frus-
tration and device abandonment rates among
users [4]. An important factor to consider is the
amount of tissue between electrode and muscle,
comprising mostly skin and fat, which decreases
EMG signal amplitude and promotes signal
crosstalk  between recording sites [8].
Particularly in overweight patients, this leads to
a significant decrease in EMG quality, limiting
sensitivity and selectivity of each electrode and
constraining the number and quality of avail-
able sites for myoelectric control. Furthermore,
changes of skin electrode position are unavoid-
able during movement of the stump, especially
when lifting heavy objects, or after donning and
doffing the device. Other factors which contrib-
ute to signal instability are variability of stump
size, relative movement of the muscle with
respect to the electrode and changes in elec-
trode impedance due to sweating. Given the
low signal intensity, higher threshold values
need to be used to discriminate between voli-
tional EMG signals and background noise or
artefacts. This results in the need for stronger
muscular contractions, limiting the accuracy of
proportional myoelectric control and promot-
ing fatigue.

The shortcomings of surface electrodes
become particularly apparent in patients who
have received targeted muscle reinnervation sur-
gery to increase the number of myosignals [18].
Since up to six independent muscle signals have
to be registered within the limited surface area of
a residual limb, electrode placement becomes
increasingly  difficult and time-consuming.
Crosstalk between signals and incorrect place-
ment of the electrodes often limits control perfor-
mance and adds to the frustration of patient and
prosthetist during the process of prosthetic reha-
bilitation. Finally, research on the use of cognitive
nerve transfers for muscle reinnervation in ampu-
tees has shown that the resulting biosignals offer a
complex array of compacted information within a
relatively small space [5]. In order to fully harvest
this potential, high-fidelity signal transmission is
necessary (see section ‘“Future Outlook™) [3].

While improving efferent control is a major
focus in prosthetic research, the inclusion of sen-
sory feedback to close the loop is another impor-
tant goal which has so far remained elusive in
clinical practice. Due to the lack of touch and
proprioception, the user needs to rely on visual
feedback to guide prosthetic control, which is
slow, unintuitive and impedes natural use as well
as device embodiment. The strong predominance
of afferent fibres within the human brachial
plexus, of a factor of approximately 10:1 in rela-
tion to motor fibres, underlines the great impor-
tance of sensory perceptions for effective
interaction with our surroundings [6]. The next
chapter will go into further detail regarding the
complex topic of sensory feedback.

Developing Implantable Interfaces

Research and clinical experience over the last
years have suggested that the necessary way for-
ward to attain more reliable and selective myo-
electric control is implantation of EMG sensors.
Implantable electrodes can either be directly
attached to the surface of a muscle (epimysial) or
placed within the muscle belly (intramuscular).
This approach largely eliminates the limitations
associated with SEMG pickup, while offering the
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possibility to access a higher number of indepen-
dent signals [13]. Close proximity to the signal
source greatly increases the amplitude of the bio-
signal, removes crosstalk and effectively prevents
changes in impedance and signal quality.
Furthermore, implanted electrodes can also be
used to stimulate nerves which are cognitively
related to the lost hand. In combination with
pressure sensors incorporated into prosthetic fin-
gers, this approach can be used to elicit sensory
feedback when grasping objects.

However, while these are promising perspec-
tives, development of an implantable medical
device comes with its own challenges. First of all,
any long-term implant should be designed with-
out the need for percutaneous leads, which are
susceptible to infection and may cause additional
harm through dislodging, while also being psy-
chologically unacceptable for most patients [19].
Data transmission and powering of the implant
must therefore be achieved wirelessly, e.g. using
radiofrequency or light-related transmission.
Further considerations that need to be addressed
when developing an implant for clinical use are
biocompatibility of all materials used, chemical
and mechanical stability, injury during implanta-
tion and chronic functionality. Before moving
into human application, these factors need to be
evaluated thoroughly in animal models, generally
moving from biocompatibility studies in small
animals to long-term functionality studies in
large animals [1]. Materials used for the implant
surface should be well-known and inert, such as
silicone, titanium or ceramic for the casing and
platin-iridium or steel for the electrode contacts.
Any areas with risk of implant failure or wire
breakage, such as connections between the cen-
tral implant and a cable, need to receive special
attention during the design process. Once mate-
rial tests and animal experiments are conducted
and confirm device stability and chronic func-
tionality, human studies can be planned, which
involves an extensive regulatory process and rig-
orous documentation. A limited number of
implantable systems to improve prosthetic inter-
facing have been developed and tested so far,
none of which have yet become commercially
available.

Overview of Implantable Systems
IMES

The IMES (“Implantable MyoElectric Sensors”)
system is one of the few which has been chroni-
cally tested in humans. Originally it was devel-
oped by the Alfred Mann Foundation in the
US. The IMES are small implants (16 mm long
and 2.5 mm in diameter) with a ceramic housing
of cylindrical shape and metal end caps acting as
electrodes for recording intramuscular EMG [15].
Up to six individual sensors can be placed in dif-
ferent muscles, in order to wirelessly transmit
EMG data to the prosthesis. Data transmission as
well as power supply of the sensors is achieved
through a circumferential external coil, which has
to be integrated into the prosthetic socket (see
Fig. 14.1). Recently, the first long-term implanta-
tion of IMES in conjunction with TMR in above-
elbow amputees has been reported, demonstrating
that the intramuscular sensors can chronically
register and transmit EMG after selective nerve
transfers for establishing natural prosthetic con-
trol [17]. The results over a period of more than
2.5 years showed substantial functional improve-
ments compared to standard surface EMG control
without any events of disconnection or malfunc-
tion of the system. Due to the intramuscular
placement, signals are independent from the posi-
tion of the prosthesis and are therefore not subject
to disturbances during postural changes or after
donning and doffing. For the same reason, these
signals can be detected early after nerve transfer
surgery, which leads to a significant decrease in
rehabilitation time. The fact that these sensors
individually transmit signals without a central
transmission unit close to the surface allows a cer-
tain freedom of wireless placement. However, the
distance that needs to be covered requires energy
supply which cannot be integrated into the pros-
thesis. Patients therefore need to wear an addi-
tional external belt-worn device, which is
generally perceived as bothersome by its users.
Another drawback is that the current IMES sys-
tem is not compatible with metal implants at the
stump region. Thus, surgical procedures such as
angulation osteotomy or osseointegration cannot
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Fig. 14.1 A patient using the IMES system to handle a
light bulb. An X-ray of the stump is shown, which includes
the individual sensors of the system as well as the circum-
ferential coil which is embedded into the prosthetic

be currently combined with the implantable sys-
tem. Additionally, as the coil has to be placed cir-
cumferentially —around the stump, short
above-elbow amputations or shoulder disarticula-
tions cannot be treated with this system. Finally,
the IMES sensors are unidirectional and cannot
serve as an afferent signal interface.

eOPRA/OHMG

Osseointegration has emerged as an increasingly
accepted approach to improve the mechanical
connection between stump and prosthesis after
limb amputation. Through an intramedullary
titanium implant which is connected to a trans-
cutaneous abutment, a direct and durable link
between skeleton and prosthetic device is

socket. The coil is used for wireless communication with
the implanted sensors and also provides power supply.
The purple circle highlights an illustration of an intramus-
cular sensor. (© Aron Cserveny for Oskar Aszmann)

achieved. Conventional sockets are thus not nec-
essary, and full range of motion can be main-
tained in the proximal joints. The OPRA
(Integrum, Sweden) system was the first of this
kind, having been developed by Prof. Rickard
Branemark. More recently, the eOPRA (also
referred to as osseointegrated human-machine
gateway, OHMG) was presented, which har-
nesses the transcutaneous port of the osseointe-
grated implant to establish a connection to
permanently implanted neuromuscular elec-
trodes. Wires are tunnelled through the implant,
so that the eOPRA neither requires telemetry nor
implanted active electronic components (see
Fig. 14.2). However, it relies on connectors
between the wires and the electrodes, which may
increase the risk of implant failure due to fluid
intrusion or wire breakage. Epimysial electrodes
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Fig. 14.2 The eOPRA
combines the use of an
osseointegrated titanium
implant for prosthesis
attachment with
implanted
neuromuscular
electrodes for
bidirectional functional
interfacing. The
electrode wires are
tunnelled through the
transcutaneous titanium
implant, thus no
telemetry is needed. The
figure shows two
epimysial electrodes
placed on reinnervated
muscles in a
transhumeral amputee,
as well as the respective
cognitive signals for
prosthetic control. A

cuff electrode is placed

around the ulnar nerve l
for sensory feedback. %
(© Aron Cserveny for

Oskar Aszmann)

are used for recording EMG signals, and nerve
cuff electrodes are employed for sensory feed-
back, effectively closing the loop of upper limb
prosthetic control. The prosthetic device can
thus be connected to the patient’s bone, nerves
and muscles. The eOPRA has been used in
human studies on four transhumeral amputees
for up to 7 years, demonstrating chronic func-
tionality and functional benefits for patients in
daily life [14]. In two of the patients which also
underwent targeted muscle reinnervation, the
first EMG signals could be registered as early as
1 month after surgery through the epimysial
electrodes. Similar to the results of the IMES
study, this facilitates an accelerated rehabilita-
tion protocol after TMR. For further details,
please see Chap. 6. Advantages compared to the
IMES system include implementation without
the need for a socket and inclusion of a feedback
mechanism. However, similarly to the IMES,
adequate stump length is necessary for the
osseointegration, and glenohumeral amputees

@ Radial Nerve —-“Open Hand”
@ Ulnar Nerve - Sensory Feedback
© Median Nerve —"“Close Hand"

are therefore not suitable. Also, while chronic
sensory feedback through nerve stimulation
presents an important step forward, this approach
is currently not able to restore natural touch per-
ception. The sensations elicited through periph-
eral nerve stimulation are frequently described
by patients as electrical, vibratory or twitching
[16].

Flat Coil Technology with Central
Implant

In order to offer implantable solutions which are
applicable at all levels of amputation, including
glenohumeral amputees, different design
approaches need to be chosen. Instead of a cir-
cumferential coil, as is used in the IMES system,
a flat coil technology can be implemented in
order to establish a wireless communication and
power supply link. This approach has been fre-
quently used in other biomedical devices, such as
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cochlear or retinal implants, and allows for flexi-
ble positioning within the body. Two such sys-
tems have been developed to detect EMG signals
for prosthetic control.

The MyoPlant was developed in a cooperation
between academic and industry partners [9]. It
consists of a central implant connected to four to
eight epimysial electrodes. These record EMG
signals, which are then transmitted by the central
unit to the prosthesis via radiofrequency
transmission. Power to the implant is also sup-
plied wirelessly, using a transcutaneous inductive

Fig. 14.3 Possible
human application of the
MyoPlant system. The
central unit is placed
identically to cardiac
pacemakers and the
electrodes are implanted
epimysial to the targeted
muscles. In this
scenario, the electrodes
receive signals from
three separate pectoralis
parts and the latissimus
dorsi muscle after TMR
surgery before being
transmitted by the
central unit wirelessly to
the prosthesis. The
system can be equipped
with up to eight
electrodes to increase
the number of muscle
signals. (Figure
reprinted with
permission from Wolters
Kluwer [2])

link from an external battery. A major advantage
of this fully implantable flat coil design is that
placement of the central unit during surgery is
flexible and can thus accommodate various ana-
tomical requirements. Regarding a potential clin-
ical application in glenohumeral amputees, the
MyoPlant system can be placed just below the
clavicle over the pectoral muscle, to provide a
safe and durable link for transcutaneous signal
transmission (see Fig. 14.3). So far, the MyoPlant
has been tested extensively in several preclinical
studies, where its long-term stability was assessed
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in rats, sheep and rhesus monkeys [2, 10].
Chronic implantation in large animals demon-
strated its reliable ability to record EMG data
with low crosstalk between agonist and antago-
nist muscles. A drawback of the MyoPlant sys-
tem is that it relies on connectors between central
unit and electrodes, which represents a predilec-
tion site for wire breakage. Also, sensory feed-
back is not featured in the current design.

The MIRA (“Myoelectric Implantable
Recording Array”) is a similar solution, which
was developed by Ripple Neuro Inc. (Utah,
USA). Its central unit is connected to eight sili-
cone leads, each of which carries four elec-
trode contacts (see Fig. 14.4). The leads are
placed intramuscularly, in order to gather EMG
information from different locations within
each muscle. A polypropylene anchor is placed
at the end of each intramuscular lead, which
ensures fixation within the muscle. In total, the
MIRA can record myosignals from 32 individ-
ual channels. The central unit is placed directly
under the skin and transmits the gathered data
to an externally aligned transceiver disc via
infrared communication. Power supply is pro-

Fig. 14.4 The MIRA
implant (Ripple Neuro
Inc., Utah, USA)
consists of a ceramic-
encased central unit
which is connected to
eight intramuscular
silicone leads. Each of
the leads carries four
steel electrode contacts
as well as an anchor for
intramuscular fixation.
The central unit gathers
the EMG signals and
sends them to an
external transceiver via
infrared transmission

vided through inductive coupling. Similar in
its basic design to the MyoPlant, it can also be
placed in various anatomic locations and does
not require a defined stump length. Also, it
offers the advantage of being one complete
unit, while the MyoPlant requires assembly of
different components via damage-prone con-
nectors. The MIRA has been tested extensively
regarding material safety and biocompatibility.
Large-animal studies have been performed in
dogs and sheep for up to 2 years, demonstrat-
ing its ability to chronically transmit stable and
highly selective EMG signals from individual
muscles (unpublished data). First in human
testing is currently being planned. A drawback
of the current system is that it does not include
sensory feedback. However, the next genera-
tion of the MIRA is being designed to include
the option for bidirectional transmission. Also,
given its high number of channels, the MIRA
may be used together with advanced control
algorithms, which are able to determine the fir-
ing pattern of individual spinal motor units
from the activity of reinnervated muscles (see
below).
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Future Outlook: Implantable High-
Density EMG Electrodes

With the technological advances described above,
an important step forward has been made towards
implantation of EMG-triggered systems in clini-
cal practice. This improves signal acquisition and
reduces disadvantages of surface EMG as men-
tioned before. However, most of the systems
described only offer between four and eight indi-
vidual signals, which translates into a maximum
of four intuitive degrees of freedom. While these
systems lead to a more natural control of pros-
thetic devices which requires less effort by the
user, patients will still be limited to a low number
of individual movements, far from replacing the
numerous intricate motions of the human hand.
As described in previous chapters, TMR pro-
vides additional axonal input to each reinner-
vated muscle, since highly capable nerves such as
the median or the ulnar are used to drive cogni-
tively simple muscles such as the biceps or the
triceps. Research has shown, that high-density
electrode grids placed over such muscles can be
combined with advanced decoding algorithms in
order to estimate the actual neural drive of the
motor nerve used for reinnervation [5]. So far,
this represents the only existing option to access
the activity of individual motor neurons and is
therefore a major milestone towards highly
advanced and natural prosthetic control. Such
high-density interfaces, however, still face the
well-known problems of superficial electrodes.
Therefore, implantation of these multichannel
systems will allow to fully harvest the potential
of motor unit decoding [7]. The concept of motor
unit identification using different implantable
muscle electrodes has so far been validated in the
acute setting, in animal as well as human subjects
[11, 12]. Current studies are ongoing to further
develop this approach, evaluating its full poten-
tial and biosafety during long-term implantation
of high-density electrode grids, after which trans-
lation into human subjects will be conducted. In
its final application, this implantable system also
aims to include natural sensory feedback, through
mechanical stimulation of reinnervated dermal
matrices. Through a combination of muscle rein-

Signal path of the Natural BionicS Prosthesis

(1) Nerve impulse
(2) *Manunculus”

(3) BioSphere

@ Osseointegration
(8) Soft Prosthesis
(&) Feedback to CNS

Fig. 14.5 A schematic illustration of truly natural bionic
limb replacement, representing the goal of our current
research efforts. The neural impulses (1) directed to the
missing hand travel from the brain to the “manunculus”
within the stump (2). The manunculus describes a surgical
concept, which aims to recreate the cognitive representa-
tion of the missing hand, employing a combination of tar-
geted nerve transfers and dermal matrix transplantation.
In a biosphere (3), which consists of different afferent as
well as efferent electrodes, the biological signals are
acquired and sent to the prosthetic device, which is
attached to the stump via osseointegration (4). Soft robotic
hands (5) will be used, which have recently been devel-
oped in order to more closely mimic the natural character-
istics of the human hand. Sensors within the device send
feedback impulses through the biosphere back to the brain
(6), in order to close the loop of prosthetic control and
promote natural use as well as device embodiment.
(© Aron Cserveny for Oskar Aszmann)

nervation and dermal matrix implantation, a cog-
nitive representation of the missing hand will be
created within the stump. Together with advanced
implanted electronic systems as well as specific
mathematical decoding algorithms, this approach
aims to create a truly natural substitution of the
lost limb (see Fig. 14.5).

Conclusion

The use of implantable EMG sensors enables
the extraction and transmission of selective,
high-quality myosignals, without crosstalk or
other signal disturbances. While the risk of
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infection and additional surgery needs to be
considered, implantable devices nonetheless
represent a major improvement compared to
current surface electrodes. Both the IMES and
the eOPRA have been used in combination with
selective nerve transfers in above-elbow ampu-
tees, leading to long-term intuitive and dexter-
ous control of robotic arms. Due to the placement
of sensors close to the muscle, EMG signals can
be detected early after nerve transfer surgery
with significant decrease in rehabilitation time.
The MyoPlant and the MIRA have so far only
been tested preclinically but offer the advantage
of flexible placement during surgery and can
thus be used in glenohumeral amputees as well.
The use of implantable sensors will have an
impact on the surgical procedure of TMR, since
these sensors can record from deep and small
muscles which may thus become new targets for
nerve transfers. Future systems should aim to
combine the benefits of implantable high-den-
sity electrode grids with solutions for natural
sensory feedback, in order to close the loop and
promote intuitive prosthetic use as well as
device embodiment.
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Strahinja Dosen, Cosima Prahm,
Sebastian Amsuss, lvan Vujaklija, and Dario Farina

To fully replace the missing limb, a myoelectric
prosthesis needs to provide a bidirectional com-
munication between user’s brain and its bionic
limb. And indeed, modern prosthetic hands are
advanced mechatronic systems that approach the
design and capabilities of biological hands both
morphologically (size, shape, and weight) and
functionally (degrees of freedom). In addition,
these hands are controlled intuitively by mapping
muscles’ activations to prosthesis functions using
direct control or pattern classification. However,
commercial systems do not yet provide somato-
sensory feedback to their users. In this chapter,
we provide an overview of the methods and tech-
niques that can be used to stimulate the sensory
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motor structures of an amputee subject in order to
restore the missing sensations. We then discuss
the prosthesis variables that are most often trans-
mitted through the stimulation as well as the
encoding schemes that can be used to map those
variables to the stimulation parameters. The con-
tradictory evidence about the impact of feedback
on the prosthesis performance is presented next,
illustrating that designing, implementing, and
assessing effective feedback interfaces is indeed
a challenging task. Finally, the chapter ends with
discussion and recommendation for further
research that will hopefully lead to a successful
solution for closed-loop prosthesis control.

Introduction

Human hands serve a multitude of functions,
from performing dexterous grasping and manipu-
lation, and haptically exploring the environment,
to communicating and bonding with others,
through gestures and social and affective touch
[1]. These functions are implemented through a
skillful control by the nervous system that orches-
trates an intricate set of muscle actuators and
receives sensory feedback from a dense network
of sensors. The skin mechanoreceptors provide
rich information on the hand motion and interac-
tion with the environment, including contact
events and location, pressure distribution, shape,
texture, vibrations, and slip [2], and this informa-
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tion is critically important for all hand functions.
When a person loses a hand due to an amputa-
tion, this has a profound impact on his/her quality
of life. The lost motor functions can be restored
to a certain degree using myoelectric prostheses.
These systems are controlled by translating the
electrical activity of the user muscles into pros-
thesis commands [3]. The control is intuitive, as
the same muscles that were used to move the
hand before amputation (hand flexors and exten-
sors) are now mapped to analogous functions in
the prosthesis (hand close and open). However,
commonly used commercial prostheses do not
restore the lost sensory functions. One
three recently presented systems claim to provide
feedback to the user, yet its clinical effectivness
is still to be demonstrated [4-6]. The surveys
among the users of myoelectric prostheses have
indicated that restoring sensory feedback is
indeed an important requirement [7-10]. The
users expressed interest in receiving feedback on
the prosthesis grasping force, hand aperture, and
object contact and release using vibration, pres-
sure, and electrical stimulation [9].

To restore the missing sensations, the prosthesis
is equipped with artificial exteroceptive and pro-
prioceptive sensors, the sensor information (joint
angles and grasping force) is translated into stimu-
lation parameters, and the stimulation is delivered to
the sensory-motor structures that are still available
after amputation [11]. This can be implemented
using noninvasive methods, as when electro- and
vibrotactile stimulation is applied to the surface of
the skin [12, 13]. Noninvasive feedback can also be
provided acoustically [14, 15] or visually [16, 17].
Alternatively, the stimulation can be delivered using
an implanted interface, directly activating periph-
eral nerves [18, 19] and/or sensory areas in the cen-
tral nervous system [20]. The advantage of the
invasive approach is that it activates the same sen-
sory structures that were used before the amputation
to transmit the feedback, and thereby the stimula-
tion could potentially elicit natural and somatotopic
sensations, for example, a touch to a prosthetic fin-
ger can be perceived as a touch to a user phantom
finger. However, this method of delivering feedback
requires a surgical procedure that entails potential
risks related to post-surgery complications. In addi-

tion, some amputee patients, especially those with
amputations due to trauma, might be hesitant to
undergo additional surgery, and hence they prefer
noninvasive solutions [21].

The idea of providing the users of upper limb
prostheses with a feeling of touch by implement-
ing sensory feedback mechanisms into artificial
limbs is not novel. In fact, this was an active area
of research in the 1970s and 1980s [22]. The fol-
lowing years were marked by a rather slow
research progress, but recent years have shown
an enormous gain in interest and research activi-
ties in the area of tactile displays and the integra-
tion of haptic signals into prosthetic devices [23,
24]. User demands as well as neurophysiological
characteristics of the human body are increas-
ingly taken into consideration during the process
of tactile display design [25]. An important point
for the design of artificial feedback is to recog-
nize that the feedback is one component within a
complex framework of human motor control
(Fig. 15.1). The user controls a prosthesis by gen-
erating myoelectric signals, which are in most
cases recorded noninvasively from the surface of
the skin. The control signals are therefore charac-
terized with noise, which increases with the
intensity of contraction [26], and this produces an
uncertainty in controlling the prosthesis [3]. The
user receives feedback through electrical or
mechanical stimulation, which he/she needs to
interpret in order to understand the feedback
information. This process is also characterized
with uncertainty [27] that depends on the charac-
teristics of the feedback interface (e.g., number
and discriminability of stimulation patterns). In
addition, the user can exploit other sources of
feedback information that are available intrinsi-
cally in the prosthesis. For example, he/she can
hear the sound of the prosthesis motor and from
that infer the prosthesis state (e.g., closing and
opening speed or change in force) [28]. Finally,
the user is a smart controller that can learn the
behavior of the controlled system and use feed-
forward control (anticipation and prediction) to
operate the prosthesis, without the need to rely on
the feedback [29-31]. Therefore, an effective
interface for supplemental somatosensory feed-
back needs to be designed considering the system
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as a whole. For example, the artificial feedback
needs to provide more information than what is
already available intrinsically in the prosthesis;
otherwise, the impact of closing the loop might
be very limited or even completely absent.

In this chapter, we begin by providing an over-
view of the technology to deliver artificial feed-
back. Then, we summarize the choice of feedback
variables and explain how they can be translated
into stimulation profiles to be delivered to the
user. Next, we discuss the impact of feedback at
the functional and psychological level, and
finally, we give a discussion of the present state
of the art and an outlook into the future
developments.

Technology for Artificial Feedback
Electrotactile Stimulation

In electrotactile (electrocutaneous) stimulation
[13], low-amplitude electrical pulses are deliv-
ered via surface electrodes placed on the skin of
the residual limb to depolarize cutaneous affer-
ents and produce tactile sensations (Fig. 15.2a,
c). The sensation quality and intensity can be
regulated by modulating stimulation parameters.
A single pulse is felt as a discrete tap on the skin.

With increasing frequency, the individual sensa-
tions gradually fuse creating a perception of
vibration, tingling, or constant pressure at the
surface of the skin [34, 35]. The quantity of
charge injected with each pulse (duration x
amplitude) determines the number of recruited
cutaneous nerve fibers and therefore the intensity
of sensation. When the amount of charge exceeds
a certain limit, known as discomfort or pain
threshold, the stimulation can activate small
nociceptive fibers, producing thereby a painful
sensation. Typically, the stimulation is delivered
using concentric electrodes to establish focused
and superficial current flow leading to a localized
sensation. The electrode size determines the area
of the skin activated by the stimulation, and in
general, increasing the area improves the percep-
tion [36]. The current flowing deeper into the tis-
sue can activate sensory and motor nerves and
elicit muscle contractions and referred sensations
(e.g., hand/forearm paresthesia). By properly
placing electrodes on the surface of the skin
above targeted nerves, this approach can be
employed to activate sensory nerves noninva-
sively [37, 38] and thereby produce somatotopic
sensations in the phantom limb akin to those that
are generated using invasive interfaces.

Several notable advantages make the electro-
tactile stimulation an attractive technology for
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Fig. 15.2 Electro- and vibrotactile stimulation. (a) A
concentric stimulation electrode producing localized cur-
rent flow and focused tactile sensation; (b) a coin motor
generating vibrations tangential to the skin; (¢) and (d)

implementation of feedback in prosthetics.
Contrary to vibration motors, there are no mov-
ing mechanical elements, which implies low
power consumption and fast responses to control
inputs. The stimulation interface comprises thin,
flexible electrodes and low-power electronics,
which allows producing compact solutions inte-
grating many electrodes within a limited area
[39]. Therefore, advanced multichannel feedback
interfaces can be embedded within the confined
space of a prosthetic socket. The stimulation
parameters can be modulated independently and
simultaneously, which allows flexibility in shap-
ing stimulation profiles to encode feedback infor-
mation and regulate tactile sensations [36].
However, the stimulation can be uncomfortable if
the parameters are set too high. Furthermore,
some users can be initially concerned about the
approach as they associate it with electrical
shocks. Finally, the electrical stimulation is
inherently unselective, and therefore, it is not
possible to target specific afferents and tactile
perception channels [40].

Vibrotactile Stimulation
The skin of the residual limb can be stimulated

by delivering vibrations to directly activate skin
mechanoreceptors [41, 42] (Fig. 15.2b, d).

HyVE 4

arrays of electrodes and vibrators for multichannel stimu-
lation; (e) a hybrid stimulation interface (HyVE) deliver-
ing vibrations and electrical stimulation through the same
area of the skin. (Adapted from [32, 33])

Depending on the mechanical construction of
the vibration device, the oscillations can be per-
pendicular or tangential to the skin. The sim-
plest solution is a pager vibrator (coin motor)
commonly embedded in mobile phones, in
which vibrations are produced by rotating a
mass positioned eccentrically to the motor shaft
(motion tangential to the skin). This design
intrinsically couples the stimulation parame-
ters, and the motor has only one control input
(motor speed) to simultaneously adjust both the
intensity and frequency of vibrations [43].
Several coin motors can be integrated into a
common casing to generate more complex
stimulation patterns through mechanical super-
position of elementary oscillations produced by
single motors [44]. Voice-coil technology, orig-
inally developed for loudspeakers, allows more
flexibility in producing vibrations. The motor
integrates a solenoid attracting/retracting a
mass connected to the motor base by a spring.
In principle, in this design the intensity and fre-
quency of vibrations can be modulated inde-
pendently by adjusting the amplitude and
frequency of the sinusoidal input voltage driv-
ing the motor. However, there is still a signifi-
cant interaction between the parameters due to
the resonance properties of a mass-spring sys-
tem. Typically, such motors have a strongly
peaked frequency profile, and therefore, modu-
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Fig. 15.3 A method to produce vibrations with indepen-
dently adjustable parameters. The vibrations are gener-
ated by driving a DC motor using a train of pulses to
produce acceleration ticks. The vibration amplitude and
frequency can be adjusted by modulating (a) pulse ampli-
tude and (b) frequency, respectively. The parameters are
thereby decoupled and can be modulated simultaneously,

lating the frequency can have a significant
impact on vibration intensity and vice versa
[45]. An additional drawback is that voice-coil
motors are noisy, which can be experienced as
intrusive by amputees. Recently, a solution for
generating rich patterns of amplitude- and fre-
quency-modulated vibrations, where the param-
eters are fully decoupled, has been presented
[43] (Fig. 15.3). The method uses a standard
brushless DC motor and a unique control
approach, where the oscillations are produced
by generating a sequence of ticks that are anal-
ogous to pulses in electrical stimulation
(Fig. 15.3a, b). The vibration intensity and fre-
quency can therefore be controlled indepen-
dently by adjusting the rate and amplitude of
the generated ticks (Fig. 15.3c).

The advantage of vibrotactile stimulation is in
the ease of application since the stimulation is
comfortable and cannot produce pain as in elec-
trotactile stimulation. Vibrotactile displays are an
affordable  solution because low-energy-
consuming motors are available off the shelf.
However, due to rotating masses, there is a delay
in responding to vibration commands, and com-
pared to electrodes, the stimulation units are
bulkier and power consumption is higher.

0.5 1 15 2 25
Time (s)

producing complex vibration patterns, as demonstrated in
(c). The light blue and red lines in (¢) are command inputs
into the motor, and the dark blue signal represents gener-
ated oscillations. The vibrations were measured using an
accelerometer placed on the vibration motor (left).
(Adapted from [43])

Force and Torque Applicators

In this approach, the feedback is delivered by
applying low-amplitude forces and/or torques to
the residual limb. Linear motors can be used to
push into the skin [46], while rotational actuators
can apply torque around the joint [47] or stretch
the skin rotationally and/or longitudinally [48].
Schoepp et al. [49] presented a design where a
force applicator is actuated through a Bowden
cable to allow flexibility in placement and mini-
mize the vertical profile. A recent example for the
skin stretch feedback is a servo motor controlling
a rocker mechanism covered with rubber to make
a tight, high-friction contact with the skin [50,
51]. Another design is based on an ultrasonic
motor rotating a miniature end-effector at the sur-
face of the skin, whereby both the position and
rotational velocity can be controlled [48, 52].
When the end-effector moves, the skin is gently
stretched. A passive mechanism delivering linear
skin stretch was presented recently [53]. The
prostheses fingers were passively connected to
the contact pads attached to the forearm, and
therefore, when the fingers move they pull on the
pads. Sophisticated mechanisms capable of
delivering three-dimensional force feedback have
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been developed [54], but they have not been
translated to prosthetic applications. Finally,
electrically actuated braces and pneumatic cuffs
[55] can be used to squeeze the forearm deliver-
ing the feedback in the form of pressure around
the residual limb. An interesting design has been
presented in [56] demonstrating a brace with two
DC motors to produce normal as well as tangen-
tial forces creating pressure and skin stretch
around the upper arm, respectively.

The biggest advantage of mechanotactile
devices is that they can deliver modality-matched
feedback, i.e., the information on the prosthesis
grasping force is transmitted to the user by apply-
ing force to the residual limb. This is a more intu-
itive method of providing feedback compared to
delivering vibrations or creating tingling sensa-
tions using electrotactile interfaces. However,
mechanical solutions for the modality-matched
feedback are also far more complex compared to
miniature vibration motors and compact electro-
tactile stimulators.

Implantable Interfaces

Sensory feedback can be also restored using inva-
sive techniques (Fig. 15.4). In this approach,
implanted electrodes are used to deliver electrical

Fig. 15.4 Implantable
interfaces that can be
used to deliver electrical
stimulation to evoke
tactile sensations: (a)
Transversal
intrafascicular
multichannel electrode
(TIME), (b) Utah
electrode array, (c)

pulses directly to sensory neural structures within
the body. The stimulation can be delivered at dif-
ferent levels along the human neuraxis, namely,
to peripheral nerves [19, 58], dorsal root gangli-
ons [59], dorsal column nuclei in the brain stem
[60], or sensory cortex [20, 61]. The advantage of
delivering the stimulation distally (peripheral
nerves) is that neural information coding is well
understood at this level of the CNS (rate and pop-
ulation coding) and can be therefore reproduced
by the stimulation interface. The higher the stim-
ulation target, the less is known regarding the
information representation used by the nervous
system, but there is also a possibility of producing
more complex and higher-level percepts. A vari-
ety of electrode interfaces has been used to stim-
ulate the sensory structures. In extraneural
systems, the electrode does not penetrate into
neural tissue. Examples are traditional cuff elec-
trodes [19] encircling the nerve and a recent flat
interface nerve electrodes (FINE) [62—-64]. The
FINE electrode flattens the nerve to spatially sep-
arate the fibers and improve the stimulation
selectivity. Intraneural electrodes pierce through
the epineurium. Longitudinal (LIFE) and trans-
versal (TIME) intrafascicular electrodes belong
to this category [65-68]. As it travels through the
nerve, the TIME can activate different areas
(bundles) along the nerve cross section. Utah

longitudinal
intrafascicular electrode
(LIFE), (d) flat interface
nerve electrode (FINE), f
(e) cuff electrode, and

(f) subdermal electrode.

(Adapted from [57])
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slanted electrode array is a matrix of fine needle
electrodes that penetrate the nerve [69, 70]. The
needles are of different length and therefore reach
into different cross sections of the nerve.

The advantage of the implanted interfaces is
permanent placement and the possibility, at least
in theory, of producing natural sensations, both in
quality and location to provide thereby a homolo-
gous and somatotopic feedback. The implanted
electrodes activate the same sensory structures
that were responsible for eliciting natural sensa-
tions before amputation. The sensation quality
depends on the type of sensory fibers that are
recruited by the stimulation. As demonstrated in
[71] and more recently in [72], a multi-contact
electrode can activate different fiber types and
elicit qualitatively different tactile sensations. In
addition, as the sensory fibers are organized
somatotopically within the nerve, changing active
contact can elicit tactile sensations experienced as
coming from different areas of the missing hand.
Finally, the intensity and frequency of stimulation
determine the number of recruited fibers and their
frequency of firing, modulating the sensation
quality and intensity, analogously to the stimula-
tion through the surface electrodes (see section
Electrotactile ~ Stimulation).  Therefore, the
implanted feedback interfaces can modulate loca-
tion, intensity, and quality of the elicited tactile
sensations. Recently, first studies that report on
successful long-term use of such interfaces have
been published [73-76]. Subdermal electrodes
have been proposed for the restoration of sensory
feedback in [77, 78]. They provide some of the
benefits of the implantable interfacing (low power,
small size) with minimal invasiveness, as they can
be applied using a hypodermic needle to insert the
electrode just beneath the skin.

Hybrid Methods

Multimodal interfaces combine several stimula-
tion techniques to elicit rich and versatile tactile
sensations. In hybrid vibro-electrotactile stimula-
tion (HyVE), a vibration motor is placed on the
top of a thin electrode to deliver electrical pulses
and mechanical vibrations to the same area of the

skin [32, 33] (Fig. 15.2e). It was demonstrated
that human subjects could differentiate the prop-
erties of the two stimuli when they were deliv-
ered simultaneously [32]. Therefore, a single
HyVE stimulator implements two information
streams transmitted in parallel through the same
area of the skin. Furthermore, in a psychometric
assessment [33], a multichannel HyVE interface
outperformed a vibration interface similar in size
and performed similarly to an electrotactile inter-
face larger in size. Another recent example of a
hybrid system is a compact device integrating
two vibrotactile motors and one mechanotactile
stimulator to deliver vibration and force stimula-
tion, respectively [79]. Vibro- and mechanotac-
tile stimulation have been combined in [80], and
psychometric tests in amputee subjects indicated
an advantage of multimodal versus single-modal
stimulation. A miniature haptic display described
in [81], comprising a six-bar mechanism and a
brushless DC motor, is probably the most
advanced solution presented so far. The device
can deliver contact (tapping), pressure, vibration,
shear force, and temperature stimulation.
Nevertheless, hybrid methods are still rarely used
for prosthesis control likely due to technical chal-
lenges and potential information overload of the
prosthesis user.

Feedback Variables and Information
Coding

Ideally, the artificial feedback should mimic the
natural connection between the hand and the brain
and therefore provide complete exteroceptive and
proprioceptive information. However, the tech-
nologies for tactile stimulation can transmit only a
fraction of this information due to a low commu-
nication bandwidth. Normally, the subjects need
training to perceive and interpret tactile sensa-
tions elicited by the feedback interface and to
associate those with prosthesis state. Most often,
only the prosthesis grasping force is selected as
the information to be fed back to the prosthesis
user [23, 82], because it is critical for grasp stabil-
ity and difficult to estimate visually. If the force is
too low, the object can slip from the grasp, while
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an excessive force can damage the object or the
prosthesis. Modern prostheses are strong and can
generate forces of up to 100 N [83], and therefore,
grasping a delicate and brittle object (an egg) can
be indeed a challenging task. In this case, there
are no visual cues on the exerted force, as the
object is rigid, and it snaps suddenly when the
force crosses the breaking threshold.

The simplest approach to communicate grasp-
ing force is to use a single channel of vibro- and
electrotactile stimulation and modulate the stim-
ulation parameters proportionally to the force
[84-87]. For example, a higher intensity or fre-
quency of stimulation can indicate higher force.
As demonstrated in a recent study [69], the map-
ping function from the measured force to the
stimulation parameters can be important for the
effectiveness of feedback. The stimulation inten-
sity/frequency can increase linearly or exponen-
tially with force [88, 89]. The latter follows the
Weber law of human perception and translates
the same change in force to a larger change in
stimulation parameters as the baseline force
increases. George et al. [69] presented a biomi-
metic encoding where frequency and/or ampli-
tude was modulated with the stimulus position,
velocity, and acceleration, and they have demon-
strated that this approach led to a better perfor-
mance compared to the “classic” linear mapping
during an active exploration task using a myo-
electric prosthesis. Valle et al. [68] compared lin-
ear frequency and amplitude coding of grasping
force using electrical stimulation delivered via an
intraneural feedback interface. The experiments
demonstrated that amplitude coding resulted in
better force modulation and less adaptation. The
parameter modulation can be continuous or dis-
crete. When using discrete encoding, the force
range is divided into several levels (e.g., low,
medium, and high), and the stimulation transmits
the current level of the measured force. This sim-
plifies the interpretation of the feedback, as the
user needs to recognize few discrete levels
instead of continuous modulation [90, 91]. If
multiple channels are available, the information
can be conveyed using spatial coding, in which
the current level of grasping force is indicated by
activating a specific stimulator within the array

[92]. For example, in [31], ten-coin vibrators
placed along the forearm were used to transmit
ten levels of force during prosthesis grasping.
The spatial coding can be combined with param-
eter modulation leading to mixed coding [27].
Here, each stimulator can be activated at several
intensities and/or frequencies, and the force level
is indicated by a combination of activated stimu-
lator and selected stimulation intensity/fre-
quency. This approach allows communicating
many force levels clearly and with minimal train-
ing, because it is easier to discriminate a combi-
nation of two qualitatively different parameters
(N locations x M frequencies/intensities) com-
pared to N x M levels of a single parameter
(intensity, frequency, or location). Mixed coding
has been used with Michelangelo Hand to pro-
vide high-resolution feedback that was still easy
to interpret (>95% success rate in recognizing 15
force levels) [27] (Fig. 15.5). Finally, a phenom-
enon of tactile illusion can be exploited to pro-
vide feedback using electro- and vibrotactile
stimulation [41]. To produce the illusion, two
stimulators are activated simultaneously at spe-
cific intensities to elicit a perception of tactile
sensation located between the two stimulators.
The location of the phantom sensation can be
modulated by adjusting the ratio between the two
intensities to produce a moving tactile stimulus.

A popular method to transmit prosthesis
grasping force is to use modality-matched inter-
faces such as mechanotactile stimulators in the
form of linear force applicators or squeezing
braces and cuffs. In one of the early studies [55],
pressure feedback delivered through a cuff was
compared to vibration feedback using a force-
matching task, and the tests demonstrated that the
modality-matched interface (pressure) resulted in
less error. In [93, 94], linear pushers (servo
motors) were embedded into a prosthetic socket
to apply low-level forces to the residual limb. The
tactile stimulation was delivered to the skin loca-
tions that elicited sensations in the lost fingers
(phantom map), resulting in both modality-
matched and somatotopically congruent feed-
back. In a later study [46], this interface
outperformed vibration feedback in a multi-site
sensory discrimination task.
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Fig. 15.5 A flexible electrode for multichannel electro-
tactile stimulation. (a) The electrode dimensions and
placement; (b) spatial coding of grasping force, where
each electrode pad when activated represents 1 level of
force (15 in total); (¢) mixed coding of grasping force, in

which 5 pairs of pads are activated at 3 different frequen-
cies, resulting in 15 force levels (5 pairs x 3 frequencies).
The mixed coding allows better success rate in recogniz-
ing the force levels. (Adapted from [27, 39])
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Fig. 15.6 A novel approach to feedback in prosthetics.
Instead of feeding back the prosthesis output (sensor
data), such as generated grasping force, the idea is to use
the feedback to transmit the input into the prosthesis, that
is, the myoelectric control signal generated by the user. As

More recently, it was proposed that force feed-
back might not be an optimal choice for facilitat-
ing force control during routine grasping with a
prosthesis. This apparently counterintuitive con-
clusion stems from the fact that grasping is a fast
and routine action, in which the grasping force is
anticipated even before the object has been con-
tacted [95]. Once the prosthesis contacts a rigid
object, the force increases fast and the feedback
comes too late to make corrections. Therefore, to
support the routine grasping, the feedback should

myoelectric signals

the prosthesis operates proportionally, the generated EMG
anticipates the grasping force and thereby allows predic-
tive control. This also augments the natural proprioceptive
feedback from user muscles. (Adapted from [98])

transmit variables that allow for predictive con-
trol of force, such as prosthesis velocity [96].
Due to the nature of prosthesis operation, the
closing velocity is proportional to the grasping
force, and therefore, the velocity anticipates the
force, providing more time for corrections.
Following similar reasoning, a novel approach to
feedback was presented by [97]; instead of feed-
ing back the prosthesis output, such as measured
force or closing velocity, it was proposed to
transmit the command input, i.e., a myoelectric
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signal (EMG feedback, Fig. 15.6). And indeed,
the tests have demonstrated [98] that EMG feed-
back transmitted using electrotactile stimulation
with spatial coding (4 locations x 2 frequencies)
outperformed the classic force feedback commu-
nicated through the same interface. In these stud-
ies, a single DOF of a prosthesis (hand open/
close) was controlled proportionally using a
smoothed single-channel EMG, and this signal
was also transmitted back to the user via EMG
feedback. Following similar reasoning, the group
of Jonathon Sensinger used auditory feedback to
convey the output of more advanced myoelectric
controllers based on pattern classification and
regression [99, 100]. The feedback communi-
cated proportional and simultaneous activation of
two DOFs using four distinct frequencies.
Recently, the group of Christian Cipriani [101,
102] proposed using vibrotactile bursts to transmit
only discrete events, such as object contact and
release, instead of continuous information (e.g.,
magnitude of grasping force). This approach is
inspired by the insights from the human motor
control proposing that the grasping motion unfolds
in phases, which are demarcated by specific events
and controlled by phase-specific controllers [103,
104]. The role of discrete vibrotactile feedback is
therefore to facilitate the control by communicat-
ing the timing of these events and phases of the
grasping action. In a recent study [105], where the
feedback communicated both discrete events and
continuous myoelectric information, the results
demonstrated that the discrete vibrotactile stimula-
tion dominated the continuous acoustic feedback.
In addition to contact and release events, dis-
crete feedback has been used to convey the slip-
page of the object from the grasp [101, 106].
Compared to force feedback, there was sub-
stantially less work in providing artificial pro-
prioception. In one of the early studies, the elbow
angle of a prosthetic arm was transmitted through
vibrotactile stimulation using the tactile illusion
approach [28]. The joint angle was mapped to a
vibrotactile stimulus moving along the forearm
between the two stimulators. In more recent stud-
ies [107, 108], the aperture of a virtual and real
prosthesis was transmitted using spatial coding
with ten vibrators placed on the forearm. The

results demonstrated that transversal and longitu-
dinal placement of vibrators resulted in a similar
performance. In [109], the position of a virtual
wrist was conveyed using vibrotactile stimulation
with mixed coding. Two interfaces were tested,
three custom-made voice-coil tactors and three
coin motors to deliver vibrations perpendicular
and tangential to the skin, respectively. Each
motor could vibrate at 4 frequencies resulting in
11 discrete levels of feedback. The tests showed
that there was no significant difference in perfor-
mance between the two interfaces. In a recent
study [39], dynamic stimulation patterns were
proposed to intuitively transmit several prosthe-
sis variables, including wrist rotation and hand
aperture, with the possibility to combine the pat-
terns and thereby communicate several variables
simultaneously. The stimulation electrodes were
positioned circumferentially along the forearm.
The hand aperture was transmitted by generating
two tactile stimuli that move towards or away
from each other to indicate hand closing and
opening, respectively. The wrist rotation was
coded by rotating the two stimuli around the fore-
arm. The patterns were tested using a novel sys-
tem for electrotactile stimulation, including an
easy to apply, flexible array electrode that could
be integrated into a prosthesis socket. In [110],
multichannel electrotactile stimulation was used
to communicate finger movement during simul-
taneous and proportional myoelectric control of a
simulated and real dexterous robotic hand. Mixed
encoding was employed, with one electrode for
each controlled degree of freedom (DoF) and fre-
quency modulation to transmit the amount of
flexion in that DoF. Four voice-coil vibrators
placed around the waist and activated at three lev-
els were used to transmit a configuration of a vir-
tual hand (4 DoFs) [111]. Two coding schemes
were tested, in which the vibrators communi-
cated individual DoF angles or activation levels
of the four kinematic synergies (principal com-
ponents). In [48], a wearable device delivering
skin stretch was used to communicate the posi-
tion of a simulated arm. The elbow angle was
mapped to the amount of rotation of the device
end-effector. In another study, the skin stretch
produced through a rocker mechanism [50, 112]
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was employed to transmit hand aperture while
controlling a robotic hand. In particular, the study
by Battaglia et al. [S0] has demonstrated the chal-
lenges of providing feedback from a compliant
underactuated hand, in which the fingers can
move independently and therefore the aperture
cannot be described by a single number. Finally,
an interesting approach to provide modality-
matched proprioceptive feedback is to evoke a
kinesthetic illusion [23]. This can be done by
vibrating the tendons to activate muscle spindles,
which creates an illusory joint motion. However,
to produce the illusion, the vibration intensity
needs to be high, and this requires a bulky device.
In a recent work [113], this approach has been
used to restore the kinesthetic sense in amputees
for closed-loop myoelectric control of a dexter-
ous prosthetic hand. The perception of complex
grasp movements was successfully created by
vibrating the muscles.

Finally, several studies developed and tested
stimulation interfaces capable of providing more
feedback variables simultaneously, most often a
combination of hand aperture and grasping force.
Arakeri et al. [114] used two channels of electro-
tactile stimulation placed on the neck to commu-
nicate force and aperture. D’ Anna et al. [65] used
several intraneural electrodes with multiple con-
tacts implanted into median and ulnar nerves to
elicit tactile sensations in two nonoverlapping
locations in the phantom limb. The two spatially
distinct percepts communicated touch and joint
angle using sensory substitution. A similar
approach using extraneural electrodes (FINE)
was presented in [115], where a proprioceptive
percept (finger flexion) could be elicited to
communicate aperture information through
modality-matched feedback.

Impact of Feedback
Performance

Considering that sensory feedback is essential for
motor control in able-bodied subjects [103], it is
surprising to find that the results reported in lit-
erature regarding the benefits of feedback in

prosthetics are actually contradictory. For exam-
ple, an early study [116] demonstrated that elec-
trotactile feedback improved the control of
simulated grasping even in the presence of abun-
dant visual cues (grasping a compliant object).
On the other side, in a recent study [117], the arti-
ficial feedback failed to improve the perfor-
mance, even in the context of a dual task which
drew visual attention away from the prosthesis.

The only studies in which the benefits of arti-
ficial feedback are clearly evident and consis-
tently reported are the ones in which the subjects
were fully isolated from all other feedback
sources [19, 62, 107]. Typically, the subjects
wore noise cancelling headphones and blinds so
that the hearing and vision were completely
blocked [19, 65] or substantially impaired [50].
Therefore, the subjects could not see or hear the
prosthesis movements. These studies demon-
strated that artificial electro- and vibrotactile
feedback improved prosthesis operation when
compared to the condition of full sensory depri-
vation. For example, the feedback resulted in bet-
ter control of force [19] and aperture [107],
stiffness recognition [118], object identification
[114, 115], and positioning of wrist [109] and
elbow [28]. However, this is hardly a surprising
outcome, as any feedback is likely to be better
than no feedback at all. These studies are still
important as they demonstrate the effectiveness
of the proposed feedback interfaces; however,
they do not say much about the utility of the arti-
ficial feedback in a daily life. Similar comment
holds for the studies in which some elements of
the prosthesis control loop are simulated, for
example, when using vibrotactile feedback to
communicate the interaction forces between a
haptic robot and a virtual object [119, 120].

The results reported in the studies performed
using a more realistic setup are often openly
contradictive. In one of the early studies [121],
it was demonstrated that modality-matched
force feedback provided by a linear force appli-
cator increased the success rate when manipu-
lating a brittle object. However, in a later study
[85], force feedback transmitted via a single
vibrator (coin motor) using intensity modula-
tion did not improve the success rate in grasping
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daily-life objects using a prosthesis. A coin type
vibrator has also been used in [87], where sub-
jects grasped four objects of different weight.
When the force feedback was provided, the sub-
jects decreased their grasping forces, improving
thereby the economy of the grasp. Force feed-
back has been tested in [84] using an interactive
force matching task during which the subjects
were asked to grasp an object and produce low,
medium, and high force. Force information was
coded by modulating the duration and frequency
of 200-Hz vibration bursts. The force feedback
decreased the error only for medium forces and
in the group of subjects experienced with myo-
electric control. In a recent study [47], the
grasping force feedback delivered through a
torque applicator failed to improve the perfor-
mance, despite using a custom-made low-
impedance gripper providing a precise and
continuous force modulation. As demonstrated
in [31], the vibrotactile force feedback might
not be beneficial if the task is simple and pros-
thesis operation predictable. The feedback
improved grasping performance only when an
uncertainty was introduced in feedforward con-
trol. In a longitudinal study [102], the subjects
used a prosthesis equipped with a simple con-
tact feedback for daily-life tasks, and they were
tested weekly using a virtual egg test to mimic
grasping of delicate brittle objects. The perfor-
mance improved across testing sessions only in
the feedback condition, and the subjects broke
fewer blocks in the sessions in which the feed-
back was provided. Another longitudinal study
[122] demonstrated that electrotactile feedback
on grasping force was useful, but the effective-
ness of feedback decreased substantially due to
short- (within session) and long-term (across
session) learning. In [62] the performance of
SHAP test, which is a standard clinical test for
the assessment of prosthesis control in func-
tional tasks, was similar with and without
somatosensory feedback. Markovic et al. [124]
employed multichannel vibrotactile feedback to
communicate contact, active function, and
grasping force in a multifunctional prosthesis.
The experiments in amputees showed that the
effectiveness of feedback depended on the task

as well as the level of training. In several recent
studies, the feedback improved performance in
tasks that included grasping delicate objects,
such as restacking of soft cups [18, 124] and
replacing virtual eggs [67, 99].

The few studies investigating the artificial pro-
prioception failed to demonstrate a significant
benefit of feedback if the visual input was not
concurrently blocked. A most illustrative exam-
ple was a study [125] in which the subjects used
myoelectric interface to control a cursor shown
on the computer screen, while the feedback on
the cursor position was transmitted by moving
the contralateral arm using a robotic manipulan-
dum, hence providing supplemental feedback
using natural proprioception. Even in this ideal
case, the additional proprioceptive input did not
improve the performance compared to visual
feedback alone. Similar results were reported in
[126] where supplemental vibrotactile feedback
did not improve learning to control a simulated
prosthesis.

Embodiment

The artificial somatosensory feedback can have a
substantial psychological as well as therapeutic
impact on prosthesis user. Sensory information is
instrumental for the sense of embodiment, which
is a subjective feeling that something belongs to
someone’s body. The feedback can be used to
manipulate the feeling of body ownership in
able-bodied subjects to such an extent that an
artificial object can be integrated into the body
scheme. For example, in a rubber hand illusion
(RHI), an experimenter simultaneously strokes a
silicone hand in full view and the subject hand,
which is hidden under a table or behind the
screen. After only a few minutes of stimulation,
the subject develops an illusion that the silicone
hand is a part of his/her own body; in other words,
the subject embodies the silicone hand and, at the
same time, disembodies his/her real hand. The
integration of multiple sensory inputs that are
congruent in time and space is critical for the illu-
sion to take place. Practically, this means that the
stimulation has to be delivered synchronously
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and to the same location on the silicone and real
hand. Importantly for prosthetics, the RHI can
also be induced in amputees [127], especially in
those that have a sensory map of the phantom
hand on the residual limb, as this allows the
delivery of spatially congruent stimulation.
However, the illusion was weaker compared to
stimulating the contralateral hand (classic RHI
setup). The RHI could be evoked even when
using an artificial hand with a robotic appearance
and while the hand has been actively operated via
myoelectric control [128]. Even closer to a real-
life scenario, in [129] the illusion was produced
in two patients with targeted muscle reinnerva-
tion using an automatic feedback loop compris-
ing a sensorized prosthesis and a tactor. The
tactor stimulated the phantom map on the resid-
ual limb proportionally to the measured grasping
force. Furthermore, the RHI could be success-
fully induced in able-bodied and amputee sub-
jects using vibration motors [130]. The touch on
the rubber hand was transmitted by delivering
vibration to the forearm using a feedback inter-
face convenient for practical applications (coin
motor). This study therefore demonstrated that
the RHI can be produced even when the stimula-
tion was not matched in modality. In [131], able-
bodied subjects received a 4-week training in
prosthesis grasping with electrotactile touch
feedback. Although the stimulation was incon-
gruent in modality and location, the training elic-
ited a visuo-tactile cross modal congruency effect
(CCE) in the peripersonal space of the prosthesis.
The CCE characterizes normal limbs, and it is
positively associated with the feeling of embodi-
ment. Recent studies demonstrated that somato-
sensory feedback delivered through different
stimulation modalities (e.g., vibration, electrical,
and mechanical) seems to improve the embodi-
ment [73, 74], especially after a longer time use
of a sensate prosthesis [75].

As demonstrated in [132], sensory stimulation
per se can decrease phantom limb pain (PLP).
Sensory discrimination training can reverse the
maladaptive plastic changes in the brain, which is
believed to be one of the main reasons behind
PLP. Importantly, a prosthesis equipped with sen-
sory feedback can have a therapeutic effect [133,

134]. A group of amputees undergone a training
over several sessions with a single DOF prosthe-
sis (gripper) providing an electrotactile feedback
on the prosthesis grasping force using a set of
electrodes placed circumferentially around the
forearm. The training substantially decreased the
intensity and frequency of the PLP episodes.

Discussion

Providing an effective sensory feedback to pros-
thesis users is a long-standing challenge in pros-
thetics. The first prototypes of prostheses
equipped with artificial tactile feedback have
been developed in the 1970s [135, 136], and a
first review providing historical perspective was
published in the 1980s [22]. Nowadays, the tech-
nology has immensely advanced; modern pros-
theses are dexterous robotic systems with
individually controllable fingers [83], and there
are miniature surface and implantable stimulators
capable of delivering flexible stimulation profiles
over multiple channels. Nevertheless, an effec-
tive commercially available feedback inter-
face with established clinical utility is still
missing.

Therefore, it seems that the technology is not
areal bottleneck. Instead, we propose that what is
missing is a clear understanding about the role of
feedback in closed-loop prosthesis control and
that this question needs to be addressed through
basic research investigating the very nature of
feedback in prosthetics, as also voiced in a recent
review [25]. There are some recent studies that
indeed recognize this point [29, 137, 138]. The
main assumption is that the feedback needs to be
regarded within a broader context of human
motor control (Fig. 15.1). Humans acquire
dynamic models of the environment and use
those internal models to anticipate and control
predictively [139]. Furthermore, when estimating
the state of the environment, humans can inte-
grate information from multiple feedback sources
as well as previous experience (expectation) to
obtain an optimal estimate [140]. Some recent
studies have demonstrated that similar principles
operate in amputee and able-bodied subjects
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when using myoelectric control [29, 30].
Nevertheless, a systematic and deep investigation
of the motor control strategies that are employed
by prosthesis users is still to be undertaken. We
need models of computational motor control,
akin to those used in able-bodied subjects [141,
142], which can predict and explain the behavior
of amputees when controlling myoelectric pros-
theses during functional tasks. Such models can
inform the design of feedback interfaces that will
make a difference, not only in the controlled con-
ditions of research labs but also in daily-life pros-
thesis use.

Importantly, these principles when considered
can indeed lead to an effective feedback inter-
face. For example, as shown in [97, 98], the feed-
back that is designed to facilitate predictive
control by feeding back the user’s own EMG out-
performed the classic approach based on trans-
mitting the information on the grasping force.
Audible feedback of the myoelectric signals can
improve performance and facilitate the develop-
ment of internal models in prosthesis control [99,
100]. In addition, as demonstrated in [96], oper-
ating a prosthesis even without artificial sensory
feedback is still closed-loop control, because the
user receives information from the prosthesis and
his/her own body. For example, the subjects were
able to estimate the prosthesis grasping force
visually from its velocity of closing. Since most
myoelectric prostheses respond proportionally to
a command signal, the subjects can also rely on
the natural muscle proprioception (sense of
effort) to produce desired grasping forces [123].
To improve the control performance, the artificial
sensory feedback needs to provide more than
what is already intrinsically available in the
prosthesis. Importantly, as shown in a recent
study [143], the incidental sources of feedback
can provide high-fidelity information about the
prosthesis state (closing velocity).

Therefore, on one side, the artificial feedback
needs to be designed to mimic the role of natural
sensory feedback within the human motor con-
trol loop. On the other side, however, the nature
of the biological feedback is very different from
its supposed artificial replacement. Biological
somatosensory feedback includes multiple

modalities and spatially distributed sensing,
whereas prosthesis feedback has been imple-
mented using discrete stimulation components. A
typical feedback interface comprises a single
sensor measuring the total grasping force and a
single stimulator (vibration motor) transmitting
this information back to the wuser [82].
Nevertheless, there are some promising develop-
ments towards decreasing this gap in the future.
There are advanced sensors mimicking their bio-
logical counterparts, for example, sensorized
compliant fingers [144] that register vibrations,
distributed touch, and temperature, or artificial
skins that can completely cover the prosthetic
hand to provide high-density distributed tactile
sensing [145]. These sensors are originally devel-
oped for applications in robotics, but it has been
increasingly recognized that they can be usefully
applied in prosthetics. In a recent study [146], a
system was presented to transmit tactile informa-
tion detected by an artificial skin to a human sub-
ject by delivering electrical stimulation through a
matrix of electrodes placed on the forearm
(Fig. 15.7). The experimental evaluation demon-
strated that the subjects could interpret spatially
distributed stimulation and successfully recog-
nize shapes of different complexity (lines, geom-
etries, letters) that were applied to the
artificial skin by an experimenter. Osborn et al.
[147] presented a multilayered artificial skin and
electrical stimulation system that are able to cap-
ture and elicit sensation of touch as well as pain
arising when interacting with a sharp object.
Finally, as the feedback is an integral part of
the motor control loop (Fig. 15.1), there is a
strong interaction with the other components of
that loop, especially with the feedforward (com-
mand) interface [27, 36]. In general, the feedback
cannot have a strong impact on performance,
even when transmitted through an ideal visual
interface, if the prosthesis control is unreliable.
Using good feedback, the user can indeed receive
information on the prosthesis state and then
decide on the proper command to send to the
prosthesis. However, this is still futile if she/
he cannot reliably generate that command by
activating her/his muscles. Unfortunately, unreli-
able control is characteristic to most of the con-
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Fig. 15.7 Artificial electrotactile feedback from an elec-
tronic skin. The skin embeds a matrix of sensitive tactile
sensors (taxels). The tactile signals are recorded, pro-
cessed, and translated into stimulation parameters. The

temporary prosthetic devices, as they rely on
surface EMG which leads to noisy command sig-
nals that are less and less reliable as the contrac-
tion strength increases [3]. Therefore, in order for
the user to be able to exploit the benefit of feed-
back, better control interfaces as well as mecha-
tronic solutions are required. As described in
other chapters, there are some promising devel-
opments in this direction, including implantable
solutions for EMG recording [148] and osseoin-
tegrated interfacing [149] providing more stable
control signals, as well as the prototypes of low-
impedance prosthetic devices [47] that enable
precise and continuous modulation of grasping
force.
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Deafferentation Pain Following
Brachial Plexus Avulsion Injuries

Laura A. Hruby

Brachial plexus avulsion injuries represent one of
the most severe nerve injuries resulting in debili-
tating sensory and motor deficits. Besides func-
tional impairments, most affected patients suffer
from a chronic pain syndrome, referred to as
deafferentation pain. Its origin is thought to arise
due to scar formation in the dorsal horn after
traumatic nerve root avulsion. At a later stage,
central mechanisms including cortical reorgani-
zation maintain the pain. Drug therapy often fails
to improve pain with interest growing in behav-
ioral treatment modalities. Most importantly, it
has been shown that successful nerve reconstruc-
tion results both in functional recovery and
reduction of deafferentation pain as the central
nervous system regains sensory feedback from
the previously denervated limb.

Background

A chronic pain syndrome, referred to as avulsion
pain or deafferentation pain, frequently develops
after nerve roots are traumatically torn from the
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spinal cord [38]. One of the first descriptions was
published by Frazier and Skillern in 1911 and
included the vivid exemplification of a patient’s
pain experience, who had suffered a closed bra-
chial plexus avulsion injury after a man had fallen
down on his left shoulder and head from the
fourth floor [13]:

The pain is continuous; it does not stop a minute
either day or night. It is either burning or com-
pressing (like a vise) or dragging (a sense of
weight) in character, or a combination of all these
at the same time. Every few minutes this pain is
intensified in a paroxysm lasting from a few sec-
onds to a minute or longer. In addition there is,
every few minutes, a jerking sensation similar to
that obtained by touching, in the proper way, a
Leyden jar, namely, a jerk, or a succession of jerks,
either in the hand only or running the whole length
of the arm and at times very severe. I have a
graphic picture of it in my mind; it is like zigzag
made in the skies by a stroke of lightning. The pain
is felt sometimes in the very arm itself, but most of
the time away from the arm, in what I got into the
habit of calling an imaginary arm. The upper part
of the arm is mostly free from pain; the lower part
from a little above the elbow to the tips of the fin-
gers, never. Pain of every character, burning, com-
pression, dragging or jerking is increased by
walking, standing or even sitting up, so that the
recumbent position is a necessity for most of the
day.

Despite the fact that this exemplification dates
back more than 100 years ago, patients with mul-
tiple nerve root avulsions today still portray their
pain using a similar vocabulary. Deafferentation
pain usually occurs soon after the traumatic
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event, which resulted in brachial plexus avulsion
[38]. In lower root avulsions, persistent pain in
the deafferented hand area is experienced by
70-90% of patients [26].

Deafferentation as a medical term includes the
total deprivation of sensory input from the periph-
ery. In brachial plexus avulsion injuries, all input
from afferent axons of a peripheral nerve is inter-
rupted when the dorsal rootlets are torn from the
dorsal horn. Why this deafferentation process fre-
quently entails the development of a chronic,
intractable pain syndrome has been the subject of
numerous studies and reports. In the cat spinal
cord, Loeser et al. showed abnormal neuronal fir-
ing patterns after selective rhizotomy [19] similar
to the pathological changes seen in an epileptic
focus in the brain [3]. These findings were con-
firmed in a human spinal cord specimen, showing
spontaneous hyperactivity of neurons in the dor-
sal horn, which are thought to lose their “normal”
graded response to peripheral stimuli but instead
fire with abnormally prolonged bursts to any
stimulus above threshold [20]. Despite total loss
of sensation, affected patients frequently report
of allodynia in the deafferented hand, which may
be explained by the segmental neuronal hyperac-
tivity of afferents located in the injured, scarred
dorsal horn.

Neuronal hyperactivity and spontaneous ecto-
pic discharges in the spinal cord are key mecha-
nisms resulting in deafferentation pain after
brachial plexus avulsion injuries. The prolonged
and therapy-resistant nature of this pain syn-
drome, however, may be explained by its com-
plex  distribution  throughout supraspinal
somatosensory pathways. Recordings of thalamic
nuclei, where sensory input from the spinal cord
is relayed, have revealed spontaneously hyperac-
tive neurons in patients with chronic deafferenta-
tion pain making it an all the more “central pain”
syndrome [14, 15, 31]. Furthermore, adaptive
changes in the cortex have also been described.

An fMRI (functional magnetic resonance
imaging) study on cortical activation following
unimanual finger movement has shown that in
the healthy subject, the primary sensorimotor
cortex contralateral to the hand movement is acti-
vated, while concomitantly the ipsilateral senso-

rimotor cortex is deactivated [2]. The motor
control of unimanual tasks therefore entails inter-
hemispheric interaction to inhibit interference
from the opposite brain hemisphere. Interestingly,
it has been found that interhemispheric inhibition
is discontinued in brachial plexus avulsion
patients [16]. The authors reasoned that follow-
ing brachial plexus avulsion injuries, there is no
need to inhibit an already disabled arm while
moving the opposite, intact extremity.
Interhemispheric functional connectivity is also
weakened between the two primary motor areas
in patients with brachial plexus injury implying a
desynchronization of brain areas due to the loss
of neurological connection to the affected arm
and hand [18].

As oppose to this inhibition of interhemi-
spheric connectivity, the amount of reorganiza-
tion of the primary somatosensory cortex
contralateral to the deafferented hand directly
correlates with the intensity of deafferentation
pain [10, 17]. As early as 6 months after nerve
root avulsion, the interruption of afferent, sen-
sory input from the hand is accompanied by the
expansion of inputs from the face into the former
hand cortical territory, and eventually, touch on
the face can activate the hand area of the primary
somatosensory cortex [12, 17]. In other words,
the cortical hand area disappears as a result of
complete brachial plexus injury, which may be
referred to an inner amputation of the hand, and
is invaded by adjacent cortical areas, particularly
the face. Although the term “phantom limb” usu-
ally applies to conventional amputees, it may also
be used in association with the inner amputation
resulting from global brachial plexus avulsion,
with many patients experiencing similar move-
ment sensations and painful symptoms in the
affected limb despite its denervation [23]. As in
amputees, phantom limb phenomena are associ-
ated with the mentioned reorganization of corti-
cal structures [12, 37].

The spontaneous nature of deafferentation
pain is attributed to bursts of neuronal hyperac-
tivity at the spinal cord as well as at supraspinal
areas specifically the thalamus and cortex.
Patients typically describe “electric, shock-like”
paroxysmal pain attacks [9], which last several
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seconds to minutes and can occur up to 20 times
per day. Added to this, most patients report of a
“crushing or dull background pain,” which is not
as intense, however, continuously felt throughout
the day and night. In many patients, weather
changes with sudden temperature drops or
increases, wind, emotional stress, as well as
physical stress can aggravate pain intensity and
frequency.

Treatment Strategies

The treatment of chronic deafferentation pain
remains a challenge. Drug therapy including nar-
cotics and opioids and more invasive procedures
such as stellate ganglion blockade, sympathec-
tomy, limb amputation, transcutaneous electrical
stimulation (TENS), and dorsal column stimula-
tion all share one characteristic: their efficacy is
non-predictable and mostly insufficient [39].
Furthermore, adverse side effects of opioid pain-
killers limit their tolerance and lead to high aban-
donment rates. Additionally, frequent and intense
pain attacks may cause feelings of stress, nausea,
anxiety, and social withdrawal [10], which can

Fig. 16.1 Organization of the laminae in the cat mid-
lumbar spinal cord as originally described by Rexed (left).
Schematic drawing of the laminar organization of the dor-

also negatively impact on occupational activities
and necessitate extended sickness absence rates.

Dorsal Root Entry Zone (DREZ)
Lesioning

In 1952, Rexed divided the superficial dorsal
horn of the cat spinal cord into a series of parallel
laminae [30], which has since been applied to
other species including humans [40]. Pain from
the arm and hand is transmitted by primary noci-
ceptive afferents, which enter the spinal cord
mainly via Rexed laminae I and II (= substantia
gelatinosa of Rolando) [30] (Fig. 16.1). In trau-
matic dorsal root avulsion, a scar is formed at the
spinal cord-rootlet junction, and consequent neu-
ronal hyperexcitability with spontaneous dis-
charge of neurons in Rexed laminae I and II
mimics burning pain being transmitted from the
affected hand [40]. Additionally, the inhibitory
effect of large, myelinated afferents on nocicep-
tive C fibers, which usually occur in the substan-
tia  gelatinosa, is diminished following
deafferentation [41]. The dorsal root entry zone
(DREZ) has therefore been postulated for surgical
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ablation to reduce deafferentation pain by sup-
pression of the nociceptive pathways [33, 36].
The technique aims at destroying the deaffer-
ented hyperactive neurons in the scarred dorsal
horn and is referred to as microsurgical
DREZotomy (MDT). Either microcoagulation
using radiofrequency thermocoagulation or
microsurgical bipolar coagulation may be per-
formed to ablate the small-caliber nociceptive
fibers in the DREZ and the medial part of
Lissauer’s tract, within which nociceptive affer-
ents travel to adjacent spinal segments to be
relayed [27, 32, 34, 35]. This invasive procedure
is recommended only until at least 12 months
after injury due to the natural tendency of sponta-
neous improvement to tolerable pain levels and
because most patients accustom themselves to
the burden of pain with time [38]. Success rates
differ between single centers, and recurrence of
pain occurs in a considerable number of patients
[1, 22]. Complications associated with this pro-
cedure include long tract impairment resulting in
motor weakness and sensory ataxia due to dam-
age of adjacent pathways in the spinal cord [1].
Permanent adverse sequelae occur in 10% of
patients [38]. The invasive nature of the surgery,
which includes a cervical laminectomy to ade-
quately expose the spinal cord, is also to be con-
sidered. As outlined before, deafferentation pain
following avulsion injury is not restricted to path-
ological changes in the dorsal horn itself, which
is why selective procedures such as DREZ abla-
tion frequently fail to resolve pain in deafferenta-
tion states in a relatively high number of patients
[31]. Bearing in mind the risk of major complica-
tions due to iatrogenic damage of adjacent struc-
tures and pathways in the spinal cord, we do not
recommend this procedure, especially not in oth-
erwise healthy young individuals.

Behavioral Treatment Approaches

Due to the therapy-refractory nature of deafferen-
tation pain, psychological approaches in pain
management including relaxation techniques,
mirror therapy, graded motor imagery, cognitive
behavioral therapy, and body awareness training

have been proposed [21]. In other neuropathic
pain syndromes, such as spinal cord injury (SCI),
phantom limb pain in conventional amputees,
and complex regional pain syndrome, these treat-
ment approaches are widely distributed. Since
neuropathic pain is thought to be maintained by
related cortical reorganization mechanisms, i.e.,
shrinkage of the cortical area of the deafferented
limb and its invasion by adjacent cortical areas,
the primary goal of therapy is to activate cortical
areas corresponding to the affected limb, which
ultimately leads to pain reduction [24]. Visual
illusions, which trick the patient’s brain of mov-
ing a “healthy,” functional limb, have been shown
to correct the mismatch between motor output
and sensory feedback and thereby significantly
reduce neuropathic pain [25, 29].

Interestingly, most patients report that dis-
tracting activities such as gardening, manual
labor, or driving a car have the potential to tem-
porarily reduce deafferentation pain. Patients
who are absorbed in their work or hobbies can
thereby gain considerable periods of relief of
pain, making distraction by far the most potent
analgesic [28]. Almost all patients, however, feel
the pain instantly return once they stop that par-
ticular activity [28]. Occupational therapies,
which aim at reintegrating patients into working
life, can also efficiently reduce pain following
brachial plexus avulsion [8].

Effects of Motor Recovery
on Deafferentation Pain

During the past decades, the body of literature on
functional outcomes including motor and sensory
recovery after brachial plexus repair has expanded
to a multitudinous amount. Recently, however,
researchers have also come to appreciate that
functional improvements in limb mobility are
associated with regained activation of primary
sensorimotor areas related to the affected extrem-
ity as well as a reduction in deafferentation pain
[11]. In 1988, Bruxelle and colleagues were
among the first to report positive effects of surgi-
cal reconstruction in patients with brachial plexus
avulsion injuries on deafferentation pain in a
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large patient cohort [8]. He showed that 3 years
after the surgery, deafferentation pain had
decreased in 63% of patients who had some sort
of functional recovery. The positive effect of
functional restoration on avulsion pain was con-
firmed in a number of following studies [4, 5, 7].
Interestingly, it has been recognized that patients
who experienced no pain improvement did not
show evidence of returning motor function [5].

In complete brachial plexus injuries, nerve
transfers are performed to partially restore motor
function in the arm and hand [6]. Treatment suc-
cess is dependent on the regeneration of axons
from a donor nerve into the target muscle. Besides
the regeneration of motor axons, which will ulti-
mately initiate muscle activation, sensory axons
originating in the re-innervated muscle transmit
proprioceptive feedback from this muscle to the
central nervous system. This phenomenon may
be termed as reafferentation, since the brain
regains sensory feedback from the previously
denervated limb. Consequently, deafferentation
pain is reduced. In summary, successful recon-
structive nerve repair results in functional recov-
ery and sensory reafferentation of the central
nervous system and can thereby reduce deaffer-
entation pain [8].
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Hand Reconstruction in Patients

17

with Global Brachial Plexopathies

Laura A. Hruby and Agnes Sturma

Injuries to the brachial plexus represent one of
the most severe nerve injuries with permanent
and devastating effects on a patient’s physical
and psychological well-being. Despite the fact
that modern reconstructive surgeries yield objec-
tively good motor results for the shoulder and
elbow, hand function remains negligible in a con-
siderable subset of patients. Prosthetic hand
replacement has recently been described for
patients in whom primary and secondary recon-
structions have failed to improve hand function.
Here we present the treatment algorithm for the
concept of bionic hand reconstruction in patients
with global brachial plexopathies.
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Global Brachial Plexopathies
Beyond Biological Rehabilitation

Following brachial plexus injury, primary nerve
reconstruction should be initiated early as dener-
vated muscle cells undergo degenerative fibrosis
resulting in loss of motor end plates as soon as the
nerval input is discontinued [9, 17]. The progres-
sive atrophy of muscles is accompanied by stiff-
ness of joints leading to contractures in the hand.

Primary reconstructions include direct neural
repair, nerve grafts, as well nerve transfers [2, 3,
14]. In longstanding lesions with irreversible atro-
phy of muscles or delayed surgical treatment, sec-
ondary reconstructions are performed, which
include free functional muscle transfers (FFMT),
tendon transfers, tenodesis, and arthrodesis [5, 16,
17]. Functional outcomes after primary and sec-
ondary reconstructions of complete avulsion inju-
ries have been significantly improved by advances
in microsurgical reconstructive techniques, and
shoulder stability and elbow function are success-
fully restored in the majority of patients. Some
patients, however, remain severely handicapped
by a paralyzed and insensate hand [4].

For such patients, bionic hand reconstruction
represents a game-changing treatment option [1].
This procedure prepares patients for future pros-
thetic hand use by surgically improving the bio-
technological interface. Bionic reconstruction
ranges from selective nerve and muscle transfers
to establish electromyographic (EMG) signal
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sites in the arm of the patient, which—in the
future—will drive a prosthetic device, to the elec-
tive amputation of the functionless hand and final
fitting with a prosthetic hand. The -clinical
sequence of all relevant steps has been outlined in
a comprehensive treatment algorithm [8].

Algorithm for Bionic Hand
Reconstruction

Initial Consultation

Upon initial consultation, a thorough case history
is obtained, which summarizes circumstances,
which led to brachial plexus injury, primary care
after the injury, medical records on primary and
secondary reconstructions performed abroad, as
well as expectations and/or reasons for consulta-
tion. Clinical examinations include a detailed
musculoskeletal assessment of hand and arm
function, electrodiagnostic and imaging studies
using high-resolution ultrasound, and/or magnetic
resonance imaging (MRI), which are performed
to assess the state of affected muscles and nerves.

Biological treatment alternatives are discussed
with the patient with an interdisciplinary team of
reconstructive surgeons, a physiotherapist, a clin-
ical psychologist, physiatrists, and orthopedic
technicians specialized in prosthetics. If hand
function is deemed futile because of dismal func-
tion, absent sensation, and lack of treatment
alternatives, the next step in the algorithm is
identification of surface EMG signals detected in
muscles of the forearm and upper arm that would
be available for control of a prosthetic hand.

Identification of Surface EMG Signals

Global brachial plexopathies including multiple
root avulsions may cause complete paralysis of the
hand even if timely surgical reconstruction is per-
formed [15]. Despite negligible hand function,
some muscles present contractile activity, which—
although without clinical significance (M1 accord-
ing to the British Medical Research Council
scale)—can be made visible with transcutaneous
electrodes. During initial review, positions on the
patient’s skin with (relatively) high amplitudes are

detected, which mark sSEMG hotspots available for
future prosthetic control. The patient’s muscular
activity yielding reliable EMG signals is visual-
ized for the patient using various biofeedback
methods. EMG waves appear on a computer
screen in different colors representing different
signal sites. Additionally, these signals are simul-
taneously translated into prosthetic function with a
table-top prosthesis mounted next to the patient.
This arrangement allows to predict prosthetic hand
function, which can be expected after bionic
reconstruction (see Fig. 17.1).

Reliable prosthetic control necessitates at
least two separable surface EMG signals [13].
These linearly control the prosthesis, while

Fig.17.1 Set-up of atable-top prosthesis. Transcutaneous
electrodes are placed over muscles, where they sense and
record EMG activity. (© Laura Hruby)
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co-contraction of both muscle signals is used to
switch between different functional levels of the
prosthetic device (the elbow, wrist, and hand in
above-elbow amputees; the wrist and hand in
below-elbow amputees). In some patients, two
signals are detected upon initial consultation,
who are then offered further training to optimize
signal consistency and separation before elective
amputation and prosthetic hand replacement.
Other patients present with only one SEMG sig-
nal. These selective nerve transfers in combina-
tion with free functional muscle transfers (FFMT)
are performed to establish additional myoactivity
for future prosthetic control.

Nerve Transfers

During initial consultation, the clinical examina-
tion includes the assessment of a positive Tinel
Hoffmann’s sign, which implies the presence of
viable axons within nerves of the forearm and
upper arm. During surgical exploration, which is
oftentimes indispensable to evaluate residual
nerve function, these findings are confirmed
using intraoperative nerve stimulation. In some
patients, however, long denervation intervals lead
to muscle atrophy, and muscles no longer show
adequate response to nerve stimulation. For that
purpose, an intra-operative fast staining method
may be wused, which screens nerves for
acetylcholine-positive motor axons to be used for
re-innervating a new target muscle. FFMTs need
to be performed in a subset of patients due to
longstanding lesions and atrophied residual mus-
cles in the arm. Hence, the muscle transfer is
done a priori to create a signal site for future
prosthetic control. Although the newly estab-
lished muscular activity is without clinical sig-
nificance, it is still detectable with EMG sensors
and sufficient to drive a prosthetic hand.

EMG-Guided Rehabilitation
and Training

Following surgery, regular follow-up visits take
place in a 3-month interval. As with classical sur-
gical interventions, wound and pain management
is initiated in the early stage. It is important to

inform patients that deafferentation pain can even
increase subsequent to the surgical manipulation
of nerves during nerve transfer surgery. Upon
nerve regeneration, specific rehabilitation
regimes targeting muscle re-innervation are
applied starting at 3-6 months post surgery.
Rehabilitative approaches include strengthening
of weak muscles of the adjacent joints (e.g., the
biceps muscle for a planned transradial amputa-
tion), motor imagery of hand movements, and
cognitive training using EMG biofeedback meth-
ods [7, 11, 12]. During EMG signal training, the
patients learn how to separately activate their
individual muscle signals and how to modulate
the amplitude. Subsequent to nerve transfer sur-
gery, this process may take some time, since
nerves are rerouted during surgery and provide
neural input to new muscle targets, which can
represent a major cognitive challenge for some
patients. This cognitive relearning is promoted
with home training tools, which visualize EMG
activity and feedback signal intensity to the
patient, allowing sufficient training units without
the need to see a therapist on a regular basis. The
ultimate goal of signal training is to ascertain that
a patient will be able to reliably control his future
prosthetic hand.

Fitting of a Hybrid Hand

The fitting of a hybrid hand is performed for
training purposes as well as to document
prospective prosthetic function, which can be
expected after elective amputation. The hybrid
hand is a splint-like construction with a myoelectric
hand prosthesis mounted onto or below the
impaired plexus hand. It is fitted individually to
each patient as soon as reliable signal control has
been achieved after extensive training units.
Electrodes sensing the patient’s myoelectric
activity are integrated in the shaft and record EMG
activity, which is then translated into hand function
by the prosthetic’s mechanics. Using this setup,
patients perform objective hand function tests,
which allow documentation of future prosthetic
function, e.g., for insurance companies that will
pay for the prosthetic fitting. Some patients also
use the hybrid hand as a home training tool, which
improves handling during activities of daily living
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(ADL). Residual upper limb function including
shoulder stability and range of motion in adjacent
joints can be assessed with the hybrid hand setup,
which may also be used to improve these functions
during training. Finally, only patients with a clear
functional benefit based on the hybrid hand are
considered for amputation (evaluated with video
documentation comparing functions of the plexus
hand with the hybrid hand; scores of objective
hand function tests with plexus hand and hybrid
hand).

Psychological Assessment

Before elective amputation, each patient has to
pass a psychosocial assessment procedure con-
sisting of a semi-structured interview (see Chap.
19). This interview addresses five different
domains: psychosocial adjustment following the
accident, which led to brachial plexus injury;
affective relationship to the plexus hand; psycho-
social status of the patient; motivational aspects
for an amputation; and expectations of prosthetic
function after successful bionic reconstruction.
Most importantly, it has to be evaluated whether
the patient is cognitively able to estimate the con-
sequences of an elective amputation or to be fully
aware of the irreversible decision associated with
it. For that reason, several psychological disor-
ders represent contraindications for the process
of bionic reconstruction. These include posttrau-
matic stress disorders, alcohol and/or substance
abuse, insufficient emotional coping, and
expected noncompliance associated with pros-
thetic fitting and maintenance. For patients who
do not qualify for bionic reconstruction due to
any of the above reasons, psychological support
is provided.

Amputation of the Functionless
Hand/Arm

Depending on where detectable myoactivity
including newly generated EMG signal sites is
located, the elective amputation of the flail limb
is performed either at a distal level (transradial

amputation) or at a more proximal level (short
transhumeral amputation). Transradial amputa-
tions are performed 17 cm from the lateral epi-
condyle when at least two separable surface
EMG signals are detectable in the forearm (e.g.,
one at the volar aspect, mostly the pronator teres
muscle, and one at the dorsal aspect at the exten-
sor compartment). This stump length allows
enough room for the various components of the
future prosthetic hand but also maintains the best
possible leverage. In all cases, the most sensitive
skin surface was used to cover the stump in order
to obtain a fully sensate stump, which improves
prosthetic handling due to biological sensory
feedback [1].

In some patients with longstanding, more
severe, and complete brachial plexopathies,
residual myoactivity may not be found in the
forearm and is not possible to be established by
means of selective nerve and/or muscle transfers
due to the extensive neurological damage caused
by multiple root avulsions. Furthermore, muscle
activity is so faint that biological elbow function
is absent, which needs to be reconstructed as well
by prosthetic means. In such patients, surface
EMG signals may be detectable more proximally,
e.g., at the supra- and infraspinatus muscles and
the pectoralis major muscle [6]. Short trans-
humeral or glenohumeral amputations then allow
optimal fitting of a prosthetic arm including a
prosthetic elbow.

Final Fitting of a Prosthetic Hand
or Arm

Since in patients with global brachial plexopa-
thies atrophy of the affected limb has already
taken place, prosthetic fitting can be initiated as
soon as 4-6 weeks after amputation which is in
contrast to the time frame for conventional ampu-
tations [10]. Regular prosthetic usage increases
dexterity. Training sessions with an instructional
therapist, however, are recommended to further
improve prosthetic handling in everyday life.
Whereas contracting one muscle will initiate a
specific prosthetic movement, co-contraction of
the two EMG signals will achieve switching
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between functional levels of the prosthesis. In
transradial amputees, these are rotation of the
hand (pronation and supination) and opening and
closing of the hand. In transhumeral amputees,
the functional levels include the elbow (flexion
and extension), hand rotation (pronation and
supination), and hand opening and closing.

Functional assessments are performed at least
3 months after prosthetic fitting and regular pros-
thetic usage (see Chap. 18).

All consequent steps of the treatment algo-
rithm for bionic hand reconstruction in patients

with global brachial plexopathies are schemati-
cally outlined in Fig. 17.2.

Initial consultation

* Case history (accident, primary/secondary
reconstructions, ...)

¢ Clinical examinations (musculoskeletal assessment,

imaging, electrodiagnostic studies)

Dismal hand function, absend sensation and lack of
biological treatment alternatives

Identification of surface EMG signals

* Identification of residual myoactivity in the force-and upper
arm using transcutaneous electrodes, which measure EMG
activity

* Testing of various EMG signal sites and intensity

* At least two separable EMG signals are needed for reliable
prosthetic control

Surgery is not necessary if at least two
separate EMG signals are identified
Nerve transfers
* Selective nerve transfers and/or free functional muscle
transfers
* Intraoperative fast staining method for viable motor axons
within major upper limb nerves

* Creation of a new EMG signal without clinical significance &
prosthetic control

EMG-guided rehabilitation and training
« Surface EMG biofeedback to increase awareness of muscle
activity
* Regular training of signal separation and consistency

Home training tools visualizing EMG activity

Fitting of a hybrid hand

Prosthetic arrangement mounted onto the functionless hand or
arm using splint-like construction

Electrodes within the shaft measure EMG activity, which is
translated into prosthetic function

Video-documentation of prosthetic hand function with this set-up

Elective ion of the

hand or arm

Obligaotry psychological assessment before elective amputation

Transradial amputation with biological elbow function and EMG
activity in the fore-arm

Short transhumeral amputation with absent elbow function and
more proximal EMG signal sites

Final fitting of a prosthetic hand or arm
* 4-6 weeks after amputation

* Documentation of hand function using standardized functional

assessments

Regular usage and training units focusing on activities of daily living
will improve prosthetic function

Fig. 17.2 Treatment algorithm for bionic hand reconstruction in patients with global brachial plexus avulsion injuries.
(© Laura Hruby)
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Functional and Psychosocial
Outcomes of Bionic

Reconstruction and Impact
on Quality of Life, Body Image
Perception and Deafferentation

Pain
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Global brachial plexopathies represent one of the
most severe nerve injuries and usually affect
young individuals at the prime of their life.
Restoration of motor function in the shoulder and
elbow do not automatically translate into
improved functionality in daily life and/or psy-
chological well-being. A vast majority of bra-
chial plexus patients report to feel functionally
limited to a great extent due to non-recovery or
elbow recovery only. As with traditional primary
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and secondary reconstructions, it is thus impor-
tant to highlight functional as well as psychoso-
cial outcome variables following bionic
reconstruction in patients with complete brachial
plexus injuries. Here we describe effects of bionic
hand reconstruction on various aspects of life
including functionality, overall quality of life,
body image, and deafferentation pain.

Background

Global brachial plexopathies including multiple
nerve root avulsions have permanent and devas-
tating effects on a patient’s physical, psychologi-
cal, and socioeconomic well-being [23].
Typically, global brachial plexopathies affect
young individuals at the prime of their life and in
otherwise healthy condition [27]. Advances in
microsurgical techniques as well as increasing
numbers of civilian brachial plexus injuries (BPI)
have promoted tremendous progress in brachial
plexus repair [4]. Although stabilization of the
shoulder joint and restoration of elbow function
is achieved in the majority of patients, some still
suffer from various physically and psychologi-
cally debilitating sequelae, which can further hin-
der psychosocial adjustment following the
accident [11]. A “good” motor result, which may
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satisfy the reconstructive surgeon, does not
always meet patients’ expectations as isolated
functional gain might not improve the overall
functionality in daily life and therefore does not
automatically translate into psychological well-
being [12, 19].

As with classic primary and secondary recon-
structions, it is thus important to evaluate not
only functional outcome measures of bionic
reconstruction but also psychosocial outcome
variables, which focus on patient-centered, sub-
jective data highlighting benefits and merits of
prosthetic hand replacement in patients with
BPIs [15]. This chapter is dedicated to summa-
rize effects of bionic reconstruction on various
aspects of life including functionality in daily
life, overall quality of life, body image, and deaf-
ferentation pain. Single steps of the procedure
ranging from identification of eligible patients to
final prosthetic fitting can be found in Chap. 17.

Functional Outcomes

In all patients with brachial plexus injuries,
qualifying for bionic reconstruction global arm
and hand function is assessed before elective
amputation and after final prosthetic fitting with
two-objective hand function tests (ARAT [31]
and SHAP [21]) and a patient-reported ques-
tionnaire addressing subjective  disability
(DASH [18]). For detailed information on func-
tional testing see Chap. 7.

As can be expected, all patients interested in
the procedure of bionic reconstruction mainly
report to feel functionally limited to a great extent
due to either non-recovery or elbow flexion
recovery only following various primary and sec-
ondary reconstructions performed elsewhere.
Several national and international media reports
have promoted interest in bionic reconstruction
with the majority of patients explicitly wishing
for functional improvement upon initial
consultation.

It has been shown in various studies that
bionic reconstruction enables prosthetic hand use
after elective transradial amputation of the
impaired plexus hand [1, 16]. A stable shoulder

joint and good elbow function (>M4) to control
the prosthetic hand in three-dimensional space
have previously been defined as prerequisites for
prosthetic hand replacement [16].

The concept of bionic reconstruction, how-
ever, is also applicable for patients without suffi-
cient elbow function. If residual myoactivity can
be detected at a more proximal level with identi-
fication of two or more separable EMG signals,
which will later translate into antagonistic pros-
thetic functions, a short transhumeral or glenohu-
meral amputation of the functionless arm is
performed to allow fitting of a prosthetic arm
including a prosthetic elbow [14]. Widespread
research in the field of prosthetics has promoted
tremendous progress, particularly bringing forth
improvements to replicate motor function and
control [9]. Logically, the number of neuromus-
cular units that can be established as well as their
function (i.e., signal consistency and amplitude)
is related to enhanced control of a myoelectric
prosthetic device. As a consequence of extensive
neurological damage following a brachial plexus
avulsion injury, however, residual myoactivity in
these patients is often faint with absent, weak, or
cognitively confusing signals [1]. Therefore,
intense cognitive training programs are essential
to realize good prosthetic hand use after elective
amputation [26]. Patients in whom incompliance
is expected thus do not qualify for bionic recon-
struction. It is also important to stress that a myo-
electric prosthesis by no means compares with a
biological hand in terms of functionality [13].
However, given the futile hand function in
patients with long-standing inveterate brachial
plexopathies, excellent prospective prosthetic
hand use justifies elective amputation and pros-
thetic hand replacement [16]. Patients need to be
thoroughly informed that the bionic hand or arm
will always remain an “assist” extremity, which
will still considerably expand manual capacity
during daily life activities due to regained biman-
ual dexterity [16].

Improved functionality after prosthetic
replacement of the impaired plexus hand is not
only reflected by significant increases in objec-
tive hand function scores, which have been
reported in the literature [1, 16]. Likely even
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more important, statements of patients who
have undergone bionic reconstruction highlight
its efficacy to regain hand function. After hav-
ing lived without any function in their limb for
years or even decades, most patients are over-
whelmed, for example, when they realize for
the first time that they are able to prepare a meal
all by themselves using two hands again.
Patients can go back to pursuing hobbies, are
reintegrated into working life, and report of
increased self-confidence due to regained
functionality.

Effects of Bionic Reconstruction
on Quality of Life

Even if some function can be restored, patients
with global brachial plexopathies still have to
cope with several stressors including reduced
self-sufficiency, dependence on others, occupa-
tional retraining following the accident, financial
instability due to unemployment, as well as dis-
satisfaction with aesthetic appearance of the
withered arm and hand [11, 19]. Symptoms of
depression and/or anxiety appear in nearly one
third of patients with complete BPI [19].

As an integral part of our assessments, quality
of life is evaluated with the SF-36 Health Survey
[30]. The questionnaire addresses eight indepen-
dent subscales: physical functioning, physical
role functioning, bodily pain, general health,
vitality, social role functioning, emotional role
functioning, and mental health. As is in agree-
ment with previous studies, upon initial consulta-
tion, most of our patients have inferior results in
regard to physical functioning and mental health
as compared to healthy norm samples. Vitality
and social role functioning are usually limited to
a great extent.

Patients who have undergone bionic recon-
struction stress that prosthetic hand replacement
has changed their life in many ways. Not only
do they report of improved physical functioning
but also increased vitality and social and emo-
tional functioning due to regained bimanual
interaction with their environment. Returning to

former social activities is usually accompanied
by appreciable improvements in patient satis-
faction [25]. Increased self-sufficiency and
reduced reliance on others are rated as one of
the most important benefits resulting from
bionic reconstruction.

Effects of Bionic Reconstruction
on Body Image

Clinicians familiar with brachial plexus injuries
know that the affected limb will eventually
become atrophic and cold with a distal bluish dis-
coloration due to autonomic paralysis [5]. Since
our hands represent the instruments with which
we interact with our environment daily, this
apparent physical deficit may cause psychologi-
cal distress and potential social pressure [20].
Psychological sequelae include a disturbed body
image and negative self-evaluation [20].

We regularly assess body image perception
with the Body Image Questionnaire (FKB-20)
before and after bionic reconstruction. This
questionnaire is widely used for the diagnosis of
body image disorders and evaluation of subjec-
tive body awareness [7]. Two scales can be iden-
tified: the scale “negative body evaluation”
allows conclusions about physical appearance,
body image, and associated subjective well-
being with a person’s body image [8]; the scale
“vital body dynamics” addresses bodily strength,
fitness, and health, which are subjectively rated
by the patient [8].

By evaluating pre- and post-bionic reconstruc-
tion scale scores we have found that prosthetic
hand replacement restores an intact body image
by resolution of the negative body evaluation
present in the majority of brachial plexus patients
[15]. During follow-up visits patients, regularly
report of a high grade of embodiment of the pros-
thetic hand, stating that the prosthesis had become
an integral component of their self-image using
phrases like “For me this is not a mechatronic
device. This is my new hand. I put it on right after
waking up and mostly fall asleep at night having
forgotten to take it off” [15].



186

L. A.Hruby et al.

Effects of Bionic Reconstruction
on Deafferentation Pain

Deafferentation pain following brachial plexus
avulsion injury is a severe chronic pain syn-
drome, which affects 70-90% of patients [2, 24,
28]. Mechanisms for its development are
described in Chap. 16.

The approach of elective amputation has
already been described for severe cases of com-
plete BPI without the primary intention to
replace the limb with a prosthesis [22]. Despite
the fact that none of these used functional pros-
theses, afterward all were still satisfied with the
decision to have the impaired hand amputated,
as it served to relief patients of the burden of a
flail, insensate arm [6, 12]. Importantly, how-
ever, chronic deafferentation pain did not
improve by sole amputation of the deafferented
hand. This is not surprising since the pain’s ori-
gin is thought to arise in the dorsal horn of the
spinal cord [29]. Additionally, supraspinal cen-
tral mechanisms are then thought to maintain
the pain [10]. Following the “inner amputation,”
which occurs after brachial plexus avulsion, the
central nervous system (CNS) is deprived of its
neurological connection to an extremely rele-
vant piece of anatomy—the hand—which in
fact entertains most of the primary motor and
sensory cortex related to movement [23]. By
replacing the functionless, insensate appendage
with a prosthetic hand, the CNS again receives
afferent input from the previously deafferented
hand. Firstly, the patient receives visual feed-
back from his functioning hand, which he starts
to use again on a daily basis, thereby slowly
expelling the deafferented phantom hand from
his awareness.

Motor recovery following classic reconstruc-
tive surgery, may it be very limited, has been
associated with reduced deafferentation in vari-
ous studies [2, 3, 17]. The fact that bionic recon-
struction—successfully restoring hand function
in patients who have lived without any function
for a long time—effectively reduces deafferenta-
tion pain is thus not surprising. We refer to this
phenomenon as “functional re-afferentation.”
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Elective amputation and prosthetic reconstruction
of a nonfunctional limb provide a treatment strat-
egy in cases where other medical interventions
failed to achieve functional improvements. Since
this is an irreversible, life-changing event, the pro-
cess of decision-making before the procedure is a
key element in ethical action. The intervention is
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only considered if the medical and psychological
status of the patient indicates it and the patient
himself expresses the desire to undergo bionic
reconstruction. To allow an informed decision of
the patient, clinicians need to clearly communi-
cate the current clinical situation and give realistic
expectations of different treatment options.
Additional psychological evaluation and a wait-
ing period allow the patient to reflect his consider-
ations for undergoing amputation and provide the
psychologist with valuable information about
possible contraindication. While psychological
counseling usually ends with a final session after
the elective amputation, it can be restarted in case
of psychosocial problems.

Ethical Thoughts on Elective
Amputation in Patients
with Brachial Plexus Injuries (BPI)

The topic of elective amputation remains contro-
versial and very often provokes refusal as a first
reaction. For that reason it is all the more impor-
tant to thoroughly go through ethical and psycho-
social concerns regarding this issue.

Brown [2] very extensively described the
cases of 15 patients with elective amputation in
unsatisfactory hands and the considerations to be
taken into account before such an amputation.
Many of these are also true for elective amputa-
tion in patients with brachial plexus injuries
(BPI).
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The amputation in the context of bionic recon-
struction represents an irreversible, life-changing
procedure. Even if the concerned limb is without
functional use to the patient and even if a prosthe-
sis can be integrated well into one’s body schema
[9, 10], it does make a psychological and social
difference to be a person with an existing limb
that cannot be used or to be an amputee wearing
a prosthesis.

Most of the patients suitable for elective
amputation and bionic reconstruction experience
a long period of time where grief, hope, disap-
pointment, and anger are the most prominent
emotions related to their hand. They often
undergo a high number of surgical interventions
and many other attempts to get any function and/
or feeling back into their injured hand, until they
might come to a point where they accept the situ-
ation as it is and decide not to focus on any pos-
sible future improvements but concentrate on the
present situation and how they can make the most
out of it. Even patients with the best surgical out-
comes can result to be highly unsatisfied and
functionally limited due to pain and loss of dex-
terity [8] and in the end wish for an amputation.
Making the decision to have an elective amputa-
tion might take a long time in which the individ-
ual has to think through all the aspects of his
decision and make many experiences and process
a lot of information.

Even though the amputation always represents
a great loss to the patient, they very often describe
that the loss they feel has already happened on
the day they had their accident that led to the
BPI. Realizing this might be a key element in the
decision for elective amputation.

The process of accepting the irreversible dam-
age to their hand can be seen as integrating the
loss into one’s identity, something that makes it
possible to adapt to the situation and make some
kind of peace with it. The duration of this process
varies individually and may be cyclic with sev-
eral setbacks.

Actually not only the affected patient has to
deal with the disappointment that goes along
with the awareness that no more functional
improvement will be achieved and that an elec-

tive amputation might be the best option. Also the
involved surgeon has to accept that in some
patients no more benefit can result from addi-
tional interventions. This evaluation might be dif-
ficult for a professional trained and used to cure
or at least to improve but not to amputate as a
solution. Recognizing at what point persistent
attempts are not realistic but more of a burden for
the patient, to put the own ego as a surgeon on
hold and only focus on the patient’s benefit might
turn out to be a crucial step in the whole treat-
ment process.

The surgeon’s main task in patients suitable
for elective amputation and bionic reconstruc-
tion is to clearly communicate to the patient the
clinical situation and the realistic expectations
of different treatment options. At this stage it
might be important for some patients to also
gather information from other experts in this
field, which is something that should be encour-
aged. The more information and insight a patient
has, the easier it will be for him to make a deci-
sion he can relate to for the rest of his life. Once
the patient has a full understanding of the extent
of the damage and surgical possibilities, the
patient can compare the options he has and
make an informed consent.

In the case of bionic reconstruction, it is also
crucial for the patient to be aware of the intense
rehabilitation program essential after potential
nerve surgery as well as for optimal future pros-
thetic control [5]. The patient has to be informed
about the appearance and use of a prosthesis.
Ideally he should have the opportunity to talk to
and to observe a patient who already went
through the process of bionic reconstruction.
Limitations as well as pros and cons of a prosthe-
sis have to be discussed with the patient.

There are many factors that contribute to a
patient’s decision for or against elective amputa-
tion. Some patients might want to get rid of pain,
and others wish for an improvement of hand
function or have the feeling a prosthesis will
improve their appearance. Patients might decide
to live with their functionless limb because of
religious thoughts, and others base their decision
on body image reasons. In any case the decision
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for elective amputation is a very personal and a
very individual one and should be treated as such.
The patient’s social and cultural background, his
occupation, personality, and coping mechanisms
have to be explored and show that patient selec-
tion is crucial in the context of elective amputa-
tion and bionic reconstruction [12]. Psychological
evaluation prior to elective amputation should be
performed in any case.

Psychological Evaluation Prior
to Elective Amputation and Bionic
Hand Substitution

While evidence for the functional benefits of
bionic reconstruction in patients with brachial
plexus injuries is available [1, 5], the procedure
still remains irreversible and should thus only be
performed in cases where patients are fully aware
of its consequences.

A standardized way of evaluating patients
prior to elective amputation and bionic hand sub-
stitution is the “Vienna psychosocial assessment
procedure for bionic reconstruction (VPAP)” [4].
The VPAP follows a primarily qualitative
approach, augmented by three validated, patient
report questionnaires. The main element of this
assessment procedure is a semi-structured inter-
view conducted by a clinical psychologist (Anna
Pittermann). The three administered question-
naires are the SF-36 Health Survey, addressing
overall quality of life, the FKB-20 Body Image
Questionnaire on body image issues and the VAS
(visual analogue scale) assessing deafferentation
pain.

The aim of the semi-structured interview is to
explore patients’ psychological, social, and emo-
tional situation after BPI, their psychosocial sta-
tus, and their expectations and motivations for
elective amputation and prosthetic replacement
of the functionless limb. This evaluation should
go deep and be very patient-centered, something
that can be achieved best by a semi-structured
interview.

In the absence of an existing concept for stan-
dardized evaluation before elective amputation

and bionic reconstruction, the VPAP is based on
the fundamental questions that have to be asked
before elective amputation. Factors that have to
be taken into consideration, also described by
Brown [2], are for example:

e Pain: Consistent, heavy pain might be a rea-
son for the patient to wish for an amputation
(see also [11]). In the case of BPI, pain very
often is based on a more complex reflex phe-
nomenon, and the patient has to understand
that his pain might not be eased by amputa-
tion (alone).

e Function: Will daily living activities be better
accomplished with a prosthesis? Are the
patients’ environmental and social circum-
stances organized in a way that they will allow
the patient to make use of his prosthesis?

e Appearance: Is the patient suffering from the
appearance of his functionless limb, and did
he have enough time to get used to his altered
appearance? Is the patient capable of imaging
himself as an amputee? Are there any severe
body image concerns?

e Psychosocial Circumstances: The personal
situation of a patient, existing psychiatric ill-
nesses, coping mechanisms, cognitive abili-
ties, and social support can have an immense
influence on the decision of a patient and have
to be explored.

All the above described factors together with
conclusions derived from the model of adaptation
process to severe hand injuries by Grob et al. [3]
and the evaluation procedures for hand transplan-
tation described and developed by Kumnig et al.
[6, 7] formed the basis for the development of the
VPAP.

The semi-structured interview of the VPAP is
divided into sections of questions relating to five
different categories, A to E (see Table 19.1). The
patients respond freely to these questions, and
their answers are transcribed verbatim by the
interviewer. After the interview the answers are
analyzed on the basis of a pre-defined scoring
system. The duration of the interview is
90-120 min.
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Table 19.1 Structure of the VPAP interview for the
assessment of candidates for elective amputation and
bionic reconstruction

Scale
score
(range)
0-6

Scale | Category

A Psychosocial
adjustment
after BPI

Item examples

Symptoms of
post-traumatic stress
disorder

Resources and stress
management
Debilitating
circumstances related
to the accident
Experience of
functional disability
Pain

Difficulties regarding
physical appearance
Neglect

Body image issues
Difficulties regarding
social reactions

B Self-
perception of
the injured
arm

0-5

C Global
psychosocial
status

Education 0-9
Employment status
Social resources
Substance abuse
Psychiatric history
Decision-making
process

Sufficient information
level (irreversibility
of decision;
awareness of the fact
that deafferentation
pain will not be cured
by amputation etc.)
Outcome expectations
Information level
about prosthesis
Awareness of
functional limitations
of a prosthetic hand
Adherence level
regarding difficulties
with the prosthetic
hand

Level of compliance
regarding instructions
in handling the
prosthetic device and
training demands
Social reactions to
prosthetic device

D Motivational 0-5
aspects
related to
elective

amputation

E Prosthesis 0-5

Each of the five interview sections (A—E) con-
sists of five to nine different items of potential
conflicts/symptomatology, and each item is
assigned a value of 0 or 1 with O indicating no
problem in the addressed domain and 1 indicating
the presence of risk factors. The minimum total
score is 0 and the maximum total score 30. This
approach of data analysis allows intraindividual
comparison of results as well as interindividual
comparison of scores among different patients.

Table 19.2 represents a graphical scheme of
patient flow in patients with BPL. If during the
first appointment psychosocial problems like
heavy pain, social difficulties, body image issues,
symptoms of a post-traumatic stress disorder,
and/or other psychiatric disorders are observed,
psychological counseling should be provided for
the patient and/or his family. The same is true for
problems occurring during a following
appointment.

For patients not suitable for elective amputa-
tion and bionic reconstruction, the evaluation
process ends at this point with subsequent psy-
chological support if necessary. For patients who
are potential candidates for elective amputation,
the options are being discussed, and a waiting
period where the patient can think through his
options is being planned. If after this period (usu-
ally a couple of weeks) the patient still wishes for
elective amputation, an appointment for psycho-
social assessment is being scheduled.

In case there appear severe difficulties or any
contraindications for elective amputation (e.g.,
severe personality disorders, alcohol abuse, acute
post-traumatic stress disorder, insufficient infor-
mation level about elective amputation or bionic
reconstruction), the process of bionic reconstruc-
tion is not initiated, and psychological counsel-
ing continues. In case no contraindications can be
found, the elective amputation is being
performed.

Psychological counseling ends after a final
session after the elective amputation but can be
restarted if psychosocial problems become
observable during the rehabilitation phase.
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Table 19.2 Graphical scheme of patient flow

Treatment plan Variable Action

First appointment Psychosocial problems Psychological counseling
— Heavy pain
— Post-traumatic stress
disorder (PTSD)

— Social difficulties
— Adaptation disorders

Following appointments

Psychosocial problems

Psychological counseling

Endpoint

No elective amputation

Or
Patient suitable for elective amputation and
bionic reconstruction

Possibility of elective amputation is
being discussed

Waiting period

Decision for elective amputation

Psychosocial assessment/evaluation
process (VPAP)

Elective amputation

Postoperative

Psychological counseling

Outpatient clinic/rehabilitation phase

Psychosocial problems

Psychological counseling
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The unique background, education, and training
of occupational and physical therapists enable
them to have a profound influence on an individ-
ual with upper limb loss. Understanding the many
phases of amputee prosthetic rehabilitation is
required in order to meet the functional needs of
individuals fit with body-powered and myoelec-
tric prostheses. Thoughtfully designed protocols
include interventions before surgical treatment,
after surgery, pre-prosthetic interventions, and
prosthetic training with the aim to enable the
amputee to achieve an optimal functional out-
come. These protocols are designed to support the
individual with upper limb loss in regaining their
independence and are modified dependent on the
individual life situations and the prosthetic device
used. In view of the emerging advances in upper
limb surgery and technology, a collaborative rela-
tionship with the entire team of surgeons, prosthe-
tists, and rehabilitation professionals is more
important than ever as we prepare each patient to
reach their maximum potential.
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Introduction

We are enriched by the personal aura and spirit of
persons who manage life with disabilities, each in
his individual and special way.—E. Marquardt [4].

The impact of losing one or both arms can-
not be overstated. The hand functions in pre-
hensile activities as a sensory organ and as a
means of communication. Any loss interferes
with an individual’s productivity and feeling of
completeness, as well as alters their interaction
with the environment [4]. It immediately cre-
ates a psychological crisis for the individual
and a major life event that this person must face
and cope throughout their life (see Chap. 2).
The individual experiences amputation through
his or her own unique perceptual filter, making
it a different experience for each person, one
that is dependent on life history, personality
style, stage of life, social support network, and
other subjective factors. The coping responses
may include emotional reactions, psychological
defense strategies, behavioral reactions, atti-
tude changes, and alterations in interpersonal
relationships. The loss of any body part is a
serious threat to the individual’s core identity,
as it shakes the foundation upon which this
identity is built [4]. Thus, amputation is not
only associated with the actual loss of body
structure and function [12] but needs to be
treated by the medical team as the life-changing
event it is.
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While psychological problems associated with
the amputation need to be treated by qualified psy-
chologists and psychotherapists, occupational and
physical therapists support individuals to regain
autonomy, social role functioning, and participa-
tion in activities of their daily life. Their unique
background, education and, training enable them
to be instrumental in treating the individual with
upper limb loss. Their unique skill sets allow them
to prepare patients to meet their many challenges.
Today, the most effective surgeons, engineers, and
rehabilitation clinicians blend their unique skills
and bring a collaborative spirit and relationship to
their work with occupational and physical thera-
pists. Therapists can assist in enabling the amputee
to be in control of his or her life, provide a safe
atmosphere of emotional expression, and provide
an environment that will insure acceptance and
protection of their dignity.

This chapter is designed to first give an over-
view about general considerations and steps
within rehabilitation to then describe specific
interventions for more advanced technologies.

Evaluation

During a therapist’s first encounter with an upper
limb amputee, a comprehensive evaluation
should occur. In an ideal setting, this evaluation is
done by the multidisciplinary team together,
including therapists, medical doctors, psycholo-
gists, and prosthetists. Assessment includes many
domains: etiology and onset, date of birth, domi-
nance, concomitant medical issues, range of
motion and muscle strength, shape and integrity
of the residual limb, status of the opposite extrem-
ity, pain (phantom/residual limb/in other body
parts), viable muscle sites for myoelectric con-
trol, background education, vocational goals,
home environment, and family support. In view
of the advances in surgical and technological
treatment options, the combined expertise of sur-
geons, rehabilitation physicians, prosthetists, and
therapists has become even more essential in the
successful treatment of the upper limb amputee.
Additionally, it is highly recommended to involve
the full clinical team in the decision-making pro-

cess, should any far-reaching interventions (as
TMR or osseointegration) be considered.
Prehension evaluation for the sound limb can
be performed as appropriate. Although no stan-
dardized evaluation for prehension deficits is
identified for this population, it can be necessary
to determine baseline function of the remaining
limb, as the intact limb will be responsible for
conducting all fine motor and dexterity tasks for
vocational, leisure, and occupational purposes.

Early Post-amputation Therapy
Programs

Awareness of successful management of the
upper limb amputee, who has just sustained trau-
matic limb loss, is crucial. During this first phase
of care, the individual has little if any control
over what is happening, and they must depend
upon the healthcare team to provide the best
treatment possible.

The post-amputation phase varies based upon
the severity of the patient’s injury but generally
lasts 1-3 weeks. The therapist is integrally
involved with the primary goals of providing
reassurance and sharing the basic guidelines of
what will follow. Support and appropriate infor-
mation sharing is imperative, as this is a time of
grieving and uncertainty.

The components of this post-amputation
phase include:

Comprehensive evaluation

Promote wound healing

Control incisional and phantom limb pain

Control edema

Maintain joint range of motion

Explore the patient’s and family’s feelings

regarding change in body

7. Provide psychological and emotional sup-
port (in collaboration with a psychologist)

8. Provide basic information regarding pros-
thetic alternatives

9. Orientation to the basic self-care activities of

daily living (ADL) by utilizing adaptive

equipment and techniques to promote

independence

AN S
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10. Share information relating to grieving and
loss of limb (in collaboration with a
psychologist)

Pre-prosthetic Preparation

Research already performed in the 1980s has
demonstrated that individuals fit with a prosthe-
sis within 30 days of amputation exhibited a 93%
rehabilitation success rate with a 100% return to
work rate within 4 months of injury and those fit
beyond 30 days exhibited a 42% rehabilitation
success rate with a 15% return to work rate within
6—24 months [40]. This 30-day period is termed
the “golden window” [25] and indicates the
importance of timely prosthetic training and fit-
ting. The 30-day window, however, is very chal-
lenging based on wound healing, insurance
approval process, etc. Therefore, more recent
research focused on the added value of a fitting
within a 6-month window and found that it
increases the acceptance of a prosthesis by 16
times [7].

Ideally, the pre-prosthetic program should
begin when the sutures are removed and the
patient is medically stable. This is dependent
upon the extent of the injury and associated med-
ical conditions. The occupational and/or physical
therapist will be managing and monitoring this
extremely important phase of preparing the limb
for a prosthesis.

The objectives of the pre-prosthetic program
are:

1. Promote residual limb

shaping

Promote residual limb desensitization

Provide pain management strategies

Maintain normal joint range of motion

Maintain skin mobility

Increase muscle strength

Provide instruction in the proper hygiene of

the limb

8. Instruction in change of dominance activity,
if indicated

9. Maximize self-reliance in the performance
of ADL tasks

shrinkage and

Nk

10. Myo-test for potential site selection for myo-
electric control and provide instructions in
increasing their muscular strength, separa-
tion, and endurance

11. Provide comprehensive information regard-
ing prosthetic alternatives (best together with
a prosthetist)

12. Explore and document patient functional
needs and goals regarding the future

It is imperative that psychological support
is offered and modified to appropriately
respond to the rapidly changing needs of the
individual as they advance through this pro-
cess. Support is further enhanced by the addi-
tion of a peer support group or peer visitor,
which provides a significant aid in coping for
the amputee [41].

Proper shaping and shrinking of the residual
limb is a critical component of the pre-prosthetic
phase. It is accomplished by figure-of-eight com-
pression wrapping from an elastic bandage or
with a tubular elastic bandage, such as tubigrip or
compressogrip (both Molnlycke Health Care
group, Gothenburg, Sweden) as shown in
Fig. 20.1.

When establishing an effective program,
maintenance of full and active range of motion

Fig.20.1 Figure-of-eight compression wrapping ensures
proper shaping and shrinking. (Used with permission
from Ottobock)
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of the scapula, glenohumeral, elbow, and fore-
arm is crucial in order to aid in the prosthetic
control motions and maximize the functional
potential of the prosthesis. Forearm range of
motion may begin to decrease in as little as
2-3 weeks, if this motion is not encouraged.
This is especially important for transradial
amputees with forearms longer than 50% where
this motion can be transferred to the prosthetic
socket. Forearm pronation and supination is a
valuable voluntary motion required in virtually
all bilateral tasks. Without pronation and supi-
nation of the forearm, the person may use shoul-
der abduction which can cause overuse injuries
at a later time [30].

Pain management strategies may be necessary
throughout the whole rehabilitation process for
both acute post-surgery pain and chronic
amputation-specific pain. The latter can be
divided in residual limb pain (located in the
amputation stump) and phantom limb pain. As
described in the designated chapters about phan-
tom limb pain, different treatment strategies are
available, including drug therapies [17, 29], psy-
chological interventions [5], behavioral treat-
ment strategies and newer treatment methods as
mirror therapy [32], Graded Motor Imagery [27],
sensory discrimination training [47], and virtual
reality [28].

Additionally, overuse complaints are rela-
tively common and may affect physical func-
tion, prosthesis use, and the quality of life [30].
Their treatment might depend on the origin of
pain and is based on the therapist’s clinical rea-
soning. In general, it is recommended to intro-
duce the ergonomic use of assistive devices at
this early stage of rehabilitation to prevent over-
use syndromes. Therefore, when introducing
activities of daily living after amputation, there
should be a focus on the quality of movement
execution and posture. Appropriate techniques
should be encouraged, and adaptive equipment
should be introduced in order to encourage
maximum independence while minimizing
compensatory movements. However, gadget tol-
erance and reliance on these devices will decline
over time.

Myoelectric Site Testing
and Training

With the advancing emphasis on a variety of
myoelectric prosthetic control options, myo-site
testing and training are major goals of the pre-
prosthetic therapy program. The objectives of
this intervention are to identify, instruct, and train
the patient to independently, correctly, and effi-
ciently use specific limb musculature to activate
and perform basic myoelectric prosthetic func-
tions. In systems with direct prosthetic control
(i.e., activity measured from one surface elec-
trode refers to one prosthetic movement), site
selection is important. It requires the specialized
skills of trained therapists and prosthetists to
identify the best possible electrode placement
and the most efficient control scheme for each
individual’s abilities and needs. Optimal sites are
selected based upon what is most intuitive for the
patient and what is optimal within the socket
interface design. Close collaboration between the
therapist and prosthetist is critical and will dra-
matically impact a successful outcome.

Electrode site identification, which is critical
for direct myoelectric control, takes place in ther-
apy with the use of surface electrodes and with
software such as the MyoBoy software (Otto
Bock, Minneapolis, MN, and Duderstadt,
Germany), the MyoLabIl (Motion Control, Inc.
Salt Lake City, UT), virtu-limb (Ossur Touch
Solutions, Dublin, OH, and Scotland, as shown in
Fig. 20.2), or therapeutic biofeedback units.

Once ideal sites are identified, motor training
begins. Motor training can take place utilizing a
variety of computer based software where the
focus is independent activation of each muscle
to be incorporated in the prosthetic design.
When separation of control is achieved, propor-
tional control is introduced, and the elicited
strength of a selected muscle contraction will
control the speed and grip force of the terminal
device. A more detailed explanation of the myo-
site training protocol can be found in Smurr
et al. (2008) [41].

If this pre-prosthetic phase is managed well by
experienced therapists, this sets the stage for a
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Fig.20.2 Myoelectric
site testing and training
with virtu-limb from
Ossur Touch Solutions.
(Used with permission
from Ossur Touch
Solutions)

sense of satisfaction, motivation, and optimism
for the next critically important step of actual
training with the prosthesis.

Body-Powered Prosthetic Training

Although a great deal of attention has been placed
upon the state-of-the-art advances in electric
prosthetic deign and componentry, there remains
an ever-present need for body-powered prosthe-
ses designed for the more robust, heavy duty
wearer and user. These prostheses are well-suited
for environments that include water, dirt, machin-
ery, extremes of hot and cold, as well as voca-
tions involving farming and ranching [38]. Users
of body-powered prostheses report an increased
kinesthetic and proprioceptive feedback through
their cables and harness, enabling them to work
with their prosthesis without a need to constantly
visually attend what activity they are performing.
While some individuals with an amputation pre-
fer the lighter weight and less need for mainte-
nance and repair with a body-powered device,
others need and desire for a more advanced elec-
tric prosthesis continues to exist for many. There
is no clear advantage in terms of general func-
tional performance between body-powered and
externally powered prosthetic devices [10].
However, due to different use cases for the

devices and different ideas of the individuals in
regard to device preferences and body image,
giving them a choice is highly recommended.
Selecting the right prosthesis for the individual
based on their goals and lifestyle is critical to be
done with the multidisciplinary team to ensure
the pros and cons of the various options are taken
into consideration for each individual. Often it is
the recommendation of the physician to provide
both an electric and body-powered prosthesis for
back-up and for use when an electric prosthesis is
being modified or repaired.

The prosthetic training skills described in this
section are focused upon the body-powered user,
but the majority of training principles can apply
to the myoelectric prosthetic user as well.

Before initiating a program of upper extremity
prosthetic training, one must realistically orient
the patient to what the prosthesis can and cannot
do. If the individual has an unrealistic expecta-
tion about the usefulness of the prosthesis as a
replacement arm, he may be dissatisfied with the
ultimate functioning of the prosthesis and may
reject it altogether. On the other hand, if the
expectations of the amputee are more realistic at
the beginning of training, the ultimate acceptance
will be based upon the ability of the prosthesis to
improve the individual’s performance. It is
imperative, then, that the therapist be honest and
positive about the function of the prosthesis. If
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he/she believes in and understands the functional
potential of the prosthesis, success can be more
realistically achieved.

Following Delivery
of the Body-Powered Prosthesis

The time between casting and the delivery of a
prosthesis is often characterized by eager antici-
pation and hope that this artificial arm will enable
the individual to function as he did prior to the
amputation. If the patient is appropriately ori-
ented to the realities of the prosthesis and how it
looks and operates, he/she will be in a better posi-
tion to accept the limitations of the prosthesis
when it is delivered to him. With this said, how-
ever, if another successful user, with a similar
level of amputation and type of prosthesis, can be
invited to an early therapy session, the advan-
tages of seeing what is possible from a successful
wearer and user, hope can be restored, and the
prosthetic training process is a more positive and
goal-oriented experience.

The day the prosthesis is delivered is ideally
the day that therapy with the device should begin.
A quiet, non-distracting environment is sug-
gested for the initial visits, as this is often a time
of self-consciousness and awkwardness when
learning to don, doff, and control the device.

The following goals should be addressed dur-
ing the first several visits after fitting:

— Orientation  to
terminology

— Independence in donning and doffing the
prosthesis

— Orientation to a wearing schedule (not to
exceed 15-30-min periods initially, gradually
increased over time, with frequent skin checks
throughout the day)

— Care of the residual limb and prosthesis

prosthetic ~ component

Now that the body-powered prosthesis is
ready to be worn and used, orientation and prac-
tice of the following body-motions are necessary:
scapular abduction, chest expansion, shoulder
depression, extension and abduction (necessary

for body-powered elbow operation), humeral
flexion, elbow flexion/extension, and forearm
pronation and supination. Full range of motion,
and good to normal muscle strength, is desired in
order for the prosthesis to optimally operate.

Body-Powered Prosthetic Controls
Training

Prior to initiating any unilateral or bilateral tasks,
it is essential that the individual with upper limb
loss is completely comfortable with how each
component of his/her prosthesis operates with the
required body motion. Repeated drills are help-
ful, positioning the prosthesis at various heights
and ranges in order to increase confidence in the
arm’s operation is recommended. This avoids
unnecessary frustration when activity training
begins. When operation of the components of the
prosthesis becomes second nature, grasp and
release activities of different size, shape, and tex-
tured objects can begin. The important concepts
of pre-positioning and tension control of the ter-
minal device are important to understand and
reinforce. Drills that include grasp and release in
various planes are suggested as well.

Close attention must be paid to the individu-
al’s awkward or compensatory body motions
when approaching an object. Often the amputee
will adjust his body to accommodate, rather than
adjust or reposition the elbow and wrist position,
if possible. A mirror can be effective in assisting
the amputee to see the way his body is positioned
and subsequently self-correct. It can also be help-
ful to encourage the patient to consciously think
how his/her own arm would need to be positioned
to accomplish a task, from shoulder to hand and
pre-position  his  prosthesis  accordingly.
Reminders to maintain an upright posture and
avoid extraneous movement are also important.

Controls training for the bilateral upper limb
amputee will take an extended period of time.
Learning to separate the control motions of pros-
theses is a complex and coordinated motor pro-
cess that will require frequent repetition. Passing
an object back and forth, in different planes, such
as a ruler, may help in reinforcing this pattern.
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Functional Use Training for Body-
Powered as Well as Myoelectric
Prostheses

Feedback from individuals with upper limb
amputation, when interviewed at least 1 year
after amputation, indicated that functional pros-
thetic training should be provided as soon as pos-
sible after a prosthesis is provided [48]. Durance
and O-Shea reinforced this principle when stat-
ing that 90% of persons who received training
were able to functionally use their prosthesis,
compared to only 50% of those who did not
receive any training [14].

The sequence of training an individual with a
body-powered and myoelectric prosthesis mir-
rors each other. It includes:

— Controls practice (grasp and release) as shown
in Figs. 20.3a, b and 20.4

— Unilateral functional skills

— Bilateral functional skills

— Advanced bilateral skills encouraging com-
munity reintegration

For most prosthetic fitting options, functional
use training is the most difficult and prolonged
stage of the prosthetic training process. The

Fig. 20.3 (a and b) Grasp and release training utilizing different sizes and shapes of objects. (Used with permission

from Ossur Touch Solutions)

Fig.20.4 Jengaisa
game that reinforces
grasp and release at
different levels. (Used
with permission from
Ottobock)
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length of time is dependent on a number of fac-
tors that include length of residual limb, com-
plexity of prosthetic controls, muscle strength,
and range of motion. The motor learning, coordi-
nation abilities, and frustration factor of the
patient are not to be underestimated. All of these
can lead to one feeling emotionally and physi-
cally drained and fatigued. When a therapist
senses one’s emotional and physical tolerance
has been met, it is time to stop for the day.

It is important to reinforce to the unilateral
amputee that his prosthesis will usually play a
non-dominant functional role and one that is
most useful for gross prehension as in holding
and stabilizing objects, while the sound limb
performs fine motor prehension activities. With
this said, however, the newer hand technology
that offers compliant grasp and multi-grip abili-
ties allow the user to utilize the hand more like a
normal hand in contrast to previous myoelectric
hands. Unilateral patterns of independence
occur quickly in the amputee who has lost an
arm or hand. It is therefore essential, if possible,
to fit the unilateral amputee within 6 months of
the amputation. These individuals will show a
greater propensity of wearing and successfully
using with prosthesis. This applies all amputees
fitted with body-powered or electric compo-
nents [3, 7].

It is appropriate to practice simple bilateral
activities of daily living that are useful and pur-
poseful. These activities could include but are not
restricted to:

— Cutting food as shown in Fig. 20.5a, b

— Using scissors

— Dressing activities (see Fig. 20.6)

— Tying shoelaces (see Fig. 20.7)

— Toileting independence

— Opening a jar or bottle

— Washing dishes

— Simple meal preparation, as preparing a cof-
fee (see Fig. 20.8)

The importance of pre-positioning prior to
approaching these tasks cannot be overempha-
sized. The amputee should be instructed to ori-
ent the components of the prosthesis in space to
a position that resembles that of a normal limb
engaged in the same task. Mastering ADL skills
that are ergonomically correct is important in
order to avoid overuse syndromes. Conditions
such as tenosynovitis, epicondylitis, carpal tun-
nel syndrome, shoulder impingement, and dif-
fuse repetitive overuse injuries are not
uncommon in the individual with upper limb
loss [21]. These overuse complaints may affect
physical function, prosthesis use, and the qual-
ity of life [30]. Some of them can be explained
by the limited degrees of freedom current pros-
thesis on the market offer, especially the lack of
wrist movements [9]. They need to be treated
dependent on the type of pain and the origin of
the overuse syndrome. Generally, promoting the
use of a prosthetic/assistive device while encour-
aging physiological movement patterns is con-
sidered beneficial. Therefore, when introducing

Fig. 20.5 (a and b) Cutting food is a bilateral task that reinforces the value of a multi-articulating hand. (Used with
permission from Ossur Touch Solutions)
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Fig.20.6 A multi-
articulated hand used for
dressing activities.
(Used with permission
from Ossur Touch
Solutions)

Fig. 20.7 Tying
shoelaces requires
bilateral fine motor
skills. (Used with
permission form

Ottobock)
activities of daily living at this phase of rehabili- — Housekeeping (see Fig. 20.9)
tation, there should be a focus on the quality of - Yard work
movement execution and posture. — Home repair and using light tools
Advanced bilateral skills are introduced when — Grocery  shopping  (as  shown in
prosthetic proficiency is demonstrated. These Fig. 20.10a—)
activities are specific to the patient’s interests, — Advanced meal preparation

hobbies, family, and work goals. These tasks — Childcare
could include: — Exercise pursuits (see Fig. 20.11)
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Fig. 20.8 Preparing a
coffee is an easy task for
the beginning of ADL
training. (Used with
permission from
Ottobock)

Fig. 20.9
Housekeeping tasks
reinforce bilateral
function. (Used with
permission of
Handspring Clinical
Services)

Fig.20.10 (a—c) Reaching for objects at the grocery store requires proficiency at different levels. (Used with permis-
sion from Ossur Touch Solutions)
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Fig.20.11 Exercise
pursuits are enhanced
with improved body
symmetry. (Used with
permission from
Ottobock)

Training Principles of Electric
Multi-articulating Hands

Since the launch of the Touch Bionics (now part
of Ossur) i-Limb hand and digits in 2007, elec-
tric multi-articulating hands have continued to
gain momentum in their design, ease of use,
increasing functionality, and patient desire to
utilize them in their daily activities. Each of the
most commonly prescribed electric hands
exhibit specific characteristics and a training
protocol that is unique to each. Current research
suggests that spending more time on learning

fine control aspects of the prosthetic hand will
result in better performance and acquisition of
prosthetic skills [8].

In the following, specific modifications in
prosthetic training to make best use of specific
major components will be highlighted. The fol-
lowing points are general training principles that
will assist the therapist as he/she endeavors to
effectively train the individual with a myoelectric
prosthesis:

— Independence in donning and doffing the
prosthesis is essential at the outset.
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— Functional training should reinforce proper
posture and  minimize  compensatory
movements.

— Muscles utilized in myoelectric control fatigue
easily and sufficient rest periods are required,
especially at the beginning of training.

— The comfort and fit of the prosthetic socket
interface, and properly programmed compo-
nents, are critically important and require
close interaction between the therapist and
prosthetist. Without this, rejection of the pros-
thesis is inevitable.

— Emphasis should be placed on the value of the
prosthesis as being utilized as a functional
assist in activities such as cutting food, taking
money from a wallet, tying shoes, using a zip-
per, and buckling a belt.

— Functional training should progress from sim-
ple to more complex tasks with short- and
long-term goals incorporated in this process.
In multi-articulate hands, begin with mastery
of one or two grip patterns before introducing
others.

— Tasks should focus on the client’s lifestyle and
employment history as skills and confidence
increase.

— Carefully listen to your patient throughout the
training process, and encourage their ongoing
communication and feedback.

With an increasing number of devices entering
the market, this chapter cannot provide specific
protocols for therapy with each of them. It is
highly recommended to look up specifications
and training tips on the manufacturer’s website, if
a patient is fitted with a device unknown to the
therapist. Additionally, many companies offer
practical  trainings  for  their  devices.
Acknowledging that this list is not exhaustive,
some of the specific points to consider of major
hands are included below:

Training Considerations with i-Limb
Hands

— There are several versions of i-Limb hands
that offer different features.

— All versions of the i-Limb hands have similar
out of the box features where training should
begin:

e Grasp and release of various sized and
shaped objects training on the compliant
grip of the hand where having a motor in
each digit allows it to conform to the object
being held.

e Stalling digits can be accomplished by put-
ting pressure against a digit stopping it
from moving to achieve functional posi-
tions such as stopping the index digit to
type on a computer.

e Proportional control (allowing for grip on
delicate objects) and vari-grip (allowing
for increased grip strength on items as
needed) should be introduced.

— The thumb of the i-Limb hands is unique in
that it can be manually moved along the full
range of rotation from lateral pinch into a pal-
mar position as well as stopped anywhere
along that rotation such as for cylindrical grip
on a handle. Some versions also have powered
rotation to pre-position the thumb when a grip
is entered for increased dexterity.

— Depending on the version of the hand, between
12 and 24 pre-programmed grips are available
to enhance the clients’ ability to complete
their goals. The grips selected for the user
should be based on their goals.

— A therapist and prosthetist can guide the
patient to the most optimal control option to
select a desired grip. The alternatives include
gesture control (moving the hand in space to
activate a grip), app control (touching a grip
on screen), grip chips (Bluetooth chip to
change grip), and triggers through muscle
control (such as co-contraction).

— Whatever method for switching between the
grip is chosen, this needs to be trained in order
to gain reliable control. Otherwise, the patient
will never make use of the majority of grip
patterns.

— If the flexion wrist is used as part of the fitting,
orientation to its five lockable positions is
important in almost all unilateral and bilateral
activities to decrease compensation. An
unlocked position can also be selected
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enabling free movement through its range of
motion.

— A recommended training protocol is available
at: www.touchbionics.com/training.

Training Considerations
with Michelangelo Hand

— The primary features of the Michelangelo
hand include an active thumb, index and mid-
dle finger with the ring, and little finger pas-
sively following the other fingers.

— All fingers are driven together, but it can
change the relative motion of fingers and
thumb to give two distinct prehensile patterns,
tip and lateral opposition.

— The wrist joint is flexible and includes a lock
button which enables the user to utilize in the
flexible or rigid mode.

— Training is based upon various activities uti-
lizing the lateral, opposition mode, neutral,
and rotation.

— Training can be enhanced by the use of Axon

ensure that problems with this do not impede
use of the different grips.

Training can be supported with SEMG bio-
feedback that can be provided by the associ-
ated software.

The Bebionic hand can also be used in combi-
nation with a pattern recognition system. This
allows to access different grip patterns in a
relatively easy and intuitive way without the
need of switching.

If this control method is chosen, training
needs to focus first on exploring possible mus-
cle activation pattern. Later these patterns
should be refined and trained to ensure that
each of them is distinctive and that they are
consistent over time. For this, adequate visual
feedback of the muscular activity and the pat-
tern is required.

As soon as a reliable control with the chosen
control method is possible, training should
focus on the use of the available grip pattern in
activities of daily living.

Software enabling the user to learn how to
precisely control and efficiently use the
Michelangelo hand.

Training Considerations
for the Partial Hand Amputee Fit
with i-Digits

Training Considerations
with the Bebionic Hand

— The Bebionic hand can provide 14 different
grip patterns and hand positions using propor-
tional myoelectric control. The thumb can be
passively moved to two different positions
allowing for opposition and lateral grips.

— If the Bebionic hand is used with conventional
two-site  myoelectric  control, switching
between the grips and positions can be done
by the use of co-contraction of both myo-
signals or with an “open” signal, when the
hand is already open. Additionally, a button on
the back side of the hand gives another option
to switch between degrees of freedom or
between grip options.

— Again, the chosen switching methods need to
be trained in order to gain reliable control and

Challenges may exist when working with an
individual with partial hand loss, as research
indicates that partial hand patients experi-
ence a higher level of negative emotional
response than other levels of upper limb
amputation [26].

Depending on the remaining intact fingers and
residual limb, one unique aspect of fitting the
partial hand prosthesis is that remaining fin-
gers can provide sensory feedback to the user
enhancing their ability to feel the grip they
have on objects.

If wrist and forearm range of motion remains,
this can also enhance the individual’s ability
to utilize the prosthesis with less compensa-
tion at more proximal joints.

Externally powered multi-articulating digits,
with a manually rotatable thumb and compli-
ant grasping abilities, are available for the par-
tial hand amputee.
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Fig.20.12 (a, b) Partial hand amputees are able to accomplish fine motor tasks with great ease. (Used with permission
from Ossur Touch Solutions)

— The stages of training from simple to complex
mirror that of those with the i-Limb hands,
stressing the utilization of these devices in
bilateral tasks to enhance overall functional-
ity. An example for fine motor tasks is given in
Fig. 20.12a, b.

— As in other prosthetic fitting and training pro-
tocols, optimal outcomes for the partial hand
client are achieved when the prosthetist and
therapist work closely together. This is espe-
cially true for the partial hand as each configu-
ration is unique and customization of each
device is essential. Working as a multidisci-
plinary team to ensure the alignment of the
digits is functional, and the myo-sites (often
utilizing remaining intrinsic muscles of the
hand) work well without interfering with
remaining finger, wrist, or forearm motion
greatly enhances the function of the end-user.

— For additional information on the recom-
mended fitting and training process, see WwWw.
touchbionics.com/training.

Training Protocol After Targeted
Muscle Re-innervation in High
Upper Limb Amputees

As described in a previous chapter, targeted mus-
cle re-innervation (TMR) is meant to improve the
neuromuscular interface for prosthetic control by

the use of selective nerve transfers [23, 24]. Thus,
TMR allows to control a multi-degree of freedom
prosthesis by using muscular activity [36]. In
contrast to conventional myo-electric fittings,
more than two electrode sites are used for pros-
thetic control. The principles of physical and
occupational therapy, as described before, are
still applicable for patients who undergo TMR
surgery. Nevertheless, the use of more myo-
signals significantly increases the complexity of
control, and the physiological nerve regeneration
after surgery changes the motor commands and
the timeline for fitting [45]. Thus, here the spe-
cific interventions needed to ensure good pros-
thetic control after TMR surgery are described.
While teamwork is considered as a success factor
for all prosthetic fittings, its importance has been
emphasized in the rehabilitation of the TMR
patient [11, 35, 42].

Interventions Before TMR Surgery

It is recommended to see a patient who is plan-
ning to undergo TMR surgery within a multidis-
ciplinary team. This allows the medical
professionals to discuss the whole procedure
with the patient in order to assess medical, psy-
chological status, and requirements for surgery
and subsequent fitting. Information should
include details about the surgery and the process,
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the patient’s responsibilities within the process
(time at hospital, home program, traveling, costs,
etc.), and realistic outcomes [11].

Additional interventions before surgery are
mostly dependent on the patient’s needs and aim
to improve their functional status. These do not
substantially differ from the post-amputation
interventions described earlier in this chapter.

Interventions Within the First
Months After Nerve Transfer
Surgery

Following surgery it takes about 3—6 months until
the transferred nerves reach their target. Initial
muscle contractions can be registered either by
surface or needle EMG. The time directly after
surgery is characterized by wound healing, stan-
dard post-surgical interventions, and re-fitting
with a prosthesis (if requested). To ensure the
highest levels of safety, the therapist should be
informed about possible precautions and contra-
indications. Additionally, the therapist should
request a surgery report to know where to expect
which EMG signals. Apart from the general post-
surgical interventions described before, the thera-
pist may consider to facilitating the cortical
representation of the lost limb to enhance selec-
tive muscle activation later. This can be supported
by the use of Graded Motor Imagery [13, 15, 20]
or mirror therapy [16].

Myo-training After Successful
Re-innervation

In most cases, it takes about 3—-6 months after
surgery until the muscles show signs of re-
innervation. This can be detected by observing
slight muscle twitches or via surface or needle
EMG [44] and marks the beginning of the myo-
training phase. Still, re-innervation is a gradual
process, and there might be a different time frame
for transferred nerves. Therefore, it might be pos-
sible that one muscle can easily be controlled by
the patient at a point in time, while another one is
still not active [23]. If a direct control system

(i.e., one electrode corresponds to one specific
prosthetic movement) is used, evaluating the best
electrode positions is indispensable. While defin-
ing the best hot spots for the electrodes and per-
forming myo-training, one should follow the
same principles as in conventional two-signal
control systems. The additional number of myo-
signals significantly increases the complexity of
control. Thus, a longer period of time should be
spent on myo-training and establishing good sig-
nal separation (in direct control prosthetic sys-
tems). Additionally, the use of surface EMG
biofeedback systems for displaying the activity
of all used muscles is highly recommended [43].
If pattern recognition systems are used for pros-
thetic control, defining and training distinct mus-
cle activation pattern are needed. As soon as
positions for electrodes are defined, the prosthe-
tist can start with the production of test socket for
training purposes and training with a table-top
prosthesis (as shown in Fig. 20.13) can be started.

Prosthetic Training with the TMR
Fitting

Approximately 9-18 months after surgery, the
prosthetic fitting can be initialized. Here, the
therapist assists the prosthetist in defining the
best electrode positions in the socket. However, it
is important to note that weight load has some
impact on the patterns of muscle contraction
[39]. Thus, it might be necessary to change signal
amplification or other settings with the full fitting
compared to the table-top prosthesis. When the
patient is fit with a prosthesis, the prosthetic
training starts. This part does not differ from
prosthetic training with any other control method.
However, if there are unintended prosthetic
movements due to co-contraction of other mus-
cles, it might be beneficial to go back to the myo-
training with SEMG biofeedback.

In most TMR prostheses, like the Dynamic
Arm Plus (Ottobock, Duderstadt, Germany), a
mode of sequential and simultaneous control is
possible. In sequential control, only one joint can
be active at a certain time, while with simultane-
ous control all degrees of freedom (e.g., hand
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Fig. 20.13 Table-top
prosthesis training after
TMR surgery. (Used
with permission from
Ottobock)

close, pronation, and elbow flexion) can be used
at the same time. This allows a more natural and
faster prosthetic control but is also more error-
prone in cases of insufficient signal control.

After discharge from rehabilitation, the patient
should be able to control the prosthesis and use it
in daily life. Regular appointments, including
functional tests, should be used to monitor medi-
cal status, prosthetic function, and device satis-
faction. This allows the clinical team to intervene,
if needed.

Outlook

In the recent years, research has led to many
new solutions for individuals facing an amputa-
tion. This involves 3D-printed devices [46],
more degrees of freedom for prosthetic hands
[18], but also an improvement of the human-
machine interface in regard to the mechanical
attachment [22], as well as control [6, 34] and
feedback [33, 37]. As described in the various
chapters of this book, all these technological
advances have the potential to enhance the pos-
sibilities of individuals with an amputation.
Additionally, new patient groups as people with
severe brachial plexus injuries or hand injuries
beyond biological reconstruction may be fitted
with prosthetic devices to restore their extremity
function [1, 2, 19]. All of these developments

pose new challenges in regard to user training
that need to be addressed by the occupational
and physical therapy of the future. With more
advanced and complex technologies, it is
expected that providing adequate therapy will
become even more important [39, 44]. At the
same time, the therapist will have the opportu-
nity to use novel technologies, such as serious
games [31], mobile applications, virtual reality,
and telerehabilitation systems (see Chap. 21 for
more details). While all of this will influence the
techniques used by physical and occupational
therapists, their goal will still remain to support
individuals to regain autonomy, social role func-
tioning, and participation in activities of their
daily life.

Conclusion

The potential of the individual with upper limb
loss is limitless, as often he/she is able to accom-
plish activities he/she never would have expected.
The success of this individual is not only strategi-
cally intertwined with the occupational and phys-
ical therapist but also the prosthetist and a
collaborative interaction with the surgeon, reha-
bilitation physician, and other key members of
the team. The therapist can have a profound
impact and influence on the acceptance or rejec-
tion of a prosthesis.
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One of the most important “ingredients” of a

successful prosthetic training program is the
development of a protocol that continually
focuses upon the individual with upper limb
loss. Listening to their needs, goals, and aspira-
tions, as well as cultivating their motivation, is
valuable key to one’s success. This is true for
all types of prosthetic fittings, ranging from
body-powered ones to modern myo-electric
prosthesis, as well as these using advanced
interfaces in the future. The impact of a thera-
pist during this pivotal passage of recovery can-
not be overstated as it will remain with this
individual for life.
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Structured and sufficient training is a key factor
for successful fitting of an upper limb prosthesis.
This is especially true for more advanced myo-
electric control strategies, or for individuals with
comorbidities that require additional treatment.
With advances in technology, not only have the
control strategies become more complex, but also
possibilities for more tailored rehabilitation have
increased. Novel rehabilitation technologies
include virtual and augmented reality systems, as
well as training systems relying on computers
and smartphone apps. These technologies can be
used within the clinical setting, enable telereha-
bilitation, and/or can support unsupervised home
training. While most experts agree that novel
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rehabilitation technologies can be a good supple-
ment for conventional therapy, one of the greatest
challenges is to transfer the progress achieved in
the technology-assisted realm into real-world
situations and actual prosthetic function.

Background

Learning how to control a myoelectric prosthesis
can be a discouraging experience for the ampu-
tee. Indeed, a lot of devices end up getting aban-
doned due to complications with their control
and functionality [23]. After several months of
recovery, the patient is fitted with a first prosthe-
sis. By then, many amputees learn how to per-
form tasks unimanually and experience irritation
of the residual limb when donning their prosthe-
sis [5]. Moreover, the man-machine interface is
little intuitive, and the cognitive demand for con-
trolling a prosthesis is high, thus delaying the
actual use of the device during day-to-day activi-
ties. This holds especially true for patients with
higher amputation, i.e., above elbow, since the
higher the amputation, the more degrees of free-
dom (DoF) need to be controlled. In fact, 50% of
upper extremity amputees report problems with
the prosthesis control and functionality. In order
to overcome these possible stumbling blocks,
sufficient training and therapy are essential for
proficient handling of a myoelectric prosthesis.
Thereby, training administered prior to final
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fitting is a critical component influencing long-
term success of prosthesis control [5, 73, 78].

Advances in technology continually influence
the current medical practice and create new tools
for therapy. Novel rehabilitation methods strive to
take advantage of neuroplastic processes during
the recovery period in the brain as well as the
muscles while targeting motor deficiencies and
aim at harnessing the learning potential of the
brain [88]. Virtual reality and gaming systems
were once ascribed to the domain of gamers, but it
is one of those areas of advancement, where
changes have spawned unique treatment
approaches. Virtual rehabilitation has received
increasing attention from researchers and clini-
cians alike, who recognize potential therapeutic
benefits due to the immersive nature of the
medium [27]. The primary focus of the applica-
tion of virtual environments during upper limb
amputee rehabilitation is the acquisition and sus-
tenance of particular motor skills needed to con-
trol a prosthesis. It is best achieved by regular
training of the specific muscles and improving
their coordination and control. These skills of fine
muscle coordination form the basis for prosthetic
control, which is subsequently trained in a real-
world environment with tasks of daily living [35].
However, as described in Chap. 20, other mea-
sures can be essential as well, depending on the
individual patient’s needs, preferences, and pros-
thetic fitting. Here, the therapist’s task is to choose
the right balance between conventional therapy
and implementation of novel technologies, as
well as guiding the training with these options.

In this context, novel technologies can be clas-
sified in three main categories depending on how
they are used to support therapeutic efforts: sys-
tems to be used during clinical appointments,
systems to be used within telerehabilitation set-
tings/systems that enable remote therapy, and
finally systems meant for (unsupervised) home
exercises. In all of these settings, used technolo-
gies may support assessment of the patient’s sta-
tus, aid patient education, and/or actively guide
rehabilitation exercises.

Clinically used systems include all technology
the therapist/medical team have in their practice/
hospital and can range from standard devices for

electrical stimulation or EMG biofeedback to
game-based virtual solutions and systems for
body weight support or robotic assistance [7, 9,
79]. Furthermore, especially for advanced pros-
thetic control strategies, digital tools enable the
clinician (and researcher) to assess the function-
ality of a control system and the patient’s interac-
tion with it already before prosthetic fitting [57,
80, 87] (for further details see Chap. 7). In con-
trast to the other categories, systems used in the
clinical setting usually remain in one place and
are operated by trained professionals. For this
reason, they can be bulkier and more complex
than systems meant for home use of a patient.
Telerehabilitation describes healthcare ser-
vices that are delivered remotely via digital com-
munication and devices. They are also referred to
as digital practice, telehealth, or telemedicine.
These systems have in common that they allow a
therapist to deliver their services in (usually) one-
to-one settings without the need to be located at
the same place as the patient [92, 93].
Technologies for this range from simple video
conferencing tools [22] to more elaborate sensor-
or camera-based systems including gamification
elements [71] with real-time feedback coming
from the therapist. Depending on the patient’s
needs, telerehabilitation can have a focus on
patient education or on exercise-based interven-
tions. For both, preliminary evidence on general
rehabilitation suggests a non-inferiority to face-
to-face interaction and high acceptance levels
from the patient and clinician side [2, 16, 68].
Finally, home training systems are meant to
support (repetitive) home training exercises that
the patient can do on their own without real-time
feedback from the therapist. As a high number of
repetitions are needed for motor learning, train-
ing outside the therapy sessions is considered
essential. An important aspect to this end is the
motivation of the patient, which tends to quickly
decline during repetitive or frustrating rehabilita-
tion tasks. To mitigate these effects, we can rely
on technology which can offer an engaging expe-
rience to the patients. This way they can remain
focused for prolonged periods of time while exer-
cising in a non-traditional way. An additional
advantage of virtual interventions is the opportu-
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nity to further quantify user performance: to be
able to monitor the patient’s progress and
remotely provide this information back to the
physiotherapist, who can in turn individualize the
treatment, i.e., by adjusting the task difficulty or
a number of mandatory repetitions. This usually
happens in an asynchronous way, allowing
patient and therapist to train/assess without time
dependencies. Managing these parameters can
prevent frustration, boredom, and fatigue when
engaging the user in a repetitive exercise program
[39]. While it is recommended to test these home
training systems with the patients during their
regular therapy sessions, it is an imperative that
the solutions offered work in a simple plug-and-
play manner. Otherwise, they would hinder
patients in carrying out their practice sessions
and become another source of frustration.

As described in more detail below, several dif-
ferent technologies can be used to enhance out-
comes and motivation within prosthetic
rehabilitation. They range from fully immersive
3D simulations, over showing a virtual arm on a
computer screen, to remote communication and
training options with a therapist, to EMG-
controlled games on a computer or mobile phone.

Myoelectric Training Systems

Enabling amputees to volitionally generate sepa-
rate muscle signals is imperative for skillfully
controlling a prosthesis. Myoelectric training
systems help to achieve this goal, ideally already
in advance of the patients receiving their device.
A number of solutions are already available on
the market offering users and therapists a way to
facilitate rehabilitation and training. They pri-
marily rely on simple biofeedback which, if used
in conjunction with structured rehabilitation pro-
tocols, can assist in managing even the more
complex and less intuitive myocontrol para-
digms [66]. However, optimization of motor
learning can be further enhanced through use of
more engaging technologies which can be
divided into four major categories: (1) immer-
sive 3D virtual reality systems using head-
mounted displays, (2) camera-based augmented

reality, (3) EMG-controlled video games on a
computer or a console, and (4) mobile health
applications. Enriched training environments
can enhance the learning experience and assist in
consolidating the practiced motor skills. By
using treatment interventions created in virtual
environments, several training parameters can be
manipulated to explicitly engage motivation,
performance, and effort [39, 54].

Commercial Products

Myocontrol-focused technology to support reha-
bilitation has been in great demand, and over the
years, both major prosthetic manufacturers and
some smaller players in this field have invested
efforts in developing their own solutions. Some
of the most relevant and representative commer-
cial products used in prosthetic rehabilitation are
discussed below.

MyoBoy

Ottobock’s MyoBoy is a portable myoelectric
visualization and training device displaying two
LED bars that correspond to the activation of two
SEMG electrodes, respectively. It is battery pow-
ered and connects via cable to two active
Ottobock electrodes. The MyoBoy can be used as
a device to find the correct site for electrode
placement or train patients during early recovery
in basic muscle strength and coordination [49].
The system is limited to only two electrodes and
is a rather basic tool to display EMG activity.

Paula

Paula (Prosthetist’s Assistant for Upper Limb
Architecture) consists of a software package includ-
ing settings for various control schemes, patient
management, a virtual hand, and a computer game.
During the game, the user’s EMG graph is depicted
as tracks of a car that need to be navigated through
openings in walls, requiring the user to modulate
their EMG amplitudes accordingly. The software is
also able to store user parameters, including records
of the patient’s signal strength over time. It is avail-
able as part of the Ottobock Data Station for
Windows systems [18, 50].
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Myo Plus

The Myo Plus app by Ottobock is a mobile app
with which users can operate and configure the
Myo Plus prosthesis. The implemented pattern
recognition control can be adapted to individual
needs of the patient with a smartphone or a tablet.
Movement patterns and the patient’s EMG can be
visualized through two different graphs as shown
in Fig. 21.1. Additionally, prosthetic functions
can be added or switched off [51].

biosim-i

The Touch Bionics biosim-i software is a desktop
interface as well as a mobile app that enables
prosthetic users to configure and adjust various
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Fig. 21.1 A screenshot of the Myo Plus training system:

This application allows the visualization of the activation

of all eight electrodes used in the pattern recognition sys-

A 2 information(s

O add pattern (1 ]

Selection of the movements

features of their myoelectric hand, such as grip
patterns and hand mode. It can check whether the
hand is functioning properly and display the
user’s real-time EMG graph. The prosthesis con-
nects to the interface via Bluetooth, and low bat-
tery can be indicated by an adjustable audio
signal [83].

my i-limb

Similar to biosim-i software, the mobile app “my
i-limb™” by Ossur provides users with the flexi-
bility to customize their prosthesis and to access
pre-installed and customizable grips while on the
go. It furthermore shows EMG signals in real
time [84, 85].
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Desktop/Console

The high costs of VR systems, the necessity for
substantial technical expertise, and the need for
large vacant space have led researchers to pursue
more accessible commercial technology, such as
Xbox™, PlayStation™, Wii™, and computer
games with hope to provide users with similar
rehabilitation experience. There are several open-
source games that have been altered to support
myocontrol-relevant motor practice [54, 60].
Similar to AR, these rehabilitation systems rely
on computer or TV screens to project the virtual
scenes. However, they do not require a video
stream, and the user can control the applications
through EMG input.

Researchers have used modified versions of a
number of gaming consoles to create suitable
myocontrol therapeutic devices. The commer-
cially available video games Guitar Hero [8] and
Pong [67] had been interfaced using myoelectric
signals. Nintendo Wiimote control has been
adjusted in such a way as to substitute buttons
with EMGe-elicited commands [47]. While all
these approaches surely offer a degree of engage-
ment, the necessary control actions are limited
and not strictly mapped to movements needed in
everyday control activities. This further begs a
question whether the developed skills are truly
transferable to the handling of a prosthesis [12].

Virtual Reality (VR)

Virtual reality, as depicted in Fig. 21.2, is a tech-
nology used to simulate engaging 3D environ-

-
PERSONAL
COMPUTER

VIRTUAL
REALITY

ments which wusers experience as being
comparable to the real world [39]. By tracking
their movements within a given space, amputees
can interact with the simulated world and
manipulate objects without needing the actual
prosthesis. On the affected limb, it usually
shows either a human arm or a robotic prosthe-
sis. The user is wearing a head-mounted display
(HMD), a wearable screen that projects the vir-
tual scenes directly in front of the eyes indepen-
dent of the viewing direction, thus creating the
immersive ego perspective. Some users, how-
ever, report getting affected by cyber sickness,
an induced nausea which can be attributed to
delays in data transmission or incongruencies
between movement of the user and what is seen
on the display [86]. Also, the system itself is
rather expensive and requires technical exper-
tise. Nonetheless, a great benefit that comes
with employing VR systems is the potential to
flexibly implement embedded prosthesis soft-
ware and to constantly adapt the simulated 3D
world. VR has successfully been used as an
extension to the mirror box in order to alleviate
phantom limb pain [45]. Therapy can be facili-
tated by a controlled virtual environment, and
the clinician can guide patients step by step
through everyday activities, eliminating the risk
of breaking objects and without the weight of
the prosthesis [65, 91].

Ultimately, VR environments should support
the rehabilitation process and help patients to ori-
ent themselves within their new reality and not be
a substitute for using their actual prosthesis in the
real world. After all, amputees should use their
prosthesis as much as possible in order to benefit

MOBILE
DEVICE

Fig. 21.2 Overview of digital myoelectric training systems: personal computer, virtual reality, augmented reality, and

mobile device. (© Aron Cserveny for Oskar Aszmann)
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from all the associated advantages, such as the
alleviation of phantom limb pain.

Augmented Reality (AR)

In contrast to virtual reality systems, the user is
not wearing a HMD. Instead the scenes are dis-
played on a computer screen, where a computer-
generated image superimposes on the user’s view
of the real world. One or multiple cameras pro-
vide a video stream of the patient and track the
affected limb with the help of special markers.
What can be seen on the screen now is the patient
with a computer-rendered virtual arm or hand,
which can be controlled and moved by the patient
for as long as the camera is able to recognize the
markers.

Similar to VR, AR has been applied to research
of phantom limb pain relief as a replacement of
the mirror box as described in Chap. 12. Although
it is methodologically equivalent, distal move-
ments of the phantom limb cannot be inferred by
this system [48]. Other applications are training
systems in which the patients can see themselves
with a virtual arm attached to their residual limb
and also have to perform a gaming task [5].

Mobile Devices

Research indicates that patients who underwent
pre-prosthetic training before receiving their
actual prosthesis achieve better functional results.
However, the previously introduced training sys-
tems are usually stationary and bulky in compari-
son to a mobile phone. The mobile health sector
is rapidly growing, and mobile phones are power-
ful tools that can be used for pre-prosthetic train-
ing outside of the clinical environment. Similar to
desktop applications, a patient profile could be
created and retrieved by the physiotherapist. In
this way, the patient’s progress can be monitored
remotely while the therapist continues to provide
feedback and support.

Advantages of mobile systems are familiar-
ity with the device and its ease of use. In a
recent study [53, 59], a rhythm-based game

could be played by patients on a tablet. They
wore a Myo Armband on their stump which is
connected to the tablet via Bluetooth. The
patients could subsequently control the game
by using their myoelectric signals. Over the
course of 4 weeks, during which the patients
had used the system at home, a significant
improvement was found in the parameters
underlying successful myocontrol, which
included muscle separation, co-contraction,
and proportional control. In another study [90]
that lasted 1 week with able-bodied partici-
pants, participants could choose between four
different dinosaur-themed games to train vary-
ing aspects of their myocontrol. In both studies,
both patients and able-bodied participants not
only improved their game score, which is
directly reflected in improvement of neuromus-
cular control, but also reported a high level of
engagement and motivation to continue playing
even after completion of the study.

Game-Based Rehabilitation

Rehabilitation concepts traditionally rely on the
execution of repetitive movements [66]. Applying
the concept of gamification, which describes
assigning game design and game concepts to usu-
ally non-gaming training scenarios [20] can boost
the user’s engagement as well as entertainment.
A set-up for such a game can be seen in Fig. 21.3.
Video game-based therapies can be a stimulating
way to increase patient motivation, effort, and
performance during those otherwise monotonous
neuromuscular exercises. Myoelectric signals
needed to control an upper limb prosthesis are
thereby intuitively trained, and the patient even-
tually benefits from increased prosthesis usability
[56]. Even though established rehabilitation pro-
tocols address the necessary parameters needed
for prosthesis control and offer direct functional
benefit, some patients report a lack of motivation
to keep up with the repetitive and lengthy pro-
cess. While long training times for establishing
good neuromuscular control are uncommon in
otherwise healthy individuals, keeping up moti-
vation over a long period of time might be more
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Fig. 21.3 Training in a virtual environment on a personal computer: (a) using the Michelangelo hand prosthesis (b)
with Ottobock active electrodes attached to the skin with a wristband

relevant in people with additional comorbidities,
complex control systems, or nerve transfers [77,
79]. Both extrinsic and intrinsic motivation play
important roles in sustained engagement with
game-based rehabilitation. Many examples of
gamification in that space primarily focus on
extrinsic motivators such as points, rewards, and
progression in the game. The danger of extrinsic
motivation is that, while necessary and a good
motivator in itself, it potentially harms intrinsic
motivation, as shown in a meta-study by Deci
et al. [19]. To trigger intrinsic motivation, game-
based rehabilitation can build on the concepts of
competence, relatedness, and autonomy from
self-determination theory [69] to make a game
engaging in the long term. This further helps
health-beneficial behaviors to persist beyond the
context of a game for health used to train or sus-
tain them. A systematic review of studies on
active video games that promote physical activity
in children and youth also describes self-initiation
and choice as the most important factors for sus-
tained engagement [10]. An approach related to
self-determination theory, for example, is goal
setting, which is also used in behavior change
technology [44], where players are allowed to
define their individual clinical outcomes and in-
game goals. Additionally, patient education on
the anticipated results of using the game and how
they translate into patient-related outcomes is an
important tool to further increase internal
motivation.

Selecting Games for Rehabilitation

With the gaining popularity of eHealth games
and apps, it is increasingly difficult to identify
appropriate and feasible applications. The right
game goes beyond being a fun and exciting diver-
sion from regular activities during physical ther-
apy. The game must accomplish a delicate
balance: It should be demanding enough, adapted
to the task at hand, but also take into consider-
ation the patient’s abilities. After nerve injuries or
nerve transfers, months of intensive training are
required to become proficient in controlling a
myoelectric prosthesis, depending on factors
such as available electrode sites. Users with
insufficient training abandon the prosthesis
before this mastery is achieved, because the train-
ing process has proven to be too difficult and tire-
some leading to low user acceptance [23].
Delivering biofeedback using off the shelf
video games is a viable low-cost alternative to
virtual or augmented reality, as no further equip-
ment is needed and training can be continued at
home. Especially during research of neuromus-
cular disorders and stroke have commercially
available video games been extensively used as a
tool to incorporate repetitive movements during
rehabilitation [14, 30, 37, 40]. They come with
the advantage of professional game designers and
marketing experts. However, should the game not
be task-oriented or in line with the patient’s indi-
vidual background, needs, and goals, even the
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most elaborate incentive is futile. A custom-made
game specifically aimed at improving motor
skills, needed for prosthesis control, may further
blur the boundary between playing and training.

Good game design is built on user experience.
Planning prior to development and iterative test-
ing on sample groups ensures that the game
meets design and training objectives and
improves with each cycle. One of the primary
measurements of successful games is active
engagement. Challenging gameplay that adjusts
to the player’s skill level and visibly linked
actions and achievements encourage sustained
engagement. Incorporating high scores and
leader boards is a way to display achievements in
a straightforward way which enables the players
to chart their progress. Opportunities to further
engagement that games can appropriate from
behavior change technology are self-defined
challenges and personal goal setting [44].
Occasional additions to pre-existing difficulty
levels keep the content fresh and stimulating.
Notifying and rewarding users encourages desir-
able behavior and further promotes the training
effect. However, a delicate balance between
extrinsic feedback or rewards and providing
opportunities for intrinsic goals has to be
maintained.

A study [54, 60], questioning a pool of patients
on how should an ideal game for neuromuscular
rehabilitation look like, concluded that it should
be a version of a dexterity game with short reward
periods, a global high-score system, engaging
gameplay, and background music, which is play-
able with complete EMG control. All patients
without exception had asked to be able to play the
game at home in order to visit the clinic less often
and also to share the playing experience together
with their family [54].

Impact of Game-Based Rehabilitation
on Clinical Outcomes

A particular obstacle to recovery, following a dis-
charge from the rehabilitation facility, is for
patients to continue exercising at home [27].
Therefore, engaging training is essential for

ensuring that key concepts are assimilated and
retained and motivation kept high [39]. Virtual
training environments can aid this process, as
they provide diverse incentives to support the
patient as well as the therapist to achieve a high
number of exercise repetition without losing the
patient’s investment and perseverance [1, 25, 42,
82]. Video games have been used by clinicians
for motor rehabilitation especially when dealing
with stroke [40, 64] and Parkinson’s disease [30]
as these are large patient populations that require
long rehabilitation. However, in the last years,
they also received some recognition as a method
in upper limb amputee rehabilitation for myo-
electric prosthesis control [3, 5, 6, 8, 13, 21, 47,
54, 56, 60, 67, 70, 81].

In recent studies [53, 56, 58, 60], clinically
oriented, stationary programs and also mobile
applications for a smartphone have been devel-
oped that train and evaluate the patient’s neuro-
muscular capacity pre- and post-interventional
for (1) maximum voluntary contraction, (2) pro-
portional fine muscle control, and (3) isolated
activation of different muscle groups. Participants
were not only prompted to conduct repetitive
flexor and extensor motions but also trained to
continue muscle contraction over varying periods
of time, perform precisely timed contractions,
and execute simultaneous contractions of both
muscle groups—similarly to how patients would
control an actual prosthesis to interact with their
everyday environment. Motivation and effort
were assessed using the Intrinsic Motivation
Inventory [32] and a user evaluation survey and
subsequently compared to a standard myoelectric
rehabilitation device, the MyoBoy (described
above). All participants achieved a significant
improvement in all three EMG assessment crite-
ria: maximum voluntary contraction, propor-
tional control, and muscle separation. Enjoyment,
usefulness, and exerted effort were rated higher
during the game-based rehabilitation training
compared to the MyoBoy [55]. Surprisingly, the
patient’s strength, used as a baseline calibration,
has also shown an increase instead of the expected
decrease after playing the games, which could be
attributed to warmth or sweat that would influ-
ence the electrode resistance. However, this is a
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solid indicator that the gaming session was not
fatiguing for the patients. In fact, the patients
became even more skillful during the assess-
ments. The main advantage of game-based train-
ing compared to conventional therapy is clearly
the motivational aspect. Though it is reasonable
to assume that patients would also improve their
EMG control by only being exposed to the basic
assessments, the continued exposure would even-
tually lead to a loss of interest, which could be
prevented by the engaging context of a video
game [41]. Ideally, patients would also be able to
continue the rehabilitative intervention at home,
either in the form of a mobile device or as an easy
stationary set-up, to achieve the maximum bene-
fit for proficient prosthesis control [62].

The goal of game-based training systems is
not only to improve the user’s muscle strength,
coordination, and separation but also to eventu-
ally transfer those skills to the handling of a myo-
electric prosthesis. Several hand function tests
have been mentioned in the previous chapters
that are established measures of this transfer
(e.g., SHAP, ARAT, or clothespin test).
Transferability, task orientation, and personal-
ized training arrangements contribute to effective
and engaging motor training and thereby reduce
the likelihood of prosthesis abandonment.

Digitally Assisted Diagnostics

Though virtual rehabilitation describes mainly
the use of virtual environments for motor training
purposes during rehabilitation, it can also be
applied to the diagnostic process. Progress and
impact of the physical therapy and medical inter-
ventions can be monitored, and qualitative data
can be quantified. Using Internet queries instead
of filling out questionnaires with pen and paper is
already clinical practice, especially for long-term
follow-ups where patients may not necessarily
need to see the clinician face to face. Additionally,
novel technologies allow assessments that were
not possible in this form before but can be crucial
in understanding patient’s myocontrol perfor-
mance as other traditional “offline” metrics tend
to be misleading [87]. For this purpose tests such

as the Box and Beans test [57], the virtual clothes-
pin test [29], and target achievement control
(TAC) test [72] can be used for evaluating the
conventional myocontrol as well as more
advanced machine learning algorithms. Finally,
digital body image visualization tools can be uti-
lized in order to understand and appropriately
address a patient’s own body representation.

Digital Testing

Especially during the evaluation of real-time
advanced prosthetic control algorithms (see
Chap. 13), digital environments can provide an
accessible setting either for training a patient’s
neuromuscular performance or to assess novel
control models.

As described in Chap. 7, the analogue clothes-
pin test [31] involves the retrieval of three
clothespins that are clamped on a horizontal bar
in front of the patient and clamping them to a sec-
ond, vertical bar. This task requires the use of
elbow flexion/extension, wrist supination/prona-
tion, and hand opening and closing for grasps and
release. The virtual version [29] featured the
same set-up, with a 3D model of a human arm.
The control input was modeled after an electrode
configuration suitable for targeted muscle rein-
nervation (TMR) patients. This digitized test was
used to evaluate the performance of pattern rec-
ognition algorithms with regard to the system’s
usability [29].

During the target achievement control test,
users were asked to move a digital prosthesis into
a target posture, indicated by a human hand, and
to hold that position for a period of time. If the
user did not hit the target immediately, or over-
shot the target, the pose had to be corrected. The
same is applied for any incorrect prosthetic
movements, which had to be compensated again
in order to succeed in this test [72]. A study with
able-bodied participants evaluating the TAC test
found that the visualization of more complex tar-
get acquisitions led to confusion and thus to
poorer performance of the user, not necessarily
the model. It also showed that the TAC test was
rather difficult to learn for novices [26].
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The Box and Beans test is the digital coun-
terpart of the Box and Blocks test, which is a
quick and commonly used tool to assess unilat-
eral manual dexterity in neurological disorders
[43]. During the analogue Box and Blocks test,
patients are sitting/standing in front of the box
and can grab the wooden squares to transport
them from one compartment to the other using
mainly the joints of the hand and elbow, which
would correspond to two DoF. However, in
front of a two-dimensional computer screen,
one DoF is lost, the one associated with elbow
flexion and extension. To make up for the lost
dimension, in the digital Box and Beans test
(see Fig. 21.4), the cubes were replaced by
beans, which can only be grasped from a cer-
tain position of the virtual hand, therefore
coercing the user to also use wrist rotation and
adding a DoF [57].

The virtual grasper was controlled by using
EMG signals taken from commercially available

electrodes or the Myo Armband. The Myo
Armband’s built-in gyroscope allowed users to
freely move their arm and transfer the beans to
the opposite compartment. The quantitative per-
formance score remained the same as in the Box
and Blocks test: the number of moved beans
within 1 min. Since 150 blocks would crowd the
screen, 3 new beans would spawn when there
was only 1 bean left in the start compartment.
The new beans were oriented, placed, and col-
ored randomly, but the size was always kept the
same [57].

This test was developed to assess novel con-
trol algorithms for machine learning techniques
in healthy participants as well as amputees; how-
ever, it can certainly be used to evaluate rehabili-
tation progress and the proficiency to control
myoelectric prostheses. The digital Box and
Beans test can be performed even without a pros-
thesis and also be used to train prospective myo-
electric control.

Fig. 21.4 Screenshot of the digital Box and Beans test
[57]. Patients transport beans from the start compartment
to the adjacent finish compartment during a set time limit

of 60s. The transported beans directly translate into the
score. (Used with permission from IEEE)
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Body Image Visualization Tools

Upper limb amputation is often followed by the
feeling that the affected limb is still present. This
phantom limb representation is also reflected in
the body image of the patient and can be associ-
ated with painful and non-painful sensations [33,
34]. Noble et al. reported as early as 1954 in their
work  “Psychiatric  Disturbances following
Amputation” that changes in body image occur
after amputation [46]. It is common practice to
assess the appearance and pain levels of the phan-
tom limb using analogue methods such as ques-
tionnaires [15, 61, 89] or drawings on paper [15,
28]. However, while these tools are helpful to
monitor pain, they are limiting patients in
expressing the characteristics and sensations of
their phantom limb. Even though questionnaires
provide means of standardized comparison, their
ability to adequately reflect a person’s perception
is constrained. Moreover, manual tasks that
involve the participant to actively draw or build
something are often subject to the researcher’s
interpretation.

Computer-aided instruments for visualizing
body image have been previously popular with
regard to eating disorders such as anorexia ner-
vosa [4, 24, 38]. However, there are not many
digital tools to evaluate the body image percep-
tion of amputees. In 2006 Brunel University pub-

lished a pain identification software which
displays pain areas of different quality on a 3D
human avatar [75, 76]. The pain category could
be adjusted, however, not the intensity. The com-
mercial program “Navigate Pain” by Aglance
Solutions allows to display and track the pain of
different etiologies. In 2D and 3D views of the
human body, both pain category and intensity can
be displayed [11, 74]. The avatar itself remains
static and cannot be re-positioned.

CALA (Computer Assisted Limb Assessment)
is a digital, stand-alone program to visualize
phantom limb appearance and its position, as
well as pain and cramps. It can be used to diag-
nose and depict the state and location of a phan-
tom limb, telescoping, and pain hot spots and to
track changes during the rehabilitation process
[52]. The CALA application adequately depicts
the body image perception of patients with ampu-
tations or nerve injuries in a 3D environment and
monitors the position and condition of the virtu-
alized phantom limb over the course of physical
therapy. As shown in Figs. 21.3d and 21.5 human
avatar is created either according to the patient’s
self-perception or their actual body measure-
ments. It assesses the body image through guided
virtual distortion and manipulation of the upper
extremities and part of the trunk. Specifically, the
patients are able to model their affected arm,
which can differ from their original one in being

Fig. 21.5 Modeling and positioning the phantom limb on a 3D human avatar analogue to the body image of a patient
with (a) a cramping fist and (b) a telescoping lower arm. (Used with permission from IEEE)
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thinner or thicker, longer or shorter, or the
patient’s hand could be hinged directly at the
elbow, depending on their sensation of the phan-
tom limb. It is also possible to position the virtual
arm in any natural or unnatural way, since phan-
tom limbs do not adhere to anatomical limita-
tions. Extremities can be maximally distorted
and manipulated beyond physiologically possible
degrees to take into account all forms of embodi-
ment or phantom limbs. Since most patients also
experience strong pain within their phantom
limb, it is also possible to color code the affected
area on the 3D model depending on the pain
intensity [52].

Discussion

Most upper limb myoelectric prostheses are con-
trolled via a direct two-electrode interface, up to
five or six electrodes if the patient has received a
TMR surgery (see Chap. 10). To effectively con-
trol a myoelectric prosthesis, it is important that
the patient can intentionally and reliably elicit
separable, proportional, fast, and sustained mus-
cle contractions. Moreover, they should also be
able to generate co-contractions of two muscles
at will. For more advanced systems such as those
based on machine learning approaches (which
are discussed in detail in Chap. 13), training is
still essential to establish robust and reliable mus-
cular activation patterns [36]. In all control meth-
ods, for a sufficiently proficient prosthetic
control, parameters such as timing of the respec-
tive muscle contractions for a series of connected
tasks and estimation of needed muscle activation
level for each step need to be considered.
Furthermore, successful prosthetic rehabilitation
does not end with well-controlled muscle con-
tractions, but needs to ensure that the patient
manages ergonomic coordination with the
remaining joints and other extremities as well as
dual-task situations as expected in daily life.
Apart from that, every individual with an ampu-
tation presents with their own life story, comor-
bidities, preferences, and goals. Meeting all these
requirements is not trivial and therefore requires
structured and holistic training.

Technology for upper limb amputees or nerve
damage patients should always be tested on the
intended population, since there are several dif-
ferences to healthy volunteers. What works for
the able-bodied might not work for the amputee.
A reduced number of electrode sites, early fatigu-
ing, and possible cognitive deficits acquired
through accidents could be limiting factors in
comparing patient population.

Given the complex and sometimes repetitive
nature of upper limb amputation rehabilitation,
different digital tools can be used to support
understanding, enhance motivation, and allow for
additional training time. For pre-prosthesis train-
ing in the home setting, appropriate rehabilitation-
focused games can offer adaptive challenges that
can keep the patients engaged. Content-wise this
means to support individualization by offering a
variety of games. Game mechanics-wise this
means to find the right balance between increas-
ingly challenging patients while at the same time
not discouraging them (see flow theory depicted
in Fig. 21.6 [17, 63]) where a too high challenge
leads to anxiety and too little challenge leads to
boredom. The increase in challenge in pre-
prosthesis training has to be carefully aligned
with game progress on the one hand and rehabili-
tation process on the other. Furthermore, skills
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Fig.21.6 The flow channel [63] in games illustrates how
tension rises when the challenge increases (e.g., when
facing a tough boss enemy at the end of a level) and how
tension falls when players get more skilled, thus keeping
them in this flow channel
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trained within the game need to be relevant for
the prosthetic control method that the patient is
using after rehabilitation.

Sustaining this motivation long-term is one of
the challenges yet to be fully addressed in game-
based rehabilitation. A strong embedding of
rehabilitation games in a personalized and indi-
vidual context along with variety in game con-
tents, rehabilitation goals, and supplementary
training can maximize engagement and, not to
forget, performance in handling the prosthesis.
After all, the progress in-game needs to be trans-
ferred to real-world situations, and further thera-
peutic interventions still need to enable
proficiency of prosthetic use in daily life. It is
arguable that patients will improve in EMG con-
trol regardless of the feedback presentation, as
long as there is some sort of biofeedback [12].
However, they will not keep at it for very long if
the motivational aspect is neglected. One way of
preventing a loss of interest could be by incorpo-
rating enriched virtual environments into the
rehabilitation process.
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Oskar C. Aszmann and Dario Farina

This book has summarized the significant
advances that have taken place mainly in the past
three decades in all aspects of bionic limb recon-
struction. They relate to new surgical approaches
for improving the biomechanical and neural
interfacing of robotic limbs to the human body,
precision mechanics and miniaturized electronics
for robotic design, algorithms that interpret bio-
signals, implantation technology, as well as reha-
bilitation protocols and technology for promoting
learning of new motor tasks. These advances
have provided several new directions for research
and clinical translation of bionic limbs.
Nonetheless, despite the efforts and the achieve-
ments, the daily clinical reality indicates to us
that the solutions offered to amputees, especially
in case of complex limb deficiencies, are still far
from satisfactory. The loss of a limb cannot yet
be treated with assistive technologies that
approach the functions of biological limbs. If we

0. C. Aszmann ()

Clinical Laboratory for Bionic Extremity
Reconstruction, Department of Surgery, Medical
University of Vienna, Vienna, Austria

Division of Plastic and Reconstructive Surgery,
Department of Surgery, Medical University of
Vienna, Vienna, Austria

e-mail: oskar.aszmann@meduniwien.ac.at

D. Farina

Department of Bioengineering, Imperial College
London, London, UK

e-mail: d.farina@imperial.ac.uk

© Springer Nature Switzerland AG 2021

consider the challenges to be addressed, we may
conclude that this goal is not even at the
horizon.

As we have discussed in several of the chap-
ters, the main challenge in providing robotic sub-
stitutes of biological limbs remains the same as
during the early developments in this field: neural
interfacing of the limb with the patient’s central
nervous system. The neural interface requires the
establishment of a rich and reliable information
transfer flow between the limb and the nervous
system. This has proved to be a tremendous chal-
lenge. The problem of transferring enough infor-
mation is associated to the large information flow
in natural limb control. An example clarifies this
concept. The human hand and arm is innervated
by more than 350,000 individual nerve fibers, of
which approximately 10% bring information to
the extremity and the remaining 90% bring infor-
mation back from the hand and arm to the spinal
cord and the brain. The information transfer
along the nerve fibers is biologically coded by the
frequency of discharge of discrete events (action
potentials), so that several action potentials per
second travel along each nerve fiber. The amount
of natural bidirectional information transfer
per second is therefore extremely large.
Re-establishing the same amount of information
transfer is clearly far from our current techno-
logical potential. Besides the amount of informa-
tion, the transfer should also be reliable and
therefore be robust over time and with changes in
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the environment and the patients’ body. This
relates to the problem of training of the control
algorithms and of the patient. Despite the excit-
ing advances that we have described in this book,
the quantity and quality of information trans-
ferred in current prostheses is clearly
insufficient.

Despite the distance from the final goal, this
book has provided our best current means to
address the open problems, focusing on a unique
aspect of the modern developments in prosthetic
technologies: the close integration of the disci-
plines of surgery, neural interfacing, and robot-
ics. Modern approaches to solve the conundrum
of information transfer in artificial limbs have
relied on combining surgical interventions to
facilitate neural interfacing and robotic design to
facilitate control. As an example, the develop-
ments in nerve transfers in the past 20 years fol-
lowing the pioneering work of Todd Kuiken have
determined improvements in neural interfacing
far more important than specific advances in
machine learning algorithms per se. Moreover,
these surgical interventions have redirected the
research efforts in implanted technology and arti-
ficial intelligence and have stimulated new
research ideas in bionic reconstruction. For
example, it is theoretically possible to decode
single nerve efferent fiber activity from muscle
recordings following nerve transfers, which pro-
vides the basis for new neural interfaces. This
integration of disciplines will undoubtedly fur-
ther increase in the future, so that breakthrough
advances will be mostly achieved by research
centers that will include co-located expertise in
all these disciplines.

The book has also underlined a slow trend in
prosthetic research toward implanted technolo-
gies, which have characterized many of the recent
advances in neural interfacing. Despite adding
another level of clinical complexity, there is no
doubt that implanted technologies have the
potential to mitigate the challenges associated to
the quantity and quality of transferred informa-
tion. Nerve and muscle implants are becoming
feasible in relatively large clinical populations
due to miniaturized electronics and advances in
material sciences. Difficulties still remain in

terms of wireless transmission of information
and power to and from the body, but they can be
addressed by modern electronics and communi-
cation engineering. The transfer of the achieve-
ments reached in the past with noninvasive
systems to implanted devices will boost the qual-
ity of control and sensation in artificial limbs at a
large clinical scale in the very near future.

Much of the activities compiled in this book
have been triggered by individual patients and
their tremendous need after loss of an extremity
or its function. Any novel reconstructive method,
however, has to be evaluated against the more
traditional options available and determine the
specific risk-benefit profile. Bionic replacement
of obviously irreversibly damaged body parts
offer tremendous possibilities that we have tried
to present in an objective manner. Even though
there are still many obstacles to overcome to
provide a fluent prosthetic replacement, it is our
conviction that man-machine interfacing as is
presented in this book provides the foundation
to further expand the indications of bionic
reconstruction. We have started with classic
limb loss and moved on to our first series of
elective amputations in patients after severe bra-
chial plexus lesions and shortly after reported
restoration of hand use after massive soft tissue
damage. Loss of neural connectivity after brain
stroke with loss of hand function due to spastic-
ity has very recently triggered a larger research
effort to explore the possibilities and limits of
cognitive nerve transfers and their potential
value in bionic reconstruction. Each subset of
patients have their own set of challenges, how-
ever, if managed correctly have achieved an out-
standing level of functionality, and the many
reports that have been published and are in part
presented in this book reveal the enormous
potential that bionic extremity reconstruction
may have in the treatment of this challenging
patient group. Finally, this book has been a jour-
ney through an active medical and research area
that includes multiple disciplines and therefore
requires an integrated collaborative approach
among professionals with different back-
grounds. The chapters have been authored by
physiotherapists, neuroscientists, surgeons,
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engineers, roboticists, rehabilitation doctors,
psychologists, and computer scientists, just to
mention some of the professional profiles. It has
been conceptualized from collaborative work
over many years during which we have learned
to listen to each other, even if from our very dif-

ferent perspectives, and to enrich our differ-
ences by combining our ideas. For us, this book
is a reminder of this important achievement. We
hope the reader will be inspired by this approach
and will find this overview as useful as it has
been for us writing it.
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