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1. Introduction

For thousands of years, the state-of-the-art prosthetics were very primitive. This is not due to
lack of effort or expertise. Rather, the technological capabilities of these eras restricted the
possible advancements in prosthetics, such that the most effective solutions leaned heavily
toward the most basic designs. These historic prosthetics were devices made of wood, metal,
and leather, crafted by blacksmiths and tradesmen, which served more as esthetic pieces than
functional tools. Technology today has progressed to the point where biomimetic and anthro-
pomorphic prosthetics are a reality and are beginning to rival their organic counterparts in
form and function. Biomimetics, as coined by Otto Schmitt, is the concept in which an artificial
device effectively mimics the structural, functional, and biological properties of the natural
entity in which it is modeled after [39]. Alternatively, devices that are anthropomorphic in
nature mimic the physical characteristics of the limb including its look and feel, integrating
aspects such as a textured skin-like material onto the device. These concepts in prosthetic
design are enabled by control systems, actuator designs, sensor and biosignal innovations,
biomechanical insights, and battery technology, among others. These advances have also led to
wearable robotic exoskeletons, allowing functional assistance for individuals with paralysis
whose affected limb remains intact. Properly leveraging these technologies requires one to
examine the device qualities desired by the user and learn about recent progress in research
and development. In this book, we will discuss these issues in the context of assistive limb
prosthetics and recent advances in the field.
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2. Background

An estimated 185,000 people undergo an amputation every year in America [32]. In the United
States, 1.6 million people were living with the loss of a limb in 2005, a number which is
expected to more than double by the year 2050 [42]. There are numerous causes for limb loss,
which can range from congenital-related instances to trauma [1]. The most common causes are
dysvascular and trauma related, making up 82 and 16% of all amputations, respectively [18].
Of all trauma-related amputations, upper limb amputations specifically account for 69%, as
well as 58% of all congenital-related amputations [3]. The economic cost to amputees comes
primarily from the procedure itself, additional hospital bills, prosthetic devices, and lost
wages. A traumatic lower limb amputation, as tracked in the NIH LEAP study, is expected to
cost the amputee $350,465 over 40 years, with $91,105 incurred within the first 2 years of the
injury. Of this total, an individual will spend $181,500 on prosthetics at approximately $10,232
per unit [13]. These costs are also corroborated in several unrelated studies on civilian and
veteran lower limb amputation costs [5, 19]. Similar estimates for upper limb amputations are
not readily available in the literature. Considering that children, along with veterans, are one
of the leading recipients of prosthetics [3], an additional economic burden comes with the
necessity of device abandonment. As most prosthetics are unable to change with a growing
child, a new prosthetic must be purchased to match the size of the child [3, 43]. Device rejection
rates in adolescents averaged approximately 45 and 35% for body-powered and electric pros-
thetics, while adult amputees saw significantly lower rejection rates of 26 and 23% for body-
powered and electric prosthetics, respectively [5].

Spinal cord injury, traumatic brain injury, and stroke are other major causes of functional
impairment. Traumatic brain injury alone was estimated to occur 1.74 million times per year
in the United States, with 10% of those occurrences being classified as severe with long-term
disability. Of those who are hospitalized for acute traumatic brain injury, 43% develop long-
term disability and have difficulty completing activities of daily living (ADL). Instances of
spinal cord injury occur between 12,000 and 20,000 times per year; 238,000-332,000 survivors
are still alive in the United States today, all with varying degrees of impairment. Stroke is the
most prevalent of the aforementioned conditions, with 795,000 annual occurrences, 610,000 of
which are first-time strokes. One study found 26% of individuals with stroke required assis-
tance for ADL, while half had reduced motor function and 30% required assistance walking.
An individual who survives a stroke will see a lifetime cost of $140,000, while an individual
with spinal cord injury will see anywhere from $334,170 to $1.02 million in expenses in the first
year and $40,589 to $177,808 per year after. The outcomes of traumatic brain injury vary too
much to estimate the annual cost per individual, but the overall direct cost in the United States
has been estimated to be $9.2 billion per year and $51.2 billion in indirect costs of work and lost
productivity [28].

An individual must undergo rehabilitation in the aftermath of any amputation or paralysis in
order to maintain as much function as possible. Many researchers believe rehabilitation out-
comes can be improved by using virtual reality-based training. This can be made more effec-
tive by tailoring difficulty of training to the user and by encouraging the user to transfer or
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empathize with the virtual model. Research groups have only recently begun investigating
virtual reality as a viable means of improving rehabilitation outcomes. Small-scale pilot studies
have shown that individuals with stroke improved functional scores in the Wolf Motor Func-
tion Test and Fugl-Meyer Assessment after playing commercial virtual reality video games
daily for 10 consecutive days [30]. These findings have been corroborated by numerous small
studies. No major study has taken place to examine this effect on a large patient population,
however. An individualized virtual reality rehabilitation scheme has been implemented in a
case study with a single hemiparetic individual poststroke with positive results [20]. Another
group conducted individualized virtual rehabilitation for 21 individuals with stroke, although
they did not report standard functional evaluation scores for their subjects [9]. In theory, a
subject who empathizes with the virtual model or exhibits transference onto the virtual world
could experience greater functional recovery than if they were training on an abstract game.
This is not a novel concept: the rubber hand experiment successfully mapped sensations on a
rubber hand to the user’s visually occluded hand by matching the sensation to the opposite
limb [6]. This technique has been successfully used to reduce phantom limb pain in the form of
mirror therapy [11] and virtual visual feedback [29].

Research conducted within the past 30 years has provided insight into the most sought-after
qualities of prosthetics. Designing systems, which satisfy these needs, are essential, as upper
limb amputees typically use their prosthetic for more than 8 hours a day [24]. The needs of
these users vary based on the type of amputation and type of prosthetic used, but several
common factors are present among the different groups. Passive prosthetic users tend to focus
more on cosmetics, comfort, and basic function, while users of body-powered and myoelectric
prosthetics tend to focus more on advanced function. Myoelectric prosthetic users tend to
request sensory feedback, along with simpler controls that can provide more dexterous
motions. Active or powered prostheses focus on even more advanced motor function by
providing external power through actuated motors. The most universally desired characteris-
tics among all groups are reductions in cost and weight. Overall, ADL tasks that people rank
as most important include mobility, object handling, and manipulation [14].

The decision to choose a passive or active prosthetic is primarily motivated by the type of
disability and the user’s desired level of physical activity. Additional factors include the user’s
ability to operate a powered device and personal requirements for cost, weight, and reliability.
A passive leg prosthetic would partially restore the user’s mobility, whereas a passive upper
limb prosthetic would not restore the user’s ability to interact with objects to the same degree.
Therefore, a passive lower limb prosthetic would be more appealing from a functional per-
spective than an equivalent upper limb prosthetic. Someone who expects minimal or low
levels of physical activity would be more likely to choose a passive prosthetic, since the extra
functionality of active systems would go unused while incurring additional cost and weight.
Furthermore, complex active prosthetics are more likely to break down and need repair, which
may not be acceptable for a user who is primarily interested in cosmetics.

There are several options for passive prosthetics. Local prosthetists are skilled in crafting
custom-fit cuffs and limb components, while several companies specialize in producing con-
vincing passive limbs. Some of the more prominent companies in upper limbs include Touch
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Bionics and Liberating Technologies Inc. (LTI), which provide the Livingskin and FHL line of
passive hands, respectively. Livingskin products are custom-made silicon prosthetics that are
made to match the user’s skin tone and markings and can act as stand-alone prosthetics or skin
coverings for robotic systems. The FHL line of hands by LTI is foam endoskeletal hands, which
can be posed and mounted onto other products offered by the company, including passive
wrist, elbow, and shoulder prosthetics. Ottobock offers a whole-arm endoskeletal prosthetic
consisting of a metal articulated skeleton encased in foam and a silicon skin. Ottobock also
provides multiple passive lower limb prosthetics such as the Harmony P4, a vacuum-cuffed
below knee passive ankle, and the Aqualine, an above-knee endoskeletal prosthetic, which
features metals and coatings resistant to water and chlorine corrosion. The Solid Ankle,
Cushioned Heel (SACH) foot produced by NZALS is a popular passive foot prosthetic featur-
ing rubber regions that flex and deform through the wearer’s gait, replicating how the foot
articulates during normal walking. Ossur produces several passive lower limb solutions for
knee and ankle prosthetics for both low-activity and athletic populations. The Flex-Run and
Flex-Foot Cheetah foot prosthetics by Ossur are famous for providing unprecedented athletic
capability for transtibial amputees.

An alternative to passive limbs is body-powered prosthetics, which is controlled through a
series of cables that link the movement of the body to the movement of the prosthetic. These
devices are built to perform specific tasks and have terminal devices such as hooks to perform
gripping. However, these devices often require the user to exert large cable operation forces. A
study performed by Hichert et al. found that the force required to activate multiple body-
powered prosthetics elicited fatigue, discomfort, and even pain in the user [22]. One way to
control the prosthetic without fatiguing the user is to use an active prosthetic, which is
powered by external power sources and is capable of more precise movements through the
use of actuators. Many active prosthetics adapt biosignal-based control, in which signals
generated by the user’s own body are utilized to control the actuation of the device. Translat-
ing these initial signals into precise control of the prosthetic device can vary depending on the
individual needs of the particular prosthetic but generally includes three major stages: signal
acquisition, signal processing, and prosthetic interfacing and actuation. Signal acquisition is
dependent on the type of biosignal being measured and is subsequently converted from an
analog to digital signal. From here, the signal can undergo processing, which consists of
feature extraction (filtering and isolation of the targeted signal) and translation (determining
the intended movement). The prosthetic interface then takes this information and signals the
prosthetic to physically carry out the intended movement.

There are a few different biosignal inputs that can be used in active prosthetic control. Many
current active prosthetics are myoelectric, which are controlled through the use of electromy-
ography (EMG) signals, allowing the device to better reflect the intention of the user [21]. EMG
signals have been utilized to successfully control prosthetic hands [37]. Some myoelectric
devices have even been noted as commercially available and reimbursed by the French
health-care system [27] The I-Limb Quantum from Touch Bionics by Ossur is a current com-
mercial model of a prosthetic hand that features 36 different available grip postures and can be
controlled through three methods in addition to muscle-based control. The LUKE arm by
Mobius Bionics is the first bionic arm to received market approval by the FDA. This arm is
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controlled through a variety of methods including EMG electrodes and features 10 degrees of
freedom. A few drawbacks to muscle-based control technology, however, are its generally high
cost [7] as well as repeatability and reliability issues in surface EMG signals [36], making this
input method difficult to use in prosthetic control. Implanted EMG sensors are a promising
technology that can provide high-quality signals; however, they are costly, invasive, and only
in the primary stages of human use [33]. Myoelectric control also relies on undamaged neuro-
muscular pathways being accessible to present the EMG signal [7]. Although strides are being
taken in targeted muscle reinnervation (TMR) to allow for greater EMG accessibility [21], this
may not be possible in all cases. Electroencephalogram (EEG)-based control of prosthetics
attempts to bypass this problem [21]. EEG-controlled prosthetics employ the user’s brain
signals in conjunction with brain-computer interface (BCI) systems for control. Brain signals
have been successfully detected through the use of an EEG to effectively control prosthetics
including that of bionic arms. Current bionic hands have been able to demonstrate two degrees
of freedom in the fingers [4, 7]. Additionally, Vidaurre et al. demonstrated EEG-based control
of an exoskeleton [38]. Invasive brain-computer interfaces have demonstrated accurate and
real-time control of advanced prosthetics such as modular prosthetic limb [15, 23, 40, 41].

Restoring hand function is one of the top priorities for individuals with paralysis and other
motor disabilities. Normal hand movement is dependent on both visual and tactile feedbacks
to assist the brain in determining the proper hand grasp, grip strength, movement speed, etc.
required to successfully perform the intended task. This feedback creates a closed-loop system
between the limb and the brain. Most current prostheses, however, operate through open-loop
control by which the flow of information is unidirectional, from the user to the prosthetic. It is
believed that the implementation of feedback to create a closed-loop system will improve the
performance of the prosthetic. In active prosthetics, three of the major ways to provide sensor
feedback to the user include substitution, modality-matched, and somatically matched feed-
back mechanisms [35]. In general, substitution feedback is the application of an indirect
stimulus that is intended to substitute another form of stimulus, i.e., substituting a touch
stimulus with an auditory one. There are different types of feedback including vibrotactile
and electrotactile sensory substitution, which utilize vibration and electrical current stimuli,
respectively. Alternatively, modality-matched feedback applies an identical sensation to the
one being detected but on a different part of the body. For instance, the user may feel a
prosthetic hand’s grip force through a force generated on the abdomen or chest.
Somatotopically matched feedback causes the user to perceive the correct sensation from the
correct location, as if the prosthetic was their natural limb. In order to create a prosthetic that
most accurately performs sensory feedback, both modality-matched and somatotopically
matched feedbacks should be employed [2, 35].

Somatotopically matched feedback may be made possible as an added benefit of afferent TMR
[36]; however, damage to the peripheral nerves from amputation may have altered their ability
to elicit the correct sensory response in thus altering the effects of the feedback [17]. In light of
this, new strides are being taken to directly stimulate the human somatosensory cortex. A
study conducted by Cronin et al. [16] demonstrated a subject’s ability to modulate hand motor
behavior in response to cortical sensory stimulation delivered by ECoG electrodes. It is
believed that this same technology may be used in the tactile feedback of a prosthetic hand
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[16]. Another very important factor to take into account, in addition to the type of feedback
present, is the time delay of the stimulus. At a distance of approximately 1 meter, the conduc-
tion times of afferent nerves range between approximately 14 and 28 ms [25]; therefore a short
latency of the additional feedback is important to create real-time reactions. Short latencies,
similar to that of a normal human hand, are also believed to help promote user ownership of
the prosthetic [35].

Prosthetic devices are traditionally viewed as systems intended to replace a missing limb.
However, a prosthetic can also be seen as a device that restores a missing bodily function.
Taking this definition introduces assistive robots such as exoskeletons, which promise to
restore missing function in those who are partially or completely paralyzed in one or more
parts of their body. Several companies offer exoskeletons for assistance and rehabilitation of
individuals with stroke, including Myomo’s MyoPro hand/arm system, Bioservo’s SEM Glove,
Hocoma’s ArmeoPower and ManovoPower upper limb systems, and Rehab-Robotics” Hand of
Hope. Cyberdyne’s HAL Lower Limb, Rewalk’s Rewalk Personal and Rewalk Rehabilitation,
and Rex Bionics’” Rex P among many others provide lower limb rehabilitation and walking
platforms for those with paralysis. Exoskeletons also exist in the academic research field,
including ExoGlove Poly [26], the Wyss Institute’s Soft Robotic Glove [34], HandSOME [12],
Pisa/IIT SoftHand [10], and several others [8, 31], which serve as platforms to research novel
control algorithms.

The above discussion provides a brief background and establishes relevance to the topics
discussed in this book. This discussion is in no way completely exhaustive. There are numer-
ous research studies in many of these research areas that could not be discussed due to time
and space constraints. In fact, there are many manuscripts in preparation and press while we
are reading or writing this chapter. We believe that biomimetic prosthetics will play a major
role in revolutionizing the form and function of assistive devices in the near future.
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