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Abstract

Purpose of Review The complexity of the human extremity, particularly the upper extremity and the hand, allows us to interact
with the world. Prosthetists have struggled to recreate the intuitive motor control, light touch sensation, and proprioception of the
innate limb in a manner that reflects the complexity of its native form and function. Nevertheless, recent advances in prosthesis
technology, surgical innovations, and enhanced rehabilitation appear promising for patients with limb loss who hope to return to
their pre-injury level of function. The purpose of this review is to illustrate recent technological advances that are moving us one
step closer to the goal of multi-functional, self-identifiable, durable, and intuitive prostheses.

Recent Findings Surgical advances such as targeted muscle reinnervation, regenerative peripheral nerve interfaces, agonist-antagonist
myoneural interfaces, and targeted sensory reinnervation; development of technology designed to restore sensation, such as implanted
sensors and haptic devices; and evolution of osseointegrated (bone-anchored) prostheses show great promise. Augmented and virtual
reality platforms have the potential to enhance prosthesis design, pre-prosthetic training, incorporation, and use.

Summary Emerging technologies move surgeons, rehabilitation physicians, therapists, and prosthetists closer to the goal of
creating highly functional prostheses with elevated sensory and motor control. Collaboration between medical teams, scientists,
and industry stakeholders will be required to keep pace with patients who require durable, high-functioning prostheses.

Keywords Amputation - Rehabilitation - Adaptive technology - Prosthetics - Limb loss - Myoelectric prostheses

Introduction

An estimated 1.6 million Americans were living with limb
loss in 2005, with a projected increase to 3.6 million by
2050 [1]. Upper extremity limb loss accounts for approxi-
mately one-third of that group, though major amputations
(those proximal to the digits) represent only 8% of upper ex-
tremity amputations [1]. Trauma is the second leading cause
of amputation, occurring at approximately one-eighth the rate
as amputation secondary to vascular disease [2]. The
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Congressional Research Service reported 1645 patients with
major limb amputations from 2001 to 2015 related to battle
injuries incurred during US military operations [3].
Importantly, the demographic affected by upper extremity
amputations, and particularly those related to trauma, is youn-
ger than those affected by lower extremity amputations [4—6].
These patients desire durable, high-functioning prostheses that
allow them to pursue active, independent lifestyles [7]. The
number of young amputees is expected to grow as mortality
following high-energy trauma and war injuries continues to
decline. Specifically, recent US combat operations have dem-
onstrated an increasing need for prostheses capable of
returning service members to duty and amputees to the work-
force (Fig. 1).

Prosthesis abandonment is surprisingly common among
patients living with limb loss. A 2007 review of the literature
demonstrated that 26% and 23% of adults abandoned their
body-powered and electric devices, respectively. Rejection
was even higher in the pediatric population, with a rate of
45% for body-powered and 35% for electric prostheses [8].
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Fig. 1 Common designs of upper extremity prostheses for the transradial
amputation. a Body-powered design. This figure-of-eight harness an-
chors the prosthesis to the contralateral axilla. A combination of scapular
abduction and/or glenohumeral flexion pulls the cable to open the termi-
nal device, while relaxation allows it to passively close. The quick-
disconnect wrist unit allows the user to easily interchange terminal de-
vices for varying activities. b Myoelectric design. The particular limb is

A separate review of 172 traumatic upper extremity amputees
revealed that 29% of patients elected not to use their prosthesis
[9]. Additionally, prosthesis rejection is higher at levels that
involve the elbow and above. Despite modern myoelectric
technology, passive (body-powered or cosmetic) prostheses
are still used by one-third of upper extremity amputees [10].
Prosthesis abandonment has been linked to discomfort, re-
sidual limb pain, and functional superfluity (Fig. 2) [9]. Fitting
complications may be related to sweating, limb atrophy, and
weight gain or loss. Sweating in particular causes issues with
socket and liner position by altering contact between the pros-
thesis and the skin. Myoelectric prosthesis users report that

Fig. 2 Burns, skin grafts, underlying heterotopic ossification, chronic
ulcerations, and sweating can compromise the skin-socket interface.
Prosthesis discomfort, residual limb pain, and functional superfluity
(functional adaptation where the residual limb is used as a “helper hand”
in the absence of a prosthesis) have been linked to prosthesis abandon-
ment. Image courtesy of Ryan Blanck, CPO
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designed for suspension with a silicone liner and lanyard and has elec-
trodes embedded in the prosthesis for EMG control. No external harness
is needed. Note the cosmetic “skin” over the hand which gives the pros-
thesis a more aesthetic appearance. ¢ Modular socket design. This
prefabricated design can be used when a simple and durable prosthesis
is needed such as in dirty or wet environments. The socket fitting is user-
adjustable and the terminal device can be interchanged

sweating alters the location of the electrodes and interferes
with signal transmission, thus limiting the efficacy of the myo-
electric device. When they are not rejected entirely, myoelec-
tric prosthetics are often repurposed as passive devices by the
amputee [11].

Recent technological and surgical advances have begun to
shape prosthetic design and the lives of those who wear them.
However, despite centuries of work towards the creation of
artificial limbs, the development of a device whose function
closely approaches that of a biological extremity is far from
complete. Advances in areas such as myoelectric sensors,
osseointegration, augmented reality, and targeted muscle rein-
nervation (TMR) may hold the key to powered prosthetics that
are multi-functional, self-identifiable, durable, and intuitive.

New Technologies for Myoelectric Prosthetics

Powered prostheses have been in existence since the early
twentieth century, with electronic prostheses first emerging
near the end of World War II [12—-15]. Body-powered pros-
theses use cables or harnesses that capture the motion of more
proximal joints to control the device. In contrast, myoelectric
prostheses translate electromyographic (EMG) signals from
an activated muscle or muscle group into a specific
preprogrammed function. In their most basic form, myoelec-
tric devices rely on antagonistic muscle groups to provide
opposing functions. For example, one muscle or muscle group
provides the “hand open” signal while its antagonist muscle or
muscle group provides the “hand close” signal [12, 16]. These
devices provide direct control—sequential one-dimensional
functions where the user switches modes (usually through
muscle co-contractions) before initiating the next action.
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More recently, pattern recognition technology has allowed the
user to correlate a specific EMG pattern (often the EMG sig-
nals from several synergistic muscles as opposed to the EMG
signal from a single muscle) with a corresponding pre-
programmed action. The benefits of pattern recognition in-
clude simultaneous control of multiple degrees of freedom;
more intuitive and adaptable control of the prosthesis; and
elimination of the need for mode switching. Surgical innova-
tions such as targeted muscle reinnervation (see the “Surgical
Innovations” section below) complement pattern recognition
technology [17¢]. Nevertheless, in our experience, many pa-
tients still prefer direct control prostheses with sequential limb
function because it does not require extensive training and is
viewed as predictable and reliable.

Traditionally, EMG signals have been recorded by surface
electrodes, which have the advantage of being non-invasive.
However, several factors may degrade EMG signals
interpreted by surface electrodes and consequently interfere
with limb function. These include anatomic factors such as
excessive adipose tissue or a compromised soft tissue enve-
lope; physical factors that compromise the muscle-prosthesis
interface such as sweat pooling under the device, a change in
limb position, or motion; and “cross talk” between adjacent
muscles [18]. As a result, there has been substantial research
into devices that address communication challenges between
the patient and their prosthetic.

One novel implant aims to provide a more consistent signal
by anchoring an implant within the skin. Hahne et al. [19¢°]
introduced a percutaneous titanium electrode for myoelectric
control in 2016. The investigators implanted four electrodes in
the forearm of an adult volunteer using a 10 mm skin incision.
With this approach, the implants are constructed of two disks
connected by a stem and are designed to provide more reliable
muscle signal detection than traditional surface-based elec-
trodes. One disk is located on the skin surface while the other
rests deep to the dermis; the stem traverses the skin. The im-
plants have superior electrical properties and less mechanical
interference than current surface-based electrodes. The au-
thors concluded these novel electrodes could serve as an in-
terface for myoelectric control in prostheses while surpassing
many drawbacks of traditional surface electrodes.

Implanted sensors within muscles or nerves may also improve
the accuracy of signal transduction and prosthetic function. One
new device detects muscle movement instead of muscle activa-
tion. Tarantino et al. [20, 21] reported promising possibilities
using small magnets implanted in residual muscle tissues.
Instead of tracking myoelectrical signals, this approach uses sen-
sors to track the movement of implanted magnetic markers dur-
ing muscle contraction. The investigators tracked muscle con-
tractions in a forearm mockup using this device and highlighted
the potential for direct and simultaneous control over individual
digits of a prosthetic hand. They note that this technology could
be implemented in both upper and lower extremity prostheses.

Devices that attach directly to nerves and that can detect
both efferent and afferent signals are also under investigation.
One of these devices is the Utah Slanted Electrode Array
(USEA). Davis et al. [22¢¢] implanted the USEA, containing
96 recording/stimulating electrodes, into peripheral nerves of
amputees to restore motor control and sensory feedback. Two
subjects, one whose device was placed in the median nerve
and one whose device was placed in the ulnar nerve, were
studied for 30 days. Over the experimental period, the patients
were able to regain control of individual fingers of a virtual
robotic hand. Wendelken et al. [23] performed a similar study
by placing two 100-channel USEAs for 4 to 5 weeks in the
median and ulnar nerves of two patients. In addition to gener-
ating sensory feedback, the implant enabled multi-degree-of-
freedom control of virtual hand movement. While these stud-
ies demonstrate promising results, albeit in small clinical co-
horts, this technology is not yet available commercially.

Surgical Innovations

Several recent surgical innovations have improved the func-
tionality of myoelectric prostheses.

Targeted muscle reinnervation (TMR) is a surgical proce-
dure that gives traumatically or surgically transected nerves a
new motor target. The procedure has dual advantages:
preventing or treating painful neuromas and improving myo-
electric prosthesis functionality [17¢]. By giving the transected
nerve “somewhere to go and something to do,” it regenerates
in an organized fashion and is less likely to develop a painful
neuroma [24, 25]. After TMR, muscle reinnervated by the
transected nerve produces EMG signals and becomes a
myosite, a signal for a myoelectric prosthesis. In this way, a
patient can intuitively control the prosthesis through activation
of muscular targets whose identity and function have been
“reassigned” to that of its new motor nerves [26, 27]. TMR
was first developed among patients with shoulder disarticula-
tions and above-clbow amputations (Fig. 3) [17, 28-30].
However, this powerful procedure is now being used among
patients with transradial, transfemoral, and transtibial amputa-
tions to optimize myoelectric prosthesis functionality (in the
upper extremity) and to prevent and treat painful neuromas (in
the upper and lower extremities) [18, 30, 31, 32¢, 33, 34e¢ 35].

TMR can be augmented with haptics and other sensory
devices to connect stimulated sensory nerves to the sensory
cortex and can be integrated with pattern recognition algo-
rithms for prosthetic control [30, 36-38]. Plasticity of the hu-
man brain has potential to allow for greater control and feed-
back from new prosthetic devices. Sensory feedback provided
by targeted reinnervation has been demonstrated to cause sen-
sory cortical remapping, resulting in reorganization that may
be advantageous for sensory feedback devices [37, 39].
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Fig.3 A patient uses the Myolab II (Fillauer, Chattanooga, TN) to train in
preparation for his myoelectric prosthesis following shoulder
disarticulation and targeted muscle reinnervation. Image courtesy of
Ryan Blanck, CPO

Like targeted muscle reinnervation, the regenerated periph-
eral nerve interface (RPNI) is a surgical technique that
matches amputated peripheral nerves with denervated muscle
grafts. Unlike TMR, the muscle targets used for RPNI are
small (less than 40 mm x 20 mm X 5 mm) devascularized
muscle grafts taken from either the amputated limb or else-
where in the body and transposed to the residual limb. The
transected nerves are sutured to the center of the graft and the
graft is then tubularized [40]. Over time, axonal regeneration
occurs and the graft is reinnervated and revascularized [41].
While RPNI was initially developed to provide peripheral
nerve signals for myoelectric prosthesis control [42e, 43], it
has been successfully used to prevent and treat symptomatic
neuromas and phantom pain [44, 45]. An algorithm for trans-
lating EMG signals from RPNI constructs have been validated
in an animal model for reliable proportional prosthetic control
[42-]. Like TMR, this technique has promising implications
for augmenting prosthesis function, managing residual limb
pain, and perhaps even restoring sensation following upper
extremity limb loss [46].

Restoring Sensation

Sensory feedback allows individuals to interact with their en-
vironment. Not surprisingly, a lack of sensory feedback has
been cited as a cause of prosthesis rejection [47, 48]. When
direct sensory feedback is not provided by a prosthetic device,
the patient must rely on other sensory inputs to direct the
prosthesis and manipulate objects [36, 38, 49-51].
Environment feedback is obtained by prosthetic users visually
(77%), acoustically (67%), and using residual limb sensation
(57%) [38, 50, 51]. When using a body-powered limb, tactile
feedback is generated by activation of the harness when open-
ing the terminal device or when flexing the elbow. When it is
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available, tactile feedback by the prosthesis increases the am-
putee’s sense of sense of self-identification with the prosthesis
[36, 49].

Many sensory implants are undergoing research and devel-
opment. These range from implants placed on or within pe-
ripheral nerves to those that directly stimulate the somatosen-
sory cortex. Cuff electrodes (surgically implanted electrodes
that are wrapped around a peripheral nerve) preserve nerve
integrity, have been used on human subjects in multiple stud-
ies, and have shown long-term stability but lack the high se-
lectivity of more invasive electrodes [49, 52, 53, 54¢, 55]. In
contrast, implants containing thin filaments, which are surgi-
cally inserted into a nerve, provide more selectivity but may
result in intraneural scarring, which may reduce their utility
and longevity [49, 54., 56, 57]. New implantation techniques
including syringe injection (as opposed to surgical implanta-
tion) are under development as new materials and smaller
devices are refined [58]. Some implants, including the
USEA, have been able to simultaneously provide both sensa-
tion (light touch and proprioception) and motor control of
prostheses [22¢+, 23]. Despite these promising advances, im-
planted sensory technology is still under investigation and will
require further study prior to routine clinical use [54¢].

Stimulation of the somatosensory cortex with intracortical
microstimulation (ICMS) is also under study. ICMS has the
potential to convey multiple types of somatosensory informa-
tion and may hold the key to overcoming limitations of pe-
ripheral nerve stimulation [59, 60].

In contrast to implanted sensors, surface-level sensors can
be integrated into prosthetic skin and represent promising ad-
vances for light touch, proprioception, and temperature detec-
tion. Sim et al. [61¢¢] recently describe the use of metal oxide
semiconductor nanomembranes and their potential integration
into prostheses’ cosmetic “skin” or glove. These ultrathin de-
vices, which can endure about 30% of mechanical deforma-
tion, could offer intelligent feedback and a closed-loop hu-
man-machine interface. Whether this level of deformation is
adequate for functional pinch or for grip strength for higher
activity tasks remains to be seen. Temperature sensors placed
on a robotic hand that applies voltage to a soft thermal stim-
ulator on human skin may be used to detect temperature of the
external environment or of specific objects.

Haptics is another method of communicating information
from the environment to the patient through a prosthesis.
Haptic devices use various sensory modalities such as vibra-
tion, stretch, and pressure to provide the user with sensory
feedback. Use of tactile feedback to convey pressure and vi-
bration sensed by a prosthesis has previously been established
and continues to evolve as smaller and more powerful sensors,
actuators, and processors are developed [50, 62]. The use of
vibrating devices placed on sensory-intact areas can aid in
visual feedback and can promote the prosthetic as the part of
the patient’s self-identification [36]. The combination of
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haptics with targeted sensory reinnervation (“reinnervating”
intact proximal skin with sensory nerves devoid of their tar-
gets following amputation) is particularly promising, as it pro-
vides the patient with sensation that seems to come from the
more distal (amputated) site [38, 63, 64]. This technique may
help restore input to areas of the brain used to receiving input
from the missing limb [38, 50, 51].

Osseointegration

Osseointegration, or the stable integration of implants into bone,
was originally investigated by Swedish dentist Per-Ingvar
Branemark and was further developed by his son, Rickard
Branemark [65—67]. Osseointegrated prostheses such as
Brénemark’s Osseoanchored Prostheses for the Rehabilitation
of Amputees (OPRA) device (Integrum, Sweden), the
Compress Transcutaneous Implant (CTI; Zimmer Biomet,
USA), and the Osseointegrated Prosthetic Limb (OPL;
OrthoDynamics, Australia) have an intramedullary component
connected to a percutaneous fixture to which the prosthetic limb
is attached (Figs. 4 and 5). Osseointegration addresses or circum-
vents many of the complications of and restrictions inherent to
socket-based prostheses, particularly among patients with com-
promised soft tissue envelopes (e.g., decreased tissue compli-
ance, history of skin grafting, persistent ulcerations or wounds,
underlying heterotopic bone, painful neuromas) or a short resid-
ual limb. It also eliminates issues related to socket fit and signal
transduction between the myosites and the electrodes, improving
the efficiency of these devices. Osseointegration improves func-
tionality, durability, and freedom of motion in the prosthesis as
well vibrotactile and pressure feedback secondary to
osseoperception [68—72]. A 2-year survival rate of 92% in 51
transfemoral amputees has been observed [73].

Fig. 4 Orthogonal radiographs
showing the Osseoanchored
Prosthesis for the Rehabilitation
of Amputees (OPRA; Integrum,
Sweden) fixture (intramedullary
component) and abutment
(extradermal component)
following ingrowth. Note the
presence of heterotopic bone
medial on the medial aspect of the
distal residual humerus which, in
the absence of a socket, will not
adversely impact prosthesis wear.
a AP humerus radiograph. b
Lateral humerus radiograph.
Images courtesy of the
Department of Defense
Osseointegration Program

An exciting development in osseointegration is the incorpo-
ration of motosensory devices into the implant itself. The e-
OPRA device (Integrum, Sweden), for example, contains a bidi-
rectional interface using electrodes integrated with the device to
improve control of the osseointegrated prosthesis. The e-OPRA
device is currently undergoing clinical trials in the USA with an
estimated study completion date of January 2023 [74]. Early
clinical trials have displayed promising results, with more preci-
sion and reliability of implanted electrodes than surface elec-
trodes found among transhumeral amputees [52, 75¢¢]. Mastinu
et al. [75¢+¢] studied grip control and motor coordination in three
transhumeral amputees with the e-OPRA. While the e-OPRA
demonstrated superior controllability over conventional surface
electrodes during the Pick and Lift and the Virtual Eggs tests, the
authors acknowledged that patients remained highly dependent
on visual feedback despite incidental sensory feedback (auditory
and osseoperceptive). Nevertheless, the synergism of bone-
anchored devices, advanced neuromuscular interfaces, and
targeted muscle reinnervation could significantly improve the
sensory and motor function of advanced prostheses while
avoiding the complications associated with socket wear.

Advanced Rehabilitation: Augmented
and Virtual Reality

Rehabilitation physicians, therapists, and prosthetists have be-
gun to employ augmented and virtual reality platforms to op-
timize prosthesis design, incorporation, and use. On the design
side, the development of a virtual limb prosthesis has been
used to test devices prior to their construction in a virtual
reality environment [76]. Putrino et al. [76] trained two non-
human primates (Macaca mulatta) to use the virtual prosthetic
and observed that they performed reaching and grasping tasks.
The authors describe virtual prostheses as highly versatile and
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Fig. 5 Right transhumeral amputation following targeted muscle
reinnervation and osseointegration with the Osseoanchored Prosthesis
for the Rehabilitation of Amputees (OPRA) device (Integrum, Sweden).
a The abutment penetrates through the skin at the end of the residual limb
and is secured to the fixture (intramedullary component) with an

applicable to multiple rehabilitative situations, to include sim-
ulation of prosthetics prior to production.

Perry et al. [77] have demonstrated that a virtual reality (VR)
training platform can be used to efficiently train upper extremity
amputees. In this study, thirteen active-duty military personnel
with 14 upper extremity amputations learned to control a virtual
avatar over 1 to 2 months. Residual limb muscle contraction

Fig. 6 Client doing virtual
training with a pattern recognition
system (Coapt, Chicago, Illinois)
prior to prosthetic fitting. The
client practices bilateral hand
movements while the EMG
signals are tracked and prosthetic
hand movement is simulated. In
this figure, the system is learning
her EMG pattern for opening the
hand. She will continue to train
for hand closing and could
progress to wrist rotation, various
grip patterns, and individual
finger use. Photo courtesy of
Coapt, LLC
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abutment screw. b The myoelectric prosthesis attaches to the abutment
with a connection device (white ring). In the absence of a socket, the
electrodes sensing muscle contraction and controlling the device are
contained within the soft arm strap. Images courtesy of the Department
of Defense Osseointegration Program

patterns could be accurately interpreted by computer software
as distinct active motion commands (Fig. 6).

Game-based training has been shown to improve myoelec-
tric prosthesis use (such as muscle control) and could poten-
tially improve rehabilitation success through enhanced train-
ing outside the clinic [78]. Melero et al. [79] recently reported
on Upbeat, the augmented reality-guided dancing program for
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upper limb amputees. The authors suggest that improved and
tailored rehabilitation will increase patient satisfaction, with
further clinical studies to evaluate its impact still pending.

Conclusion

A significant amount of research and funding has been dedi-
cated to the development of advanced prosthesis for individ-
uals living with upper extremity limb loss. The goal of these
emerging technologies is to create multi-functional, self-iden-
tifiable, durable, and intuitive prostheses. Collaboration be-
tween surgeons, rehabilitation specialists, therapists, prosthet-
ists, engineers, and industry stakeholders will be necessary if
investigatory protocols and surgical techniques are going to
keep pace with active patients’ needs and expectations.
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