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Despite ample research on lower limb amputations, 
there are much fewer studies focusing on upper limb 
amputations in current literature [1]. While prosthetics 
improve aesthetics and offer hope for enhancing daily 
functioning for many amputees, those with upper limb 
loss face considerable obstacles, leading to high rejection 
rates of prostheses [3, 4]. Among these obstacles are poor 
prosthesis embodiment, decline in prosthetics’ respon-
siveness; thereby requiring frequent daily recalibration 
of their motor decoders, as well as phantom limb pain. 
While many research studies focus on the mechanical 
and control design of upper limb prostheses, much less 
literature discusses the neurophysiology of prosthetic 
control. Accordingly, this perspective article discusses 
the cellular neurophysiology of prosthetic control, how 
the cellular properties of the sensorimotor pathways 
change after injury, and how those could impact the 
prosthetic control.

Background
Amputation entails the loss or removal of a body part, 
such as a hand, arm, or leg. This experience can pro-
foundly alter one’s life, impacting mobility, independence, 
work capabilities, and social interactions. Additionally, 
challenges such as phantom limb pain and emotional dis-
tress often emerge over time after amputation and could 
impede recovery. While limb loss could results from 
many causes, the primary causes are vascular diseases, 
cancer, as well as trauma [1]. With 1.6 million Americans 
living with limb loss in 2005 (~ 185,000 new amputations 
annually), this number is projected to more than double 
(to 3.6 million) in 2050 [2].
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Main text
Neural control of movement under healthy conditions
Normally, movement commands descend from the 
motor cortex to the sensorimotor (SM) circuit in the 
spinal cord (Fig.  1). SM circuits contain different types 
of spinal motoneurons: Small, slow S types; moderate 
FR types; and large, fast-fatigable FF types [5]. Spinal 
motoneurons are activated in increasing order of size, 
force production, and speed [6], allowing gradation of 
force and speed. Movement is also modulated by sen-
sory afferents that return signals from muscle to moto-
neurons and interneurons, which process sensory and 
motor signals concurrently via feedback loops of mono 

and polysynaptic neuronal pathways. These sensory and 
motor feedback loops converge on the motoneuron, 
causing the motoneuron to receive concurrent, repeated 
motor and sensory synaptic signals. These sensory and 
motor synaptic inputs are integrated and interpreted via 
highly complex, nonlinear cellular processes [e.g., neu-
rotransmitter release generates excitatory postsynaptic 
potentials, voltage-gated ion channels generate action 
potentials] to generate a modified motor command to 
produce graded, SM control of movement. Importantly, 
the brainstem, via its monoaminergic drive to the spi-
nal cord, modulates the neuromodulatory state of the 
nervous system via regulating the voltage-sensitive ion 

Fig. 1 Neural control of movement under healthy conditions. Motor intent originates in the motor cortex and is transferred – via motor nerves and path-
ways – to activate spinal motoneurons in lamina IX of the ventral horn to eventually activate muscles. Generated movement activates sensory receptors 
in the periphery to send sensory information – via sensory nerves – back to spinal motoneurons and the sensory cortex, which evokes the sensation of 
touch
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channels on motoneuron and interneuron membranes 
via secondary messenger systems [6, 7]. This neuromod-
ulatory state is set primarily through levels of serotonin 
and norepinephrine released [8, 9]. High levels of sero-
tonin and norepinephrine leads to high neuromodulatory 
states, which increase the excitability of spinal motoneu-
rons and interneurons, leading to larger synaptic inputs 
and high firing rates and force output, whereas low neu-
romodulatory states do the opposite [6, 10]. Accordingly, 
the brainstem dynamically regulates the excitability of 
the spinal SM loops, the amplitudes of their synaptic 
inputs on motoneurons, and the motoneuron firing rates 
to support multiple motor activity levels.

Evolution of upper limb prosthetics
Advancement of prosthetics can do much to restore pro-
ductivity and quality of life to amputees. Over the years, 
upper limb prosthetics have evolved enormously in pros-
thesis design, control, and functionality from just cos-
metic to restoring natural SM control with the long-term 
goal of restoring the lost SM functionality.

Cometic upper limb prostheses (1st generation)
Cosmetic upper limb prostheses are devices designed to 
replicate the appearance of a missing hand, arm, or fore-
arm with a primary focus on restoring a natural-looking 
aesthetic rather than providing functional capabilities 
like active movement or sensation (Fig. 2A). Accordingly, 
they are often custom-made to match the wearer’s skin 
tone, contours, and proportions, aiming to blend seam-
lessly with the remaining natural limb and to enhance 
the lifelike appearance [11]. They are also typically made 
from materials like silicone, which can be molded and 

colored to resemble human skin. Cosmetic prosthe-
ses can be attached using a variety of methods, such as 
straps, harnesses, or suction mechanisms. Although they 
do not provide functional abilities, cosmetic upper limb 
prostheses can have a positive impact on an individual’s 
self-esteem, body image, and overall well-being, as hav-
ing a prosthesis that resembles the missing limb can help 
individuals feel more confident and comfortable in social 
and public settings [11].

Body-powered prostheses (2nd generation)
Body-powered upper limb prostheses rely on the ampu-
tee’s body movements to operate. These prostheses 
typically use cables, harnesses, and mechanical linkages 
attached to the residual limb to translate specific move-
ments of the amputee’s body into desired actions of the 
prosthesis (Fig. 2B). They are designed with different grip 
types (e.g., hook grips, pinch grips, and precision grips), 
allowing amputees to perform a range of tasks. One of 
the primary advantages of body-powered prostheses is 
their mechanical simplicity, which can lead to increased 
durability and reduced maintenance requirements com-
pared to more complex electronically powered prosthe-
ses [4]. They are also reliable and cost-effective. However, 
body-powered upper limb prostheses are generally lim-
ited to executing basic functional movements (e.g., the 
opening and closing of a hand), lacking the finesse of fine 
motor control or sensory feedback [12]. Consequently, 
amputees using such prostheses often rely on specific 
body motions, which may not be inherently intuitive (e.g., 
raising or lowering the shoulder to facilitate the opening 
and closing of a hook grip, Fig. 2B).

Fig. 2 Development of upper limb prostheses. A) A cosmetic upper limb prosthesis. B) An example of a body-powered shoulder prosthesis
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Myoelectric prostheses (3rd generation)
Myoelectric prostheses use EMG signals recorded from 
residual muscles on the affected side (or intact muscles 
on the unaffected side) to control the prosthesis. EMG 
electrodes record the signal when the muscle contracts, 
which is then processed and used to control the move-
ments of the prosthesis. As such, amputees can control 
various movements of the prosthetic limb by modulating 
their muscle contractions. Different muscle contractions 
can be associated with specific actions, such as opening 
or closing the hand, rotating the wrist, or bending the 
elbow, allowing a wide range of movements. Also, fea-
tures of the EMG signals could be used to provide pro-
portional control of the prosthesis [for review, see 13]. 
Accordingly, myoelectric prostheses have several advan-
tages over cosmetic and body-powered prostheses. First, 
EMG signals are easy to record and can provide some 
biological control of the prosthetic movement. Sec-
ond, they could offer more advanced prosthetic control 
(movement speed of prosthesis is proportional to muscle 
contraction) and replicate a wider range of movements, 
allowing users to perform intricate tasks [14]. However, 
the myoelectric prosthetic control could be unreliable 
(when weak EMG signals from residual muscles on the 
affected side are used) or non-intuitive (when EMG sig-
nals from intact muscles on the unaffected side are used). 
Also, the presence of EMG crosstalk among neighboring 
muscles could result in unreliable prosthetic control [15]. 
Amputees typically need training to learn how to gen-
erate the appropriate muscle contractions to effectively 
control the movements of the prosthetic limb for specific 
actions, and myoelectric prostheses typically require fre-
quent daily decoder calibration (to adapt to shifts in elec-
trode placement). Despite their functional movements, 
myoelectric prostheses provide no sensation. Myoelectric 
prostheses have advanced electronics and are powered 
by batteries. Thus, hardware repairs and maintenance 
are usually more in myoelectric than body-powered 
prostheses.

Targeted muscle reinnervation (TMR) prostheses (4th 
generation)
TMR is an invasive surgical procedure used in conjunc-
tion with myoelectric prostheses to enhance prosthetic 
control and provide more intuitive movement capa-
bilities for amputees [16, 17]. In this procedure, residual 
motor nerves from the amputated limb are redirected to 
reinnervate nearby intact muscles that are still functional 
[18]. When the amputee attempts to move the missing 
limb, the reinnervated muscles generate strong and reli-
able EMG signals that can be used to control the prosthe-
sis movement (via a motor decoder), allowing for more 
intuitive prosthetic control. Additionally, because with 
TMR amputees can have multiple distinct muscle signals 

available for control, this can allow for more complex and 
nuanced movement of the prosthetic limb. As with myo-
electric prostheses, amputees with TMR prostheses need 
training and daily calibrations to learn how to effectively 
control the movements of the prosthetic limb [19].

Sensorimotor (SM) neuroprostheses (5th generation)
SM neuroprostheses are advanced prosthetics that aim to 
restore sensory and motor functions by directly interfac-
ing with the nervous system. These prostheses typically 
involve the use of implanted electrodes to separately con-
nect with residual sensory and motor nerves (to provide 
sensory feedback and record the motor intent); thereby, 
enabling bidirectional communication between the brain 
and prosthesis to restore lost sensory and motor func-
tion due to injury, disease, or amputation (Fig.  3). To 
restore lost motor function, SM neuroprostheses mea-
sure the electrical activity of residual motor nerves in the 
amputee’s stump and convert that, via motor decoder 
algorithms, into a command signal that drives elec-
tric prosthesis motors (Fig.  3, red pathway). To restore 
lost sensory function, SM neuroprostheses, simultane-
ously and independently, send electrical signals from 
the prosthetic hand pressure sensors and convert them, 
via sensory encoder algorithms, into electrical stimula-
tion waveforms of varying amplitude and frequencies. 
This electrical stimulation of residual sensory nerves in 
the amputee’s stump evokes a sensation of touch in the 
sensory cortex (Fig. 3, teal pathway). This sensory input 
converges back at the motoneuron to provide a sensory 
feedback signal. As such, SM neuroprostheses enable 
bidirectional communication of sensory information (to 
the nervous system) and motor commands (from neural 
signals) between the nervous system and the prosthesis. 
To evoke natural and intuitive sensations, sensory encod-
ers should therefore reproduce normal patterns of neu-
ronal activation [20]. This has been shown to be possible 
as sensation quality was shaped by gradation of the neu-
ral activation stimulation frequency (only up to 50  Hz) 
[21]. Thus, it is possible with the development of encod-
ing strategies to convey touch feedback through pros-
thetics. In conditions when the connection between the 
brain and spinal cord is interrupted (e.g., after spinal cord 
injury or in neurodegenerative diseases), restoration of 
sensory and motor functions could be achieved via direct 
stimulation of and recording from the sensory and motor 
regions in the brain (through a brain-machine interface 
system), respectively, as opposed to stimulating/record-
ing of peripheral sensory and motor nerves.

The primary advantages of SM neuroprostheses are the 
intuitive control of the prosthesis and the restoration of 
tactile sensation. Importantly, they enhance both func-
tionality and aesthetics. Additionally, electrical stimula-
tion for sensory restoration has been shown to reduce 
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phantom pain [22] and helped amputees in prosthetic 
embodiment [23]. However, SM neuroprostheses require 
frequent daily calibration of the sensory encoder and 
motor decoder algorithms (to maintain responsive per-
formance), have complicated software and hardware con-
trol mechanisms, could be expensive to repair [24].

Neural plasticity after injury and SM interactions
Following amputation, cortical and spinal neuroplastic 
changes take place, which influence the recovery and uti-
lization of SM neuroprostheses. Cortical reorganization 
is thought to occur across two distinct time frames: an 
initial acute phase, during which reorganization arises 
from the revealing of latent neural circuits, and a subse-
quent chronic phase marked by delayed reorganization, 
possibly attributed to axonal sprouting [26, 27]. The neu-
roplastic changes are not limited to cortical areas of the 
affected limb, but also extend to other brain areas and 
those of the intact limb. For instance, loss of afferent sen-
sory information shifts the cortical representation of the 
affected limb as well as the homotopic cortical area in 
the opposite hemisphere [28, 29]. Also, Williams, Pirouz 
[29] noted an expansion of sensorimotor areas to more 
posterior parieto-occipital regions when performing a 
reaching task with the amputated limb, while use of their 
intact arm demonstrated higher ipsilateral sensorimotor 
activity. Generally, the changes in sensory representation 

do not affect the ability of amputees to perform tasks 
with their affected limb [28, 30]. In fact, such cortical 
changes have been associated with better performance 
on the intact limb’s motor tasks and are thought to be a 
functional adaptation [31, 32].

In the spinal cord, in animal models of nerve injury, spi-
nal motoneurons have been shown to experience many 
cellular [33, 34], ionic [35], and structural changes after 
axotomy. Interestingly, on the latter, while axotomized 
spinal motoneurons experienced reductions in their den-
dritic trees [34], neck motoneurons exhibited expansion 
of their dendritic trees [36]. Axotomized spinal motoneu-
rons also undergo significant alterations in their synap-
tic connections accompanied by a neuroinflammatory 
response, a reaction that is conserved across different 
types of motoneurons, injuries, and species [for review, 
see 37]. Importantly, axotomy is followed by a rapid 
decline in the neural output of axotomized spinal moto-
neurons [38, 39], which is not reversed or prevented by 
chronic electrical stimulation [38]. However, in humans, 
when amputees were exposed to artificial sensory feed-
back, task accuracy significantly improved, regardless of 
time since amputation [40]. Thus, while spinal and cor-
tical reorganization results from loss of sensory inputs, 
the viability of efferent and afferent nerve pathways to the 
periphery are retained [41, 42].

Fig. 3 Bidirectional sensorimotor prosthetic control. Recorded motor activity from residual motor nerves in the amputee’s stump, which is proportional 
to the motor intent, drive – via a motor decoder – the prosthesis movement (red pathway). Simultaneously and independently, electrical signals from the 
prosthesis pressure sensors stimulate – via a sensory encoder – the residual sensory nerves in the stump to evoke the natural sensation of touch in the 
amputee’s sensory cortex (teal pathway). Figure adapted from [25]
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After amputation, neuropathic pain also emerges caus-
ing phantom limb pain and residual limb pain after limb 
loss. Nearly 68% of amputees suffer from phantom limb 
pain, 42% suffer from residual limb pain, and 26% suffer 
from both [28]. The mechanisms underlying such post-
amputation pains are unclear [43]; however, residual 
limb pain is largely thought to result from neuroma for-
mation (also known as neuroma pain) [43, 44]. Cellular 
changes causing hyperexcitability of dorsal root ganglion 
(DRG) sensory neurons are also thought to contribute to 
the emergence of pain after injury [45, 46]. Importantly, 
sensory stimulation has been shown to reduce phantom 
limb pain [47, 48], as well as improve the reintegration, 
embodiment, and controllability of the prosthesis [49].

Challenges of prosthetics SM control under injury 
conditions
While current state-of-the-art prostheses are mechani-
cally capable of sophisticated movements, they lack 
nuanced control signals and decoder/encoder algorithms 
to operate them at full capability. For instance, robotic 
arms and hands enable intricate manipulation beyond 
what can be achieved from volitional control [50]. 

Additionally, several key differences exist between move-
ment control under healthy versus injury conditions that 
result in suboptimal SM control:

 
1) Because of the absence of amputated muscle as well as 
the preset, concurrent operation of the sensory encoder 
and motor decoder algorithms, the prosthetic movement 
control does not run in a true SM-coordinated scheme 
anymore – because the sensory input does not determine 
the motor consequences (Fig.  4). Because conduction 
velocities are different between sensory and motor axons 
(due to cellular and anatomical differences), the rates of 
sensory and motor information updates via the SM spi-
nal pathways are very different. Accordingly, the latency 
of sensory encoder and motor decoder algorithms would 
be expected to also differ to restore SM coordination for 
better prosthetic performance.

 
2) Sensory stimulation under injury conditions is evoked 
via electrical stimulation of the sensory nerves, as 
opposed to muscle spindle firing when the intact muscle 
contracts. This difference might not result in evoking 
sensations of the full natural bandwidth. Also, figuring 

Fig. 4 Optimizing the latency between the motor decoder and sensory encoder algorithms is crucial to restore true negative feedback SM prosthetic 
control
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out electrical stimulation parameters (amplitudes, pulse 
widths, frequencies, and waveform shapes) that gener-
ate natural, as opposed to artificial, sensations is critical 
[21]. Searching the parameter space of these variables 
– both independently and in combinations – is also a 
challenge in itself. As a unique solution of optimal stim-
ulation parameters is probably not present, employing 
artificial intelligence (AI) and machine learning methods 
could facilitate the identification of effective stimulation 
parameters that evoke sensations similar to those elic-
ited by normal touch [51]. By generating synthetic data, 
these methods could augment limited sensory electrical 
stimulation evoked firing data obtained during calibra-
tion to enrich the searched datasets to identify optimal 
stimulation parameters. Generating subject-invariant 
data by these methods could also help expand the cali-
bration datasets when the inter-subject variability is 
high (see Eldawlatly [52] for a recent review on the use 
of generative AI in brain-machine interface applications). 
Validating the neural responses of the AI/machine learn-
ing-driven stimulation algorithms would probably need 
to occur in animal experiments (rodents and non-human 
primates) before establishing the efficacy of those algo-
rithms in evoking natural sensations in amputees.

 
3) Stimulation of severed sensory nerves and recordings 
from severed motor nerves by the prosthesis occur simul-
taneously, causing the motoneuron to be bombarded 
with repeated, concurrent sensory and motor synaptic 
inputs. This is different from the normal case (i.e., the 
healthy condition) when the motoneuron receives asyn-
chronous sensory and motor synaptic inputs (due to the 
difference in conduction velocities between peripheral 
sensory and descending motor pathways). Understanding 
what motor output results from synchronized SM elec-
trical stimulation is currently under investigation [53] but 
more research is needed to identify the optimal timing of 
stimulating the severed sensory and motor nerves. This 
information would be critical for generating seamless 
prosthetic movements.

 
4) Finally, current prostheses require several daily cali-
brations to adjust the motor decoder signal recording 
frequency and sensory encoder waveform amplitude 
and frequency settings to match the amputee’s changing 
neuromodulatory levels. Developing smart algorithms 
that adapt to the amputee’s changing neuromodula-
tory state is currently under investigation [54, 55] but 
more research is needed. Again, this is an area where 
AI and machine learning techniques could enhance the 
adaptability of the sensory encoder and motor decoder 
algorithms to the continuously changing amputee’s neu-
romodulatory state; thereby, minimizing the number of 
daily calibration sessions.

 
In sum, to engineer coordinated SM functionalities to 
operate a prosthesis, the aforementioned challenges 
would need to be addressed to accomplish true and opti-
mized SM coordination.

Future advances of SM prosthetics
Future SM neuroprostheses aim to restore all sensations 
as well as full motor functionality lost after amputation. 
While current effort has focused on the restoration of 
tactile sensation, other sensory modalities are important 
to also restore. For example, proprioception (through 
which the position and movement of own body parts are 
sensed), cutaneous, and thermal sensations are additional 
important sensations to include in prosthetics. Recently, 
natural thermal sensation was successfully restored in 
upper-limb amputees [56]. Also, prosthetics that involve 
multisensory integration have been recently used and 
have shown improved functional performance and bet-
ter outcomes [47, 48, 57]. For instance, neuroprosthet-
ics with multisensory stimulation that combined visual 
and tactile sensations allowed faster sensory processing 
[48], higher embodiment, and reductions in phantom 
limb pain [47, 48]. Also, prosthetics with position feed-
back (delivered via intraneural stimulation) combined 
with somatotopic tactile feedback allowed upper-limb 
amputees to regain high and close-to-natural remapped 
proprioceptive acuity with results comparable to healthy 
participants [57]. Combining the prosthesis position in 
space, speed of movement, pressure on the prosthetic, 
and the temperature of handled objects could help the 
prosthetic master control system mitigate potential risks 
to the amputee by averting hazardous movements. None-
theless, integrating each sensory modality demands the 
development of its own sensory encoder.

With multisensory prosthetics, achieving effective 
coordination among various encoders and stimulation 
paradigms is imperative to ensure the nervous system’s 
independent and successful perception of each sensory 
mode (Fig. 5). Because the sensory pathways that mediate 
each sensation differ in their axonal diameters and con-
duction velocities, the latency of each sensory encoder 
and its information update rate would be expected to dif-
fer. Such intricate hardware and software complexity in 
prosthetic design and control presents formidable chal-
lenges that warrant extensive research endeavors for res-
olution and innovation.

Conclusions
Although upper limb prostheses have come a long way, 
they are still unable to provide true SM coordination of 
the prosthetic movements as mimicking the SM neu-
rophysiology and its integrated control is a hard task. 
The ability to drive the prosthesis in proportional to 
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the motor intent, provide multiple modalities of sen-
sory feedback, and optimize the latencies among the 
motor decoder and sensory encoder algorithms remain 
key milestones for accomplishing smart, advanced, and 
reliable prosthetic control. Employing AI and machine 
learning tools in control algorithms could greatly help the 
field reach those milestones; thereby, improving the qual-
ity of life of amputees.
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DRG  Dorsal root ganglion
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