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Abstract
The Department of Defense, Department of Veterans Affairs and National Institutes of Health have invested significantly 
in advancing prosthetic technologies over the past 25 years, with the overall intent to improve the function, participation 
and quality of life of Service Members, Veterans, and all United States Citizens living with limb loss. These investments 
have contributed to substantial advancements in the control and sensory perception of prosthetic devices over the past dec-
ade. While control of motorized prosthetic devices through the use of electromyography has been widely available since 
the 1980s, this technology is not intuitive. Additionally, these systems do not provide stimulation for sensory perception. 
Recent research has made significant advancement not only in the intuitive use of electromyography for control but also in 
the ability to provide relevant meaningful perceptions through various stimulation approaches. While much of this previous 
work has traditionally focused on those with upper extremity amputation, new developments include advanced bidirectional 
neuroprostheses that are applicable to both the upper and lower limb amputation. The goal of this review is to examine the 
state-of-the-science in the areas of intuitive control and sensation of prosthetic devices and to discuss areas of exploration 
for the future. Current research and development efforts in external systems, implanted systems, surgical approaches, and 
regenerative approaches will be explored.
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1  Introduction

Persons with limb loss still have limitations that have not 
yet been overcome by available prosthetics. Most prosthet-
ics devices delivered today, both lower and upper limb, are 

passive in nature in that they require power from the user 
to actuate. Powered systems are also available to persons 
with limb loss. These devices rely on external power and 
microprocessor control to actuate, either based on sensor 
data gathered from the device (position, force, acceleration, 
etc.) or from human physiological signals. Although both of 
these types of devices can provide significant levels of func-
tion and quality of life for those with limb loss they do not 
provide intuitive control or sensory perception. Additionally, 
many of these devices, more specifically upper extremity 
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prostheses, both passive and powered, are abandoned due 
weight, appearance, and lack of function [1].

The US Government has invested significantly in advanc-
ing prosthetic technologies over the past 25 years, mostly 
through research and development funding through the 
Department of Defense (DoD), Department of Veterans 
Affairs (VA) and National Institutes of Health (NIH). Other 
federal agencies have also invested in prosthetic develop-
ment as well as understanding health aspects of persons 
undergoing and/or living with limb loss. The goal of this 
review article is to express the interests of the DoD, VA, and 
NIH in investing in the advancement of prosthetic technolo-
gies, specifically in the realm of intuitive control and sen-
sation, to demonstrate advances that have been made with 
research funding from those agencies, and to discuss the 
short and long term visions of these agencies towards opti-
mizing function, performance and quality of life for Service 
Members, Veterans, and Civilians with limb loss.

Notably, when exploring the limb loss landscape and the 
prescription and use of prosthetics and surgical interventions 
undergone by the limb loss population there is a significant 
dearth of epidemiological information. Because limb pres-
ervation, amputation, device provision, and rehabilitation 
occur across a diverse clinical care environment, limb loss 
data is fractured across many health record systems that lack 
interoperability. The NIH and the DoD have partnered to 
establish a Limb Loss and Preservation Registry. The reg-
istry will collect information from electronic health records 
(EHRs) to detail limb loss prevention, etiology, acute care, 
and cost of services. The registry will use EHRs when pos-
sible to also capture device provision, rehabilitation, and 
quality of life for individuals living with limb loss. The goal 
of this registry is to improve and optimize care and outcomes 
for individuals living with limb loss or limb difference.

1.1 � Department of Defense

The Global War on Terror, specifically Operation Iraqi Free-
dom (OIF), Operation Enduring Freedom (OEF), and Oper-
ation New Dawn (OND) has led to over 1700 Warfighter 
amputations as a result of combat operations [2]. Addi-
tionally, other Warfighters undergo amputation as a result 
of failed limb salvage resulting from combat injuries, and 
other non-combat injuries. The DoD has issued guidance 
that allows Warfighters with amputations to continue to seek 
care in the Advanced Rehabilitation Centers stating “DoD 
must ensure sustainment of the highest quality delivery of 
health care and health research…” [3].

The two main DoD agencies that are responsible for 
the majority of strategic planning and execution related to 
prosthetic technologies are the US Army Medical Research 
and Materiel Command (USAMRMC) and the Defense 

Advanced Research Projects Agency (DARPA). USAM-
RMC executes research appropriations on behalf of the 
Defense Health Agency, which is responsible for health 
and readiness of the fighting force and aims for increased 
readiness, better health, better care, and lower cost within 
the Military Health System. DARPA investments in this area 
are in higher-risk transformative research programs that are 
revolutionary and contribute directly to national security. 
DARPA’s Biological Technologies Office (BTO), in par-
ticular, funds neuro-technology programs that both restore 
capability to wounded warriors and equip the warfighter to 
better defend the Homeland.

The ultimate goal for the DoD in funding advancements 
in prosthetic technologies is twofold; first is to provide 
Warfighters who are putting their lives at risk every day 
in defense of our Constitution the assurance that they will 
receive the highest level of care if they are injured, and sec-
ond to allow Warfighters with limb loss the ability to return 
to pre-injury levels of performance including return to active 
duty and deployment.

1.2 � Department of Veterans Affairs

The Veterans Health Administration within the Depart-
ment of Veterans Affairs is responsible for the care of over 
90,000 Veterans with amputation [4]. In contrast to the 
population of persons with traumatic (conflict-related and 
non-conflict-related) amputation in the DoD, the majority 
of Veterans with amputation who receive care from VHA 
are older (mean age of 68) and have amputations that are 
predominantly the result of disease processes such as periph-
eral vascular disease and diabetes. Care for these Veterans 
is provided through an integrated Amputee System of Care 
(ASoC) that provides specialized expertise in amputation 
rehabilitation incorporating the latest practices in medical 
rehabilitation management, rehabilitation therapies, and 
advances in prosthetic technology across the full continuum 
of care. The ASoC is comprised of 7 Regional Amputa-
tion Centers, 18 Polytrauma/Amputation Network Sites, 
106 Amputation Care Teams, and 22 Amputation Points of 
Contact. Through care coordination and close collaboration 
with both Primary Care and other Specialty Care services, 
these amputation care teams assure that all medical, rehabili-
tation, and prosthetic needs of the Veteran are met in order 
to optimally restore desired function following amputation.

Within the Veterans Health Administration, the Office 
of Research and Development (ORD) oversees a primarily 
investigator-initiated intramural research program focused 
on improving the health care of our Veterans. ORD collabo-
rates with the ASoC (clinical care delivery) and Prosthetics 
and Sensory Aids Services (device purchase and provision) 
to ensure that research funding is in alignment with Veteran 
healthcare needs and goals. Prosthetics has always been a 
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core area of research within VA, which funds a wide range 
of prosthetics-related research including basic science, 
device development, clinical trials, care delivery, and health 
systems research.

1.3 � National Institutes of Health

As part of its mission to seek fundamental knowledge about 
the nature and behavior of living systems and the applica-
tion of that knowledge to enhance health, lengthen life, and 
reduce illness and disability, the National Institutes of Health 
supports research on advancing control and sensation of 
prosthetic limbs through the National Institute of Neuro-
logical Disorders and Stroke (NINDS), the National Institute 
of Biomedical Imaging and Bioengineering (NIBIB), and 
the National Center for Medical Rehabilitation Research 
(NCMRR) at the Eunice Kennedy Shriver National Insti-
tute of Child Health and Human Development (NICHD). 
The last 10 years have shown significant advances in seam-
less integration and embodiment of upper and lower pros-
thetic limbs. NIH-funded activities have focused on the key 
challenges: attachment, weight, actuators, sensors, power, 
aesthetics, and algorithms for intuitive control. While not 
specifically highlighted here, it should be noted that many of 
the breakthroughs of the past decade build upon many more 
decades of basic science research that was supported by the 
NIH. To share knowledge, leverage resources, and avoid 
duplication of efforts, NIH has collaborated with other fed-
eral funders through venues such as the Interagency Com-
mittee for Disability Research. In this overview, we provide 
a cursory summary of NIH’s comprehensive research portfo-
lio and encourage readers to visit the NIH Reporter (https​://
proje​ctrep​orter​.nih.gov/repor​ter.cfm) for more information.

2 � External systems

Active prosthetic systems, i.e. those that are actuated with 
some kind of power and/or have microprocessor control, 
have traditionally been controlled by users through human 
physiological signals that have been collected non-inva-
sively. Although electromyography (EMG) is the most 
common physiological signal acquisition modality that is 
used in upper extremity prostheses, other techniques have 
been explored. Lower extremity prosthetic systems that are 
controlled with microprocessors have traditionally leveraged 
data captured though inertia and force sensors that are either 
onboard the device itself or captured via the remaining limb 
of the user.

In the last decade, there has been a concerted effort to 
non-invasively measure user intent, to intuitively control the 
many degrees of freedom of the state-of-the-art prosthetic 

devices or to switch between modes of use with a minimal 
cognitive load. On this front, the field has advanced from 
simple binary and sequenced controls to proportional EMG 
controls [5, 6], fusion of EMG and IMU based methods [7, 
8], pattern recognition [9], slip detection [10], and machine 
learning [11, 12] techniques. These advances have resulted 
in better task execution of upper limb grasping tasks [5] 
and identification of user intent to transition between states 
(sitting, standing, walking, stair climbing) in the lower limb 
[13]. Moving from wet or gel electrodes to dry electrodes 
will enable easier and more repeatable measurements of 
EMG signals from residual limbs [14].

Another factor limiting adoption and use of prostheses 
is the comfort and fit of the prosthetic socket. Investigators 
are developing sockets to improve comfort and performance 
[15–17]. Advances in 3D scanning and sensors embedded 
within the socket are leading to new innovations in building 
a socket that is innately customized to the user and able to 
measure the health of the residual limb. There are ongoing 
clinical trials to demonstrate that 3D scanning and modeling 
of a limb can produce a more comfortable fit. Adding tem-
perature, pressure, and metabolite sensors within the socket 
hold the promise of notifying the user when problems arise 
with fit or limb health [18, 19].

2.1 � Electromyography

Electromyography (EMG) is the current standard of care for 
controlling powered upper extremity prosthetic systems. The 
most common method includes sensors that are fabricated 
into the prosthetic socket that identify with specific residual 
musculature (both in those with transradial and transhumeral 
amputation). This requires users to activate their muscles 
with specific magnitude and timing to control their terminal 
device. Pattern recognition systems have become more com-
mon in the past 5 years. These systems “learn” muscle acti-
vation patterns based on calibration trials of users attempting 
to mimic natural hand motions and positions [20]. Outcomes 
have demonstrated improved function in clinical tests and 
patient satisfaction. Future work is being conducted to con-
tinue to improve algorithms that will improve intuitive con-
trol and to reduce or eliminate calibration requirements.

Research has also been conducted to translate use of 
EMG to those with lower limb loss [21–24]. The use of 
these systems is not as prevalent however because there are 
significantly fewer microprocessor controlled prosthetic 
ankles and knees available compared to upper extremity 
systems. Results of these studies demonstrated that persons 
with lower limb loss using prosthetic devices that are driven 
partially by EMG have the capacity to improve intent rec-
ognition, especially in non-reciprocal level-ground gait (i.e. 
stairs, ramps, and sit-to-stand).

https://projectreporter.nih.gov/reporter.cfm
https://projectreporter.nih.gov/reporter.cfm
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Future work in the field of EMG is exploring how to 
improve high fidelity signal acquisition from residual mus-
culature to improve intuitive control. One method that is 
being explored is the use of flexible epidermal electrodes 
that can conform to any shape of residual limb, which will 
reduce the need for calibration/re-calibration and contain a 
high volume of electrodes to sample all musculature, which 
can improve terminal device control [25].

2.2 � Ultrasound

Ultrasound presents some capabilities compared to other 
capture modalities including the ability to sample deep 
muscles, spatially recognize individual muscles and pro-
vide intuitive proportional control. Preliminary work has 
demonstrated feasibility of ultrasound to sample muscle 
activity from subjects with transradial amputation, decode 
the data using proprietary control algorithms, and propor-
tionally control a simplistic linear movement in a virtual test 
[26]. Further work will need to be done in this area to over-
come limitations of ultrasound use, specifically size, power 
requirements, interface, and calibration.

2.3 � Inertial measurement units (IMUs)

IMUs are small electronic devices that measure triaxial 
linear accelerations, rotational velocities, and occasion-
ally magnetic fields to determine spatial position/orienta-
tion and motion. IMUs have been used to control advanced 
prosthetic devices, specifically the DEKA/LUKE arm. They 
are typically placed on the top of the users’ shoes and foot 
motions are used to control additional degrees of freedom of 
the upper-limb prosthetic device. While this control schema 
is limited in that it can’t be used by those with lower limb 
or balance impairment or while ambulating, it was recently 
found to be more effective than EMG pattern recognition for 
controlling the DEKA/LUKE arm for persons with transra-
dial amputation [27].

2.4 � Haptic feedback

A significant aspect missing from external systems is sen-
sation. It is not sufficient for artificial limbs to have dexter-
ous control if the users feel the limbs are ‘other’, or just 
a tool. Improving embodiment, the sense of a prosthetic 
limb belonging to the body, is thought to be a key enabler 
of recovery and prosthetic use. Understanding grasp force, 
proprioception, and other aspects of touch are impossible 
with previously mentioned control strategies as they are only 
capable of recording and not stimulating. Although vibration 
as a means of sensory substitution has long been employed 
in other applications, it has only recently been demonstrated 
to improve movement control when the muscles used for 

prosthetic control are given vibratory feedback [28]. Results 
from additional studies have demonstrated that these sys-
tems are feasible and provide some guidance on limb contact 
and position during various activities [29–31]. In order to 
provide sensory input, there is a need for innovation in sen-
sors to transduce tactile information in a more biomimetic 
fashion. This has led to the development of sensorized syn-
thetic skin to mimic mechanoreceptors in human skin [32]. 
More research is needed to demonstrate the ability of these 
systems to affect the function and health outcomes of pros-
thesis users.

Despite these advances, further refinements are required 
to make prosthetics usable to more people with amputations. 
While completely intuitive control is still the goal, at present 
user training and rehabilitation remains a key component of 
the device development pathway [33]. Surveys of prosthetic 
users still cite weight, cost, durability, and ease of use as 
barriers to widespread implementation [34].

3 � Training

Training that allows users to leverage advanced devices as 
quickly and efficiently as possible is most commonly com-
plete with the assistance of Occupational Therapists and 
simple computer interfaces. This may include training indi-
vidual muscles to contract with various levels of magnitude 
and timing and to co-contract with other muscle groups [35].

New training paradigms must also be created for 
advanced technologies. Resnik et al. implemented a novel 
training program for patients with shoulder disarticulation 
using the Gen 3 DEKA Arm. The training focused on skilled 
unilateral movement as opposed to using the device as an 
assistant to an intact limb and can be used as a framework 
for future advanced devices [36].

Recent advances have sought to make training, specifi-
cally for upper extremity myoelectric prosthesis use both 
more accessible, robust and effective. Winslow et al. [37] 
have designed a mobile, game based platform that allows 
for home use and for clinicians to both prescribe levels of 
difficulty and track outcomes. Woodward and Hargrove [38] 
are designing a system that will challenge users in a vir-
tual environment to improve pattern recognition controlled 
prostheses.

4 � Implanted peripheral systems

Given the limitations of state-of-the-art surface EMG tech-
niques to discern sufficient information to control multi-
ple DOF prosthetics, the improved precision of implant-
able electrodes for cortical and peripheral recordings has 
shown great promise over the past 10 years. Technological 
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advances, recently led to the first in human demonstrations 
of fully implanted myoelectric sensors to control a prosthetic 
hand with the Implantable MyoElectric Sensors (IMES) sys-
tem [39]. A branched lead system for a distributed set of lon-
gitudinal intrafascicular electrodes built on cochlear implant 
technology [40, 41] is currently undergoing a clinical trial.

Implanted peripheral interfaces have enabled sophisti-
cated bidirectional interaction with prosthetic limbs. These 
systems involve an electrical interface to the severed periph-
eral nerve as well as electrodes embedded in the residual 
muscles of amputees. Interfaces to the nerve include both 
penetrating [42] and non-penetrating electrodes [43–45], 
with trade-offs to consider between invasiveness, longevity, 
and selectivity. To provide sensory feedback, the electrodes 
stimulate the peripheral nerve to induce cutaneous and pro-
prioceptive percepts. To correlate these percepts to sensa-
tion at specific locations on the prosthetic limb, research-
ers conduct mapping experiments where they test various 
stimulation parameters and ask the research participant to 
report where the sensation is felt on the missing limb. Cur-
rent research into the best stimulation paradigms is ongoing 
[46], and vary from simple linear models to more sophisti-
cated biomimetic techniques [47]. Beyond the restoration of 
somatosensation, electrical stimulation can reduce phantom 
limb pain [48] and contributes to the sense of limb embodi-
ment [48–50], among other psychosocial benefits [51].

Motor control for an implanted peripheral system trans-
lates the descending neural command signal from the nerve 
and/or the muscles into movement commands for the pros-
thesis. Rather than relying on pattern recognition, the system 
involves direct control using either neuromusculoskeletal 
models [52, 53] or machine learning methods [49, 54, 55]. 
For the latter, the algorithm is trained by having the par-
ticipant imagine making movements with his or her limb, 
often while watching the prosthesis move in virtual reality or 
physical space. Researchers have successfully decoded mul-
tiple degrees of movement using activity from the muscle 
alone, the nerve alone, and combinations of the two signals 
[55–57].

Other researchers have sought methods to improve pack-
aging and interconnects, eliminating wires connecting 
implanted electrodes [58, 59], to harness alternative power 
sources, such as ultrasound via the neural dust platform [60], 
to improve wireless power transmission [61], and to stimu-
late and block neural signals in new ways [62, 63].

Under the DARPA Hand Proprioception and Touch Inter-
faces (HAPTIX) program (with additional prior and ongoing 
research from VA, NIH and USAMRMC), researchers are 
developing a fully implantable prosthetic system that does 
not require percutaneous leads. The final system is agnostic 
to the prosthetic limb, and includes the electrodes, implanted 
stimulation and recording devices, external processors, and 
algorithms for motor control and sensory feedback. The 

technology will be evaluated in a year-long take home trial, 
and teams have already begun to assess home use of the 
system [64]. The program has also funded efforts to develop 
metrics that quantify the benefit of sensory feedback for 
prosthetic limbs [65–69]. These metrics are important for 
system evaluation and may help to inform future payers. 
Future research in implanted peripheral systems will involve 
continuing to explore what types of sensory feedback are the 
most useful, and improving the longevity, reliability, and 
resolution of the interface.

5 � Brain–machine interfaces

Bidirectional brain–machine interfaces (BMIs) for prosthetic 
limbs involve translating neural activity from the brain into 
motor control commands, and stimulating the brain to pro-
vide relevant sensory feedback [70]. Among other successes, 
researchers have demonstrated the ability to use neural activ-
ity from the motor cortex of a paralyzed patient to control 
sophisticated prosthetic limbs [71–73]. Research participants 
can also use BMIs to control other applications, such as a 
computer, a wheelchair, or even their own paralyzed arm 
[74, 75]. With regard to sensation, stimulating somatosen-
sory cortex produces sensory percepts that correlate to loca-
tions on the paralyzed or amputated limb [76]. Similar to 
the peripheral interfaces described above, these sensations 
provide valuable feedback to the user about his or her inter-
actions with the environment. Future work includes continu-
ing to refine control algorithms and stimulation paradigms 
and working toward a bidirectional system for use outside 
of the lab.

6 � Surgical techniques and osseointegration

In addition to the systems described above, researchers have 
also developed a number of surgical techniques that provide 
unique advantages to neural interfaces for prosthetics. One 
example is targeted muscle reinnervation (TMR), a proce-
dure that involves rerouting amputated nerves into residual 
muscles, typically located in the chest or upper arm, which 
are repurposed after limb loss. Once the amputated nerves 
have reinnervated into these host muscles, the EMG signal 
from the new locations is used for successful and intuitive 
prosthetic control [77]. Analogously, targeted sensory rein-
nervation (TSR) involves isolating the sensory fascicles from 
the nerve and attaching them to cutaneous nerves next to 
where they innervate the skin [78]. Therefore, TMR also 
creates an opportunity to provide sensation to reinnervated 
skin, although recent studies show deficits in the integra-
tion of multisensory interaction. Specifically, “—although 
touch sensation on the missing limb can be reliably evoked 
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in TMSR patients—this information is not integrated with 
visual bodily cues. Indeed, viewing a hand, while perform-
ing a tactile spatial discrimination task on the reinnervated 
skin region, did not improve tactile perception in TMSR 
patients” [79]. The cortical reorganization that occurs fol-
lowing an amputation should be incorporated into controls 
schemes and rehabilitation protocols to optimize the func-
tionality from this surgical intervention.

Similar to targeted muscle reinnervation is the regenera-
tive peripheral nerve interface (RPNI). Rather than moving 
the nerves to a new location, RPNI development involves 
creating muscle grafts and surgically attaching them to 
the end of the severed nerves. The nerve integrates into 
the graft, which serves as an amplifier for the descending 
neural signal. This larger control signal can in turn be used 
for individuated finger movement for a prosthetic hand [80, 
81]. Stimulating the RPNI may also be useful for restoring 
sensory feedback.

Another novel surgical construct is the agonist–antagonist 
myoneural interface (AMI). The AMI involves connecting 
an agonist and antagonist muscle–tendon mechanically in 
series, so that one when component contracts (e.g. the ago-
nist), the other (e.g. antagonist) stretches [82]. AMIs can 
be created during an amputation or post-hoc. EMG signals 
from the AMI are used for prosthetic control, and a separate 
AMI is typically constructed for each degree-of-freedom. 
The push and pull of the two components also provides pro-
prioceptive feedback back to the individual that inherent to 
the natural muscle. These proprioceptive signals allow a 
prosthesis user to intuitively move the limb without relying 
on visual feedback. Functional electrical stimulation of the 
AMI can also be used to provide torque feedback to the user.

Direct skeletal attachment of a prosthetic limb to a percu-
taneous osseointegrated implant has been shown to be equiv-
alent or superior to sockets in most studies thus far [83]. The 
potential benefits include an elimination of socket-related 
issues, much faster and easier donning and doffing, improved 
range of motion, and an improved mechanical connection 
between the prosthetic device and user. The risks include 
the requirement for one or two surgical procedures and the 
concomitant healing time and rehabilitation required, as well 
as the ongoing risk of infection caused by the percutaneous 
component and potential for device failure/removal. Persons 
with amputation may weigh these risks and benefits differ-
ently for their own needs and desires, but 28% of unilateral 
and 13% of bilateral upper-limb amputees were willing to 
consider osseointegration surgery [84].

Along with TMR and the RPNI, the osseointegrated neu-
ral interface (ONI) is another surgical solution to improv-
ing peripheral neural interfaces. The ONI involves rerouting 
the severed nerve into the medullary canal of residual bone, 
which provides insulation and a solid support framework 
that reduces both movement artifacts and crosstalk [85, 86]. 

The nerve may be interfaced to an electrode array of choice, 
and these signals can subsequently be routed through the 
metal osseointegrated interface that ultimately connects to 
a prosthesis. Beyond facilitating prosthetic control, the ONI, 
along with TMR and the RPNI, help to address and prevent 
neuromas. Additionally, this could eliminate the need for 
some implanted components like batteries and transcuta-
neous inductive charging coils and using hardwired rather 
than wireless communications could also improve system 
reliability and data security.

7 � Regenerative techniques

Regenerative techniques show promise for increasing the 
dimensionality of peripheral neural interface, though they 
often involve cutting a nerve in two, and are therefore 
uniquely applicable for amputees. One such technique is 
the use of a tissue-engineered electronic nerve interface, 
or TEENI, which includes flexible polymer-based elec-
trode threads embedded in a hydrogel nerve bioscaffold 
[87]. To place the construct, the surgeon cuts the ampu-
tated nerve at the distal end and installs the TEENI between 
the residual nerve and the nerve that was cut. Nerve tissue 
subsequently regenerates around the electrodes. Integration 
with the flexible construct encourages mechanically compat-
ibility. Because the regenerative approach does not require 
implanting each thread into the nerve, the design may have 
the potential to scale to high channel counts.

Other regenerative methods include the sieve electrode 
designs. Similar to TEENI, the sieve requires transecting the 
nerve to place the technology. Implantation involves placing 
a disk between the two segments of nerve that includes holes 
and contacts throughout. The nerve then regenerates through 
the holes and makes a physical connection with the con-
tacts. Recent investment in modeling micro-channel sieves 
has demonstrated their potential use for both stimulation and 
recording [88, 89]. Future work for regenerative methods 
include testing resolution and reliability and animal models 
to establish the proof-of-concept to translate the technology 
into humans.

8 � Discussion

The US Government, specifically the DoD, VA, and NIH 
have invested research and development funding towards 
the advancement of intuitive control and sensation of pros-
thetics. While the target populations for these agencies may 
differ: Active Duty Warfighters, Veterans, or the General 
Public, the overall objective is to provide the highest pos-
sible function, performance, quality of life, and health 



125Biomedical Engineering Letters (2020) 10:119–128	

1 3

outcomes that will allow those with limb loss to accomplish 
their goals.

Along with greater focus on intuitive control and sensa-
tion over the past decade, there has also been greater col-
laboration and discussion between federal agencies, with the 
overall goal of being transparent and avoiding redundancy 
of efforts and the intention of moving the science forward 
as quickly and safely as possible, to deliver solutions to the 
limb loss community. Collaborative efforts include not just 
DoD, VA, and NIH but also other federal agencies that fund 
research in this area such as the National Institute on Dis-
ability, Independent Living, and Rehabilitation Research 
(NIDILRR), and the National Science Foundation (NSF), 
and federal agencies responsible for regulation and policy 
such as the Food and Drug Administration (FDA), Centers 
for Medicare and Medicaid Services (CMS), and National 
Institute for Standards and Technology (NIST).

These federal agencies have also supported the develop-
ment of large centers across the country with the intention 
to drive change forward quickly through impactful research 
and translation of findings to enhance the standard of care. 
The Extremity Trauma and Amputation Center of Excel-
lence (EACE) is a joint DoD-VA organizations, the VA has 
additionally established both the Amputation System of Care 
and the Center for Limb Loss and MoBility (CLiMB), and 
both NIDILRR and NCMRR have funded several Centers 
that are conducting and supporting research focused on or 
relevant to the limb loss population.

Initiatives within these agencies and others will pro-
duce solutions and knowledge that will benefit this limb 
loss population. The NIH has launched The Brain Research 
through Advancing Innovative Neurotechnologies BRAIN 
Initiative and the Stimulating Peripheral Activity to Relieve 
Conditions (SPARC) Common Fund Program. The BRAIN 
Initiative is aimed at revolutionizing our understanding of 
the human brain and the SPARC Program is developing 
next generation tools and technologies for neural interfac-
ing with the peripheral nervous system. DARPA has initi-
ated the Next-Generation Nonsurgical Neurotechnology (N3) 
program. This program aims to develop a high-resolution, 
portable neural interface system that is either completely 
noninvasive or only minutely invasive to enable practical 
applications of neurotechnology for able-bodied individu-
als. The VA has developed the VHA Innovation Ecosystem 
which seeks to align interests and improve the efficiency 
of innovation resources across the enterprise. USAMRMC 
introduced the Accelerating Innovation in Military Medicine 
(AIMM) Program which supports highly innovative high-
risk research with the potential to accelerate critical discov-
eries or major advancements that will significantly impact 
military health and medicine.

While significant advancements have been made over 
the past quarter-century, there are still gaps that remain in 

delivering a prosthetic system to people living with limb loss 
that reproduces the abilities of an anatomical limb. Chal-
lenges may be related to the technology, including power 
capabilities, data transfer and signal fidelity acutely and long 
term, to the patient, including safety, infection, interface and 
comorbidities that may cause complications, or to the envi-
ronment, including occupation and psychosocial factors.

The federal government will continue to invest in research 
and development efforts toward delivering prosthetic sys-
tems to fully restore the function, performance, health and 
quality of life of those living with limb loss. Achieving this 
goal will contribute to the mission of each agency involved. 
Collaboration between federal agencies investing in this area 
will continue, to ensure that each agencies’ goals can be 
achieved as quickly and efficiently as possible, and to deliver 
the best possible solutions to the limb loss community.
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