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Abstract

Background Patient access to body-powered and myoelectric upper limb prostheses in the United States is often
restricted by a healthcare system that prioritizes prosthesis prescription based on cost and perceived value. Although
this system operates on an underlying assumption that design differences between these prostheses leads to relative
advantages and disadvantages of each device, there is limited empirical evidence to support this view.

Main text This commentary article will review a series of studies conducted by our research team with the goal

of differentiating how prosthesis design might impact user performance on a variety of interrelated domains. Our
central hypothesis is that the design and actuation method of body-powered and myoelectric prostheses might
affect users’ ability to access sensory feedback and account for device properties when planning movements.
Accordingly, other domains that depend on these abilities may also be affected. While our work demonstrated some
differences in availability of sensory feedback based on prosthesis design, this did not result in consistent differences
in prosthesis embodiment, movement accuracy, movement quality, and overall kinematic patterns.

Conclusion Collectively, our findings suggest that performance may not necessarily depend on prosthesis design,
allowing users to be successful with either device type depending on the circumstances. Prescription practices
should rely more on individual needs and preferences than cost or prosthesis design. However, we acknowledge that
there remains a dearth of evidence to inform decision-making and that an expanded research focus in this area will
be beneficial.
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Background

While the loss of an anatomical hand can have a devas-
tating impact on an individual’s quality of life, upper limb
prostheses can help individuals interact more effectively
with their environment. In an effort to improve function-
ality for individuals with upper limb absence, research-
ers are actively exploring a wide variety of approaches
for controlling prosthetic limbs using biosignals acquired
noninvasively or invasively from the muscles, peripheral
nerves, or brain (see [1] for a detailed review). Many of
these approaches show promise for improving function-
ality but are not yet available in clinical practice. As such,
only two options are routinely prescribed today: body-
powered (BP) and myoelectric (MYO) prostheses. BP
prostheses are biomechanically powered (i.e., shoulder
and/or trunk movement is translated to terminal device
actuation via a harness and Bowden cable), while MYO
prostheses are externally powered using electrical activ-
ity recorded from residual limb musculature. Although a
variety of different terminal devices, socket designs, and
other components may be used to construct either type
of device, BP and MYO prostheses are viewed as concep-
tually distinct treatment categories due to their different
underlying control modalities.

This differentiation between BP and MYO prosthe-
ses based on their control modalities might suggest that
each design offers relative advantages compared to the
other and thus should be considered equally valid options
for patient treatment. However, this view is not widely
accepted within the United States healthcare system,
where prostheses are viewed on a hierarchy of complex-
ity and value [2]. Under this model, insurance policies
may prioritize more “basic” technologies (i.e., BP pros-
theses) in favor of more “advanced” technologies (i.e.,
MYO prostheses). This tiered categorization implies that
BP devices should be considered the standard of care,
leading to the implementation of policies in which MYO
prostheses are completely excluded from coverage or
covered only if BP devices are shown to be insufficient
for supporting a patient’s functional goals [3—6]. These
policies may contribute to health disparities based on
an individual’s ability to pay for their care, making cer-
tain prosthetic technologies unavailable to those who are
financially disadvantaged [7]. Notably, one survey found
that 48% of individuals with upper limb absence who do
not use a prosthesis cited cost as a major reason for this
choice [8].

Setting aside any practical constraints imposed by
payer restrictions, prosthesis prescription practices
would ideally be guided by a determination of what is
best for each individual patient based on a wide variety
of considerations. However, there is limited empirical
evidence available to direct these decisions. This point
is demonstrated by two systematic literature reviews

(2024) 21:138

Page 2 of 14

which identified 27 experimental studies comparing BP
and MYO prostheses published through 2016, of which
only 11 used functional or laboratory-based assessments.
These reviews failed to substantiate whether BP or MYO
prostheses provide a significant general advantage over
the other based on this small body of evidence [9, 10].
Similarly, the 2022 VA/DoD Clinical Practice Guideline
for the Management of Upper Extremity Amputation
Rehabilitation states that there is insufficient evidence to
recommend “any specific control strategy, socket design,
suspension method, or component” [11] due to low con-
fidence in the quality of existing evidence. Moreover, a
clinical practice guideline for prosthetic management of
transradial limb absence was developed in 2021 through
a consensus process among subject matter experts, rather
than empirical support [12]. This lack of quantitative data
may explain why prescription practices are instead moti-
vated by factors such as prosthetist experience, patient
input, manufacturer claims, and payer restrictions [9]. It
may also create barriers to advancing research on pros-
thesis design and control, as it can be unclear where to
prioritize efforts for improvement.

This commentary article will summarize a collection of
studies that we recently completed to compare functional
task performance between BP and MYO prosthesis users.
While many evidence gaps still remain to be filled, we
offer some preliminary observations based on our work
in this area. We hope that these perspectives will moti-
vate additional studies to gather evidence that informs
appropriate clinical prescription guidelines and insur-
ance reimbursement policies, which is crucial for advanc-
ing the quality of care available to individuals with upper
limb loss.

Note on methodology

The studies referenced in this commentary involved nine
adult BP or MYO prosthesis users with transradial limb
loss or congenital transradial limb absence (Table 1).
Three of these participants (P01, P07, and P08) owned
both BP and MYO prostheses. They were tested using
both prostheses when possible, although P07 and P08
only used their BP prostheses during some studies due to
time constraints or malfunctions in their MYO prosthesis
(i.e., P07 did not complete studies [13—15] with his MYO
prosthesis and P08 did not complete study [16] with his
MYO prosthesis). The terminal devices included volun-
tary-open split hooks, voluntary-close split hooks, single
degree-of-freedom hands, and multi-articulated hands.
Note that participants who owned multi-articulated
hands used standard direct control strategies, rather
than pattern recognition. Unless indicated otherwise, all
results presented below have been previously published.
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Table 1 Characteristics of study participants

(2024) 21:138

Page 3 of 14

ID Causeof limb absence Prosthesis type Terminal device

Time since amputation Duration of prosthesis ownership

P01 Acquired BP Voluntary-open split hook 14 months 10 months
MYO Multi-articulated hand (iLimb) 5 months
P02 Acquired BP Voluntary-open split hook 9 months 7 months
P03 Congenital MYO Single degree-of-freedom hand  n/a 33 years
P04 Congenital MYO Multi-articulated hand (bebionic) n/a 6 months
P05 Congenital MYO Multi-articulated hand (bebionic) n/a 10 months
P06 Acquired BP Voluntary-open split hook 2.5 years 2 years
P07  Acquired BP Voluntary-open split hook 10 years 7 years
MYO Multi-articulated hand (iLimb) 2 years
P08 Acquired BP Voluntary-close split hook 24.75 years 23 years
MYO Single degree-of-freedom hand 23 years
P09  Acquired BP Voluntary-open split hook 11 months 4 months

Impact of prosthesis design on multisensory integration
Given the dissimilarities in their respective methods of
actuation, BP and MYO prostheses offer different inter-
faces through which users can interact with the sur-
rounding environment. In particular, these actuation
methods might affect a user’s ability to detect and inter-
pret sensory feedback, which is significant since pros-
theses inherently lack much of the sensory feedback
available to an individual using their anatomical hand.
For example, when using a BP prosthesis, control of the
terminal device is directly coupled to movement of the
scapula via a Bowden cable. This direct transfer of posi-
tion and, in some cases, force feedback results in a sense
of position and effort at the terminal device, a phenome-
non called extended physiological proprioception. Other
available sources of feedback can include forces trans-
mitted through the prosthesis socket, as well as sound
or vibration (which may either be artificially provided or
natively available from other sources, such as the motors
in a MYO prosthesis) [17, 18]. However, these feedback
sources are often inaccessible or insufficient for MYO
users, so they instead rely extensively on vision during
active grasping and manipulation [19, 20]. Given that
multiple domains of motor behavior are dependent on
the availability and interpretation of sensory feedback,
we hypothesized that differences in behavior would be
detectable based on whether a BP or MYO prosthesis
was used. Further consideration of these domains will be
presented subsequently, including identification of object
properties, embodiment of the prosthetic limb, move-
ment quality, and overall kinematic patterns.

While differences in sensory feedback between pros-
thesis types have been described in the literature through
anecdotal evidence [9], no studies have empirically
compared feedback available to people with upper limb
absence using their own prostheses. To address this gap,
we asked participants to complete grasping tasks with
their prescribed prosthesis and anatomical limb under
different feedback conditions using a custom haptic

device [13]. In a grasp aperture matching task, partici-
pants attempted to close their hand or terminal device
to a specific width based on a visual target. Their hands
were hidden from view, and depending on the condition,
they were provided with additional visual, vibrotactile,
or force feedback. They also completed the task without
any additional feedback. In a stiffness identification task,
participants probed a virtual object and were asked to
determine if it had a low, medium, or high stiffness. Par-
ticipants had to determine object stiffness using either
only visual or only force feedback.

BP users were able to utilize force feedback to a greater
extent than MYO users in both the aperture matching
(Fig. 1A) and stiffness identification (Fig. 1B) tasks [13].
While being provided with force feedback did decrease
aperture errors for MYO users, they performed close
to chance when identifying object stiffness. The differ-
ence in tasks may be due to transfer of forces through
the prosthesis socket, which is more noticeable for acute
changes like contacting an object, compared to continu-
ous changes as when probing an object to gauge stiffness.
In support of the idea that MYO users rely primarily on
vision, MYO users were marginally more accurate at
identifying object stiffness using only visual feedback
compared to BP users. Notably, there was consider-
able variance across participants, suggesting that there
are potentially more factors than device design that are
important for interpreting feedback. For example, P08
had the longest duration of prosthesis ownership among
participants and was more accurate at identifying object
stiffness with his MYO prosthesis using visual feedback
compared to most other participants using visual feed-
back, regardless of limb type (Fig. 1B).

The extent to which a prosthesis user can detect and
interpret sensory feedback may have additional con-
sequences beyond their ability to accurately identify
object properties. For instance, embodiment is gener-
ally considered to be a body representation or phenom-
enological perception that incorporates a prosthetic
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Fig. 1 (A) Mean absolute error between paddle position and target position for the aperture matching task. (B) Identification accuracy of blocks during
the stiffness identification task. The dotted line represents the level of chance for the task. Within-subject means for P01 and P08 are displayed in both
plots as open circles or diamonds, respectively. Bars represent the average for each group.‘t'indicates medium or greater Hedges'g effect size (g > 0.5) for

the pairwise comparison between BP and MYO prostheses

limb (e.g. the prosthesis becomes part of the body rep-
resentation or is perceived to be part of the body) [21].
An individual’s development of prosthesis embodiment
is thought to depend on a combination of multisensory
integration, volitional intent, and dynamic interaction

with the environment [22]. In particular, there needs to
be congruence between tactile, visual, and propriocep-
tive signals [23] that are concordant with the user’s voli-
tional control over the prosthesis. Given that prosthesis
embodiment is related to the integration of multisensory
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inputs, differences in the availability of sensory feedback
between BP and MYO prostheses could mean that the
extent of embodiment differs between prosthesis designs
as well. Specifically, if BP prostheses offer inherent pro-
prioceptive feedback that MYO prostheses do not, this
could suggest that BP prostheses may be embodied more
strongly.

To test this hypothesis, we asked prosthesis users to
complete surveys about perceived prosthesis ownership
and agency, as well as a residual limb length estimation
task focused on perceptual adaptations to limb absence
and prosthesis use [24]. In this paradigm, overestima-
tion of residual limb length while wearing a prosthesis
indicates that the user’s perception of their residual limb
has expanded into the space occupied by the prosthe-
sis. This overestimation may be viewed as a metric of
embodiment [25] (although it is by no means the only
option for measuring embodiment [21]). Residual limb
length estimation was also performed without the pros-
thesis to indicate whether this overestimation is retained
when the prosthesis is removed. None of these outcomes
significantly differed between BP and MYO prosthesis
users, as there was significant variability in responses.
Even within the three participants who used both BP and
MYO prostheses, results were inconsistent (Fig. 2A). This
suggests that other participant factors may contribute to
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embodiment. Here, we found several significant trends
that were driven by participant characteristics other than
prosthesis type. One influential characteristic was cause
of limb absence (acquired vs. congenital). For example,
participants with acquired limb loss tended to overesti-
mate their residual limb length both with and without the
prosthesis, but participants with congenital limb absence
estimated more accurately (Fig. 2B). Additionally, greater
residual limb length estimation error when not wear-
ing a prosthesis was correlated with increased hours of
daily prosthesis wear. Collectively, our results could sup-
port the hypothesis that prosthesis embodiment is also
dependent on an individual’s experiences with limb loss
and prosthesis use, not just the features of their prosthe-
sis. If this conjecture is validated in future work, it might
de-emphasize the need to consider prosthesis design
or control strategy as the primary means to promote
embodiment.

Impact of prosthesis design on movement planning and
performance

Building on the idea that the user-prosthesis interface
varies between BP and MYO prostheses based on their
methods of actuation, it may also be possible that pros-
thesis design would impact how users plan and execute
functional movements. Reaching movements rely on the
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Fig. 2 Participants performed the residual limb length estimation task by placing either their prosthetic limb or residual limb inside an opaque tube and
estimating where they perceived the end of their residual limb (red arrows). Positive estimation error indicates overestimation of residual limb length. (A)
Average limb length estimation error for participants who had both BP and MYO prostheses. (B) Average limb length estimation error for participants who

had acquired limb loss and congenital limb absence
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ability to plan movements using an internal model that
is dependent on the awareness of upper limb properties
(i.e., feedforward control) and the ability to make move-
ment corrections by incorporating various forms of envi-
ronmental feedback, such as vision and tactile sensation
(i.e., feedback control). In a healthy limb, these control
systems are used to produce reaching movements char-
acterized by features such straight position trajectories
with symmetric velocity profiles [26], blended sub-move-
ments [27], and temporal coupling between reaching
and grasping [28]. If these control systems are impaired
in prosthesis users, it may result in abnormal movement
patterns.

For example, individuals using their anatomical limbs
are able to efficiently adapt to environmental changes and
maintain accuracy in their reaching movements. How-
ever, using a prosthesis alters the inertial properties of
the limb, requiring the formation of an updated internal
model in order to perform accurate movements. Previous
studies have indeed found that prosthesis users can com-
plete accurate goal-directed reaching movements while
adapting to force field perturbations [29] and changes in
visual feedback [30] to a similar extent as those without
amputation, although with lower peak speeds required to
achieve similar task accuracy [30]. The potential effects
of prosthesis type on these outcomes have not been
explored in detail, however.

Towards this end, we compared movement accuracy
during goal-directed planar reaching between prosthe-
sis users and individuals without limb absence [16]. The
reaching tasks were designed with either a spatial or
temporal goal. During the spatial task, the participants
completed mediolateral reaching movements with the
goal of aligning the handle position to the position of a
target on a screen as accurately as possible. During the
temporal task, participants moved the handle back and
forth mediolaterally, in time with a metronome. Move-
ments made with anatomical limbs and prosthetic limbs
were completed with similar accuracy during ballistic
movements that primarily relied on feedforward con-
trol (temporal task), suggesting that prosthesis users
were able to accomplish the task with a sufficient inter-
nal model. However, movements with prosthetic limbs
were completed with reduced end-point accuracy dur-
ing a spatial reaching task that required substantial feed-
back control. To supplement our published results, here
we conducted an exploratory analysis of the three par-
ticipants who had both BP and MYO prostheses. While
these results are descriptive and not supported with
statistical analysis, it is anecdotally apparent that differ-
ences between the devices were not consistent for these
individuals. Specifically, PO1 and P08 completed the task
with lower endpoint error with their BP prostheses, while
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P07’s movement was more accurate when using a MYO
prosthesis (Fig. 3).

Another way to characterize healthy motor behavior
is through measurement of movement smoothness [31].
Prior studies suggest that movement quality (i.e., smooth-
ness) is generally lower for prosthetic limbs than ana-
tomical limbs [32-35], likely due to challenges with the
feedback control systems. However, movement quality
could also differ between BP and MYO prostheses based
on how users interface with each type of device. For
example, greater dependence on visual feedback in MYO
prosthesis users might result in reduced movement qual-
ity compared to BP prosthesis users. Moreover, move-
ment quality might be influenced by the level of effort
required to open and close the terminal device, such that
the mechanical actuation of BP prostheses could lead to
reduced movement quality on tasks that require signifi-
cant terminal device movement. We explored this issue
during both constrained planar reaching without termi-
nal device actuation and during unconstrained reaching
and object manipulation.

During constrained planar reaching (i.e., the spatial
task described previously), we quantified movement
quality measures (number of sub-movements and peak
speed) as a supplemental descriptive analysis in three
participants from [16] who owned both types of pros-
theses. We found no consistent differences in outcomes
based on prosthesis type in these individuals (Fig. 3). P01
completed the task with more sub-movements and lower
peak speed with his MYO prosthesis, while P07 and P08
had better movement quality with their MYO prostheses.
Interestingly, P08 had the most similar duration of pros-
thesis ownership between two devices (23 years for both)
and exhibited fewer differences in movement quality
compared to the two other participants who had varying
differences in the duration of ownership (5 months and 5
years, respectively). Therefore, it is possible that the dura-
tion of ownership may play a role in the quality of goal-
directed movements.

During unconstrained activities of daily living (ADLs)
that required reaching and object manipulation (i.e.,
grasping and/or releasing), we quantified duration,
straightness, and smoothness as metrics of movement
quality [14]. Movement quality was similar between the
two prosthesis types during reaching, with a few excep-
tions. Movements with BP prostheses were slower and
less smooth when reaching to a deodorant stick and
movements with MYO prostheses were slower when
reaching to place a pushpin on a corkboard. During
object manipulation, movements with MYO prostheses
were typically slower and less smooth than those with BP
prostheses, but these differences were not present for all
tasks. Comparison of the two individuals who used both
BP and MYO prostheses on a subset of ADLs shows that
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markers

they usually, but not always, followed the group-level
trends (Fig. 4). Additionally, the magnitude and/or direc-
tion of the change in outcome measures between devices
sometimes differed between participants. For example,
P08 moved more slowly during the reaching phase of
a pushpin task with his MYO prosthesis compared to
his BP prostheses (following the group trend), but P01
moved more quickly with his BP prosthesis compared to
his MYO prosthesis. This variance in the results based on
task, movement phase, and individual could suggest that
neither prosthesis type offers an absolute advantage in
terms of movement quality.

Another way in which the actuation method of a pros-
thesis might affect how users execute functional move-
ments relates to their overall kinematic patterns. Many
prostheses, both BP and MYO, are limited to a single
degree of freedom (e.g., open/close) in their terminal
device. Without the ability to control more distal degrees
of freedom, prosthesis users often perform compensa-
tory strategies like altering the trunk, shoulder, or elbow
range of motion used by the side of their body with limb

absence [36—41]. Differences in how the terminal device
is actuated might translate to unique patterns of com-
pensatory movement based on which type of prosthesis
is used. For example, the shoulder and trunk movement
involved with operating a BP prosthesis may induce dif-
ferent compensations compared to operating a MYO
prosthesis. The suspension mechanism typically involved
with a MYO prosthesis may also impact the elbow range
of motion in users.

We quantified upper limb and trunk range of motion in
BP and MYO prosthesis users during ADLs that required
reaching in different planes and manipulating objects
with various sizes and shapes [15]. Participants used
greater trunk lateral lean during deodorant application
when using a BP prosthesis compared to a MYO prosthe-
sis. Additionally, BP users had greater trunk axial rotation
and lower shoulder elevation relative to MYO users when
placing a box on a high shelf. Otherwise, range of motion
did not significantly differ based on prosthesis type. The
observed differences may be attributed to reduced shoul-
der mobility from the harnesses of BP prostheses, which
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decreases the wearer’s reachable workspace [42, 43] and
necessitates increased trunk motion to orient the arm
during task performance.

Other insights were gleaned by directly comparing
two individuals who used both BP and MYO prostheses.
These individuals varied greatly in the kinematic patterns
used during certain ADLs based on which type of pros-
thesis was used (=10° difference on some joint angles).
However, the specific ADLs and joint angles for which
their patterns differed were inconsistent between the
individuals. For example, when pushing a pin into a cork-
board (Fig. 5), P01 used similar peak elbow flexion angles
with both prostheses but PO8 used much higher peak
elbow flexion angles with their BP prosthesis compared
to their MYO prosthesis. Similar inconsistencies were

found for other ADLs (see Appendix 5 in [15]). Although
compensatory movements were not systematically cor-
related with duration of prosthesis ownership, socket
comfort, or terminal device type, it is possible that com-
pensatory movements would be affected by other per-
sonal characteristics beyond these.

While the joint range of motion quantifies the extent of
compensatory movement needed to accomplish a task, it
does not measure how different joints work together. To
address this, we evaluated inter-joint coordination strate-
gies in prosthesis users during ADLs [44] using principal
component analysis with the trunk and upper extrem-
ity joint trajectories as input features. Principal compo-
nents are considered coordinative units that reveal how
different joint trajectories are organized. These principal



Engdahl et al. Journal of NeuroEngineering and Rehabilitation

(2024) 21:138

Page 9 of 14

© FE=e

50 100

% of Task Completion

Trunk Shoulder Elbow
10 0 120
-10 [ T
< 0l S e =20 ~\ / 3‘100
s EBE= - _ -~ §-30p\ g8 7o =
2} = | = & ~ \
§ ™ N — ™ g -40 + D V[ E 60 y , “_
5 i -50f / . 40 =
-60 20+ ~
-20 -70 0
0 50 100
. 10 < % of Task Completion
> 5
8 0 et it bt et S g S e § P01 BP
= 2 . — u% P01 MYO
©
e A 4 5 — P08 BP
0] So=xo e ¥ @ N |- P08 MYO
Away from the prosthesis o Controls
-20 -80
10 .
< < 80
5 - S
5 ‘AU TOE 40 /
° \ @] L 1/
o > R 11 /o
@ -10 { ¥ o~ MM\\\\_‘,_L,&.\ © \ /y ’
Towards the prosthesis £ 80 ' f\—?‘*v:«:;:, —— /
-20 ) —
0 50 100 0 50 100

% of Task Completion

% of Task Completion
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components were obtained by calculating a common
set of weighting coefficients for each ADL from concat-
enated control participants’ data (i.e., movements made
by individuals without limb loss were used for a baseline
reference). As a measure of inter-joint coordination for
participants performing each ADL, we then quantified
the cumulative percent of variance accounted for (VAF)
by the first five principal components. In other words,
the VAF indicates the extent to which the movements
were organized similarly to movements made by individ-
uals without limb loss. Our results showed that prosthe-
sis users coordinated their movements differently during
each ADL (i.e., reduced VAF) when compared to move-
ments completed by control participants. As a separate

part of this commentary, we also preliminarily explored
device effects for P01 and P08, as they completed ADLs
with both BP and MYO prostheses (Fig. 6). Similar to
range of motion, the differences in cumulative VAF
between prosthesis types within each participant were
not consistent. Out of five ADLs, the only consistent dif-
ferences between devices for PO1 and P08 were a greater
cumulative VAF with their BP prosthesis when placing
a pushpin in corkboard and with their MYO prosthesis
when applying deodorant. Therefore, it is unlikely that a
specific prosthesis type provides comparative benefits in
prosthesis users’ inter-joint coordination.
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place pin in corkboard), symmetrical bilateral (BASKET; lift basket from floor to table), and asymmetrical bilateral (DEO; apply deodorant) ADLs by PO1
(yellow circles) and P08 (cyan diamonds). Movements involving a BP and MYO prosthesis were represented by solid markers and open markers. Average
cumulative VAF and VAF of individual principal components during anatomical movements completed by control participants are plotted with grey

squares and grey bars for reference

Discussion

The series of studies outlined in this paper was intended
to advance the knowledge base surrounding functional
differences in BP and MYO prosthesis use. As identi-
fied in prior reviews, there is a shortage of quantifiable
evidence from which to draw conclusions on this issue
[9, 10]. Although these studies have only marginally
expanded the evidence, we believe that they may still
prove useful in developing future guidelines for prosthe-
sis prescription and insurance reimbursement policies.
Existing evidence highlights the limitations in viewing
upper limb prostheses on a hierarchy of value and sug-
gests the need for using different approaches towards
comparative studies of prosthesis use.

While it seems reasonable to hypothesize that func-
tional differences in BP and MYO use might arise from
differences in actuation mechanism, this hypothesis is
not currently supported by the literature. For example, a
literature review showed low levels of evidence gleaned

from expert opinions to support that BP prostheses pro-
vide more sensory feedback than MYO prostheses [9].
While Gonzalez et al. [13] demonstrated that BP users
could use sensory cues to more accurately match a target
terminal device aperture compared to MYO users, users
of either device could judge object stiffness similarly as
long as visual feedback was present. Furthermore, func-
tional differences based on prostheses type were either
absent or inconsistent and seemed to depend more on
the particular task being tested or patient-specific char-
acteristics (e.g., cause of limb absence). This aligns with
prior reports that there is insufficient evidence to indi-
cate that either BP or MYO prostheses offer absolute
advantages over the other system [9, 10].

There may be many potential causes for the lack of
evidence regarding difference between prosthesis types.
Limitations in study design may be the simplest expla-
nation, as the considerable heterogeneity between par-
ticipants combined with small sample sizes can make it



Engdahl et al. Journal of NeuroEngineering and Rehabilitation

challenging to find statistically significant trends. This is a
well-known challenge in upper limb prosthesis research.
A contrary view is that trying to control for inter-subject
variability in experimental design may obscure important
insights, as this variability may be the key to improved
understanding of patient functional outcomes. Thus, we
may be unable to identify a single factor, or even a small
number of factors, that predict patient success with a
prosthesis. In this case, the field would be better served
by focusing future efforts on exploring which prosthe-
sis is appropriate for each individual patient given their
unique combination of needs, preferences, medical his-
tory, and psychosocial characteristics. Alternative study
designs, like within-subjects comparisons or small-n
studies, may be better equipped to explore this idea.
Beyond these patient-specific factors, prosthesis train-
ing is also associated with increased prosthesis use [45]
and satisfaction [46]. Because few clinicians specialize in
treating upper limb loss [47] and evidence-based guide-
lines for training prosthesis use are lacking [48], training
can vary considerably both in duration and technique.
We did not collect information about prosthesis training
in our studies and cannot comment on how it might have
affected each participant’s performance, but we encour-
age deeper consideration of how training influences
patient outcomes in future work.

In addition, it is important to remember that indica-
tors of “patient success” are not universal. For example,
cosmesis may be the highest priority for some users—
in which case, biomechanical outcome measures (e.g.,
movement quality) would be less critical for demonstrat-
ing successful adoption of their prosthesis. Regardless of
which outcomes are identified as the most important for
a specific user, those metrics might not actually be rel-
evant to healthcare policies in the United States. These
policies are informed, at least in part, by the established
set of outcomes available for demonstrating value in pro-
viding patients with a prosthesis. Since most existing
clinical evaluations rely on expert observation or time-
based tests, those particular outcomes play a substantial
role in determining what a policy will cover. Regrettably,
these evaluations fail to capture subtleties in user perfor-
mance related to movement quality or overall kinematic
patterns, as biomechanical outcomes cannot be quanti-
fied through visual inspection alone and may only corre-
late with a limited range of clinical test scores [41, 49, 50].
Current clinical evaluations also do not obviously address
more foundational user experiences like embodiment or
integration of sensory feedback. If these outcomes are
more conclusively shown in future work to be relevant
for characterizing individual user performance, it will be
critical to include them in clinical assessments as a way to
reshape policy priorities.
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It is interesting to note that although we saw differ-
ences in usability of sensory feedback based on prosthe-
sis design, it did not translate to consistent functional
differences in other domains like embodiment or move-
ment quality. One explanation is that studies of prosthe-
sis users’ ability to access and interpret sensory feedback
have been conducted in highly controlled settings, which
removed many complicating factors that are encountered
in real-world prosthesis use. While these studies may
reflect some basic trends in how an individual’s feedback
or feedforward control systems interact with a pros-
thesis design, these fundamental motor behaviors may
be outweighed in practice by factors like task require-
ments. This may explain why the studies of higher-level
function during ADLs failed to show consistent differ-
ences in movement quality or movement patterns. Relat-
edly, it may be useful to more directly quantify whether
these outcomes are interrelated. For example, measures
of embodiment could be correlated with “downstream”
biomechanical outcomes (e.g., correlation between
embodiment and reaching duration in [51]). This might
help highlight trends based on individual patient charac-
teristics that were hidden in the group level comparisons
performed in our prior studies. Additionally, studies of
real-world prosthesis use may offer insight beyond tradi-
tional lab-based studies (e.g., [52, 53]).

More broadly, we would like to emphasize the gen-
eral need for continued research on BP and MYO
prostheses with standard direct control strategies. Con-
siderable research effort is being focused on develop-
ing new technologies and algorithms to more effectively
derive prosthesis control commands from a variety of
biosignal sources, expanding the user’s ability to moni-
tor their environment through sensory restoration, and
mechatronic development of highly dexterous prosthetic
componentry, among other areas [1]. While such devel-
opment is necessary to advance patient care in the long
run, it requires significant financial expense in the United
States and many years of development to bring new prod-
ucts to market. Furthermore, there is no guarantee that
new products will be granted an L code in the Healthcare
Common Procedure Coding System (HCPCS), which
can limit or prohibit product reimbursement from health
insurance providers and impede a patient’s access to that
product. As such, there is a need to make sure patients
have access to quality care through existing technolo-
gies [54] and the improvement of these technologies
should not be neglected. BP prostheses in particular have
received remarkably little attention in the literature [55]
despite their continued applicability to clinical care. Pros-
thesis users have identified features including reduced
weight, improved durability, more effective tempera-
ture/perspiration management, more comfortable har-
ness/strap systems, and reduced noise as some of their
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priorities for device improvement. While these topics
are somewhat outside of the currently prevalent research
areas identified above, they nonetheless stand to have a
substantial impact on patient care.

Moreover, BP and direct control MYO prostheses are
unlikely to become irrelevant even when new technolo-
gies come to market, as they are well-established options
that can lead to positive functional outcomes for many
patients. In fact, patients may prefer to continue using
these options due to familiarity, satisfaction with current
functionality, or inability to access newer technologies
that are more expensive. Our prior survey studies found
that even though individuals with upper limb absence
support the development of more advanced technology,
many remain interested in using traditional prostheses
[56, 57]. Comments from several of these individuals
revealed frustration at the lack of research focused on
improving these devices [56]:

“Why can’t anyone just make body powered pros-
theses and traditional suspensions a little bit bet-
ter instead of trying to do all of this stuff that’s too
expensive and hard to create? If we had spent just a
fraction of the hundreds of millions of dollars spent
on brain controlled monkey research on improving
the basics, maybe wed actually have had a decent
new prosthetic arm hit the market in the last 10
years.”

“A lot of emphasis continues to be placed on R&D for
external powered solutions to upper extremity pros-
theses. Body powered prostheses and activity specific
prostheses R&D get almost no support. Both technol-
ogies should be developed and researched.not just
“bionic” technology...Pursue the research but bal-
ance the research with also a pursuit of improving
other more basic and more functional, less expensive
reliable technologies”

This is not to say that emerging technologies should be
discounted as part of ongoing research efforts to under-
stand the relative advantages of different prosthesis
designs. For example, the use of MYO pattern recog-
nition as an alternative to direct control has become
increasingly common, with several commercialized sys-
tems now available for clinical use. While these systems
are still used less frequently than their more well-estab-
lished counterparts (i.e., BP and direct control MYO),
they are prevalent enough to merit consideration. We
did not focus on pattern recognition in our studies since
our MYO users only had direct control systems, so our
conclusions should be interpreted with that limitation
in mind. It is possible that pattern recognition systems
would yield more consistent outcomes across individu-
als or more substantial differences when compared to
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BP systems than we found in our work focused on direct
control systems. Thus, research including MYO pat-
tern recognition is needed for the development of more
informed, patient-focused healthcare policies that can
provide patients with the most appropriate prosthesis
system to meet their individual needs.

Conclusion

There is currently insufficient evidence to demonstrate
whether BP and MYO upper limb prostheses consistently
offer relative functional advantages over each other solely
due to device design. We speculate that performance is
instead more dependent on the specific tasks involved
and individual user characteristics, such that prosthesis
users can be successful with either type of device depend-
ing on the circumstances. Thus, prosthesis prescription
might be more appropriately driven by a consideration
of individual needs and preferences rather than a per-
ception of value based on device design. However, this
hypothesis is drawn from a small body of evidence and
cannot be substantiated without additional exploration.
More studies of individual user performance with upper
limb prostheses across a variety of domains are needed to
advance the development of evidence-based prescription
practices.

Abbreviations
ADL Activity of daily living

BP Body-powered

HCPCS  Healthcare Common Procedure Coding System
MYO Myoelectric

VAF Variance accounted for

Acknowledgements
Not applicable.

Author contributions
SE, MG, and CL wrote the initial manuscript draft. Al authors revised the
manuscript and approved the final version.

Funding

This work was supported by the Office of the Assistant Secretary of Defense
for Health Affairs through the Orthotics and Prosthetics Outcomes Research
Program under Award No. W81XWH-16-1-0648. All opinions, interpretations,
conclusions, and recommendations are those of the authors and are not
necessarily endorsed by the Department of Defense.

Data availability
The datasets referenced within the article are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All studies were approved by the Institutional Review Board at the University
of Michigan or the University of Michigan Medical School. Written informed
consent was obtained from all participants prior to data collection.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.



Engdahl et al. Journal of NeuroEngineering and Rehabilitation

Received: 20 June 2023 / Accepted: 28 July 2024
Published online: 08 August 2024

References

1.

Marinelli A, Boccardo N, Tessari F, Di Domenico D, Caserta G, Canepa M et

al. Active upper limb prostheses: a review on current state and upcoming
breakthroughs. Progress Biomedical Eng. 2022.

Stevens PM, Highsmith MJ, Myoelectric, Power B. Design Options for
Upper-Limb Prostheses: Introduction to the State of the Science Conference
Proceedings. Journal of Prosthetics and Orthotics. 2017;29(4S).

Anthem. Clinical UM, Guideline. Subject: Myoelectric Upper Extremity
Prosthetic Devices. Guideline #: CG-OR-PR-05 [Internet]. 2023 [cited 2023 Apr
14]. https://www.anthem.com/dam/medpolicies/abc/active/quidelines/
gl_pw_c169421.html

Blue Cross Blue Shield of Massachusetts. Myoelectric Prosthetic and Orthotic
Components for the Upper Limb. Policy Number: 227 [Internet]. 2022 [cited
2023 Apr 14]. https://www.bluecrossma.org/medical-policies/sites/g/files/
csphws2091/files/acquiadam-assets/227%20Myoelectric%20Prosthetic%20
and%20Components%20for%20the%20Upper%20Limb%20prn.pdf

Florida Blue. Myoelectric Prosthetic and Orthotic Components for the

Upper Limb [Internet]. 2022 [cited 2023 Apr 14]. https://mcgs.bcbsfl.com/
MCG?mcgld=09-L0000-07&pv=false

United Healthcare. Prosthetic Devices, Specialized, Microprocessor or Myo-
electric Limbs. Guideline Number: CS104.0 [Internet]. 2022 [cited 2023 Apr
14]. https://www.uhcprovider.com/content/dam/provider/docs/public/poli-
cies/medicaid-comm-plan/prosthetic-devices-specialized-microprocessor-
myoelectric-limbs-cs.pdf

Pasquina CPF, Carvalho AJ, Sheehan TP Ethics in rehabilitation: access

to prosthetics and quality care following amputation. AMA J Ethics.
2015;17(6):535-46.

Biddiss E, McKeever P, Lindsay S, Chau T. Implications of prosthesis funding
structures on the use of prostheses: experiences of individuals with upper
limb absence. Prosthetics and Orthotics International [Internet]. 2011:35(2).
https://journals.lww.com/poijournal/fulltext/2011/35020/implications_of_
prosthesis_funding_structures_on.11.aspx

Carey SL, Lura DJ, Highsmith MJ. Differences in myoelectric and body-pow-
ered upper-limb prostheses: systematic literature review. J Rehabil Res Dev.
2015;52(3):247-62.

Carey SL, Stevens PM, Highsmith MJ. Differences in Myoelectric and Body-
Powered Upper-Limb prostheses: systematic literature review update
2013-2016. J Prosthetics Orthot. 2017;29(4S):P17-20.

Management of Upper Extremity Amputation Rehabilitation Working Group.
VA/DoD Clinical Practice Guideline for the Management of Upper Extremity
Amputation Rehabilitation [Internet]. 2022 [cited 2022 May 25]. https://www.
healthquality.va.gov/guidelines/Rehab/ULA/NVADoDULACPG_Final _508.pdf
O'Brien E, Stevens PM, Mandacina S, Jackman C. Prosthetic manage-

ment of unilateral transradial amputation and limb deficiency: Con-

sensus clinical standards of care. J Rehabilitation Assist Technol Eng.
2021;8:20556683211065262.

Gonzalez MA, Lee C, Kang J, Gillespie RB, Gates DH. Getting a grip on the
impact of Incidental Feedback from body-powered and myoelectric prosthe-
ses. IEEE Trans Neural Syst Rehabil Eng. 2021;29:1905-12.

Engdahl SM, Gates DH. Differences in quality of movements made with
body-powered and myoelectric prostheses during activities of daily living.
Clin Biomech Elsevier Ltd. 2021;84:105311.

Engdahl SM, Lee C, Gates DH. A comparison of compensatory movements
between body-powered and myoelectric prosthesis users during activities of
daily living. Clin Biomech Elsevier Ltd. 2022,97:105713.

Lee C, Gonzalez MA, Kang J, Gates DH. Temporal and spatial goal-directed
reaching in upper limb prosthesis users. Exp Brain Res. 2022;240(11):3011-21.
Childress DS. Closed-loop control in prosthetic systems: historical perspec-
tive. Ann Biomed Eng. 1980;8(4-6):293-303.

Wilke MA, Niethammer C, Meyer B, Farina D, Dosen S. Psychometric char-
acterization of incidental feedback sources during grasping with a hand
prosthesis. J Neuroeng Rehabil. 2019;16(1):155.

Sobuh MM, Kenney LP, Galpin AJ, Thies SB, McLaughlin J, Kulkarni J, et al.
Visuomotor behaviours when using a myoelectric prosthesis. J Neuroeng
Rehabil. 2014;11(1):72.

(2024) 21:138

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 13 of 14

Parr JWV, Vine SJ, Harrison NR, Wood G. Examining the Spatiotemporal
disruption to Gaze when using a Myoelectric Prosthetic Hand. J Mot Behav.
2018;50(4):416-25.

Zbinden J, Lendaro E, Ortiz-Catalan M. Prosthetic embodiment: systematic
review on definitions, measures, and experimental paradigms. J Neuroeng
Rehabil. 2022;19(1):37.

Zbinden J, Lendaro E, Ortiz-Catalan M. A multi-dimensional framework for
prosthetic embodiment: a perspective for translational research. J Neuroeng
Rehabil. 2022;19(1):122.

Giummarra MJ, Gibson SJ, Georgiou-Karistianis N, Bradshaw JL. Mechanisms
underlying embodiment, disembodiment and loss of embodiment. Neurosci
Biobehavioral Reviews. 2008;32(1):143-60.

Engdahl SM, Meehan SK, Gates DH. Differential experiences of embodi-
ment between body-powered and myoelectric prosthesis users. Sci Rep.
2020;10(1):15471.

McDonnell PM, Scott RN, Dickison J, Theriault RA, Wood B. Do artificial limbs
become part of the user? New evidence. J Rehabil Res Dev. 1989;26(2):17-24.
Flash T, Hogan N. The coordination of arm movements: an experimentally
confirmed mathematical model. J Neurosci. 1985;5(7):1688-703.

Rohrer B, Fasoli S, Krebs HI, Volpe B, Frontera WR, Stein J, et al. Submovements
grow larger, fewer, and more blended during stroke recovery. Motor Control.
2004;8(4):472-83.

Jeannerod M. The timing of natural prehension movements. J Mot Behav.
1984;16(3):235-54.

Schabowsky CN, Dromerick AW, Holley RJ, Monroe B, Lum PS. Trans-radial
upper extremity amputees are capable of adapting to a novel dynamic
environment. Exp Brain Res. 2008;188(4):589-601.

Metzger AJ, Dromerick AW, Schabowsky CN, Holley RJ, Monroe B, Lum PS.
Feedforward control strategies of subjects with transradial amputation in
planar reaching. J Rehabil Res Dev. 2010;47(3):201-11.

Hogan N, Sternad D. Sensitivity of smoothness measures to movement dura-
tion, amplitude, and arrests. J Mot Behav. 2009;41(6):529-34.

Cowley J, Resnik L, Wilken J, Smurr Walters L, Gates D. Movement quality of
conventional prostheses and the DEKA arm during everyday tasks. Prosthet
Orthot Int. 2017;41(1):33-40.

Fraser C, Wing AW. A case study of reaching by a user of a manually-operated
artificial hand. Prosthet Orthot Int. 1981,5(3):151-6.

Doeringer JA, Hogan N. Performance of above elbow body-powered pros-
theses in visually guided unconstrained motion tasks. IEEE Trans Biomed Eng.
1995,42(6):621-31.

Bouwsema H, van der Sluis CK, Bongers RM. Movement characteristics of
upper extremity prostheses during basic goal-directed tasks. Clin Biomech
Elsevier Ltd. 2010;25(6):523-9.

Carey SL, Jason Highsmith M, Maitland ME, Dubey RV. Compensatory move-
ments of transradial prosthesis users during common tasks. Clin Biomech
Elsevier Ltd. 2008;23(9):1128-35.

Metzger AJ, Dromerick AW, Holley RJ, Lum PS. Characterization of compensa-
tory trunk movements during prosthetic upper limb reaching tasks. Arch
Phys Med Rehabil. 2012;93(11):2029-34.

Major MJ, Stine RL, Heckathorne CW, Fatone S, Gard SA. Comparison of
range-of-motion and variability in upper body movements between transra-
dial prosthesis users and able-bodied controls when executing goal-oriented
tasks. J Neuroeng Rehabil. 2014;11(132).

Hussaini A, Zinck A, Kyberd P. Categorization of compensatory motions

in transradial myoelectric prosthesis users. Prosthet Orthot Int.
2017,41(3):286-93.

Hebert JS, Boser QA, Valevicius AM, Tanikawa H, Lavoie EB, Vette AH, et al.
Quantitative Eye Gaze and Movement Differences in Visuomotor Adaptations
to varying Task demands among Upper-Extremity Prosthesis users. JAMA
Netw Open. 2019,2(9):e1911197.

Valevicius AM, Boser QA, Chapman CS, Pilarski PM, Vette AH, Hebert JS.
Compensatory strategies of body-powered prosthesis users reveal primary
reliance on trunk motion and relation to skill level. Clin Biomech Elsevier Ltd.
2020;72:122-9.

Chadwell A, Kenney LPJ, Howard D, Ssekitoleko RT, Nakandi BT, Head J.
Evaluating reachable workspace and user control over prehensor aperture for
a body-powered prosthesis. I[EEE Trans Neural Syst Rehabil Eng. 2020;1-1.
Stein RB, Walley M. Functional comparison of upper extremity amputees
using myoelectric and conventional prostheses. Arch Phys Med Rehabil.
1983,64(6):243-8.


https://www.anthem.com/dam/medpolicies/abc/active/guidelines/gl_pw_c169421.html
https://www.anthem.com/dam/medpolicies/abc/active/guidelines/gl_pw_c169421.html
https://www.bluecrossma.org/medical-policies/sites/g/files/csphws2091/files/acquiadam-assets/227%20Myoelectric%20Prosthetic%20and%20Components%20for%20the%20Upper%20Limb%20prn.pdf
https://www.bluecrossma.org/medical-policies/sites/g/files/csphws2091/files/acquiadam-assets/227%20Myoelectric%20Prosthetic%20and%20Components%20for%20the%20Upper%20Limb%20prn.pdf
https://www.bluecrossma.org/medical-policies/sites/g/files/csphws2091/files/acquiadam-assets/227%20Myoelectric%20Prosthetic%20and%20Components%20for%20the%20Upper%20Limb%20prn.pdf
https://mcgs.bcbsfl.com/MCG?mcgId=09-L0000-07&pv=false
https://mcgs.bcbsfl.com/MCG?mcgId=09-L0000-07&pv=false
https://www.uhcprovider.com/content/dam/provider/docs/public/policies/medicaid-comm-plan/prosthetic-devices-specialized-microprocessor-myoelectric-limbs-cs.pdf
https://www.uhcprovider.com/content/dam/provider/docs/public/policies/medicaid-comm-plan/prosthetic-devices-specialized-microprocessor-myoelectric-limbs-cs.pdf
https://www.uhcprovider.com/content/dam/provider/docs/public/policies/medicaid-comm-plan/prosthetic-devices-specialized-microprocessor-myoelectric-limbs-cs.pdf
https://journals.lww.com/poijournal/fulltext/2011/35020/implications_of_prosthesis_funding_structures_on.11.aspx
https://journals.lww.com/poijournal/fulltext/2011/35020/implications_of_prosthesis_funding_structures_on.11.aspx
https://www.healthquality.va.gov/guidelines/Rehab/ULA/VADoDULACPG_Final_508.pdf
https://www.healthquality.va.gov/guidelines/Rehab/ULA/VADoDULACPG_Final_508.pdf

Engdahl et al. Journal of NeuroEngineering and Rehabilitation

44,

45.

46.

47.

48.

49.

50.

Lee C, Gates DH. Comparison of inter-joint coordination strategies during
activities of daily living with prosthetic and anatomical limbs. Hum Mov Sci.
2024,96:103228.

Pstlie K, Lesjo IM, Franklin RJ, Garfelt B, Skjeldal OH, Magnus P. Prosthesis use
in adult acquired major upper-limb amputees: patterns of wear, prosthetic
skills and the actual use of prostheses in activities of daily life. Disability and
Rehabilitation: Assistive Technology. 2012;7(6):479-93.

Resnik L, Borgia M, Heinemann AW, Clark MA. Prosthesis satisfaction in a

national sample of veterans with upper limb amputation. Prosthet Orthot Int.

2020;44(2):81-91.

National Academies of Sciences, Engineering, and Medicine. In: Jette AM,
Spicer CM, Flaubert JL, editors. The promise of assistive technology to
enhance activity and work participation. Washington, DC: National Acad-
emies; 2017.

Parr JVV, Wright DJ, Uiga L, Marshall B, Mohamed MO, Wood G. A scoping
review of the application of motor learning principles to optimize myoelec-

tric prosthetic hand control. Prosthetics and Orthotics International [Internet].

2022;46(3). https://journals.lww.com/poijournal/fulltext/2022/06000/a_scop-
ing_review_of_the_application_of_motor.10.aspx

Bouwsema H, Kyberd PJ, Hill W, van der Sluis CK, Bongers RM. Determining
skill level in myoelectric prosthesis use with multiple outcome measures. J
Rehabil Res Dev. 2012;49(9):1331-48.

Vujaklija I, Jung MK, Hasenoehrl T, Roche AD, Sturma A, Muceli S, et al. Biome-
chanical analysis of body movements of myoelectric prosthesis users during
standardized clinical tests. IEEE Trans Biomed Eng. 2023;70(3):789-99.

(2024) 21:138

52.

53.

54.

55.

56.

57.

Page 14 of 14

Touillet A, Gouzien A, Badin M, Herbe P, Martinet N, Jarrassé N, et al. Kinematic
analysis of impairments and compensatory motor behavior during prosthetic
grasping in below-elbow amputees. PLoS ONE. 2022;17(11):0277917.

Spiers A, Cochran J, Resnik L, Dollar A. Quantifying Prosthetic and Intact

Limb Use in Upper Limb amputees via Egocentric Video: an unsupervised,
At-Home study. IEEE Trans Med Rob Bionics. 2021;1-1.

Wu H, Dyson M, Nazarpour K. Internet of things for beyond-the-laboratory
prosthetics research. Philosophical Trans Royal Soc A: Math Phys Eng Sci.
2022;380(2228):20210005.

Young BH, The Bionic-Hand Arms Race. 2022 Aug 21 [cited 2023 Apr 26];IEEE
Spectrum. https://spectrum.ieee.org/bionic-hand-design#toggle-gdpr
Hashim NA, Abd Razak NA, Abu Osman NA, Gholizadeh H. Improvement on
upper limb body-powered prostheses (1921-2016): a systematic review. Proc
Inst Mech Eng H. 2018;232(1):3-11.

Engdahl S, Christie B, Kelly B, Davis A, Chestek C, Gates D. Surveying the inter-
est of individuals with upper limb loss in novel prosthetic control techniques.
JNeuroeng Rehabil. 2015;12(1):53.

Zheng JY, Kalpakjian C, Larrdga-Martinez M, Chestek CA, Gates DH. Priorities
for the design and control of upper limb prostheses: a focus group study.
Disabil Health J.2019;12(4):706-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://journals.lww.com/poijournal/fulltext/2022/06000/a_scoping_review_of_the_application_of_motor.10.aspx
https://journals.lww.com/poijournal/fulltext/2022/06000/a_scoping_review_of_the_application_of_motor.10.aspx
https://spectrum.ieee.org/bionic-hand-design#toggle-gdpr

	﻿Perspectives on the comparative benefits of body-powered and myoelectric upper limb prostheses
	﻿Abstract
	﻿Background
	﻿Note on methodology
	﻿Impact of prosthesis design on multisensory integration
	﻿Impact of prosthesis design on movement planning and performance

	﻿Discussion
	﻿Conclusion
	﻿References


