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ABSTRACT Two types of widely used prostheses are the body-powered prosthesis actuated with the
shoulder/trunk movement and the myoelectric prosthesis actuated with a motor using sEMG signals. Even
though these devices have been used for several decades, controlled quantitative comparisons that isolate the
effects of prosthetic actuation strategy under identical mechanical interfaces remain limited. The challenges
of the comparison studies stem from factors including different interfaces of these devices, different
shape/length of the residual limb, the cause of amputation, or frequency of the prosthesis use during daily
life. In this study, we designed a plug-and-play module that can change the body-powered prosthesis easily
to a myoelectric prosthesis while keeping the interface structure of the body-powered prosthesis offering a
cost-effective and personalized solution. Ten non-amputee participants were recruited to conduct three daily
living tasks by wearing two different prostheses with a bypass of their own forearm. These participants were
assumed to be novice users of both body-powered and myoelectric prostheses. The myoelectric prosthesis
reduced compensatory ipsilateral elbowmotion by approximately 30%, with significant reductions observed
in two of the three tasks (p < 0.001), and contralateral shoulder motion by about 40%, with significant
reductions observed across all three tasks (p < 0.01), compared to the body-powered prosthesis. Muscle
activation in the biceps, triceps, and deltoids was substantially lowerwith themyoelectric prosthesis, showing
reductions ranging from 50% to 60% (p < 0.001). Additionally, pressure exerted on the users back by the
harness was drastically reduced due to the lack of straps in the myoelectric application (p < 0.001) when
using the myoelectric prosthesis.

INDEX TERMS Myoelectric prosthesis, body-powered prosthesis, performance sensing, electromyography
control.

I. INTRODUCTION
In the United States, currently about 41,000 individuals
are registered for upper limb loss, but only half of this
population uses a prosthetic device [1]. Upper limb loss
occurs over a broad age range due to accidents, disease,
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or congenital causes [2]. Various types of prosthetic devices
are used by amputees to restore partial function of the
missing arm in order to perform activities of daily living.
However, approximately 38% of upper limb prosthesis
users report dissatisfaction with their current devices due
to limited functionality, discomfort, and impediments to
sensory feedback [3]. Rejection rates as high as 35–45%
have been reported [4], with contributing factors including
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excessive weight, limited functionality, insufficient training,
device maintenance burden, repair cost, and reduced
productivity [5].

Two widely used prosthetic solutions over the past
several decades are body-powered and myoelectric prosthe-
ses. Body-powered prostheses incorporate a Bowden cable
attached to a shoulder harness, such that movement of
the shoulder or torso generates cable excursion to actuate
the terminal device (e.g., a hook). In contrast, myoelectric
prostheses use surface electromyography (sEMG) sensors to
capture muscle activation signals and actuate the terminal
device using an electric motor. Because these two systems
rely on fundamentally different actuation strategies, they
impose distinct biomechanical and cognitive demands on
users.

As the most commonly prescribed upper-limb prosthetic
options, body-powered and myoelectric devices have been
extensively compared from qualitative, clinical, and usability
perspectives. These comparisons often focus on cosmesis,
comfort, and control strategy [6]. Myoelectric prostheses
generally provide superior cosmesis and eliminate the need
for shoulder harnesses, which can improve comfort during
prolonged use [6]. Additionally, myoelectric control is
often perceived as more psychologically natural due to
the direct mapping between muscle activation and pros-
thetic motion [6]. Recent advances further demonstrate the
broader potential of sEMG for gesture recognition [7],
kinematic estimation [8], and neuromuscular assessment
[9], [10]. However, myoelectric systems are also subject to
challenges related to signal variability, control robustness,
training requirements, and device cost [11]. Perspective-
based analyses further emphasize that prosthesis preference
and long-term acceptance depend strongly on individual user
characteristics, training history, and task demands, rather than
actuation type alone [12].
Body-powered prostheses, on the other hand, are valued

for their mechanical simplicity, durability, and robust-
ness to environmental contamination. They also provide
extended proprioceptive feedback through cable tension,
allowing users to modulate grip force via shoulder or trunk
motion [13]. Nevertheless, multiple studies have shown
that body-powered devices require greater activation of
upper-limb and trunk musculature to actuate the terminal
device, leading to increased compensatory movements and
localized discomfort, particularly in the shoulders and back
during long-term use [6], [11]. A number of quantitative
studies have investigated biomechanical and functional dif-
ferences between body-powered and myoelectric prostheses.
Prior work has examined kinematics [11], [14], [15], grip
control [16], force feedback [17], cable forces [18], and
embodiment [19]. Carey et al. [15] presented a case study
of a transradial amputee and reported increased shoulder and
elbowmotion during body-powered prosthesis use, reflecting
compensatory strategies associated with cable-driven actu-
ation. Finco et al. [14] similarly observed altered shoulder

FIGURE 1. Schematic of Myoware system showing the electric diagram
and the main components: sEMG sensor, control system, power source,
servo motor, 3D-printed brace, and mechanical hook.

and elbow kinematics when comparing body-powered and
myoelectric prostheses, though results varied across tasks
and participants. Razak et al. [20] further demonstrated that
different prosthetic actuation mechanisms significantly influ-
ence elbow joint biomechanics and loading patterns when
compared to normal limb function.

In addition to biomechanical outcomes, embodiment and
user experience have been explored as critical factors in pros-
thesis evaluation. Engdahl et al. [19] reported that embod-
iment differences between body-powered and myoelectric
prostheses were not solely determined by actuation strategy,
but were also influenced by factors such as cause of limb
absence and daily prosthesis wear time. A broader synthesis
of these findings is provided by Engdahl et al. [12], who
emphasize that the benefits and limitations of body-powered
and myoelectric prostheses are highly context-dependent and
cannot be fully captured by any single performance metric.

Despite these valuable contributions, controlled quanti-
tative comparisons between body-powered and myoelectric
prostheses remain methodologically challenging. Existing
studies differ substantially in prosthetic interface design,
residual limb characteristics, user experience level, and task
conditions, making it difficult to isolate the physiological
effects of actuation strategy alone. In particular, few studies
have evaluated both control modes under identical mechani-
cal interfaces while holding task conditions constant.

In the present study, we propose a modular retrofit solution
that preserves the mechanical design of body-powered
devices while enabling myoelectric actuation. This approach
facilitates both controlled comparisons with an identical
interface and suggests a cost-efficient technology transi-
tion from body-powered to myoelectric prosthesis. Ten
non-amputee participants were recruited as a feasibility study
group to validate the plug-and-play prosthesis module and
explore differences in user response.

II. DEVICE DESCRIPTION
The modular system consists of the Myoware actuation
system, a custom 3D-printed bypass brace, and the mechan-
ical linkage required for integration with the body-powered
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FIGURE 2. A participant wearing (a) body-powered prosthetic setup and
(b) Myoware prosthetic setup for the experiment.

prosthesis. This design aims to support both research
evaluation and potential clinical translation with minimal
hardware modification or user retraining. The Myoware
system primarily consists of five major components: sEMG
sensors, a microcontroller, a power source, a servo motor,
and a prosthetic hook built on a custom 3D-printed upper
arm brace as shown in Fig. 1. The upper arm brace was
mounted on the right side of the user to bypass the forearm of
non-amputee participant for the experiment. A Hosmer hook
F5X (Fillauer, TN) was mounted on a 3D-printed upper arm
brace. The hook was part of an off-the-shelf body-powered
prosthesis that uses a cable linked to a shoulder strap to
open and close the hook (Fig. 2a). This hook is usually kept
closed by a rubber band, but it can be voluntarily opened
when the user causes cable excursion with shoulder and trunk
movement to pull the lever of the hook.

For the Myoware prosthesis, a servo motor was used to
open and close the hook as shown in Fig. 2b. An sEMG
sensor was placed on the Brachioradialis to record the desired
muscle activity needed to open or close the hook. The muscle
activity was measured to control the opening and closing
of the hook. The microcontroller Uno (Arduino, Italy) is
a board with a microprocessor. It contains 14 digital I/O
pins, 6 analog inputs, a 16 MHz ceramic resonator, a USB
connection, a power connector, an ICSP header, and a reset
button. It can be connected to a computer through USB or
powered using an AC-to-DC converter or battery. It employs
an Atmega328P configured as a USB-to-serial converter. The
Arduino Uno received the sEMG input from the Myoware
sensor (Advancer Technologies, NC) and mapped the input
muscle signals to the angle of the servo motor using Pulse
Width Modulated (PWM) signals. The Myoware sensor
provided a rectified and enveloped sEMG signal for control.
Myoware muscle sensor measures muscle activity of the
muscle through the electrical potential of the muscle known
as surface electromyography (sEMG). sEMG signals are
generated by the electrical activity associated with muscle
contraction and are detected by the sensor. Myoware muscle
sensor is designed to be used directly with a microcontroller.
The Myoware sensor output is an amplified, rectified and

integrated EMG signal. The input voltage required for the
Myoware muscle sensor is +3.3 V to +5 V, and its bandwidth
is approximately 10–400 Hz. A servo motor LD-27MG
(Hiwonder, China) was installed to open and close the
tensioned prosthetic hook. The servo motor produces more
than a minimum required torque of 22 kg-cm to actuate the
tensioned hook. The servomotor wasmounted on the forearm
brace and connected to the hooks lever using a metal string to
the servo arm for the actuation. The controller is described in
Algorithm 1. The controller requires three threshold values.
TT , TH , and TL stand for muscle trigger threshold, high
muscle activity threshold, and low muscle activity threshold.
Because these threshold values differ between participants,
they were determined before the experiment started and set as
constant variables in the microcontroller based on individual
participant’s MVC and baseline noise floor.

The conversion from the body-powered to the myoelectric
configuration is achieved through a detachable plug-and-play
actuation module. In the body-powered mode, the prosthetic
hook is actuated via a Bowden cable connected to a shoulder
harness. To convert the system to amyoelectric configuration,
the shoulder harness and cable are removed, and the electrical
module is strapped onto the same forearm brace using
adjustable fastening straps. The existing mechanical hook
remains unchanged and is mechanically coupled to a servo
motor within the electrical module via a direct linkage to the
hook lever. In this configuration, the servo motor replaces the
cable-driven actuation, enabling electrically driven opening
and closing of the same hook without modifying the
underlying mechanical interface or socket alignment.

Algorithm 1Myoware-Servo Control Algorithm
Input: E1 and E2
1: while True do
2: Read E1 from EMG1
3: Read E2 from EMG2
4: if E1 > tT then
5: activation
6: if (E2 > tH and P > Popen,half ) then
7: P← P− 100
8: if P ≤ Popen,full then
9: P← Popen,full
10: end if
11: end if
12: end if
13: if E2 < tL then
14: P← P+ 100
15: if P ≥ Pclose then
16: P← Pclose
17: end if
18: end if
19: if tL<E2<tH then
20: P← P
21: end if
22: end while
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Notation:
• E1, E2: sEMG signals from wrist muscles
• tH : High activation threshold for E2
• tL : Low activation threshold for E2
• tT : Trigger threshold for E1
• P: Pulse width (in microseconds) sent to servo
• Popen,full : PWM value to fully open the hook
• Popen,half : PWM value to half-open the hook
• Pclose: PWM value to close the hook

III. HUMAN EXPERIMENT
A. PROTOCOL
Ten healthy adults (9 male and 1 female) signed a written
consent form approved by the Institutional Review Board
(IRB) of University at Buffalo before the experiment.
Participants were recruited through word of mouth and
flyers. The inclusion criteria specify that participants must be
between 18 and 65 years of age and be healthy and physically
capable of independently performing activities of daily living.
Individuals will be excluded if they have any neurological
conditions, a history of upper limb amputation with current
prosthesis use, severe obstructive pulmonary disease or car-
diac conditions that limit activity, upper extremity orthopedic
conditions, sensory loss, seizure disorders, severe arthritis,
or uncontrolled hypertension that restrict daily activities. The
sample size was established based on established guidelines
for feasibility studies [21], [22], [23]. The whole experimen-
tal data collection involves three different tasks with three
forearm set-ups: freehand, body-powered prosthetic hook,
and Myoware prosthetic hook. The order of the forearm
set-ups is pseudo-randomly assigned to the participant. Each
task was performed for eight consecutive cycles with two
minutes of rest between each cycle. The eight cycles were
used to obtain a representative and repeatable estimate of
the participant’s kinematic and physiological response while
maintaining a practical total testing duration. This choice
is consistent with upper-limb biomechanical benchmarking
recommendations suggesting at least eight repetitions per
motor skill as a compromise between data robustness,
repeatability, and protocol duration [24], [25]. A two-minute
seated rest period was provided between testing conditions
to reduce the potential influence of muscular fatigue and
carryover between prosthetic modes, consistent with rest
intervals used in comparable myoelectric and prosthetic-hand
testing protocols [26], [27] (Fig 3).
The user response on different arm set-ups was measured

using three different sensor systems to track the subjects body
movements and muscle activity: an optical motion capture
system, sEMG sensors, and pressure sensors. Reflective
markers were placed on the subjects body to track the
body movements with ten motion capture cameras Vero v2.2
(Vicon, UK). The reflective markers were attached to the
subject to compute the posture of head, torso, left shoulder,
right shoulder, and right elbow as shown in Fig. 4. The
markers were also attached on the upper arm brace and the
prosthetic hook. Trigno wireless EMG system T03-A16014

FIGURE 3. Subject performing the tasks wearing the Myoware prosthesis.
(a) Pick and place of a cup (b) Pick and place a pen in a pen holder
(c) Pour water into a cup.

(Delsys, MA) allowed us to monitor the activity of the
different muscle groups to show the difference in muscle
efforts during different testing cycles. The placements of the
sEMG Sensors were as follows: right flexor carpi radialis,
right extensor carpi radialis, right biceps brachii, right triceps
brachii, left/right deltoid, as shown in Fig. 4. Pressure sensors
SEN-09375 (SparkFun, CO) were placed below the harness
straps, to measure the pressure that the harness is applying on
the participants back.

Three representative activities of daily living (ADL) were
performed to compare physiological changes when using
different prosthetic devices: Task 1 moving a cup, Task 2
organizing a pen, and Task 3 pouring water into a cup.
There were two marked points A and B on the table
which were 30 cm apart. Prior to data collection, EMG
thresholds were calibrated individually for each participant
during a brief calibration session. Participants were instructed
to perform repeated voluntary wrist flexion and relaxation
cycles. Thresholds were set relative to each participants
baseline noise and maximum voluntary contraction to ensure
reliable activation without false triggering. The subject was
asked to stand 30 cm away from the midpoint between
points A and B.

Task 1 is to move a glass from the point A to the point B
marked on a table as demonstrated in Fig. 3(a). Task 2 is
picking up a pen on the table at point A and placing it into a
pen holder on the point B. The cycle began when the subject
placed the prosthetic hook directly over the point A and ended
when the pen was put down in the holder. Task 3 is picking
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FIGURE 4. Positions of the reflective markers, pressure sensors, and
sEMG sensors on the subject. Marker and sEMG placement followed
established biomechanical and surface EMG guidelines [29], [30].

up a glass of water from point A and moving it over to the
point B, pouring it into the glass at the point B, and then
placing the glass back at point A. All participants were asked
to keep their lower limbs stationary during the trials.

Time synchronization across the motion capture, sEMG,
and pressure sensing systems was achieved using the Vicon
Lock Sync hardware interface. The Vicon motion capture
system served as the primary clock, while third-party devices
including the Delsys Trigno sEMG system and pressure
sensors were integrated through the Lock Sync (Vicon, UK)
input/output module. Lock Lab and Lock Studio software
were used to configure, control, and verify synchronized
data acquisition across all systems. This hardware-based
synchronization ensured consistent timestamp alignment and
minimized temporal offsets between kinematic, muscle acti-
vation, and pressure measurements during all experimental
trials.

B. DATA ANALYSIS
1) EULER ANGLES (SHOULDER AND ELBOW)
The Euler angles were calculated to show the changes in
the orientation of the upper limb. A rotation matrix was
calculated between the fixed frames and the normal vector
to the planes formed by the three marker points on each
body segment. The calculated rotation matrix was used to
compute the Euler angles [28]. The xyz rotation representing
Euler angles were used where the α is the rotation about
x-axis (yaw), β is the rotation about y-axis (roll), and γ is
the rotation about z-axis (pitch) as shown in Fig. 5. The three
Euler angles (α, β, γ ) represent the upper limb joint angles
with respect to the T-pose while performing the tasks.

2) TRUNK MOVEMENTS
Trunk angles have been created to measure trunk coronal
range of motion, trunk sagittal range of motion, and the
back-shoulder protraction/retraction angle. Fig. 6 shows the
definition of the trunk and back-shoulder angles. The sagittal
trunk angle measures the forward and backward movement

FIGURE 5. Construction of the coordinates for computing Euler angles. All
angles are computed with respect to the T-pose. Adapted from Slabaugh,
1999 [28].

FIGURE 6. (a) Coronal range of motion of the trunk. (b) Sagittal range of
motion of the trunk. (c) Protraction/retraction angle between the
shoulders and the neck. Angle definitions are based on established
marker-based kinematic approaches [31], [32].

of the trunk using the reflective markers at C7 and T10. The
coronal trunk angle measures the sideways movement of the
trunk using the markers at clavicle, C7, and T10. The back-
shoulder (protraction/retraction) angle is measured by using
right/left shoulders and C7 markers.

3) sEMG ANALYSIS
After the sEMG data were collected through the Delsys
Trigno system, the data were processed using a fourth-order
Butterworth band-pass filter ranging from 50 to 500 Hz to
retain the dominant muscle activation spectrum while attenu-
ating motion artifacts and high-frequency noise. The filtered
signal was then full-wave rectified and smoothed using a
low-pass Butterworth filter with a 6 Hz cutoff to extract
the linear envelope of muscle activation. This preprocessing
pipeline and selection of cutoff frequencies are consistent
with established sEMG processing practices for myoelectric
prosthetic control and human–prosthesis interaction studies
[33], [34]. The sEMG data were normalized using each
participants maximum and minimum sEMG values obtained
during a standardized calibration procedure conducted prior
to task execution. This normalization approach reduces
inter-subject variability in EMG amplitude and is commonly
employed in myoelectric prosthetic control studies to enable
comparison across users [33], [34].

4) STATISTICAL ANALYSIS
For each participant, the outcome measures from the eight
repetitions of each task and condition were averaged to obtain
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one participant-level value. From the individual participant
data, peak values of range of motion, sEMG, and pressure
sensor measurements were compiled into group-level data for
statistical analysis. For each outcome variable, a repeated-
measures analysis of variance (rANOVA) was performed
to compare the three forearm conditions—freehand, body-
powered, andMyoware—across the three experimental tasks.
Prior to each rANOVA, Mauchly’s test was used to assess
the assumption of sphericity, and Greenhouse–Geisser-
corrected results were reported when this assumption was
violated. When appropriate, post-hoc pairwise comparisons
between conditions were conducted using paired t-tests with
Holm–Bonferroni correction [35]. Effect sizes for pairwise
comparisons were calculated using Pearson’s r , derived
from the corresponding t-statistic and degrees of freedom,
to quantify the magnitude of the differences independent of
sample size. Statistical significance was assessed at p < 0.05.
All statistical analyses were performed using SPSS Statistics
version 26.0 (IBM Corp., Armonk, NY, USA).

IV. RESULTS
The group-level results were compiled to compare different
measurements such as kinematic range of motion, sEMG
values, and maximum pressure sensor values. The repeated-
measures ANOVA results are presented alongside the cor-
responding outcome measures, while the post-hoc pairwise
comparisons are summarized in Table 2.

The kinematic analysis was conducted on the range of
motion of the shoulder and elbow. The right shoulder angles
for pitch, roll, and yaw are presented in Fig. 7(a) across
three different tasks. The right shoulder angles showed
slight changes across the three prosthetic conditions, but no
significant overall effect of prosthetic condition was observed
for right shoulder roll, pitch, or yaw across the three tasks.

Instead, participants chose to use right elbow flexion/
extension to perform the pick-and-place tasks. Prosthetic
condition significantly affected right elbow flexion/extension
in Task 1 [F(2, 18) = 6.347, p < 0.01], Task 2 (F(2, 18) =
61.082, p < 0.001), and Task 3 (F(2, 18) = 21.651,
p < 0.001).

For pairwise comparisons of right elbow flexion/extension,
none of the three comparisons were significant for Task
1 after Holm–Bonferroni correction. For Task 2, significant
differences were observed for freehand–body-powered (p <

0.005, r = 0.845), body-powered–Myoware (p < 0.001,
r = 0.959), and freehand–Myoware (p < 0.001, r = 0.962).
In Task 3, significant differences were observed for freehand–
body-powered (p < 0.01, r = 0.739), body-powered–
Myoware (p < 0.001, r = 0.891), and freehand–Myoware
(p < 0.005, r = 0.833).

In addition, left shoulder flexion/extension (pitch) showed
a significant effect of prosthetic condition in Task 1
[F(2, 18) = 8.369, p < 0.005], Task 2 [F(2, 18) = 70.195,
p < 0.001], and Task 3 [F(2, 18) = 29.488, p < 0.001].
The pairwise comparisons indicate that the body-powered

condition produced a dominantly high range of motion in

TABLE 1. Peak values of pressure sensors placed along the back.

the left shoulder pitch angle. In Task 1, body-powered use
differed significantly from freehand (p < 0.05, r = 0.717)
and Myoware (p < 0.01, r = 0.810). In Task 2, body-
powered use differed from freehand (p < 0.001, r = 0.934)
and Myoware (p < 0.001, r = 0.954), while freehand
also differed from Myoware (p < 0.001, r = 0.871).
In Task 3, significant differences were observed for freehand–
body-powered (p < 0.005, r = 0.855), body-powered–
Myoware (p < 0.001, r = 0.906), and freehand–Myoware
(p < 0.05, r = 0.684). This indicates that left shoulder
flexion/extension was used to actuate the body-powered
prosthesis to accomplish all three tasks.

The trunk range of motion in coronal and sagittal planes
was also measured as shown in Fig. 7(b). In general,
trunk movement shows the highest range of motion with
body-powered device and the smallest movement with free
hand. The trunk coronal angle, which indicates the sideways
tilting of the torso, showed a significant effect of prosthetic
condition in each task: F(1.283, 11.55) = 59.787, p <

0.001 for Task 1; F(2, 18) = 99.542, p < 0.001 for Task 2;
and F(1.27, 11.43) = 60.690, p < 0.001 for Task 3.

For Task 1, the coronal-plane pairwise comparisons were
significant for freehand–body-powered (p < 0.001, r =
0.958), body-powered–Myoware (p < 0.001, r = 0.869),
and freehand–Myoware (p < 0.001, r = 0.948). For
Task 2, significant differences were observed for freehand–
body-powered (p < 0.001, r = 0.965), body-powered–
Myoware (p < 0.001, r = 0.962), and freehand–Myoware
(p < 0.001, r = 0.919). For Task 3, significant differences
were observed for freehand–body-powered (p < 0.001,
r = 0.951), body-powered–Myoware (p < 0.001, r =
0.894), and freehand–Myoware (p < 0.001, r = 0.945).
These results show a significant deviation in coronal range
of motion depending on the type of prosthesis.

The sagittal plane gives information about the trunk
forward-backward movement. Similar to the coronal plane,
significant effects were observed in Task 1 (F(2, 18) =
153.153, p < 0.001), Task 2 (F(2, 18) = 31.425, p < 0.001),
and Task 3 (F(1.29, 11.62) = 271.511, p < 0.001).
For Task 1, significant sagittal-plane differences were

observed for freehand–body-powered (p < 0.001, r =
0.985), body-powered–Myoware (p < 0.001, r = 0.893),
and freehand–Myoware (p < 0.001, r = 0.977). For
Task 2, significant differences were observed for freehand–
body-powered (p < 0.001, r = 0.902), body-powered–
Myoware (p < 0.005, r = 0.843), and freehand–Myoware
(p < 0.005, r = 0.847). For Task 3, significant differences
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FIGURE 7. (a) Kinematics of the upper limb including right shoulder, right elbow, and left shoulder (b) Kinematics of the trunk including
coronal, sagittal, and back for Tasks 1, 2, and 3. *P<0.05, **P<0.01, and ***P<0.001.

were observed for freehand–body-powered (p < 0.001, r =
0.989), body-powered–Myoware (p < 0.001, r = 0.967),
and freehand–Myoware (p < 0.001, r = 0.988).
In accordance with the above two factors, the back angle,

which is the shoulder protraction/retraction angle, shows a
similar pattern in Task 1 (F(2, 18) = 266.982, p < 0.001),
Task 2 (F(1.22, 10.97) = 288.665, p < 0.001), and Task 3
(F(1.26, 11.38) = 185.614, p < 0.001).
For Task 1, significant back-angle differences were

observed for freehand–body-powered (p < 0.001, r =
0.988), body-powered–Myoware (p < 0.001, r = 0.911),
and freehand–Myoware (p < 0.001, r = 0.994). For

Task 2, significant differences were observed for freehand–
body-powered (p < 0.001, r = 0.995), body-powered–
Myoware (p < 0.001, r = 0.910), and freehand–Myoware
(p < 0.001, r = 0.989). For Task 3, significant differences
were observed for freehand–body-powered (p < 0.001, r =
0.993), body-powered–Myoware (p < 0.005, r = 0.823),
and freehand–Myoware (p < 0.001, r = 0.983).

This analysis indicates that the trunk movement in
body-powered prosthesis consists of two different com-
ponents. The significant distinction between the Myoware
prosthesis and the free hand shows that the prosthetic use
generates compensatory motion of the trunk. Furthermore,
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TABLE 2. Post-hoc pairwise comparisons across all metrics. Values are reported as Bonferroni-Holm adjusted p-value (effect size r ).

actuation of the body-powered hook causes additional trunk
movement, which is manifested by a significant difference
between the body-powered and Myoware conditions.

The sEMG analysis demonstrates the extra muscle activity
and usage when performing the tasks with body-powered
prosthesis compared to the Myoware prosthesis as shown in
Fig. 8. The right flexor carpi radialis showed a significant
effect of prosthetic condition in Task 1 (F(1.27, 11.43) =
237.493, p < 0.001), Task 2 (F(2, 18) = 320.301, p <

0.001), and Task 3 (F(2, 18) = 499.443, p < 0.001).
For Task 1, significant right-flexor differences were

observed for freehand–body-powered (p < 0.005, r =
0.831), body-powered–Myoware (p < 0.001, r = 0.994),
and freehand–Myoware (p < 0.001, r = 0.973). For
Task 2, significant differences were observed for freehand–
body-powered (p < 0.005, r = 0.792), body-powered–
Myoware (p < 0.001, r = 0.986), and freehand–Myoware
(p < 0.001, r = 0.992). For Task 3, significant differences
were observed for freehand–body-powered (p < 0.001, r =
0.936), body-powered–Myoware (p < 0.001, r = 0.992),
and freehand–Myoware (p < 0.001, r = 0.994). The right
flexor showed the highest activation during Myoware use
because the Myoware uses the flexor as the trigger to open
and close the hook. On the other hand, significantly lower
flexor muscle activation is observed when using the body-
powered device.

For the right extensor carpi radialis, only Task 1 showed
a significant overall change (F(2, 18) = 8.866, p < 0.005).
For Task 1, body-powered use produced significantly greater
extensor activation than Myoware (p < 0.005, r = 0.857),
whereas the freehand–body-powered and freehand–Myoware
comparisons were not significant. The omnibus effects were
not significant for Task 2 (F(2, 18) = 3.120) or Task 3
(F(2, 18) = 1.346).

Both biceps brachii and triceps brachii showed significant
overall differences across the three conditions. For the biceps

brachii, the results were F(1.28, 11.58) = 306.728, p <

0.001 for Task 1; F(1.17, 10.55) = 552.124, p < 0.001 for
Task 2; and F(2, 18) = 500.961, p < 0.001 for Task 3.
For the triceps brachii, the results were F(1.296, 11.66) =
223.674, p < 0.001; F(1.09, 9.85) = 337.499, p < 0.001;
and F(1.13, 10.12) = 249.741, p < 0.001 for Tasks 1–3,
respectively.

In the biceps and triceps muscles, the body-powered
condition showed significantly greater activation than both
freehand and Myoware. For the biceps in Task 1, body-
powered activation was greater than freehand (p < 0.001,
r = 0.981) and Myoware (p < 0.001, r = 0.998). In Task
2, body-powered activation was greater than freehand (p <

0.001, r = 0.989) and Myoware (p < 0.001, r = 0.997).
In Task 3, body-powered activation was greater than freehand
(p < 0.001, r = 0.991) and Myoware (p < 0.001, r =
0.997). For the triceps in Task 1, body-powered activationwas
greater than freehand (p < 0.001, r = 0.975) and Myoware
(p < 0.001, r = 0.991). In Task 2, body-powered activation
was greater than freehand (p < 0.001, r = 0.983) and
Myoware (p < 0.001, r = 0.998). In Task 3, body-powered
activation was greater than freehand (p < 0.001, r = 0.977)
and Myoware (p < 0.001, r = 0.995). These observations
in the biceps brachii and triceps brachii correspond to the
observations found in the elbow flexion/extension to perform
the task.

The data from the left deltoid and right deltoid show a
similar pattern to the biceps and triceps muscles. For the right
deltoid, the overall results were F(1.25, 11.2) = 184.483,
p < 0.001; F(1.27, 11.45) = 323.111, p < 0.001; and
F(1.23, 11.02) = 329.958, p < 0.001. For the left deltoid,
the corresponding results were F(2, 18) = 154.070, p <

0.001; F(2, 18) = 395.257, p < 0.001; and F(2, 18) =
333.600, p < 0.001 for Tasks 1–3, respectively.

Significant pairs in the left and right deltoids were driven
primarily by the body-powered prosthesis. For the right
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FIGURE 8. sEMG data from right flexor, right extensor, right biceps, right
triceps, right deltoid, and left deltoid for (a) Task 1, (b) Task 2, and
(c) Task 3.

deltoid in Task 1, body-powered activation was greater than
freehand (p < 0.001, r = 0.973) and Myoware (p < 0.001,
r = 0.990). In Task 2, body-powered activation was greater
than freehand (p < 0.001, r = 0.986) and Myoware
(p < 0.001, r = 0.997). In Task 3, body-powered activation
was greater than freehand (p < 0.001, r = 0.985) and
Myoware (p < 0.001, r = 0.995), while freehand also
differed from Myoware (p < 0.05, r = 0.699). For the left
deltoid in Task 1, body-powered activation was greater than
freehand (p < 0.001, r = 0.975) and Myoware (p < 0.001,
r = 0.979). In Task 2, body-powered activation was greater
than freehand (p < 0.001, r = 0.989) and Myoware (p <

0.001, r = 0.995). In Task 3, body-powered activation was
greater than freehand (p < 0.001, r = 0.989) and Myoware
(p < 0.001, r = 0.996), while freehand also differed
from Myoware (p < 0.05, r = 0.708). High left deltoid
activation is expected from the high range ofmotion of the left
shoulder; however, right deltoid also shows high activation.
This is because, in order to keep the hook open, both deltoids
had to be highly activated to maintain the shoulder posture
against the force of the rubber band.

The results from the four pressure sensors in Table 1 show
the overall p values being under (p < 0.001) for all three

tasks. The comparative results show no significant difference
between freehand and Myoware. However, comparisons
involving the body-powered device show significant changes
for all cases. The pressure sensors showed that higher
pressure was exerted on the users back by the shoulder
harness when using the body-powered prosthesis compared
with the Myoware prosthesis.

V. DISCUSSION
A. KEY FINDINGS
This study compares the physiological responses associated
with a conventional body-powered prosthesis and a plug-
and-play Myoware prosthesis. Data were collected from ten
subjects using bothmethods to perform a set of tasks. From all
the above mentioned results, our hypothesis has been verified
using different measures including joint angles, trunk angles,
sEMG, and pressure values. Participants using the Myoware
prosthesis showed less compensatory movement of shoulder,
elbow, and trunk compared to the body-powered prosthesis.
However, participants using the Myoware prosthesis showed
increased range of motion of the trunk compared to perform-
ing the task with their own hand. This is because theMyoware
prosthesis has significantly fewer degrees of freedom than
the human forearm. Use of the Myoware prosthesis resulted
in lower muscle activation compared to the body-powered
prosthesis in the biceps, triceps, left deltoid, and right deltoid.
Also, the data from the pressure sensors can be inferred to
support that there is no additional stress on the back when
using the Myoware prosthesis.

Beyond differences in peak pressure magnitude, the spatial
distribution of pressure across the back reflects distinct load
transfer mechanisms associated with each prosthetic config-
uration. In the body-powered condition, elevated pressure
values were consistently observed across all pressure sensor
locations, indicating sustained load transmission through
the shoulder harness during task execution. This pressure
pattern corresponds with the increased trunk flexion, lateral
bending, and shoulder protraction observed in the kinematic
analysis, suggesting that harness-induced forces contribute
directly to compensatory upper-body motion. In contrast,
the myoelectric configuration exhibited pressure profiles
comparable to the freehand condition, consistent with the
absence of a shoulder harness and reduced reliance on
trunk-driven actuation. The reduced pressure distribution
aligns with the observed decreases in trunk range of motion
and shoulder compensation, indicating a coupled relation-
ship between back loading and compensatory kinematic
strategies.

From the range of motion data for the left shoulder, it can
be shown that for all three tasks, body-powered prosthesis
generates a higher range of motion for pitch angles because
it uses the contralateral shoulder flexion and trunk rotation
as the primary source of compensatory motion to operate the
hook. Also, a general trend of higher deviation is shown in
Tasks 2 and 3 compared to Task 1 because of the increased
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complexity of the tasks. The right elbow also showed a
significant increase in the body-powered case, because it
requires outstretching of the elbow to generate tension in the
string to keep the hook open to perform the tasks.

Looking at the group data for sEMG changes across the
three tasks, in the case of the right flexor, the Myoware
prosthesis has the highest value because it triggers to open
the hook. The freehand case follows next as the participant
flexed the wrist for grasping andmoving the objects across all
three tasks. body-powered has relatively low muscle activity
because it only requires the extension of the arm to operate the
hook. For the triceps and biceps, the body-powered condition
required the highest muscle activity to maintain the hook
open. This is presumably because the coactivation of the
agonist and antagonist muscles increases the joint stiffness
for locking the elbow motion when maintaining the opening
of the hook. For the left and right deltoids, body-powered
prosthesis generates the highest activity which increases from
Task 1 to Task 3 due to the increased time to keep the hook
open.

Compared to the results from previous studies which iden-
tified different kinematic characteristics of body-powered
and Myoware prostheses, a greater range of elbow motion
was observed in the case of body-powered prosthesis along
with increased shoulder flexion and bending of the cervical
spine as compensatory motion when performing the same
task with different types of prostheses [15]. A similar
conclusion has also been reached in the previous studies
where amputees using a myoelectric device would exhibit
less ROM for a given task compared to that of body-powered
device [14], [36]. This is in accordance with the results
obtained in our present study as shown in Fig. 7. While this
study was conducted on non-amputee participants, certain
kinematic and muscle activation trends observed, such as
compensatory motion patterns and control strategies, are
expected to carry over to amputee users due to the underlying
mechanism of motion generation and interface design of the
suggested plug-and-play module.

A consideration of the present study is the use of a
non-amputee forearm bypass model to examine differences
between body-powered and myoelectric prosthetic control.
While non-amputee participants retain intact proprioception
and neuromuscular coordination, whichmay influencemove-
ment strategies and sEMG activation patterns, this model
allows systematic evaluation of prosthetic actuation effects
under controlled conditions. Accordingly, the findings of this
study offer insight into actuation-related trends in compen-
satory motion, muscle activation, and back loading, while
motivating future investigations to extend these observations
to amputee populations and real-world clinical contexts.

B. LIMITATIONS AND FUTURE WORK
The study has a few limitations in the study design. The
experiment included only controlled pick-and-place tasks to
move objects on the table. In the future, a greater variety

of tasks spanning a broader task space could be included
to test the performance of the prosthetic devices. These
tasks will require more delicate and complex manipulation,
such as cutting food, applying a deodorant, etc. Unlike
simple pick-and-place activities, these tasks involve fine
motor control, multi-joint coordination, and interaction with
compliant or curved surfaces, which more closely mirror
daily life challenges faced by prosthesis users. Incorporating
such functionally diverse and context-rich tasks in future
studies will allow for a more comprehensive evaluation
of prosthetic usability, user adaptation, and compensatory
strategies under realistic conditions. The present study was
conducted on non-amputee participants, which does not
capture the unique characteristics of amputee users. Also,
participants were bypassing their own forearm with a distal-
offset configuration, which resulted in the increased length
of the arm. This could be addressed by changing the bypass
configuration from the distal offset to the dorsal offset in
future studies [37].

The participants were assumed to be novice prosthesis
users, and the experiment did not monitor long-term learning
effects, which can change the performance over time.
In addition, the current Myoware set-up requires manual
tuning to identify the threshold, which can be replaced by
an automatic tuning algorithm for different subjects. Also,
adding sensory feedback could improve the user experience
of controlling the prosthesis. Future work will expand this
study to include amputee participants to verify clinical
applicability, assess user satisfaction and control, and conduct
long-term use studies to capture learning and adaptation
effects.

Future versions of this work could also explore enhance-
ments in socket design, which have shown promising results
in improving both comfort and functionality for users of
myoelectric prostheses [38]. Previous studies have found that
up to 57 percent of users experience discomfort or pain
from poor socket fit and long-term use [39]. In addition,
meaningful sensory input has been reported to play a major
role in whether users continue to wear their prosthesis
over time [40]. These insights highlight the importance of
addressing these clinical factors in future studies, especially
with amputee participants.

VI. CONCLUSION
In this study, body-powered and myoelectric prosthetic con-
trol were compared using a plug-and-play modular system
with a common mechanical interface. By changing only
the actuation method, the study evaluates the physiological
demands of each prosthesis type during representative
activities of daily living. The myoelectric configuration
significantly reduced compensatory upper-limb and trunk
movements, shoulder and arm muscle activation, and back
pressure compared to the body-powered prosthesis. These
findings suggest that eliminating the shoulder harness and
cable-driven actuation can reduce physical burden during task
execution. Kinematic, sEMG, and pressure measurements
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showed that differences between the two actuation methods
were reflected across multiple physiological responses.
Greater elbow and contralateral shoulder movements with
the body-powered prosthesis were accompanied by increased
proximal muscle activation and harness loading. In contrast,
the myoelectric configuration reduced these compensatory
demands. The plug-and-play platform therefore provides a
controlled approach for investigating how prosthetic actua-
tion methods influence user movement and physical effort.
These findings should be interpreted within the scope of this
feasibility study, which involved non-amputee novice users,
controlled experimental tasks, objective outcome measures,
andmanually calibratedmyoelectric thresholds. Accordingly,
future work will extend the evaluation to amputee users
and more functionally diverse tasks, incorporate subjective
measures of comfort, fatigue, and usability, and implement
automated or adaptive threshold calibration methods. Long-
term evaluations will further examine user learning and
adaptation during extended prosthesis use.
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