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Understanding the Utility of State-Based
Haptic Feedback in Tendon-Driven
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Abstract— Haptic feedback has demonstrated utility in
traditional prosthetic devices, however, it is unclear to
what extent haptic feedback improves functionality in
an anthropomorphic agonist/antagonist tendon-actuated
design. We investigate the impact of state-based haptic
feedback in an agonist/antagonist tendon-driven anthro-
pomorphic prosthesis by proportionally mapping haptic
sensations of the tension in the tendons during actuation.
N = 24 participants without limb loss were recruited to
perform a grasp and transfer task using a mock prosthesis
across three conditions: no haptic feedback, skin stretch
feedback, and vibrotactile feedback. We hypothesized that
haptic feedback of tendon tension would improve task
performance and that skin-stretch feedback would outper-
form the vibrotactile condition due to the modality-matched
similarities of tension and stretch. Results highlight that
vibrotactile feedback resulted in significantly more object
transfers than skin stretch feedback or no feedback.
However, skin stretch feedback had a significantly higher
transfer efficiency than vibrotactile feedback, demonstrat-
ing that different haptic modalities uniquely affect task
performance. This study is the first to demonstrate that
feedback of tendon tension in a tendon-driven prosthe-
sis has significant utility and improves task performance
establishing a need for further exploration of haptic
integration in tendon-actuated systems.

Index Terms— Anthropomorphic prosthesis,
feedback, state-based feedback, tendon
prosthetics, myoelectric prosthesis.

haptic
actuated

I. INTRODUCTION
EXTEROUS object manipulation requires haptically
Dinformed sensorimotor control [1], [2]. Haptic cues,
detected by the limb’s cutaneous and kinesthetic sensory
receptors, inform the central nervous system of object
properties and limb state during manipulation. These sensory
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cues are used by the brain to monitor task progres-
sion and correct task execution errors. These cues are
also theorized to update internal models responsible for
predictive feedforward control in dexterous manipulation
tasks [3].

Individuals with limb loss often choose prosthetic devices
and could benefit from prosthesis use while completing
activities of daily living (ADL) [4]. Unfortunately, despite
restoration, dexterous sensorimotor control faces significant
limitations [5]. These devices often lack individualized design
and control that can adapt to each user’s unique physiology and
preferences, often failing to capture the form, function, and
effort of the residual limb. Additionally, the absence of haptic
(“touch”) feedback forces users to rely on visual cues to
accomplish tasks, hindering the development of the nuanced
motor control necessary for precise prosthetic operation [6].
This lack of control, exacerbated by current challenges in
sensory feedback, makes prosthetic devices cognitively and
physically demanding to use, resulting in consistently high
abandonment rates [7], [8], [9]. Significant strides have been
made in enhancing haptic sensation for prosthesis wearers
by stimulating mechanoreceptors in the skin of the residual
limb or on other parts of the body. Haptic modalities, such as
vibration [10], [11], [12] and skin stretch [13], [14], have been
shown to be effective methods of conveying sensory informa-
tion to prosthesis users. Prior research has explored various
methods for integrating vibrotactile proprioceptive feedback
into prosthetic control. Dosen et al. demonstrated that vibro-
tactile cues can effectively encode proprioceptive information,
such as wrist rotation and hand aperture, improving user
awareness of prosthesis state [15]. Similarly, Cipriani et al.
developed a miniaturized vibrotactile sensory substitution
device for multi-fingered prosthetics, reinforcing the feasibility
of compact haptic integration [16]. These haptic sensations
offer cues related to grip force, object slip, temperature,
and texture [17], [18], [19]. Beyond proprioceptive feedback,
Bicchi et al. introduced teleimpedance control, demonstrat-
ing how users can intuitively regulate mechanical impedance
in prosthetic hands through haptic feedback and voluntary
muscle activation [20]. Haptic feedback regarding the device
state has also been implemented in prosthetic devices to
inform users of the aperture or end-effector position during
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Fig. 1.

A user performs the grasp and transfer task with the instru-
mented object using the Tendon Actuated Modular Prosthesis (TAMP).

an interaction [14], [21]. While many studies have focused
on feedback related to external object interactions, previous
research has also explored state-based haptic feedback, par-
ticularly in tendon-driven devices. For example, skin stretch
has been used to convey proprioceptive cues, such as tendon
displacement or joint angle changes, to inform users about
device state during movement [21]. Our study builds upon
this foundation by applying a proportional mapping of tendon
tension in an agonist-antagonist prosthetic system, allowing
for direct feedback of the actuation state in a tendon-driven
anthropomorphic prosthesis. We argue that tendon-driven pros-
theses present a particularly compelling context for exploring
the utility of state-based feedback, as these systems enable
independent control of grip force and aperture, an inherently
ambiguous control space in the absence of feedback. Unlike
more rigid or underactuated devices, the compliant mechanics
of tendon-driven actuation introduce additional uncertainty in
the system state, especially in visually occluded or multitask
scenarios. State-based haptic feedback may, therefore, serve
as a critical mechanism to enhance control transparency and
user performance in these systems.

In addition to haptic feedback, dexterous manipulation
also relies on a human’s ability to modulate the mechani-
cal impedance of the limb during task execution. Humans
subconsciously modulate the mechanical impedance of the
limb through the co-contraction and relaxation of agonist
and antagonist muscle groups in a manner that instinctively
depends on the nature of the task [22], [23]. As part of the
central nervous system (CNS), environment-specific task goals
are translated into precise motor actions that the peripheral
limbs execute [24]. These operational motor actions involve
coordinated muscle movements to interact with the environ-
ment and execute tasks. Limb-environment interactions are
used to continuously tune and update this operational motor
control loop. The dynamics of these interactions depend on
the limb’s mechanical impedance, which is informed by the
musculoskeletal system of the limb and modulated through

task progression based on the forces and motions originating
from the environment [25].

While most commercial prostheses utilize prehensile grip-
pers with relatively high mechanical impedance, studies
have shown that low-impedance prosthetic grippers support
grip/load force coordination strategies consistent with the
natural hand [26]. Unfortunately, commercial myoelectric
prosthetic devices do not employ actuation schemes that
intuitively support the ability to directly modulate mechanical
impedance. Still, several lab-based devices have demonstrated
the potential utility of impedance modulation during both
task execution and social interactions [20], [27], [28]. These
approaches, however, have relied on underactuated designs
where grip aperture and grip force are passively coupled,
limiting independent control over impedance modulation.
While grip aperture is inherently linked to tendon tension in
tendon-driven systems, prosthetic designs that impose fixed
relationships between force and aperture may reduce the user’s
ability to intuitively modulate impedance during manipulation
tasks.

Anthropomorphically informed tendon-driven actuation
schemes represent an intuitive way of supporting impedance
modulation by allowing independent control of grip force
and grip aperture through the contraction and relation of
agonist/antagonistic tendons. The system studied in this
manuscript features passive compliance, allowing the pros-
thesis to adapt to external forces and modulate mechanical
impedance more naturally. However, this compliance also
means that tendon tension and, by extension, grip force,
are not always directly predictable from motor commands
alone. This makes real-time sensory feedback particularly
relevant in tendon-driven systems, as users may benefit
from additional information about the prosthesis’s dynamic
state. A highly dexterous example of an anthropomorphi-
cally informed tendon-driven design is the Shadow Dexterous
Hand [29]. While this device holds significant promise as
a dexterous robotic end-effector, the significant weight of
the hand with actuators makes it impractical for prosthesis
use. In previous work, we have demonstrated the potential
of a lightweight multi-tendon agonist/antagonist prosthesis
in improving task performance compared to standard myo-
electric actuation [30]. Despite promising advancements in
agonist/antagonist tendon-driven prosthetic design, it is cur-
rently unclear to what extent haptic feedback improves device
functionality and usability. In particular, it is unknown whether
haptic feedback directly associated with device state in
tendon-actuated designs provides added utility.

In this manuscript, we investigate the impact of state-based
haptic feedback in an agonist-antagonist tendon-driven pros-
thesis (TAMP) by proportionally mapping haptic sensations
to tendon tension during actuation. This form of feedback
provides users with real-time information about the device’s
state while performing a grasp-and-transfer task. Participants
completed the task under three conditions: (1) no haptic
feedback, (2) vibrotactile feedback, and (3) skin stretch feed-
back. We hypothesize that haptic feedback of tendon tension
will improve task performance compared to the no-feedback
condition. Furthermore, we expect skin stretch feedback to
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outperform vibrotactile feedback due to its modality-matched
similarity to tendon deformation. The following sections
describe our experimental methods, present our findings, and
discuss their implications within the broader haptics literature.

Il. MATERIALS AND METHODS
A. Participants

N=24 participants without limb loss (15 female, 9 male,
age 23 £ 5) were recruited from the adult population of Johns
Hopkins University and Hospital System. The experiment
lasted approximately two hours and informed consent was
obtained from all participants. All methods were performed
in accordance with a study protocol approved by the Johns
Hopkins Medicine IRB (#00147458).

In the experiment, participants were asked to use a mock
prosthesis to grasp and transfer an instrumented object with
and without haptic feedback. The instrumented object had
three different weights, and haptic feedback was provided in
the form of vibrotactile feedback and skin stretch feedback.
Participants completed nine trials of the grasp and trans-
fer task (three trials for each feedback condition) with the
presentation of object weight counterbalanced across trials.
Participants completed the task in each of the three feedback
conditions with the order of conditions counterbalanced across
participants.

B. Experimental Hardware

Devices used in the experiment include the Tendon Actu-
ated Modular Prosthesis (TAMP), vibrotactile actuators, skin
stretch actuators, and an instrumented object. Surface elec-
tromyography (SEMG) signals from the wrist flexor and
extensor muscle groups are acquired by an 8-channel Delsys
Bagnoli sSEMG system. All input and output data streams
were controlled through a Quanser Q8 USB DAQ sampling
at a 500 Hz sample rate, using QUARC real-time software in
MATLAB/Simulink 2021a (Mathworks).

1) Tendon Actuated Modular Prosthesis (TAMP): TAMP is a
3D-printed modular prosthesis based on the design initially
developed by Miller et al. [30]. Significant modifications have
been made to the original design to improve hand actuation,
reduce weight, and optimize the socket’s fit. The custom
socket has a mock prosthesis structure designed to be worn
by individuals without limb loss on the right arm. As seen
in Fig. 2, the device consists of two interlocking pieces: 1) a
shield that obscures the fist and integrates the custom-designed
anthropomorphic hand with a modified Hosmer Quick Dis-
connect Wrist (USMC model), and 2) a socket featuring an
open lattice structure with integrated mountings for two rotary
DC motors (Maxon RE30) positioned at the proximal end
of the device. Each motor features a rotary optical encoder
(US Digital, 5000 CPR) to measure motor shaft rotation. Each
motor is controlled through a Maxon ESCON 70/10 current
amplifier with a 1 V/A gain.

The device is manufactured using a 3D printer (Prusa
Research) using Tough Polylactic Acid (PLA) filament, offer-
ing a strong and lightweight alternative to traditional socket
materials like molded copolymer plastic [31]. The device

Maxon Motors

Finger Tendons

Actuation Tendon

Compression Spring

Fig. 2. TAMP is a mock prosthesis featuring a shield with an integrated
socket and a lattice with built-in mounts for the actuation motors. Ten-
dons run from the motors to the tip of the fingers of the anthropomorphic
hand.

follows the forearm’s curvature and has a larger inner profile
with adjustable foam inserts, resulting in a comfortable fit for
a wide variety of arm sizes.

The prosthesis is actuated by two primary tendons (0.36 mm
diameter, 7-strand, nylon-coated stainless steel fishing line,
rated for 200 1b) that spool around the motor shaft and extend
along the device. These tendons terminate at junction rings,
where they connect to individual finger tendons (0.60 mm
diameter, 7-strand, nylon-coated stainless steel fishing line,
rated for 33 Ib) routed along the anterior and posterior sides
of each fingertip. The finger tendons pass through routing
springs, which serve solely as conduits to guide their path.
These springs are not physically connected to the tendons and
do not contribute to compression or impedance modulation.
By splitting finger actuation into separate tendons, this design
prevents hyperextension of the finger joints and enhances
smooth hand actuation by concentrating pulling forces at the
fingertip [32].

2) Instrumented Object and Testing Platform: As seen
in Fig. 3, the instrumented object is a multi-chambered
cylindrical structure 3D printed with flexible TPU material.
The flexible outer structure encapsulates a rigid inner core,
in which weights can be placed to change the object’s mass.
The three masses used in this experiment were 100, 200, and
275 g (chosen during pilot investigations). On the inner faces
of the object, there are eight rows of opposing neodymium
magnets. If the object is deformed, the magnets connect and
hold the object in its “broken” geometry; this design was
informed by prior investigations in brittle object manipu-
lation [33]. The testing platform includes two levels with
grounding targets (see Fig. 1). A piezoresistive contact sensor
detects when the object transitions from one target to another.

C. Haptic Feedback

Haptic feedback is mapped proportionally to the torque
produced by each actuator motor (commanded through the
current amplifier). The commanded motor current was used
to approximate the tension in each tendon. Prior work in the
lab has used motor current as a proxy for grip force [26],
[33], [34].

1) Vibrotactile Feedback: Vibrotactile feedback was pro-
vided by two C-2 vibrotactors (Engineering Acoustics) driven
by a Syntacts amplifier board [35]. The vibrotactors were
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Fig. 3. A user wearing TAMP grasps the instrumented object as it
rests on the target in preparation for a lift. The haptic conditions, skin
stretch, and vibrotactile feedback are located on the central portion of
the bicep. Vibrotactile feedback is delivered via two C-2 vibrotactors
(Engineering Acoustics) on the anterior and posterior bicep, providing
amplitude-modulated vibrations (150 Hz) corresponding to flexor and
extensor tendon tension. Skin stretch feedback is applied through two
L12-1 linear servo actuators (Actuonix Motion Devices) on the same
band, generating shear forces to simulate tendon displacement. Both
modalities are proportionally mapped to motor current to reflect tendon
tension in real-time.

incorporated using an adjustable band, which was placed
around the participant’s bicep. The anterior vibrotactor was
placed on the participant’s bicep, conveying feedback regard-
ing the tension in the flexor tendon, while the posterior
vibrotactor was placed on the participant’s tricep, conveying
feedback regarding the extensor tendon tension (see Fig. 2).
The vibrotactile feedback frequency, f, was fixed at 150 Hz,
and the vibration amplitude V was modulated proportional to
the motor current, as shown in:
v = [ 0

Iy, -sinQ2m - f - 1)
where Iy, is the current commanded in motor i (either agonist
or antagonist)

2) Skin Stretch Feedback: Skin stretch feedback was pro-
vided by two linear servo actuators (L12-I, Actuonix Motion
Devices), featuring a 3D-printed circular foot with a silicone
foam pad at the end of each actuator shaft. These actuators
were mounted on an adjustable band worn around a partici-
pant’s bicep, as seen in Fig. 3. When actuated, the servo feet
pull against the skin to convey haptic sensations designed to
mimic the movement of their respective tendons. The anterior
servo pulls upward along the bicep to imitate the flexor
tendon contracting and pushes back during rest. Similarly, the
posterior servo pushes upward along the triceps to imitate the
extensor tendon contracting and pulls back during rest. Skin
stretch feedback voltage V; was proportionally mapped from
the voltage provided by the respective motor current, as shown

in 2:
0
VS‘[IM,.-KS

T < 0] (1)

IM,->O

I, <0 ] )

Iy, >0

where Iy, is the current commanded in motor i (either agonist
or antagonist), and Ky = 0.005 is the proportional motor gain.

D. sEMG Calibration and Control

It is important to note that impedance control was not
implemented in this study. The control scheme follows a First-
In-First-Out Finite State Machine (FIFO FSM) control method

TABLE |
TAMP CONTROL STATES AND THRESHOLD CONDITIONS
State Condition
Flexion Ant_ EMG > Anty,, Post EMG < Posty,
Extension Ant_EMG < Anty,, Postt EMG > Posty,
Neutral Otherwise

or
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Fig. 4. Example signals illustrating prosthesis control behavior.

The solid lines represent motor movement, with yellow indicating the
anterior motor (Ant_Motor) and orange indicating the posterior motor
(Post_Motor). The dotted lines represent a participant’'s EMG signals,
with the purple line correlating to the posterior EMG (Post_EMG) and
the pink line to the anterior EMG (Ant_EMG). The dashed grey lines
show the anterior (Anty,) and posterior (Posty,) thresholds. The pink,
purple, and orange sections display a sequence of signals for flexion,
and extension, and a segment demonstrating the controller’s behavior
during co-contraction.

to map SEMG signals to tendon actuation. Each participant
undergoes an individualized calibration process to define flexor
and extensor activation thresholds, ensuring robust signal
differentiation. The control scheme enforces a single-tendon
activation strategy, meaning that if co-contraction occurs, the
system remains in an idle state until one signal dominates. This
approach prioritizes precise, independent control of tendon
tension rather than impedance modulation via co-contraction.
A detailed figure of the calibration is shown in Appendix.
These threshold values help mitigate co-contraction of the
prosthetic tendons, ensuring that only one tendon actuates at
a time, creating the three control states (Flexion, Extension,
Neutral) as shown in Table I. To control the prosthesis in
the Flexion and Extension actuation states, the sSEMG signal
is proportionally mapped to the respective motor current as
originally detailed in [30] and as shown in:

M; =E,-C 3)

where M; is the motor command for motor i (either agonist or
antagonist), E,, represents the SEMG input for either muscle
group m, and the constant C represents a participant-specific
scaling and conversion factor that takes each participant’s
EMG calibration into account.

An illustration of the prosthesis control behavior is shown
in Fig. 4. From 0 to 5s no signals are above their respective
thresholds, so both motors remain at rest. From 5 to 10s
(pink), the Ant_ EMG signal is above the Ant;,, resulting
in a flex, with the Ant_Motor generating movement. Then,
from 10 to 15s (purple), the Post_ EMG is above the Post,
resulting in an extended motion generated by the Post_Motor.
If co-contraction occurs, the controller sets the motors to an
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idle state. This behavior is demonstrated between 23 to 35s
in Fig. 4. From 23 to 30s (orange), both EMG signals are
above their respective thresholds, resulting in no motor move-
ment. Movement only occurs at 29s, when the Post_ EMG
reading drops below the Post_Thresh while the Ant_ EMG
remains above the Ant_Thresh, causing the Ant_Motor to turn
on.

E. Experiment Procedure

After obtaining consent and explaining the study proce-
dures, the experimenter trained participants on the three main
motions to control the prosthesis: flexing the wrist to acti-
vate the anterior muscles (Ant_EMG), extending the wrist to
activate the posterior muscles (Post_ EMG), and relaxing the
wrist to relax both muscle groups. SEMG electrodes were then
placed on the participant’s right wrist flexor muscle group and
on the right wrist extensor muscle group. Once the electrodes
were secured, participants performed sEMG calibration.

The experimenter then assisted the participant in donning
the prosthesis, adding padding as needed to ensure a snug fit.
Participants then watched a video demonstrating the experi-
mental procedure, including each trial’s preparation and task
phases. After watching the demonstration video, participants
were given up to two minutes to practice with a 50 g version of
the object to become familiar with the SEMG control. During
the practice trial, participants received no haptic feedback.

Following the practice trial, the main experiment com-
menced. Each participant engaged in nine trials of the grasp
and transfer task in all three feedback conditions with all three
object weights. The experimenter explained that in the two
haptic feedback conditions, the anterior and posterior haptic
devices proportionally mapped the tension from their respec-
tive tendons during actuation. A brief (30-second) practice
period followed the explanation to acquaint the participant
with each haptic modality before the practice trial began.
In this period, participants were instructed to flex, relax, and
extend their wrists to feel the haptic response associated with
each movement. An automated auditory cue was vocalized
when the two-minute trial started, when the trial reached the
halfway point, and when the trial concluded. A two-minute
break was provided to participants between each trial.

F. Metrics

The following metrics were used to analyze participants’
performance in the grasp and transfer task.

1) # of Transfers: The # of transfers represents the total
number of successful lifts per trial. A successful transfer is
defined as the continuous transfer of the instrumented object
from one target to another. Throughout the task, participants
were only required to lift the object high enough to move it
across the barrier, as seen in Fig. 1. The system recorded the
success of each grasp attempt.

2) # of Drops: The # of drops represents the total number
of occurrences per trial when a participant lifts the object but
fails to complete the transfer from one target to the other.

3) # of Interactions: The # of interactions is the combined
count of both successful transfers and unsuccessful drops,

representing the total instances when a participant grasped,
lifted, and attempted to transfer the object during a trial.

# of Interactions = # of Transfers 4+ # of Drops  (4)

4) Transfer Efficiency: Transfer efficiency is defined as the
ratio between successful transfers and total interactions.

# of Transfers
Transfer Efficiency = ————— (5
# of Interactions

G. Statistical Analysis

All statistical analyses were conducted using RStudio (v2.1)
to assess the grasp and transfer task. A linear mixed effects
model was applied to analyze metrics of successful transfers
and dropped objects. In this model, participants were con-
sidered random effects, while feedback condition and weight
were treated as fixed effects. Continuous variables included
total transfers and drops. Trial order was analyzed as a
covariate in the model to assess learning effects and was
treated as a continuous variable. Model fit was evaluated by
comparing a random intercept model with a random slope
and random intercept model. The random intercept model
was favored for its simplicity and better model fit using
the Akaike Information Criterion and Bayesian Information
Criterion. Pairwise comparisons with a Tukey correction were
used to analyze statistical differences between the feedback
conditions, with a significance threshold set at a p-value
of 0.05.

[1l. RESULTS

The results reported for the data indicate the estimate of the
fixed effects (8), the standard error (SE), and the calculated
p-value (p) from the linear mixed models used to analyze each
metric.

A. # of Transfers

Across all trials, the number of transfers in the standard
condition was significantly higher than zero (8 = 14.53,
SE = 1.47, p < 0.001). The skin stretch condition did not
differ from the standard condition (8 = 0.6528, SE = 0.7827,
p > 0.05) or the vibrotactile condition (8 = 1.72,
SE = 0.7827, p > 0.05). However, the vibrotactile condition
had a higher number of transfers compared to the standard
condition (8 = 2.3750, SE = 0.7827, p < 0.01). Across
all conditions, both trial numbers (8 = 0.60, SE = 0.12,
p < 0.001) and weight (8 = —2.84, SE = 0.39, p < 0.001)
had a significant effect on the number of Transfers. Fig. 5A
(next page) shows a visualization of these results.

B. # of Drops
Across all trials, the number of drops in the standard
condition was significantly higher than zero (8 = 1.67,

SE = 0.86, p = 0.05). The skin stretch condition did not
differ from the standard condition (8 = —0.44, SE = 0.5352,
p > 0.05). The vibrotactile condition had a significantly
higher number of drops than either the standard condition
(B = 4.79, SE = 0.5352, p < 0.001) or the skin stretch
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Fig. 6. The average number of: (A) interactions and the (B) transfer
Fig. 5. The average number of: (A) transfers and (B) drops for each  efficiency are shown for each condition across trials, where the individ-

condition across frials, where the individual data points represent the
average for each trial (for all participants in each condition), and the solid
lines indicate the model’'s prediction. * indicates p<0.05, ** indicates
p<0.01, and *** indicates p<0.001.

condition (8 = 5.24, SE = 0.5352, p < 0.001). Both trial
number (B = 0.09, SE = 0.08, p > 0.05) and object weight
(B = 0.54, SE = 0.26 p > 0.05) did not have an effect on the
number of Drops. Fig. 5B (next page) shows a visualization
of these results.

C. # of Interactions

Across all trials, the number of interactions in the standard
condition was significantly higher than zero (8 = 16.20,
SE = 1.21, p < 0.001). The skin stretch condition did not
increase the number of interactions compared to the standard
condition (8 = 0.2083, SE = 0.7148, p > 0.05). The vibrotac-
tile condition had significantly greater interactions than both
the standard condition (8 = 7.16, SE = 0.71, p < 0.001) and
the skin stretch condition (8 = 6.95, SE = 0.71, p < 0.001).
Both object weight (8 = —2.30, SE = 0.35, p < 0.001)
and trial number (8 = 0.69, SE = 0.11, p < 0.001) had a
significant effect on the number of Interactions. Fig. 6A shows
a visualization of these results.

D. Transfer Efficiency

Finally, across all trials, the average efficiency of object
transfers in the standard condition was significantly different

ual data points represent the average for each trial (for all participants
in each condition), and the solid lines indicate the model’s prediction. *
indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001.

than zero (8 = 0.87, SE = 0.05, p < 0.001). Conversely,
no significant difference emerged between the skin stretch and
standard conditions (8 = 0.027, SE = 0.0305, p > 0.05).
However, we found that the vibrotactile condition was signifi-
cantly less efficient than the standard condition (8 = —0.1343,
SE = 0.0305, p < 0.001) and the skin stretch condition
(B = —0.1615, SE = 0.0305, p < 0.001). Trial number had
no effect on efficiency (8 = 0.003, SE = 0.004, p > 0.05).
Conversely, object weight was found to have a significant
effect on efficiency (8 = —0.07, SE = 0.01, p < 0.001).
Fig. 6B shows a visualization of these results.

IV. DiscUssION

This study evaluated the impact of sensory feedback of
device actuation state (tendon tension) on task performance
during a grasp and transfer task with an agonist/antagonist
structured, tendon-driven prosthesis across three experimen-
tal conditions: no haptic feedback (standard), skin stretch
feedback, and vibrotactile feedback. Our results indicate that
haptic feedback significantly influences user strategy, with
modality-specific differences in control behavior. Rather than
providing a general benefit, each modality shaped performance
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in distinct ways: vibrotactile feedback promoted increased task
engagement and faster transfer attempts, while skin stretch
feedback supported more accurate, efficient interactions. These
findings underscore the importance of tailoring feedback
strategies to the mechanical and perceptual properties of the
prosthesis, particularly in tendon-driven systems that afford
independent control of force and aperture.

The primary results indicate that receiving haptic feedback
of the device’s state in agonist/antagonist prostheses signif-
icantly benefits task performance and that different haptic
modalities affect task performance in distinct ways. This find-
ing is consistent with prior literature, which has demonstrated
the benefits of haptic feedback in enhancing prosthesis func-
tionality [6]. Furthermore, previous explorations into the effect
of state-based haptic feedback have shown that skin-stretch
feedback enhances a participant’s ability to distinguish differ-
ences in grip aperture [21], and that proprioceptive feedback
is beneficial for myoelectric prosthesis control [14]. However,
feedback regarding the state of actuation has not been exten-
sively explored. This study is the first to demonstrate that
feedback of tendon tension in a tendon-driven prosthesis has
significant utility and improves task performance.

The vibrotactile haptic feedback condition improved overall
task performance by significantly increasing the number of
transfers compared to the standard and skin stretch conditions.
This increase in transfers resulted in the highest number
of object interactions and, therefore, more object transfers
on average. This result aligns with the work presented by
Aboseria et al, [10], which demonstrated that vibrotactile
haptic feedback increased successful grasps and enhanced
device confidence for prosthetic users, and with the wealth
of work that has established vibrotactile feedback as a ben-
eficial modality for improving task performance [10], [11],
[12]. However, the vibrotactile condition also reported the
highest number of drops and the lowest transfer efficiency.
This relationship between object transfers and drops suggests
that although vibrotactile feedback improves the quantity of
interactions a participant has with an object, it may not
increase the quality of movement, resulting in lower transfer
efficiency when completing tasks.

The relationship between the number of object transfers
and drops in the skin stretch condition directly opposes its
vibrotactile counterpart; the skin stretch condition had fewer
object transfers and the least drops overall. The differences
in performance across haptic conditions suggest that there is
a trade-off between the number of average object transfers
and transfer efficiency when receiving state-based haptic feed-
back. These findings suggest that the two haptic modalities
support distinct control strategies shaped by a speed-accuracy
tradeoff, with vibrotactile feedback encouraging faster but
less precise performance and skin stretch feedback promoting
slower, accurate actions. This trade-off is well established
in motor control research [36] and has been shown to be
particularly relevant in prosthetic control tasks involving sup-
plementary feedback by Mamidanna et al., who argue that
the consideration of speed-accuracy trade-offs is essential to
evaluating user-prosthesis interfaces [37]. Our results reinforce
the importance of considering modality-specific effects on

user behavior when evaluating the functional impact of haptic
feedback.

We postulate that the differences between haptic modal-
ities in task performance align with prior work by
Thomas et al., [34], which demonstrated that vibrotactile
feedback led to better performance in a dexterous task without
direct vision than modality-matched pressure-based haptic
feedback. As an explanation of these unexpected findings,
the authors suggested that performance difference could be
attributed to differences in discrimination of the feedback
signal. In our study, vibrotactile amplitude was presented in
two distinct locations (one per tendon), unlike the skin stretch
feedback, which relied on spatial discrimination over a broader
section of the arm (also on either side). This potential differ-
ence in discrimination could have affected participants’ ability
to interpret and respond to the feedback signals effectively.

The localized nature of vibrotactile feedback allowed par-
ticipants to quickly perceive changes in tendon tension,
facilitating rapid adjustments during the grasp and transfer
task. However, this quick responsiveness came at the cost of
precision, resulting in higher numbers of drops. In contrast, the
skin stretch feedback provided information that more closely
resembled the tension and travel of the tendons. This may
have resulted in more information for participants to process,
leading to fewer transfers but also fewer drops. This suggests
that while vibrotactile feedback enabled rapid adjustment and
responses, the skin stretch modality supported more controlled
movement by improving participants’ transfer efficiency. Still,
it is possible that these initial observations with each haptic
modality may not be fixed, as previous literature has indicated
that giving participants more time to perform practice tasks
while receiving haptic feedback can improve their understand-
ing of each haptic modality [38]. It is, therefore, possible
that transfer accuracy and transfer efficiency may improve for
both haptic conditions with increased exposure and practice.
This is further supported by our observation of a significant
trial-by-trial learning effect for both # of transfers and # of
interactions.

While the results presented in this manuscript clearly
demonstrate that state-based haptic feedback in tendon-
actuated prostheses improves task performance, there are a
few limitations that should be addressed in future studies. First,
only individuals without limb loss were included in this study,
and the task was conducted with a contrived object developed
for research. To validate these results with more clinically
relevant participants and environments, future studies should
recruit powered prosthesis users to interact with everyday
objects and perform activities of daily living and integrate
grip force sensing or simulated-object paradigms to provide
complementary insight into user control strategies. Next, the
short training time and randomized study structure may have
presented challenges with interpreting and using unfamiliar
sensory feedback. Future studies should investigate longer
training periods with the feedback modalities and longitudi-
nal evaluations of the task performance gains. Additionally,
future work could investigate the continuous/discrete stim-
ulation tradeoff when evaluating haptic modalities. Finally,
future studies should incorporate perceptual evaluation and
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characterization of each feedback modality as well as quan-
tification of cognitive effort as a measure of efficiency,
using systems such as Functional Near-Infrared Spectroscopy
(FNIRs) or Task Load Index (TLX) surveys to capture
a cohesive evaluation of the cognitive effects of haptic
implementation [33].

V. CONCLUSION

In this study, we investigated the utility of haptic feedback
integration in an agonist/antagonist tendon-actuated prosthesis
in a grasp and transfer task. We determined that haptic
feedback, particularly vibrotactile feedback of tendon tension,
improved task performance in terms of successful transfers.
At the same time, we found that vibrotactile feedback was
less efficient than skin-stretch feedback, suggesting that dif-
ferent haptic modalities affect performance in distinct ways.
Overall, these findings provide strong justification for con-
tinued research into agonist/antagonist tendon-actuated pros-
theses, including novel approaches for providing sensory
feedback to the user.

APPENDIX
A. SEMG Calibration

As detailed in Section II-D, the -calibration sequence
requires participants to engage their flexor and extensor muscle
groups to produce peaks of heightened muscle contraction in
the respective SEMG signals. When a participant activates
the flexor muscle group, there is a measurable response
from the extensor muscles, and vice versa. This behavior is
demonstrated in Fig. 7. From 1-7s, the participant repeat-
edly contracts their flexor muscles, during which peaks are
observed in the Ant_ EMG signal. From 8-14s, the partici-
pant repeatedly contracts their extensor muscles, resulting in
activation in the Post_ EMG signal. To mitigate the influence
of the complementary muscle group (i.e., co-contraction) and
ensure that the primary signal is accurately detected, thresholds
(Ant/Post_th) are set just above the highest activation point
of the complementary muscle group during each movement.
This ensures that the flexing action is primarily driven by the
Ant_EMG signal, while the extending action is driven by the
Post_ EMG signal.

B. Haptic Feedback

The Figure below shows how each haptic modality responds
during actuation. When a participant flexes their wrist
(generating a Ant_EMG signal), the anterior motor activates,
causing the anterior tendon to close the prosthetic hand.
In the vibrotactile condition, the anterior actuator produces
a vibratory stimulus that is proportional to the motor current.
In the skin stretch condition, the anterior skin stretch actuator
produces a stretch stimulus up the bicep that is proportional
to the anterior motor current. When a participant extends
their wrist (generating a Post_ EMG signal), the posterior
motor activates, causing the posterior tendon to open the
prosthetic hand. In the vibrotactile condition, the posterior
actuator produces a vibratory stimulus that is proportional to
the posterior motor current. In the skin stretch condition, the

Extend

8r Flex

EMG Signal (V)

2 4 6 8 10 12 14 1I6
— Ant EMG — Post EMG ---Ant_th Post_th

Fig. 7. A participant pulses their flexor (Ant_EMG) and extensor
(Post_EMG) muscle groups to create signal peaks. The anterior and
posterior thresholds (Ant_th, Post_th) are set just above the maximum
peaks occurring in the secondary muscle group for each movement.
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Neutral Extend

Fig. 8. The directional response of the skin stretch feedback actuators is
shown in relation to the three primary motions, flex, neutral, and extend.

posterior skin stretch actuator produces a stretch stimulus up
the triceps that is proportional to the posterior motor current.
When the wrist is relaxed, neither motor is activated, and there
are no vibrotactile or skin stretch stimuli.
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