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Effects of Wrist-Worn Haptic Feedback on Force
Accuracy and Task Speed During a Teleoperated
Robotic Surgery Task

Brian B. Vuong ", Josie Davidson

Abstract—Previous work has shown that adding haptic feedback
to the hands can improve awareness of tool-tissue interactions
and enhance performance of teleoperated tasks in robot-assisted
minimally invasive surgery. However, hand-based haptic feedback
occludes direct interaction with the manipulanda of surgeon con-
soles. We propose relocating haptic feedback to the wrist using
a wearable haptic device. It is unknown if such feedback will be
effective, given that it is not co-located with the finger movements
used for manipulation. To test if relocated haptic feedback improves
force application during teleoperated tasks using the da Vinci Re-
search Kit (dVRK) surgical robot, participants learned to palpate
a phantom tissue to desired forces. A soft pneumatic wrist-worn
haptic device with an anchoring system renders tool-tissue inter-
action forces to the wrist of the user. Participants demonstrated
statistically significant lower force error and performed the palpa-
tion task with longer movement times when provided wrist-worn
haptic feedback.

Index Terms—Surgical robotics, da Vinci Research Kit (dVRK),
teleoperation, haptic device, tactile feedback, soft pneumatics.

1. INTRODUCTION

OBOTIC-ASSISTED Minimally Invasive Surgery
(RMIS) enables precise and less invasive surgical
interventions by offering surgeons enhanced dexterity, scaled
motions, and a magnified 3D view of the surgical field. These
systems have been associated with reduced patient recovery
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Interaction forces
in manipulation task
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Fig. 1. Interaction forces in a teleoperated manipulation tasks can be rendered
as either kinesthetic feedback through the manipulandum, cutaneous feedback
on the fingertips, or cutaneous feedback relocated to other locations, such as the
forearm.

times, minimal scarring, and improved surgical outcomes
compared to traditional open or laparoscopic techniques.

Haptic feedback is integral to safe and efficient surgical per-
formance. In traditional open surgery, surgeons rely heavily on
their sense of touch to gauge tissue properties and apply appro-
priate forces. RMIS, however, relies primarily on visual cues to
approximate force and stiffness through tissue deformation [1].
This includes visual cues that indicate tissue damage due to
excessive force or blanching of tissue resulting from restricted
blood flow [2]. However, this association between applied force
and visual cues is largely heuristic [3], which can result in
suboptimal outcomes due to the inherent limitations of visual
cues. These challenges underscore the necessity of developing
haptic feedback systems tailored to RMIS, capable of restor-
ing the sense of touch to surgeons without compromising the
ergonomics of surgical workflows. Incorporation of integrated
force feedback in teleoperated RMIS systems improves sur-
geon’s ability to perceive and modulate interaction forces during
tissue manipulation. RMIS teleoperation with haptic feedback
significantly reduces the risk of tissue damage and provides a
significant benefit to surgical precision, particularly in delicate
operations such as blunt dissection [4], tissue grasping [5], and
suturing [6].

Various approaches have been explored to integrate different
types of haptic feedback (Fig. 1) into RMIS. Kinesthetic force
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feedback has been shown to be effective in certain robot-assisted
surgical tasks, such as for palpation [7] and suturing [8]. How-
ever, this type of feedback in bilateral teleoperation is susceptible
to closed-loop instability due to nonlinear dynamics, friction,
among other factors.

Cutaneous force feedback systems, such as those that relay in-
teraction forces to the surgeon’s fingertips via skin deformation-
based or vibrotactile interfaces, have shown promise in im-
proving task performance and reducing cognitive load. Quek
et al. developed a skin deformation tactile feedback device
that provided tangential and normal deformations to multiple
fingerpads, improving task performance in teleoperated surgical
scenarios [9]. Similarly, Pacchierotti et al. introduced fingertip
devices delivering cutaneous feedback, which improved perfor-
mance in teleoperated tasks by reducing excessive interaction
forces and task completion times [10]. However, these systems
often interfere with the natural use of manipulanda, limiting their
adoption in clinical practice.

Vibrotactile feedback methods, such as that of Verro-
Touch [11], have been explored for use in RMIS and offer
stability advantages but may lack the intuitiveness of direct force
feedback. Although vibration is often successful at conveying
transient event cues, continuous skin deformation and indenta-
tion is better for conveying analog magnitudes and directional
information. Psychophysical experiments have indicated that the
effective analog resolution of vibration magnitude is lower than
that of skin stretch on the hairy skin [12].

Previous work has also explored the use of visual feedback
in conveying interaction forces during teleoperated RMIS [13].
Even though visual force feedback improves force accuracy and
reduce excessive forces, visual schemes may influence the user’s
cognitive load and result in distractions, especially due to split
attention between visual displays of force and the field of view
of the the manipulation task.

Wrist-worn systems relocate feedback away from the fingers
while preserving direct contact between the users’ skin and ma-
nipulated objects [14]. Despite the lower density of mechanore-
ceptors on the glabrous skin of the forearm as compared to
the non-glabrous skin of the fingers, localized pressure on the
forearm can effectively communicate interactions that would
normally be localized to the fingers. Previous work has shown
that relocated haptic feedback can assist with perception of
mechanical properties of objects in virtual environment [15].

In the RMIS setting, these devices could allow surgeons to
experience feedback from surgical instruments without encum-
bering their hands, thereby maintaining the seamless operation
of robotic manipulanda. Preliminary studies have demonstrated
that such devices can enhance task performance, particularly in
virtual and teleoperated environments, by providing haptic cues
that improve force modulation and accuracy. Machaca et al.
demonstrated that wrist-worn haptic feedback, specifically a
wrist-squeezing force that differs from the indentation feedback
in this study, significantly improved accuracy and speed during
robotic surgery training tasks, showcasing the potential for skill
acquisition and improved task efficiency in RMIS [16].

Despite the potential of wrist-worn haptic systems, significant
gaps remain in understanding their efficacy during RMIS tasks.
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Existing studies primarily focus on virtual environments or
generalized teleoperation, with limited exploration of these sys-
tems under realistic surgical conditions. Key questions remain
regarding the ability of wrist-worn devices to convey accurate
and intuitive haptic information, especially when feedback is
not co-located with the site of manipulation. The impact of such
systems on metrics like force error, speed-accuracy tradeoff, and
user experience requires further investigation.

This study addresses these gaps by evaluating the effects of a
wrist-worn haptic device on force perception and accuracy dur-
ing teleoperated tasks in RMIS. Participants palpated phantom
tissues with the da Vinci Research Kit (dVRK) while wearing
a soft pneumatic haptic device on the forearm with an active
anchoring bracelet to maintain constant anchoring force. Perfor-
mance metrics, including force error and task completion time,
were analyzed under conditions with and without haptic feed-
back. By relocating haptic sensations to the wrist, this study aims
to determine whether the device enhances the surgeon’s ability
to modulate force and improves overall performance of the task.
In this study, we present a novel active anchoring bracelet that
maintains a consistent tightness of the wrist-worn haptic device
against the forearm, aiming to provide more consistent haptic
rendering forces. We investigate the effects of wrist-worn haptic
feedback on force accuracy and on speed-accuracy tradeoff in
teleoperation.

II. WEARABLE HAPTIC DEVICE: HOXEL WITH ANCHORING
BRACELET

For relocated haptic feedback, we needed a device that could
relay significant skin deformation forces on the forearm of the
user. We chose to use an iterated design of the haptic voxel
display (Hoxel), first developed by Zhakypov et al. [17]. In
blocked force testing, the device tactor is capable of delivering
up to approximately 20 N in normal force against a rigid sur-
face. This range of forces accomplishes more than simple skin
deformation, but also applies deep pressure on the forearm that
is sufficient to convey haptic forces corresponding to the forces
of the teleoperated palpation task. In addition to the Hoxel, we
incorporated an active anchoring bracelet to maintain consistent
forces from haptic feedback.

A. Hoxel

1) Device Design: The haptic wearable device in this study is
an iterative design based on Hoxel. The device is completely 3D-
printed using a commercial stereolithography 3D printer (Form
3, Formlabs Inc., Somerville, MA, USA). It consists of four
soft bellow actuators printed with soft material resin (Flexible
80 A, Formlabs Inc., Somerville, MA, USA), a rigid bottom
plate, rigid top plate with and enclosure for a load cell, and a
rigid tactor that is directly screwed onto the load cell (Fig. 2).
Upon actuation of the bellows via negative pressure, the rigid
tactor pushes into the skin of the user’s forearm. We improved
on the original design of the Hoxel by increasing the size of
the bellow actuators to allow for greater vacuum actuation and
larger displacement of the tactor. The incorporation of anchoring
bracelet with a constant anchoring force prevents the loss of
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Fig. 2. Hoxel device integrated with the active anchoring bracelet. A FUTEK
LSB205 S-beam load cell is affixed to an enclosure on the top rigid plate to
measure forces exerted by the rigid tactor against the forearm.

tactor force due to the Hoxel being lifted off the skin surface
of the wrist, which was an issue when flexible wristbands were
used in early iterations of the device.

Pneumatic actuation of the Hoxel device was achieved with
negative pressure from a building compressor and modulated by
a VPPI proportional-pressure regulator (Festo SE & Co. KG,
Esslingen am Neckar, Germany). A Teensy 3.1 microcontroller
provides analog input to the Festo VPPI to vary the magnitude
of negative pressure to achieve different forces.

In order to measure rendered forces in real-time, we modi-
fied the top rigid plate of the Hoxel to incorporate a LSB205
(FUTEK, Irvine, CA, USA) S-beam load cell attached to the
sensor enclosure on one end and tactor on the other end. Normal
force data was collected while performing a sweepthrough from
0 to 100% maximum negative presssure, roughly corresponding
with 0 to —48.3 kPa negative pressure, with the Festo VPPIL.
Through this sweepthrough characterization of the Hoxel forces
on a few forearms, we were able to achieve a maximumof 13.1 N
of normal force of the tactor on the dorsal side of the forearm.
The mapping derived from this sweepthrough was then used
to calculate analog signal commands for the Festo VPPI from
desired haptic feedback force levels. We then used this piece-
wise linear regression between analog signals and applied forces
on the forearm to achieve a linearly scaled mapping between
dVRK tool-tissue palpation forces and Hoxel haptic feedback
forces rendered on the forearm. This linearly scaled mapping
works such that for a palpation force of 7 N, the Hoxel haptically
renders the maximum of 13.1 N of normal force on the forearm.
For higher palpation forces, the user only receives the maximum
of 13.1 N. This linear scaled mapping allowed participants to
explore palpation forces above 6 N without applying excessive
forces. By matching 7 N of palpation force to 13.1 N of Hoxel
force, users would not learn to simply associate 6 N of palpation
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Fig.3. Example of Hoxel haptic feedback forces (as measured by the FUTEK
LSB205 load cell) overlaid on the corresponding palpation forces applied on
sponge-based phantom tissue (as measured by an ATI Nanol7). Note that
the Hoxel force is amplified from the palpation force according to the linear
mapping.

R-Joint

Fig. 4. Overview of the anchoring bracelet structure. The bracelet is under-
actuated by two tendons, allowing it to securely fasten the Hoxel to the user’s
forearm while remaining shape-adaptive.

with reaching the maximum Hoxel rendering force. An example
of Hoxel haptic feedback forces experienced on the forearm of a
user during a series of palpation movements is shown in Fig. 3.

B. Active Anchoring Bracelet

1) Control: To ensure constant anchoring force throughout
the user study, motor torque control was used for the tendon
actuator. Prior to beginning the experiment, we started by tight-
ening the bracelet with an input command of 18.75% of the
maximum torque level, which corresponds to 25 N of tendon
tension for bracelet tightening, asked the subject if it was too
tight, and lowered by increments of 1.25% in input command
until the subject indicated that it was a comfortable tightness.
All subjects performed the study with input commands between
13.75% and 18.75%, which correspond to approximately 20 N
to 25 N in anchoring force.

2) Bracelet Design: The active anchoring bracelet (Fig. 4)
consists of two wings connected to a base structure, with the
wing tips holding the Hoxel. Each wing features three revolute
joints and two prismatic joints and is underactuated by a single
tendon. The base structure connects the bracelet to the Bowden
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cables, which transmit the tendons to the actuator. Within the
base structure, the tendons follow a smooth 90-degree bend.
The prismatic joints in the wings allow the bracelet to expand
when the user is donning the device and contract when fastening
it to the forearm. The revolute joints enable shape adaptation
of the bracelet and help address geometric constraints related to
prismatic joint displacements. To improve wearability, we added
neoprene sponges inside the bracelet for cushioning.

3) Tendon Actuator: A slack-enabling actuator based on the
work of Cheon et al. [18], was used to prevent tendon derailment
from the spool when the tendons were not under tension. The
actuator employs a silicone-based jamming mechanism to feed
the tendons while securing them in place to avoid derailment and
enables the actuator to apply a pushing force to the anchoring
bracelet during release. To efficiently transmit this force to the
bracelet structure, we used a stiff, single-stranded nitinol wire
as the tendon. This releasing action allows the user to easily don
and doff the bracelet.

III. STUDY DESIGN AND PROCEDURE

In order to evaluate the effects of wrist-worn relocated haptic
feedback on force accuracy and task speed in a teloperated
manipulation task, we conducted a user study involving a simple
palpation task with the dVRK while users wore the Hoxel with
active anchoring bracelet. The study consisted of a learning
phase, during which participants were acquainted with the haptic
feedback and learned to perform the teleoperated palpation task,
and an evaluation phase. A total of 24 participants, between the
ages of 19 and 62, participated in the study. All participants
were right-handed and were novices in that they had no prior
experience teleoperating the dVRK or da Vinci Surgical System
(Intuitive Surgical, Inc., Sunnyvale, CA, USA).

A. Setup

1) Hardware: Participants used the first-generation (Classic)
da Vinci Research Kit (dVRK) to perform a teleoperated pal-
pation task. The surgeon console consists of two 8-DOF master
tool manipulators (MTMs), a foot-pedal tray, and a CRT-monitor
stereoviewer (640 x 480 resolution). The patient side consists of
two 7-DOF patient-side manipulators (PSMs) and a ZED Mini
camera (StereoLabs, San Francisco, CA, USA) to provide the
operator with a 3D stereoscopic view of the workspace. For the
palpation task, participants only used the right MTM (MTMR)
to teleoperate the right PSM (PSM 1) with EndoWrist ProGrasp
Forceps (Intuitive Surgical, Inc., Sunnyvale, CA, USA) attached
as the end-effector tool.

For the phantom tissue, a sponge-based skin pad (Limbs &
Things, Bristol, U.K.) was fixed in a 3D-printed enclosure with a
6-axis Nano17 force-torque sensor (ATT Industrial Automation,
Apex, NC, USA) affixed to the center of the enclosure’s bottom
surface. The phantom tissue-sensor enclosure was securely at-
tached to an 80-20 mount placed in the center of the workspace.
Prior to each part of the experiment, the position of the PSM
was initialized so that the forceps tip would be directly above
the center of the phantom tissue. To interact with the GUI on the
stereoviewer, participants use a keyboard affixed to the arm rest
of the surgeon console.
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Fig. 5. Study participant’s stereoscopic camera view of the patient side of the
dVRK through the visual console. The phantom tissue-sensor enclosure is placed
in the center of the workspace. During the experiment, participants palpate the
center of the tissue pad with the tip of the ProGrasp forceps attached to the PSM.

2) Software: For dVRK teleoperation, a ROS-based open
controller implementing proportional-derivative position con-
trol was used [19]. A scaling factor of 0.2 was used to scale
motions from the MTMR to PSM1.

A custom Python script ran on a PC to process force data
received by the Nano17 force-torque sensor, perform the haptic
rendering calculations, and send commands over serial to a
Teensy 3.1 for pneumatic actuation of the Hoxel. The same
script generated a graphical interface projected onto the surgeon
console stereoviewer (Fig. 5). This graphical interface provided
the participants with real-time displays of the palpation forces
and textual cues overlaid on the stereoscopic camera view of the
workspace.

During the study, using a CAN communication protocol-
based interface, the experimenter sent commands for tightening
and release of the anchor, monitored tendon transmission posi-
tion and motor torque in real time, and monitored the forces of
the Hoxel haptic feedback on the wrist.

B. Protocol

This study consisted of learning and evaluation phases. Par-
ticipants spend a maximum of one hour completing the entire
experimental procedure. The university Institutional Review
Board approved the experimental protocol and all participants
gave informed consent.

1) Learning: To ensure that participants had adequate prac-
tice with the teleoperated palpation task while experiencing
relocated haptic feedback on the forearm, participants first went
through a learning phase. The four parts of this learning phase in-
volved different combinations of the presence of relocated haptic
feedback and visual display of the applied force numerical value.
The purpose of the “Passive Haptics” phase was to acquaint
participants with the magnitudes of relocated feedback associ-
ated with the magnitudes of applied force in the palpation task.
The second part, “Explore” phase, was intended to allow par-
ticipants to associate relocated haptic feedback on the forearm
with tool-tissue interactions in the teleoperated palpation task.
Participants then continued to learn the force-matching palpation
task in “Target” phase while still receiving visual feedback with
numerical display of forces before finally practicing the task in
a “Practice” phase as it would appear in the evaluation phase.
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a) Passive HapticsParticipants passively experienced wrist-
worn haptic feedback corresponding to five reference force
levels of tissue palpation: 2 N, 3 N, 4 N, 5 N, and 6 N. Each
reference force level was repeated three times, in a random
order. The participant could spend as much time as needed to
experience the haptic feedback corresponding to each force level
and would proceed to the next force level by hitting the ENTER
key on a keyboard.

b) ExploreParticipants learned how to teleoperate the dVRK
and perform the palpation task. They were given 2 minutes to
explore palpation while experiencing wrist-worn haptic feed-
back and seeing the real-time palpation force numerical display
on screen. Participants were instructed to palpate in a manner to
experience the full range of haptic feedback but avoid generating
palpation forces above 8 N. Participants were also instructed to
move the tool only along the vertical axis above the center of
the tissue pad to ensure forces were applied normal to the tissue
surface.

c) TargetParticipants next learned to perform the force-
matching palpation task. Participants were instructed to pal-
pate to match the reference force levels displayed on screen,
each repeated three times in a random order. They received a
real-time numerical display of the palpation force as well as
wrist-worn haptic feedback. The participant would indicate they
have matched the force by hitting the ENTER key on a keyboard.

d) PracticeParticipants practiced the force-matching palpa-
tion task similar to how it would be performed in the evaluation
phase. While participants received real-time wrist-worn haptic
feedback during the palpation, unlike the Target phase, they did
not receive a real-time numerical display of the palpation force.
Instead, the actual palpation force would only be displayed once
the participant has indicated they have settled on a final palpation
force.

2) Evaluation: Participants performed the force-matching
palpation task either with (“Haptics”, H) or without haptics
(“NoHaptics”, NH). No real-time numerical display of palpation
forces would be provided at any point in this part of the exper-
iment. The order of the conditions (H, NH) was randomized
for each participant. Of the 24 participants in the study, 12
completed the H condition first, the other 12 completed the NH
condition first.

C. Metrics

a) Force AccuracyTo evaluate force accuracy in the palpation
task, the primary metric analyzed was force error, defined as
the magnitude of difference between the reference force level
and actual palpation force at the moment participants indicated
they have matched the desired force. The average force error
was calculated across all subjects for each condition (H, NH)
per reference force level (2N, 3 N, 4 N, 5 N, 6 N) and aggregate
across all reference force levels.

b) Task SpeedThe speed of the palpation task was measured
using the movement time and load rate. Load rate is calculated as
the change in palpation force over time, with the peak load rate
of a single palpation being the maximum value. In the palpation
task, movement onset and offset were computed by identifying
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Fig. 6. Load rate (LR) over time during a palpation for 6 N. Onset was when

load rate first crossed 25% of the peak LR while offset was when load rate last
crossed 25% of the peak LR. Trial time (2.02 s for this example) was calculated
as the difference between offset and onset times.

the times when the load rate first and last, respectively, crossed
+25% of the peak load rate, as shown in Fig. 6. According
to Fitts’s law [20], slower movements are often more accurate.
In order to characterize the speed-accuracy tradeoff, we use a
normalized metric, the normalized absolute error-time (NAET):

lerror| time

NAET =

lerrormax | timemax

where errorp.x and timep,,, are the observed maxima for each
quantity during evaluation of across all subjects within a con-
dition (H, NH) for each reference force level (2N, 3N, 4N,
5N, or 6N). The normalization of force error magnitudes and
movement times by their respective maxima produces unitless
values ranging from O to 1, ensuring equal importance is assigned
to both accuracy and time. The closer the NAET value is to 0, the
less of a trade-off there is between speed and accuracy compared
to an NAET value closer to 1.

D. Statistical Analysis

For each performance metric, we fit an ordinary least squares
regression with fixed effects of the haptic condition (H, NH),
experimental order of the haptic conditions during evaluation
(H first, NH first), along with the interactions of these effects.

Metrics including force error, palpation movement time, and
normalized absolute error-time (NAET) were analyzed for sta-
tistical significance. Outliers in force error and palpation move-
ment time were removed prior to analysis by excluding values
outside the 5™ and 95" percentiles within each combination of
reference force level and haptic condition, a standard statistical
practice [21]. Although the exclusion of these outliers may
limit generalizability to edge-case behaviors and inconsistencies
among novice users in early trials, it enhances the robustness of
our analysis by preventing atypical trials from skewing com-
parisons between haptic conditions. An analysis of variance
(ANOVA) was conducted for each model using Type II sum
of squares to evaluate the significance of fixed effects. Analyses
were conducted separately for each reference force level as well

Authorized licensed use limited to: Stanford University Libraries. Downloaded on March 04,2026 at 23:06:36 UTC from IEEE Xplore. Restrictions apply.



12928

° I Haptics (H)
[ No Haptics (NH)
10
=6
B
g
£
c
S
g
S 4
a
2
o
20 30 ) E) 50
Reference Force Level (N)
Fig. 7. Participants consistently applied higher forces when performing the

palpation task without haptics (NH) as compared to with haptic feedback (H).
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Fig. 8. Mean force errors in evaluation phase. At all reference force levels
except 5 N, participants had a lower force error when performing the task with
haptics (H) as compared to without haptics (NH).

as for the aggregated data, with significance defined as p-value
< 0.05.

IV. RESULTS AND DISCUSSION
A. Effects of Wrist-Worn Haptic Feedback on Force Accuracy

Based on the distribution of palpation force across all refer-
ence force levels for all subjects (Fig. 7), participants consis-
tently applied higher palpation forces without haptic feedback
(NH) as compared to with haptic feedback (H). The maximum
force applied by participants in the NH condition was 10.15 N
compared to only 8.08 N in the H condition, and both max-
ima occurred during a palpation for reference force level 6 N.
Without haptic feedback (NH), the palpation forces have a wider
distribution, indicating a larger variability in the forces applied
by participants. Palpation forces show a more concentrated
distribution in the H condition, most notably at the force levels
of 2 N, 3 N, and 6 N, indicating a more consistent application
of force when wrist-worn haptic feedback is provided. As the
reference force levels increased, the difference in the distribution
of the forces between conditions remained relatively constant.

In terms of magnitude of palpation force error, participants
had a smaller force error when performing the palpation task in
the H condition compared to the NH condition (Fig. 8). There
was a significant effect of haptic condition on force error at the
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reference force levels of 2 N (p < 0.05),3 N (p < 0.05),4 N (p
< 0.05),6 N (p < 0.001), and the aggregate force error across all
force levels (p < 0.001). The difference in force error was most
pronounced at reference force level of 6 N, where force error
averaged at approximately 1.47 N for the NH haptics condition
but only 0.91 N for the H condition.

The overall lower palpation forces in the H condition suggest
that wrist-worn haptic feedback not only improves the accuracy
of force perception but also has an inhibitive effect on application
of forces higher than the target force. Without haptic feedback,
participants likely overestimate the required force due to re-
liance on visual and proprioceptive cues, leading to higher force
application. The reduction in applied force is consistent with
previous works that demonstrate the efficacy of tactile feedback
in reducing grip force [5], [22], contact forces [23], and normal
force [24] with telerobotic and telesurgical tasks. The reduction
of applied has implications on the capability to avoid excessive
forces when handling delicate tissue in telerobotic surgery.

The reduced force error with wrist-worn haptic feedback
aligns with findings in previous studies that demonstrate the
efficacy of wrist-based haptic feedback in improving perception
of force differences in both virtual environments [15], [25], [26]
and teleoperation settings [16], [27]. Without wrist-worn haptic
feedback, participants mostly relied on visual and proprioceptive
cues in the NH condition. Visual and proprioceptive cues are
known to be less reliable for fine force discrimination, especially
in the absence of co-located tactile input [1], [3].

The wider distribution in palpation forces in the NH condition
may reflect the increased cognitive demand of force estimation
without real-time haptic feedback, thus resulting in more dif-
ficulty with maintaining consistent forces. Previous work has
shown that sensory substitution can improve the consistency
of robotically applied forces in suture-tying with the da Vinci
system [28]. This consistency of applied forces is an indicator
of better control by surgeons over surgical tasks.

Prior studies have shown that, when deprived of haptic feed-
back, users exhibit inconsistent, often excessive, forces due to
the difficulty of gauging and reproducing precise force levels [5],
[71, [16]. King et al. [5] found that surgeons applying forces
without tactile feedback exerted higher grasping forces, while
introducing a tactile feedback system reduced and stabilized
their grasping force. Machaca et al. [16] showed that wrist-
squeezing force feedback helped novices regulate their force out-
put and consistently apply lower forces during robotic surgical
training. These findings suggest that the presence of wrist-worn
haptics anchors user perception and modulates motor output,
enabling not only more accurate but also more consistent force
application [29].

B. Effect of Haptics on Task Speed

There was a significant effect of haptic condition on palpation
movement time at the reference force levels of 2 N (p < 0.05),
3N (p <0.01), 6 N (p < 0.001), and the aggregate palpation
time across all force levels (p < 0.001) (Fig. 9). With wrist-worn
haptic feedback (H), movement times were generally longer than
without haptic feedback (NH).
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Fig. 10. Mean normalized absolute error-time (NAET) in evaluation phase.
There is only a statistically significant difference in NAET between haptics (H)
and no haptics (NH) conditions at the reference force level of 2 N.

Inspecting the normalized absolute error-time (NAET), we
observed no significant differences between the haptic condi-
tions except for at the reference level of 2 N (p < 0.01) (Fig. 10).
With the exception of 2 N, the NAET in the NH condition
remained relatively constant across the different reference force
levels. In the H condition, we observed a slight monotonic
increase in NAET as the reference force level increased from
2Nto6N.

Longer movement times in the haptics condition suggest that
participants were more deliberate when modulating their forces.
Participants may take more time to confirm force levels when
receiving wrist-worn haptic feedback compared to purely rely-
ing on visual estimation and proprioceptive cues. The increase
in movement time is consistent with the effect of haptics on task
completion time in other teleoperation studies. Ortmaier et al.
showed that providing force feedback during a robotic dissection
reduced unintended injuries but increased the operation time
compared to manual dissection [30].

Our observations in the speed-accuracy tradeoff indicate that
participants dynamically adjusted their control strategies de-
pending on the availability of feedback and the difficulty of the
force target. According to Fitts’s Law [20], participants typi-
cally achieve higher accuracy with reduced movement speed. A
significant difference in NAET at 2 N but not at other levels
suggest that the influence of haptic feedback on the speed-
accuracy tradeoff is potentially dependent on the force level.
Previous research has shown that the benefit of haptic feedback
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can depend on task difficulty and user skill: more challenging
or higher-force tasks potentially induce larger slow-downs in
movement to improve accuracy [29].

In the absence of wrist-worn haptic feedback (NH), partici-
pants relied solely on visual and proprioceptive cues to regulate
palpation force. However, at the relatively low force level of
2 N, tissue deformation that could be visually observed and
arm movement that could be perceived through proprioception
were minimal. Without haptic information, participants lacked
sufficient sensory resolution to reliably judge proximity to the
target force. To compensate for this uncertainty, they tended to
slow down their movements, but accuracy gains were limited
because the cues remained not very salient. In contrast, with
wrist-worn haptic feedback (H), participants were more sensitive
to small changes in applied force and could better identify when
they reached the target palpation force, leading to a reduced
speed-accuracy tradeoff at 2 N despite slightly longer move-
ment times. Overall, with haptic feedback, participants achieved
higher accuracy while also taking more time to complete the
palpation.

V. CONCLUSION

This study tested the effects of relocated haptic feedback on
the accuracy of applied force and speed during the teleoperation
of a minimally invasive surgical robot in a simple palpation task,
compared against a control condition without haptic feedback.
Our results pointed to a strong effect of wrist-worn haptic
feedback in reducing the overall magnitude of palpation force
as well as decreasing error when aiming for target force levels.
Additionally, the presence of haptic feedback led to longer move-
ment times, suggesting that participants were more deliberate
in their force modulation, thereby improving force application
accuracy. Significant differences in normalized absolute error-
time (NAET) only at relatively low force levels suggest that the
influence of haptic feedback on task efficiency may depend on
task difficulty or sensitivity to force discrimination.

Now that we have demonstrated the effectiveness of wrist-
worn skin deformation feedback, it can be directly compared
with other feedback modalities, such as vibratory feedback, skin
deformation feedback collocated with the fingers, and visual
feedback. There is ongoing work comparing skin-stretch defor-
mation on the wrist versus on the fingertips. Wrist-based skin de-
formation represents only one approach within a broader space
of relocated haptic feedback, which could also be applied on the
upper arm, torso, and lower limbs. Future work can compare
the effects of haptic feedback at these different locations, which
may present different trade-offs in mechanoreceptor density and
user embodiment.

Future work should also verify our findings in more com-
plex manipulation tasks that involve force application in mul-
tiple degrees of freedom (DOF), such as tool guidance, blunt
dissection, or suture handling. While this study employed a
linear force mapping, perceptually uniform scalings or non-
linear mappings may improve force discrimination across the
range of haptically rendered forces. Future work could ex-
amine whether such alternative mappings would improve the
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accuracy of applied forces during the manipulation task. In
addition to the 1-DOF normal force rendering employed in this
study, future studies should explore the effects of multi-DOF
relocated haptic feedback, particularly the inclusion of shear
and tangential forces, on performance and perception in tele-
operation. There are open questions about whether multi-DOF
skin deformation feedback at a single point of contact is ef-
fective and perceptible at the wrist [31]. It would be valuable
to compare the effectiveness of multi-DOF skin deformation
with distributed feedback in conveying multi-DOF interaction
forces present in complex manipulation tasks. Expanding the
design and evaluation of relocated haptics across diverse tasks
and force directions will be critical for assessing their via-
bility as effective alternatives to fingertip-based feedback in
RMIS.

The findings of this study contribute to the growing body of
research on haptic feedback in RMIS and offer insights into the
design and integration of wearable haptic systems. By demon-
strating the feasibility and benefits of wrist-worn feedback, this
work lays the foundation for advancing effectiveness of haptic
feedback to improve force perception, applied force accuracy,
and overall performance in teleoperated manipulation tasks.
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