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Abstract— Relocation of haptic feedback from the fingertips

to the wrist has been considered as a way to enable hap-

tic interaction with mixed reality virtual environments while

leaving the fingers free for other tasks. We present a pair of

wrist-worn tactile haptic devices and a virtual environment to

study how various mappings between fingers and tactors affect

task performance. The haptic feedback rendered to the wrist

reflects the interaction forces occurring between a virtual object

and virtual avatars controlled by the index finger and thumb.

We performed a user study comparing four different finger-to-

tactor haptic feedback mappings and one no-feedback condition

as a control. We evaluated users’ ability to perform a simple

pick-and-place task via the metrics of task completion time,

path length of the fingers and virtual cube, and magnitudes

of normal and shear forces at the fingertips. We found that

multiple mappings were effective, and there was a greater

impact when visual cues were limited. We discuss the limitations

of our approach and describe next steps toward multi-degree-

of-freedom haptic rendering for wrist-worn devices to improve

task performance in virtual environments.

I. INTRODUCTION

Many tactile haptic feedback devices that render forces
from interactions with virtual objects provide forces directly
to the glabrous skin of the fingertips, taking advantage of
their mechanoreceptor density [1], [2], [3]. Because these
devices are deliberately designed to cover the fingers and
fingertips, they prevent users from simultaneously inter-
acting with physical tools, which is detrimental for many
mixed reality scenarios such as surgical training, guidance
for assembly and repair, and remote collaboration. Leaving
the fingers free of encumbrance can also facilitate optical
predictive tracking to enhance the responsiveness of haptic
feedback [4].

Haptic feedback can be relocated from the fingertips to
other locations on the body, which would enable haptic
interaction with mixed reality virtual environments while
leaving the fingers free for other tasks or to simultaneously
manipulate physical tools. We propose to provide feedback
at the wrist or the forearm near the wrist. Such relocation
has been previously shown to improve task performance,
user acceptance, and task enjoyment compared to scenarios
with no haptic feedback [5], [6], [7], [8]. Due to lower
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mechanoreceptor density on the wrist [9], we aim to design
wrist-worn haptic devices that provide meaningful feedback
to the user – but without the need to create perfectly realistic
sensations. That is, the less accurate perception on the arm
compared to the fingertips might make haptic illusions more
feasible [10].

We aim to understand the best practices of haptic relo-
cation to the wrist during virtual manipulation tasks. We
previously investigated the effects of feedback location on the
wrist (dorsal vs. ventral vs. both sides) [11] and the rendered
feedback direction (normal vs. shear) [12], [13]. Our results
showed that participants’ perception was not affected by
either feedback location or direction, as long as the par-
ticipants observed noticeable, meaningful haptic feedback.
In these studies, participants were asked to discriminate the
stiffness property of virtual objects by pushing the objects
toward the ground using the index finger. Thus, we only
calculated the interaction forces acting on a single fingertip
and rendered haptic feedback on the wrist. However, generic
manipulation tasks should be performed by at least two
fingers, e.g. the index finger and thumb, creating opposing
forces acting on the objects. Even though one might assume
that the interaction forces on both fingertips should be equal
at all times, this would not correspond to scenarios in which
the user translates or rotates a held object in the virtual
environment due to inertial and gravitational effects.

In this paper, we created and tested various finger-to-
tactor mappings that define the relationship between virtual
environment interaction forces at the fingertips and rendered
haptic feedback at particular wrist locations. The tactor is
the part of the haptic device that presses into the skin, in our
case near the wrist. We hypothesize that participants will
perform a simple virtual manipulation task better when (1)
fingertip forces are rendered on the wrist individually (rather
than in combination or using a single fingertip force), and
(2) index finger and thumb forces are mapped to the dorsal
and ventral sides on the wrist, respectively (rather than to
the ventral and dorsal sides, respectively). To test this, we
calculated the virtual environment forces acting on the user’s
index finger and thumb and used those forces to generate
haptic feedback via a pair of wrist-worn tactile haptic devices
mounted on the same wrist. We conducted a user study to
investigate the impact of finger-to-tactor mapping on user
performance during a simple virtual manipulation task. The
main contribution of this work is an understanding of how the
mappings of fingertip haptic interactions to locations on the
wrist affect manipulation of virtual objects, to guide future
design and rendering for wrist-worn haptic devices.

ar
X

iv
:2

20
9.

07
64

0v
2 

 [c
s.H

C
]  

14
 N

ov
 2

02
2



Fig. 1. The user wears a pair of 1-DoF wrist-worn tactile haptic devices
on the ventral and the dorsal side of their wrist and finger tracking sensors
mounted on the index finger and thumb. Each wrist-worn device provides
skin deformation normal to the user’s wrist via a tactor connected to a rack
and pinion and driven by a servo motor.

II. EXPERIMENTAL SETUP

A. Device Design

A pair of one-degree-of-freedom (1-DoF) wrist-worn tac-
tile haptic devices provide skin deformation normal to the
user’s wrist via a tactor to display simulated interaction
forces. Each tactor is actuated via a lightweight 6.2 g
HXT500 micro servo motor by Hextronik. The servo motor
is attached to a rack and pinion mechanism which was 3D
printed. The rack has a maximum usable extension of 15
mm and the pinion has a pitch radius of 5.75 mm. The servo
motor is open-loop position controlled via digital I/O using
a Sensoray 826 PCI Express board at constant speed with a
PWM frequency of 50 Hz.

The user wears two of these devices simultaneously on
the same wrist, one on the ventral side, and the other one on
the dorsal side of the wrist as shown in Fig. 1. The poses
of the user’s index finger and thumb are tracked using an
electromagnetic 6-DoF tracker by Ascension trakSTAR with
two Model 800 sensors and a pair of 3D-printed mounts on
the dorsal (fingernail) side of each finger, leaving the ventral
(palm-facing) side of the fingertips free during manipulation
tasks. The tracked finger pose is displayed in the virtual
environment (as will be discussed in Section II-B) so the
user can interact with a dynamic virtual object. Each device
provides haptic feedback corresponding to virtual interaction
forces occurring on either the index finger and/or the thumb
(as will be described in Section II-C).

B. Virtual Environment

To connect our physical devices to our virtual world,
we apply a Hooke’s Law model (|F | = k|x|) to convert
the interaction force (F = Fx + Fy + Fz) in the virtual
environment to a desired position of the tactor, which pushes
onto the skin. The applied force (our interaction force), |F |,
represents the magnitude of the interaction forces at the fin-
gertips. The effective stiffness, k, is a manually tuned scaling
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Fig. 2. Shown are examples of the (left) virtual index finger force being
mapped to a tactor position on the dorsal side of the wrist and (right) virtual
thumb force being mapped to a tactor position on the ventral side of the
wrist during grasp of a virtual cube. The magnitude of the interaction force
of each finger measured in the virtual environment is scaled down by a
factor of 0.40.

factor discussed below. The penetration or displacement, |x|,
represents the tactor displacement.

The device’s commanded tactor extension was scaled
down by a factor of 0.40 relative to the magnitude of the
calculated interaction forces to prevent the tactor from being
commanded beyond its usable workspace. We determined
this value via informal pilot testing in order to maintain user
comfort and to ensure that most virtual interactions resulted
in tactor displacement that was within the workspace of the
wrist-worn devices. This scaling factor remained constant for
all participants during the study. An example of the scaling
between the interaction force and tactor extension during a
trial is shown in Fig. 2.

The virtual environment and all interaction forces are sim-
ulated using the CHAI3D haptics and simulation framework
[14]. The virtual environment contains a single dynamic
cube, a wall, a hoop, and an ellipsoid target area as shown
in Fig. 3. The wall is an intentionally placed obstacle to
encourage users to lift the cube off the virtual ground before
guiding it through the hoop and into the target area. The users
can interact with the environment via virtual avatars in the
form of finger-shaped meshes representing the user’s index
finger and thumb. Upon contact, the servo motors are given
a position command equal to the magnitude of calculated
interaction forces times the scaling factor of 0.40.

C. Finger-to-Tactor Mappings

We considered three main concepts for rendering haptic
feedback on the wrist: (1) haptic feedback is rendered on
the dorsal and ventral sides of the wrist independently
(depending on different finger-to-tactor mappings defined as
Mapping 1 and Mapping 2), (2) haptic feedback is rendered
only on the dorsal side of the wrist (depending on different
finger-to-tactor mappings defined as Mapping 3 and Mapping
4), and (3) no haptic feedback is rendered (Control). Fig. 4
shows the five finger-to-tactor mappings used in our study.



Fig. 3. The virtual environment and the pick-and-place task designed for
the experiment: the user interacts with the dynamic cube via finger-shaped
meshes representing the user’s index finger and thumb. After grasping the
cube, the user guides it through the hoop and into the target area. The wall
is an intentionally placed obstacle to encourage users to lift the cube off
the virtual ground.

Fig. 4. Diagram of the 5 finger-to-tactor mappings: (1) thumb mapped to
the ventral side of the wrist and index finger to the dorsal side, (2) thumb
mapped to dorsal side of the wrist and index finger to the ventral side,
(3) index finger mapped to the dorsal side of the wrist while the thumb
is neglected, (4) average of both fingers mapped to the dorsal side of the
wrist, and control – no haptic feedback.

For Mapping 1, the index finger force is mapped to the
dorsal side of the wrist and the thumb force is mapped to
the ventral side of the wrist. This seemed logical because of
geometric congruence, which might make it easy for users to
interpret wrist haptic feedback corresponding to finger haptic
feedback. For Mapping 2, we switched the wrist locations
compared to Mapping 1. This was motivated by biomechani-
cal considerations and expanding on our previous work [13].
Index finger movement corresponds to musculature on the
ventral side of the forearm such as the flexor digitorum
profundus and thumb movement corresponds to musculature
on the dorsal side of theforearm such as the abductor pollicis
longus. It stands to reason that pressing on or near these
structures could also generate a mapping that is natural for
users to understand. Additionally, there may be an effect of
muscle activity on the wrist, where tactors have been placed
in previous studies [13].

Mappings 3 and are 4 are motivated by the idea that it may
be possible to reduce actuation complexity by using only
a single tactor. For Mapping 3, only the interaction forces
acting on the index finger are considered, and it is mapped
to the dorsal side of the wrist. For Mapping 4, we averaged
the forces of the two fingers and mapped that average to

the dorsal side of the wrist. For both Mappings 3 and 4,
we could have mapped to the ventral side of the wrist, but
prior work [12] indicated that either side would be effective.
Finally, “Control” had no programmed haptic feedback,
which was important as a baseline to measure the effect of
the other mappings. For all mappings, the mounting of the
device on the user’s wrist remained consistent regardless of
the actuator activity.

III. EXPERIMENTAL METHODS

A. Procedures

To evaluate the finger-to-tactor mappings, we conducted a
user study based on a simple two-finger pick-and-place task.
Participants were instructed to grasp the cube with only their
index finger and thumb, lift it, guide the cube through the
hoop (only the center of the cube is required to pass through
the hoop), and place the cube in the target area (only the
center of the cube is required to be placed in the target area).

20 participants (ages 19 to 35, 7 females, 13 males, 19
right-handed, 1 left-handed) joined the study. The Stanford
University Institutional Review Board approved the experi-
mental protocol and all participants gave informed consent.
All participants performed the manipulation tasks using
their dominant hand to eliminate the impact of handedness.
Participants were split into 2 groups of equal size which will
be referred to as the visible cube group and the invisible cube
group.

The visible cube group performed all tasks with the virtual
cube being visible to them throughout the experiment.

The invisible cube group performed the tasks with the
added condition that when they picked up the cube by 0.01 m
vertically with respect to the virtual ground, it became invis-
ible to them. However, the user continued to receive haptic
feedback based on their dynamic interactions. For instance,
if the user opened their fingers such that the cube fell to
the virtual ground, they received decreased and ultimately
zero haptic feedback accordingly. The visual feedback of the
cube was determined by the vertical position of the cube and
therefore remained invisible initially when the cube began to
fall but became visible as the cube’s vertical position became
within 0.01 m of the virtual ground. For the invisible cube
group, their virtual finger avatars remained visible throughout
the experiment.

Haptic feedback conditions and all material properties of
the virtual objects were otherwise identical for both groups.
Participants wore finger-mounted sensors placed on the index
finger and thumb to track the pose of the virtual finger
avatars. Participants also wore headphones playing white
noise throughout the experiment to avoid being biased by
auditory cues by canceling the noise from the haptic devices’
servo motors and transmissions as shown in Fig. 5.

The experiment had three phases: pre-trial, training, and
testing. Participants were instructed to perform the pick-and-
place task as quickly and accurately as possible without
dropping the cube as shown in Fig. 6. When participants
touched the cube, they received different types of haptic
feedback via normal indentation into the skin on the wrist,



Fig. 5. Experimental task: a user performs the pick-and-place task while
receiving haptic feedback via a pair of wrist-worn devices. The user’s fingers
are tracked by the Ascension trakSTAR electromagnetic tracking system’s
3 main components: the finger-mounted sensors placed on the user’s index
finger and thumb, the mid-range transmitter located near the monitor, and
the desktop electronics unit with integrated power supply on the right.
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Fig. 6. A representative path taken by the user’s index finger, thumb, and
the cube during the pick-and-place task. This kinematic data was collected
during the user’s attempt of the pick-and-place task in the testing phase with
the Mapping 1 haptic condition.

or possibly no feedback at all, to assist with the virtual
manipulation. Participants were given a visual cue that they
guided and placed the cube properly through the hoop and
then the target area by changing the opacity from translucent
to opaque. If the user incorrectly skipped the hoop, neither
the hoop nor target area would become opaque and the
experiment would not proceed until the cube completed its
proper path.

During the pre-trial phase, participants were given an
opportunity to briefly explore the virtual environment freely
without haptic feedback. The training phase consisted of 5
trials, which provided an example of each of the 5 mappings.
All participants completed the training phase with mappings
presented in the same order: Mapping 1, Mapping 2, Map-
ping 3, Mapping 4, and Control (with no haptic feedback)
(see Fig. 4). During the testing phase, each participant was
assigned a pseudo-random order based on Latin Squares in

the reduced form in which mappings were presented to them.
They performed the pick-and-place task in blocks of 10 trials
with the same mapping, with minimum 1-minute breaks in
between trial blocks to avoid fatigue. This was repeated until
the participant completed the tasks for all mappings, for a
total of 50 trials per participant.

B. Metrics

We evaluated user performance using three metrics: task
completion time, path length, and interaction forces at the
fingertips. The task completion time is defined as the elapsed
time needed to complete the task successfully beginning from
the instant the user makes initial simultaneous contact of the
index finger and thumb with the virtual cube until the instant
the virtual cube is correctly placed in the target area. The path
lengths are the summation of the displacements of the index
finger, thumb, and virtual cube throughout a trial. Finally,
interaction forces indicate the local forces rendered at the
fingertips in the normal and shear directions to the virtual
fingertips. Participants were also given a survey to rate the
difficulty of completing the task with the different mappings.

IV. RESULTS AND DISCUSSION

A. Learning

We examined the potential effects of learning in terms
of path length and task completion time, regardless of the
mapping. When looking at participants’ progression through
the experiment (i.e. comparing their performance at the first
and the last trials of the experiment), we observe that there is
not a noticeable learning curve in moving the virtual fingers
and cube along the most efficient path in terms of path
length and completion time to complete the pick-and-place
task (data not shown). We conclude that because the task
was simple and the visual and/or haptic feedback sufficiently
clear, that any learning likely occurred during the training
phase of the experiment.

B. Task Completion Time and Path Length

We performed 2-way ANOVA tests with independent
variables of haptic mapping (5 levels) and visibility (2
levels) and calculated p-values and interaction effects at 95%
confidence as shown in Table I, with statistically significant
items highlighted in yellow. We observed no statistically
significant difference in task completion time or path length
regardless of mapping for all subjects. However, we observed
a significant difference between the visible cube group and
invisible cube group. When the cube is visible, subject took
less time to complete the task and used shorter paths to
complete the task as shown in Figs. 7 and 8. This shows
that participants found the task easier with the visible cube.

C. Interaction Forces

We evaluated the normal and shear components of the
interaction forces in order to better explain the behavior of
the manipulation task. The normal component is related to
the stiffness of the cube and how much the cube is squeezed
statically. Once the cube is squeezed, the normal component



TABLE I
ANOVA RESULTS FOR INDEPENDENT VARIABLES OF

MAPPING AND VISIBILITY

p-value by

Mapping

p-value by

Visibility

Interaction

Effects

Completion

Time
0.6726 0.0007 0.1309

Index Path

Length
0.7411 0.0318 0.1867

Thumb Path

Length
0.7312 0.0435 0.1764

Cube Path

Length
0.3268 0.02623 0.1406

Index Shear

Force
0.5366 0.0007 0.7636

Index Normal

Force
0.1724 0.0192 0.3534

Thumb Shear

Force
0.3994 <0.0001 0.2672

Thumb Normal

Force
0.0151 0.0504 0.0989
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Fig. 7. Mean completion time with standard deviation of the pick-and-place
task over 10 trials for 5 finger-to-tactor mappings.

remains essentially constant regardless the motions of the
cube. The shear component is a function of (1) the surface
friction and how much the finger slides across the surface
and (2) the cube’s mass and the user’s acceleration. Due to
its dynamics nature, its magnitude is much higher than the
normal component [15].

We performed the same 2-way ANOVA tests with indepen-
dent variables of haptic mapping and visibility, with 5 and 2
levels, respectively, and presented the results in Table I. We
observed no statistically significant difference in the normal
and shear components of the index forces and in the shear
component of the thumb forces, regardless of mapping for
all subjects. We did observe statistical significance between
mapping conditions in the normal component of the thumb
forces (p = 0.0151). Additionally, we observed a significant
difference between the visible cube group and invisible cube
group for all fingers and force components except for the
normal component of the thumb forces (p = 0.0504). For
these magnitudes of interaction forces at the fingertip, we
observe that forces were larger for the visible cube group
as shown in Fig. 9, perhaps because participants are more
confident/less cautious and therefore applied more shear
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Fig. 8. Mean path lengths with standard deviation for the index finger,
the thumb, and the cube during the pick-and-place task over 10 trials for 5
finger-to-tactor mappings.
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Fig. 9. Mean finger-to-cube interaction forces with standard deviation in
the normal and the shear directions separately during the pick-and-place
task over 10 trials for 5 finger-to-tactor mappings.

force to the cube.
The difference between shear forces with the visible and

invisible cube is smallest for Mapping 2 and largest for
Mapping 3 as shown in Fig. 9. For the index finger, the
difference in mean shear forces was 1.5789 N, 0.7640 N,
2.6365 N, 2.1436 N, 1.1840 N, for Mappings 1, 2, 3, 4, and
Control, respectively. For the thumb, the difference in mean
shear forces was 4.3668 N, 1.8460 N, 6.4848 N, 4.0846 N,
2.9248 N, for Mappings 1, 2, 3, 4, and Control, respectively.

D. Survey Results

Participants were asked to rate the difficulty of the pick-
and-place task for each mapping as very easy, easy, moderate,
hard, or very hard. To determine which mappings were
perceived as most and least difficult, we converted the ratings
to values ranging from 1 to 5 corresponding to very easy and
very hard, respectively. The number ratings for each mapping
were averaged to compare overall ratings between mappings.
The results indicate that Mapping 1 allowed participants to
perform the task with most ease and Mapping 4 with the most
difficulty. Mappings 2, 3, and the Control had similar overall



ratings, slightly below that of Mapping 4. We performed a
non-parametric Friedman test on these ratings and observed
no statistically significant preference of one mapping over
any other.

Participants were also asked to qualitatively describe what
strategies they used to perform the task with different map-
pings. Most participants relied on visual cues and feedback
when haptic feedback was not available and stated that haptic
feedback was generally helpful in performing the pick-and-
place task for most mappings. Although some participants
found the tactile sensation from the device to be unnatural,
most indicated that the haptic feedback was especially useful
in quickly knowing when the virtual object was picked up
and dropped. Some participants also relied on other methods
to secure the virtual object between the virtual thumb and
index finger such as moving slowly and steadily and thinking
about the position of the fingertips relative to each other.

V. CONCLUSIONS AND FUTURE WORK

In summary, we found that the order in which users were
presented with each of the 5 finger-to-tactor mappings does
not result in a noticeable difference in the task performance
metrics. However, when changing the visibility of the cube,
the task performance metrics had noticeable trends. Partic-
ipants also qualitatively rated Mapping 1, the geometrical
congruent mapping, as the best for ease of task performance
although this preference was not statistically significant.

Completion time for each trial and path lengths of the
index finger, thumb, and cube were lower for the visible
cube group compared to the invisible cube group during the
experiment, showing more efficient completion of the task
for the former group. However, no statistically significant
differences in performance occurred regardless of mapping.

We observed no statistically significant difference in index
normal, index shear, and thumb shear force regardless of
mapping for all subjects. However, we did observe sta-
tistical significance between mappings for thumb normal
force. Additionally, we observed a significant difference
between the visible cube group and invisible cube group
when analyzing the effect of visibility for the index normal,
index shear, and thumb shear force. However, there was no
statistically significant difference for the thumb normal force.
All performance metrics were evaluated during the testing
phase of the experiment.

In future work, we plan to develop and test a multi-
DoF device and determine whether adding more DoFs to
the haptic feedback will be as effective on the wrist as it
is on the fingertips, as well as which combination of DoFs
are optimal. We believe that there will be an improvement
over 1-DoF haptic feedback on the wrist, and will quantify
the differences in performance metrics and behavior in the
virtual environment. We also intend to extend this work to
a more immersive mixed reality environment and continue
to use the multi-DoF device and mappings we determine are
optimal. A new mixed reality environment will be developed
using the Unity game engine and CHAI3D haptics and
simulation framework. We will integrate this new framework

with a Microsoft HoloLens 2 Augmented Reality headset. In
a future user study, we will investigate how the augmented
haptic feedback aids in training and perception for virtual
objects integrated in a real-world environment.
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