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Figure 1: We present a technique to provide tactile feedback on the fingers from a wristband wearable. We achieve this through
(a) electrically stimulating the wrist, and (b) rendering a visual effect in mixed reality (MR) to enhance its perceived localization. (c)
With our approach, the user perceives about 40~50% of the sensations in a target region (the overlayed blue region represents
the area of perceived sensation from Study 2). This enables (d) tactile feedback in grabbing virtual objects or (e) tactile detents
in a virtual slider. (f) Unlike most electro-tactile approaches, our device dispenses with gel electrodes, and instead, employs high-
biocompatibility elastomer electrodes, making it easy to put on & take off.

ABSTRACT

We present a technique for providing remote tactile feedback to the
thumb and index finger via a wristband device. This enables hap-
tics for touch and pinch interactions in mixed reality (MR) while
keeping the user’s hand entirely free. We achieve this through a
novel cross-modal stimulation, which we term visually augmented
electro-tactile feedback. This consists of (1) electrically stimulating
the nerves that innervate the targeted fingers using our wristband
device; and (2) concurrently, visually augmenting the targeted fin-
ger in MR to steer the perceived sensation to the desired location. In
our psychophysics study, we found that our approach provides tac-
tile perception akin to tapping and, even from the wrist, it is capable
of delivering the sensation to the targeted fingers with ~50% of sen-
sation occurring in the thumb and ~40% of sensation occurring in
the index finger. These results on localizability are unprecedented
compared to electro-tactile feedback alone or any prior work for
creating sensations in the hand with devices worn on the wrist/arm.
Moreover, unlike conventional electro-tactile techniques, our wrist-
band dispenses with gel electrodes. Instead, it incorporates custom-
made elastomer-based dry electrodes and a stimulation waveform
designed for the electrodes, ensuring the practicality of the device
beyond laboratory settings. Lastly, we evaluated the haptic realism
of our approach in mixed reality and elicited qualitative feedback
from users. Participants preferred our approach to a baseline vibro-
tactile wrist-worn device.

Index Terms: Electro-tactile, haptics, mixed reality, wristband.
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1 INTRODUCTION

Today’s consumer headsets (e.g., Meta Quest) have shown that
mixed reality (MR) technology has reached some maturity in au-
diovisual & tracking aspects. On the contrary, haptic feedback in
MR is lagged behind, i.e., users typically do not feel what’s ex-
pected in their fingers upon manipulating Uls in MR. A bottleneck
for MR haptics is that, while audiovisual & tracking can be built
into the headset itself, to feel feedback in their hand, users have to
wear an additional device on their hand. For instance, many haptic
devices take the form of a glove. These are undesirable for MR as
they constantly cover up the user’s hand, impeding their daily ac-
tivities, and even MR experience itself, when interactions include
manipulating real-world objects.

As such, many posit that wrist-worn haptic devices form a rea-
sonable solution to MR haptics [5, 13, 31]: they keep the hand
entirely unencumbered, and wristbands are the de facto user pre-
ferrable form factor for wearables (e.g., smartwatches). However,
moving the device to the wrist means that they can only provide
feedback to the wrist, not the hand/fingers. Naturally, most wrist-
worn haptic devices are limited to vibrotactile [5] or squeezing [31]
feedback at the wrist. This unfortunately makes haptics from wrist-
band devices unintuitive and limits their realism, i.e., users only feel
sensations at the wrist even though most haptic interactions involve
touching or grabbing Uls with their fingers.

An emerging approach is to apply electrical pulses to the nerves
at the wrist, evoking tactile sensations in the regions of the hand
they supply [28, 30]. Unfortunately, while the electro-tactile feed-
back can provide sensations across the fingers and palm, it falls
short in creating adequately localized touch perception for target-
ing specific fingers, such as the index. Furthermore, the practicality
of these devices is limited; they rely on gelled electrodes similar
to ones used in neuroscience, which are challenging to attach and
detach due to the adhesiveness and must be replaced frequently.

We bridge the gap between wrist-worn devices and electro-
tactile feedback, converging them into a practical solution for tac-



tile feedback in MR. Our approach creates sensations in the thumb
& index finger via electrical stimulation at the wrist. This sup-
ports prevalent MR interactions such as button-pressing and pinch-
grabbing. A core innovation is our cross-modal illusion that en-
hances the perceived performance of electro-tactile feedback in
generating sensations within the targeted fingers—we term this vi-
sually augmented electro-tactile feedback (Fig. 1). In our illusion,
an MR application applies a visual effect that highlights the targeted
finger (e.g., the index), while a wrist-worn device delivers electro-
tactile feedback to the hand, targeting the same finger. As a result,
our system provides tactile feedback similar to “tapping”, with an
unprecedented rate of it perceived within the targeted region (~40%
for the index; ~50% for the thumb), which we found in our Study
1&2. Notably, the device that applies our electro-tactile feedback
is entirely different from most stimulation devices that use sticky
gelled electrodes. Instead, our device features custom-made dry
electrodes made of conductive elastomer, ensuring the wearability
and durability. This frees our device from the adhesive electrodes
that require frequent replacement. Users can simply put on and take
off our device as they would any other wristband. Finally, in our
Study 3, we elicited qualitative feedback from users on the haptic
realism, where they preferred our device to a baseline vibrotactile
wristband.

Contribution and Benefits. Our key contribution is a novel
cross-modal illusion that visually augments electro-tactile feed-
back, enabling a wristband device to provide tactile perception to
the fingers. The benefits of our approach include: (1) achiev-
ing state-of-the-art localization of tactile feedback in the fingers,
surpassing any existing wrist-worn devices, including those using
electro-tactile feedback alone; (2) supporting prevalent haptic in-
teractions in MR, such as button-pressing and pinch-grabbing us-
ing the thumb and index finger; and (3) drastically improving the
wearability & durability of electro-tactile devices by employing dry
elastomer electrodes to dispense standard adhesive gel electrodes.

2 BACKGOUND AND RELATED WORK

Our work is built on: (1) haptic devices designed for mixed reality;
(2) wrist-worn haptic devices; and (3) referred sensations—haptic
sensations perceived in a location different from the stimulus loca-
tion, specifically those achieved by electro-tactile feedback.

2.1 Mixed Reality Haptics Needs to Keep Hands Free

In Mixed Reality (MR), users interact with both virtual & physical
objects. Thus, wearable haptics for MR should keep their hands
free, preserving the ability to feel & manipulate physical objects
while adding haptics to virtual Uls; traditional haptic devices (e.g.,
haptic gloves [1, 46]) cover the hand and are not suitable for MR.
Thin actuators. One approach is to engineer very thin actua-
tors through which users can feel physical materials, e.g., a thin
film of electrodes that stimulates the fingerpad [48], or a PVC tube
wrapped around the fingerpad that flows liquids for feedback [14].
Foldable actuators. Another approach is to design foldable me-
chanical structures that cover the fingerpad/palm only during hap-
tic feedback but otherwise sit on a different location to keep the
hands/fingers free, e.g., fingerpad-to-nail [44] or palm-to-arm [20].
Relocated Actuators. Alternatively, one can simply present
haptics to another body part while representing the sensation for the
fingerpad or the hand, e.g., nail-mounted actuators for the fingerpad
sensations [3, 33] or mechanical pressure to the forearm [25].
While these strategies enhance the user’s ability to feel and ma-
nipulate physical objects in MR, each has its own limitation: thin
actuators still degrade the user’s tactile acuity compared to bare skin
[26]; foldable actuators involve latency due to mechanical actuation
(340ms for [20] and 92ms for [44]); and relocated actuators com-
promise the haptic realism of virtual Uls by presenting feedback to
parts other than the fingerpad or hand. Moreover, they require hard-
ware around the finger or forearm. Consequently, from the user’s

perspective, it feels as if they must wear these highly specialized
devices solely for haptic feedback, which diminishes their social
acceptability. As such, many have turned to haptic devices worn on
the wrist—a primary location for wearables (e.g., smartwatches)
with social acceptability.

2.2 Wrist-Worn Haptic Devices

A critical advantage of wrist-worn devices is their potential to
merge into standard wearables already on users’ wrists, e.g., smart-
watches. Thus, many have explored vibrotactile feedback at the
back of the watch, similar to mainstream smartwatches (e.g., Ap-
ple Watch), from a single vibrator for notifications [29] to multiple
vibrators for spatial cues [6, 21]. Also, envisioning the watch strap
form factor, many arrange actuators around the wrist, e.g., vibration
actuators around the wrist for eyes-free interactions or pathfinding
[5, 37]. To expand the range of sensations, researchers also turned
to mechanical pressures around the wrist (i.e., squeezing), using in-
flatable straps [32] or even shape memory alloys [13]. Recently,
Pezent et al. developed Tasbi, a wristband device for both vibro-
tactile & squeezing feedback using motorized strings connected
to vibration tactors [31]. Notably, Tasbi invested in interactions
where feedback intensity is mapped to contact force between a vir-
tual object and the fingerpads—it is a relocated actuator [31]. It is
important to note that wrist-worn devices are essentially relocated
actuators when they are used for MR haptics: they stimulate the
wrist without covering the hand. However, this means they inherit
relocated actuators’ limitation: they cannot directly provide sensa-
tions in the hand, lowering the realism of feedback that users, when
touching virtual Uls. To provide haptics that are felt in the hand
from the wrist, one must utilize emerging approaches that propa-
gate stimuli inside the body, which we will review next.

2.3 Referred Sensations beyond Stimulation Points

While creating haptic perception in the hand by stimulating the
wrist sounds paradoxical, vibrations or electrical stimuli applied
to the skin disperse inside the tissue. As such, researchers started
exploring ways to propagate stimuli specifically to a target area,
creating referred sensations—*“somatosensory feelings that are per-
ceived to emanate from a body part other than, but in association
with, the body part being stimulated” [22]. One approach which
has shown some recent progress, is to utilize constructive interfer-
ence of vibrations: rendering haptics in the base of the finger with
vibrations applied to the fingertip [8]; or creating a point of tactile
sensation in the forearm with multiple actuators around that region
[9]. Unfortunately, we have yet to see this approach creating local-
ized sensations within the hand/fingers from the wrist/arm.

Referred sensations via electro-tactile feedback. Electrical
pulses applied to the skin can also create referred sensations by
stimulating nerves under the skin that innervate tactile receptors in
the hand [23]. This has been primarily explored in neuroscience:
stimulation applied to the forearm [12], elbow [11], and upper arm
[47] to create sensations in the hand; or stimulating the lower palm
to evoke sensations in the fingers [10]. Building on these findings,
researchers in haptics recently started developing haptic devices
leveraging this phenomenon: electro-tactile feedback to the base
of the finger [27, 49] or the back of the hand [42] to provide tactile
sensations at the fingerpads. This supports both manual tasks with
physical objects & providing feedback for virtual Uls. Most rele-
vant to our proposal, excitingly, electrical stimulation to the wrist
can also create a coarse tactile sensation in the palm [30], or even
multiple areas of the palm by stimulating different regions of the
wrist [28]. Although these results are appealing, this approach cur-
rently comes with critical limitations.

2.4 Challenges in Electro-Tactile Feedback to the Wrist

As reviewed, electro-tactile feedback may become a viable solution
for generating tactile sensations in the hand via a wrist-worn de-



vice. However, two critical challenges remain that hinder its wider
deployment in MR haptics.

Perceived locations of the sensations. As electrode placement
moves away from the fingers toward the wrist, the nerves that inner-
vate the fingers become more bundled [42]. This poses a challenge
when targeting a specific hand region with electrodes attached to
the wrist. As Ogihara et al.’s recent findings demonstrate, sensa-
tions tend to spread across the palm and multiple fingers, making
it difficult to isolate and target individual fingers, such as the in-
dex finger [28]. When considering adding feedback to UI elements
like buttons and sliders in MR, it is essential for users to feel the
sensation in their fingers, particularly in the most commonly used
ones—the thumb and index finger. Unfortunately, the localizability
of electro-tactile feedback is limited in this regard.

Use of gel electrodes. Existing electro-tactile devices for this
approach use gel electrodes—a standard medical apparatus for im-
proving skin conductivity. Unfortunately, this invalidates the de-
vices’ practicality: gel electrodes are adhesive, hindering any de-
tachment once they are attached [43], and they require frequent
replacement as their conductivity drops within a few hours [2].
While we see the potential to enhance the haptic realism by electri-
cally stimulating the wrist, ironically, it sacrifices the main advan-
tages of wrist-worn haptics, that is, device practicality and social
acceptability—much like how there is no sticky watch straps.

3 OUR APPROACH TO PRACTICAL MR WRIST-HAPTICS

We address the aforementioned challenges of wrist-applied electro-
tactile feedback and turn it into a practical wrist-worn haptic inter-
face for MR. Our approach is two-fold.

3.1 Visually Augmented Electro-Tactile Feedback

We discovered a novel perceptual illusion in which visually high-
lighting a target finger enhances the perceived localization of the
electro-tactile feedback on that finger. Our approach draws from
cross-modal illusions—a method to modify the haptic perception
of virtual objects (e.g., shape [4], weight [38]) by modulating their
appearance or movement. This includes altering the appearances of
auser’s hand avatar in MR to modulate perceived haptic compliance
[24, 34]. Unlike these works, our visually augmented electro-tactile
feedback modulates the perceived locations of tactile sensations.

Principle. When visual and tactile stimuli are applied concur-
rently in proximity, the perceived location of the tactile stimulus
gravitates toward the visual cue, a phenomenon known as “visuo-
tactile ventriloquism”, which previously was shown with vibrations
on the arm [39]. Extending this, our MR application visually high-
lights a target finger while our wrist-worn device delivers a tactile
sensation to the hand. Thus, with visuotactile ventriloquism, the
visual feedback shifts the perceived tactile sensation closer to the
targeted finger. In our Study 2, we found that our approach creates
about 50 and 40% of perceived sensations within the thumb and
index finger respectively—a significant improvement from electro-
tactile alone. Importantly, as Samad et al. found, visuotactile ven-
triloquism diminishes as the visual and tactile stimuli get spatially
disparate [39]. Consequently, for the fingers, this augmentation is
uniquely feasible with electro-tactile feedback, which can mitigate
the disparity by creating sensations in the hand. Conversely, vi-
brotactile or mechanical stimuli may not be able to produce the
same effect. This is because these stimuli only generate sensations
at the wrist, making the large disparity between visual and tactile
feedback. This was confirmed in our pilot experiments and by the
feedback from participants in Study 3.

3.2 A Practical Wristband with Custom Dry Electrodes

We engineered a custom electro-tactile wristband featuring dry
electrodes. Switching from standard gel electrodes to dry electrodes
allowed us to significantly improve the wearability and practicality
of the device by eliminating the gel’s adhesiveness and the need for

frequent replacement. While this switching might seem straightfor-
ward, naively removing the gels leads to issues as common metal-
lic materials (e.g., copper) oxidize with the user’s skin and sweat,
causing skin irritation and material degradation [15]. To mitigate
this, we fabricated a synthetic conductive elastomer that is robust
against oxidation (i.e., high bio-compatibility) and maintains the
same level of conductivity as copper (see Section 4.2). Addition-
ally, we customized our stimulus waveform to further mitigate the
risk of irritating sensations from the electrodes (see Section 4.3).
These material and stimulus designs enable our device to reliably
deliver a pleasant “tapping” sensation in the hand without relying
on gel electrodes, which we confirmed in our Study 1.

3.3 Application Walkthrough

Now, we walk through how our approach supports haptic interac-
tions in practice. For proof of concept, we created a 3D model
browser (Fig. 2). The user feels the tactility of every single button
press while browsing through different car models (Fig. 2a). As
they move the slider UI’s knob to adjust the scale of the model be-
ing selected, they feel tactile detents that represent discrete values
(Fig. 2b). The user can also directly grab the model to change its
orientation, feeling the tactility of the object (Fig. 2¢). Finally, as
our device leaves the hand completely free, the user can pick up a
pen and sketch the model for their creative process (Fig. 2d).
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Figure 2: A 3D model browser that embodies our tactile feedback.

4 DESIGN AND IMPLEMENTATION

Here, we describe technical details of our electro-tactile wristband
and stimuli, as well as visual & tactile feedback control, that alto-
gether compose our practical solution to MR haptics.

4.1 Wristband Design and Electronics

As shown in Fig. 1 (f), the main component of our device is the
electrode strap that houses silicon-elastomer dry electrodes (17.8 x
3.8 x 1.2 cm; 47 g). The elastic band going through the electrode
strap enables users to easily wear the device and adjust its tightness.
The circuit board for electro-tactile stimulator, Bluetooth, battery,
etc. (5.2cm X 6 cm X 2 cm; 37 g) sits atop the user’s wrist (the
dorsal side) when the device is worn.

Stimulation channels. Fig. 3 (a) shows the flipside of our elec-
trode strap, consisting of 19 dry electrodes: base electrodes and
switchable stimulation electrodes denoted as chl to chl5. The elec-
trical currents flow between one stimulation electrode (e.g., ch5)
and the four base electrodes (constant; fixed). Thus, by activating
different stimulation electrodes, our device can stimulate different
regions around the wrist. Note that base electrodes are not always
the ground due to our stimulation waveform (see Section 4.3). As
shown in Fig. 3 (b), the stimulation electrodes lie over the nerves
innervating receptors populated in the palmar side of the hand (i.e.,
median and ulnar). Since we primarily target the thumb & index fin-
ger, we designed the electrodes over the median nerve to be smaller
and densely distributed, enabling finer adjustment of the stimulation
point. In our studies, we did not use the four electrodes highlighted



with dashed blue lines (i.e., chi~4) as they would only stimulate
the back of the hand (i.e., the radial nerve) as informed by prior
work [28].
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Figure 3: (a) The configuration of the electrodes. (b) The arrange-

ment of the electrodes around the wrist.

Our electrode strap consists of 13 mechanical units; Fig. 4 shows
an individual unit. Each component embeds springs and allows the
electrode to tilt by +6 degrees. This allows the band to conform to
the user’s wrist—a surface with a complex curvature.
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Figure 4: Our spring unit allows the electrodes to tilt by +6 degrees

Electronics. Fig. 5 shows a detailed schematic of our stimu-
lator. The stimulator is powered by a 3.7V LiPo battery with a
5V regulator (U1V11F5). A DC/DC converter (NMT0572) boosts
up the 5V to a 72V line, which is used for the stimulation. Upon
receiving a stimulation command via a HC-06 Bluetooth module,
the microcontroller (Seeeduino XIAO) sends a pulse waveform
(0~3.3V) to a voltage controlled current source consisting of an op-
amp (LMV358) and a FET (BSS87). The converter maps the input
to a load-independent current (O~4 mA). The output pulse further
passes through a current mirror — a pair of transistors (FCX705)
— and a current limiting diode (E-452). Finally, our 16-channel
bipolar switching circuit assigns the output pulse to the target pair
of electrodes. The switching circuit consists of eight daisy-chained
shift registers (74HC595) that control 32 photorelays (TLP188).
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Figure 5: A schematic diagram of our circuit board.

Safety. Our circuit employs three levels of safety measures: (1)
it controls electrical currents independent of skin resistance; (2) the
current limiting diode caps the maximum current to 4.5 mA; and
(3) it measures skin resistance in real-time via the voltage divider
connected to the stimulation output.

4.2 Elastomer-Based Dry & Durable Electrodes

While replacing standard hydrogel with dry electrodes might sound
simple, naively attaching off-the-shelf copper electrodes to the
skin leads to a bio-compatibility issue. As shown in Fig. 6 (a),
the copper-tape electrodes chemically react with the skin and oxi-
dizes, resulting in skin irritation and, over time, material corrosion
[15]. Therefore, we employ custom-made conductive elastomer
(Fig. 6b), which is chemically unreactive to the skin [7, 16]. As
with other conductive elastomer, this chemical stability prevents the
electrodes from material degradation and maintains the conductiv-
ity over time, eliminating the need for replacement—they are es-
sentially pieces of silicon rubber.
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Figure 6: (a) The degradation of copper-tape electrodes. (b) ours.

Material properties. Our electrodes measured the conductivity
of 0.62 Q-cm via four-point colinear probing and the hardness of 55
Shore A via 1600 Type A Durometer. A skin impedance measure-
ment with PalmSens4 in its AC sweeping mode (1 mA, 142 Hz)
[36] also showed no significant difference between ours (72.3 kQ)
and copper tapes (76 kQ)

Fabrication. Our electrodes are composed of a tin-cure silicone
(MoldMax 10T), 4-6nm carbon nanotubes (CNTs) and PR-19 car-
bon nanofibers (CNFs), following a composition formula that is
publicly available [35]. We first add 10wt% CNTs to an uncured
silicone compound and mix at 800 RPM for 2 minutes, followed by
a 10-minute resting period. Then, we add 10wt% CNFs and mix
at 800 RPM for 2 minutes. Afterwards, we heat-press the com-
pound at 150°C for 45 minutes in a 100x 100x2 mm mold. Once
cured, we laser-cut the compound into the target shapes (26x8x2
or 26x4x2 mm). Finally, we attach the electrodes to our device’s
connector parts using conductive adhesive (Dowsil EC6601).

4.3 Stimulus Design for Charge-Balancing

Beyond electrode materials, the stimulation itself is another fac-
tor that can irritate the skin. Fig. 7 (a) illustrates a pulse waveform
commonly used for referred electro-tactile feedback, i.e., monopha-
sic stimulation [28, 42].
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Figure 7: (a) Conventional monophasic pulses (red). (b) We add an
asymmetric priming pulse (blue), balancing the electron flow.

Here, electrical current flows in one direction between the elec-
trodes, building up a charge of electrons, which irritates the skin
[41]. One way to prevent this charging is to add a paired pulse
with the same amplitude but opposite polarity, i.e., biphasic stimu-
lation. This balances the electron flow between the two directions
and thus prevents charge accumulation on the skin [41]. Unfortu-
nately, pulses of the opposite polarity (i.e., anodic stimulation) pro-
duce additional tactile sensations directly underneath the electrodes
[18], in this case, at the wrist. This is undesirable as sensations in
the wrist could distract users from the finger-oriented feedback.



This is why our stimulation waveform is asymmetric(Fig. 7b):
similar to biphasic stimulation, each 5-ms cathodic pulse (red) is
paired with a 40-ms priming pulse (blue) of the opposite polarity.
This means that, compared to the stimulation pulse, the priming
pulse has only one-eighth the amplitude, but its pulse width is eight
times longer. Thus, while balancing out the overall charge to pre-
vent skin irritation, the lower amplitude of the priming pulse gen-
erates minimal tactile sensations at the wrist. As characterized in
our Study 1, this stimulation design enables our device to predomi-
nantly create “tapping” sensations in the hand.

4.4 Design of Visual Effects

We carefully designed the color and size of our visual feedback.
After testing multiple colors, we determined to adopt the light blue
highlighting effects for their visibility and social acceptance. For
the size, as users touch virtual Uls with their fingerpads, one may
think that the visual effect should be applied only there. However,
since electro-tactile feedback can only generate sensations over a
larger area, just highlighting the fingertip leads to a spatial disparity
between the visual and tactile stimuli. Unfortunately, as discussed
by Samad et al., the large spatial disparity reduces the effect of
the cross-modal illusion [39]. On the contrary, enlarging the visual
feedback size to match the electro-tactile feedback (e.g., from the
fingertip to the wrist) results in a mismatch with the target area (i.e.,
the fingerpad) where the user should feel the sensation.
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Figure 8: The trade-off in the regions to apply visual effects.

After months of pilot exploration defining a design space, we
sampled the following three sizes of visual effect and compared
their perceived tactile sensations in our Study 2 (Fig. 8): (1) high-
lighting the fingertip; (2) highlighting the finger; and (3) a highlight
moving from the fingertip to the wrist. We found in Study 2 that the
finger pattern, which balances the two extremes, results in better
tactile localization in the target fingers. Consequently, we adopted
it for our proposed applications and Study 3.

4.5 Tracking, Display and Control

Our MR applications run on a Quest 3 headset & Unity3D, utilizing
Quest’s PassThrough API. Based on the headset’s hand tracking,
our system applies an electro-tactile stimulus concurrent with visual
feedback upon contacting and releasing a virtual UI (Fig. 9b).
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Figure 9: (a) Excitation of RA1, SA1 & PC tactile receptors in touch-
ing and grabbing a physical object (reproduced from [19]). (b) Our
control strategy of cathodic stimulation that reflects this principle.

Note that the example shown is object-grabbing, but the principle
also applies to other Uls such as buttons & sliders. Our feedback
mapping reflects the neurological basis of tactile perception: elec-
trical stimuli activate axons of RA1 , SA1 and PC mechanorecep-
tors concurrently [28]—in touching or grabbing objects, the contact
& release are indeed the events that activate these three receptors at
the same time [17, 19] (Fig. 9a).

5 STUDY 1: PERCEPTION WITH ELECTRO-TACTILE ALONE

This study focused on characterizing our electro-tactile feedback
in isolation from visual feedback. While prior work evaluated lo-
cations of evoked sensations via stimulating the wrist [28], their
findings are specific to devices with gel electrodes and a sustained
2-second pulse duration. Our aim was to evaluate the efficacy of
our dry electrode device and custom pulses in creating tactile cues
in the fingers. This study was exempt from our Institutional Review
Board (IRB) and passed our institution’s safety and privacy review.

5.1 Study Design

Hypothesis, condition & collected data. Our hypothesis was that
our device with the dry electrodes and custom short-pulses could
still evoke referred sensations toward the thumb and index finger.
We had a single condition: our electro-tactile feedback. We asked
participants to illustrate where they felt the tactile sensation after
stimulation—a conventional psychophysics method employed in
this domain [28, 40, 47]. In addition, we asked them to describe the
quality of sensation by selecting from the following five keywords:
“tapping”, “vibrating”, “tingling”, “pressing”, or “skin-stretching”.

Participants. We recruited 12 participants from our institution
(9 identified as male, 3 as female; 31.3 + 5.2 years old; all were
right-handed). Each study session took about 30 minutes.

Apparatus. Seated at a desk, participants wore our device on
their non-dominant arm resting on an armrest, palm facing down
(as in most MR touch interactions). This kept their dominant hand
free for using our GUI (as in [28]). Since the tactile sensitivities of
dominant & non-dominant hands are similar [45], we assumed the
study results would generalize to both hands. Our device’s circuit
board was affixed to the desk, separate from the electrode strap,
and connected via cables in accordance with our institution’s ex-
perimental safety protocol. On the participant’s dominant side, we
provided an iPad showing our GUI & an Apple Pencil for partici-
pants’ responses. The GUI showed an illustration of the palmar side
of the hand (as in Fig. 10a) and the buttons for erasing the indica-
tion & moving to the next trial. Additionally, for the current study,
it had radio buttons with the labels (e.g., “tapping”) for reporting
the quality of the sensation.

Procedure. Each participant performed 22 trials: 11
(ch5~ch15) stimulation channels x 2 repetitions. Note that the pre-
sentation order of the stimulation channel was randomized. In each
trial, after a random waiting period, our device output ten stimula-
tions, each followed by a one-second interval. Each stimulus con-
sisted of a 40-ms priming pulse and a 5-ms stimulation pulse (see
Section 4.3). Then, participants indicated the perceived area of the
sensation and its strongest point on their palmar side of the hand
using our GUIL. We also asked them to report sensations outside of
that side, if any, which we did not observe during the study. Finally,
participants chose the quality of sensation from the five keywords.

Calibration. At the beginning of each trial, we performed cali-
bration so that our system adapts the stimulation intensity for each
finger (i.e., channel). We increased the current amount by 0.1 mA
increments, ensuring it remained pain-free (the maximum current
limit was set to 4 mA). We stopped at the intensity where par-
ticipants noticed clear tactile sensation (i.e., threshold intensity).
Moreover, prior to the first trial, we ensured that the device’s posi-
tion on the participant’s wrist was aligned as depicted in Fig. 3 (b),



i.e., the front end of the device on the head of the ulnar bone and
the first “base” electrode right next to the ulnar bone.

Data analysis. To characterize how well our device can local-
ize the sensations when the stimulation channels were calibrated
for the targets, we analyzed the participants’ responses for the two
channels that have the highest rate of perceived tactile sensation in
the thumb and index finger respectively (i.e., calibrated channels).

5.2 Results

From the calibration, we found the average intensity of 0.65 mA
(SD=0.26) for the thumb and 0.76 mA (SD=0.27) for the index.

target: thumb

target: index finger

@ thumb = tapping
) . m tingling
index finger u pressing

0% 20%  40% 60% 80%  100%
@ number of participants
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6 thumb = index finger
4
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choice of stimulation electrode (calibrated channels)
Figure 10: (a) A heatmap of the perceived tactile sensations, com-
piled by overlaying raw data from all participants (black dots: the
points of strongest sensation as reported by participants; white dots:
their average coordinates). (b) Quality of the sensations. (c) Distri-
bution of the calibrated channels.

Fig. 10 (a) displays a heatmap of the perceived sensations for all
participants, when stimulating each individual with their calibrated
channels. Aggregating over all participants, we found that 33.1%
(SD=28.8) of the elicited tactile sensation was felt in the thumb;
in contrast, 16.1% (SD=23.2) was felt in the index finger. For the
strongest points of the sensation, 25% of them (6 out of 24) were
perceived within the thumb, and only 4% (1 out of 24) were within
the index finger.

Fig. 10 (b) reveals that, for both target fingers, the quality of
the induced sensation was predominantly described as “tapping,”
followed by “tingling” and then “pressing.”

Fig. 10 (c) illustrates which channels of our device were most
effective for the target fingers. Looking at the distributions of the
participants, there is a clear majority consensus: ch5 for the thumb,
and ch8 for the index finger. Conversely, channels 12 to 15 were
found to be not relevant to eliciting tactile sensation in these fin-
gers. These results align with prior work [28] and the anatomical
positioning of the nerves at the wrist.

Finally, these results are based on aggregating all participants’
responses—one way to communicate inter-subject diversity. To al-
low others to further explore this diversity, we have uploaded all the
raw data from our study as supplementary material.

6 STUDY 2: PERCEPTION WITH VISUAL AUGMENTATION

This study tackled our main research question: whether adding vi-
sual effects to our electrical stimuli could improve the perceived

localization of sensation. To evaluate this, we employed the same
study protocol as Study 1 but with the addition of different mixed-
reality visual feedback to the electro-tactile feedback. This study
was exempt from our Institutional Review Board (IRB) and passed
our institution’s safety and privacy review.

6.1 Study Design

Hypothesis, condition & collected data. Our hypothesis was that
adding visual effects to our electrical stimuli would improve the
perceived localization of sensation. To investigate the effect of vi-
sual effect design (see Section 4.4), we had three visual effect sizes
depicted in Fig. 8, with two levels of visual opacity (i.e., full &
half), totaling six conditions. As in Study 1, we asked participants
to indicate the perceived locations of the sensations, omitting the
reporting of their quality.

Participants. The same 12 participants took part in this study
immediately after Study 1.

Apparatus. We employed the same setup as Study 1 with the
addition of a Meta Quest 3 headset, which displayed our visual
feedback. Note that the headset was set to the passthrough mode,
allowing the participants to see the real-world environment.

Procedure. Each participant performed 24 trials: 6 visual feed-
back conditions x 2 target fingers x 2 repetitions. Note that the
trial order was randomized. For this study, calibration was unnec-
essary as stimulation intensities and channels for the thumb & index
finger were informed by Study 1 and participants wore the device
continuously between the studies. Each study session took about
30 minutes. In each trial, after a random waiting period, our device
output ten 45-ms pulses, each followed by a one-second interval
(see Section 5.1); each stimulus was coupled with visual feedback
overlayed on the participant’s hand through the MR headset. Fi-
nally, the participant indicated the area of their perceived tactile
sensation and its strongest point on our GUIL

6.2 Results

Fig. 11 shows our main result; the rate of tactile sensation perceived
in the target fingers during electrical stimulation with each of our
six visual conditions.
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Figure 11: The rate of tactile sensations in the target finger (a: thumb;

b: index finger). The error bars show 95% confidence interval.
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The effect of visual feedback design. To understand the effect
of the visual effect size and opacity, we conducted a two-way re-
peated measures ANOVA per target finger, having confirmed the
sphericity via Mauchly’s test. For the thumb, we found the main
effect of the visual effect size (F(2, 22)=5.3, p=0.01, np2=0.03).
We did not find main effects for the opacity (F(1, 11)=0.2, p=0.65,
1n,?=0) or for the interaction (F(2, 22)=1.3, p=0.28, 17,%=0.01).



We followed with a post-hoc test with Bonferroni corrections on
the main effect of visual effect size and found significant differ-
ences between the full-finger and fingertip conditions (p<0.01), as
well as between the full-finger and the fingertip-to-wrist conditions
(p<0.01). Similarly, for the index finger, we found the main effect
for the visual effect size (F(2, 22)=4.7, p=0.02, np2=0.02). We did
not find main effects for the opacity (F(1, 11)=0.1, p=0.81, n p2=0)
or for the interaction (F(2, 22)=2.0, p=0.16, n,,2=0.01). Similarly,
we followed with a post-hoc test with Bonferroni corrections on
the main effect of visual effect size and found significant differ-
ences between the full-finger and fingertip conditions (p<0.05), as
well as between the full-finger and the fingertip-to-wrist conditions
(p<0.01).

fingertip finger fingertip to wrist
full half full half full half
mean (%) 33.1 345 36.4 499 436 374 38.8
thumb SD (%) 28.8 311 339 282 30.5 24.5 24.6
p-value 0.873 0.714 0.046* 0.227 0.577 0.466
mean (%) 16.1 23.0 30.3 37.7 34.0 28.5 229
index finger SD (%) 232 24.5 359 34.0 358 326 228
p-value 0321 0113 0.014* 0.047* 0.138 _ 0.310

no visual

Figure 12: (A summary table of unpaired t-tests comparing the rate
of sensation felt in the finger from the six visual conditions to the no-
visual condition (from Study 1).

Vs. electro-tactile feedback alone (no visual). We further an-
alyzed the rate of tactile sensations felt in the target fingers via
our augmented electro-tactile feedback in comparison to that via
electro-tactile feedback alone (Study 1 results). Fig. 12 shows the
results of an unpaired t test between the no visual condition (from
Study 1) and each of the six visual feedback conditions. We ob-
served that the visual augmentation applied to the finger with full
opacity had a significantly higher rate of tactile sensations felt in
the target finger, for both the thumb and index finger.

For further comparison between the with-visuals (finger-type)
and without-visuals conditions, we plotted the heatmaps of the par-
ticipants’ response side by side in Fig. 13. Overall, this plot il-
lustrates the comparison between the two conditions in terms of
the localization of perceived tactile sensations in the target fingers.
Note that, as per our study design, the electro-tactile feedback used
in the two conditions are the same. For the thumb, the visual aug-
mentation increased the ratio of perceived sensation from 33.1%
(SD=28.8) to 49.9% (SD=28.2). For the index finger, the visual
augmentation increased the ratio from 16.1% (SD=23.2) to 37.7%
(SD=34). As for the strongest point of the sensation, with the vi-
sual augmentation, the participants indicated it in the target finger
for 50% of all trials (12 out of 24 cases) for the thumb; and for 42%
of all trials (10 out of 24 cases) for the index finger.

Study conclusion. Overall, we confirmed that visual augmen-
tation could significantly improve the perceived localization of
electro-tactile feedback. With the visual augmentation, we were
able to create sensations that were perceived as occurring ~50% in
the thumb and ~38% in the index.

7 STUDY 3: HAPTIC REALISM IN MIXED REALITY

Now we turn to understanding experiential aspects of our tac-
tile feedback in comparison to a conventional vibrotactile wrist-
band. As such, we had participants experience two MR interactions
(button-pressing & pinch-grabbing) with the two interface condi-
tions. This study was exempt from our Institutional Review Board
(IRB) and passed our institution’s safety and privacy review.

7.1 Study Design

Hypothesis, condition & collected data. Our hypothesis was that
our visually augmented electro-tactile feedback increases the hap-
tic realism compared to traditional vibrotactile feedback. We had
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Figure 13: The heatmaps of perceived sensations in the hand, ag-
gregated for all participants for both the no-visual condition (from
Study 1) and full-finger, full-opacity visual augmentation condition
(from Study 2).

two conditions: ours and a baseline vibrotactile wristband (Fig. 14),
each paired with our full-finger, full-opacity visual augmentation.
We asked participants to rate their haptic experience in 7-point Lik-
ert scale for each condition and interviewed them regarding their
experience (see Procedure).

Participants. We recruited eight participants from our institu-
tion (5 identified as male, 3 as female; 29.8 + 4.2 years old; all
were right-handed). Two had partaken in our previous study.

Apparatus. Participants wore a Quest 3 headset and a haptic
device on their dominant wrist—either the electro-tactile or vibro-
tactile wristband. As with Study 1&2, for both devices, their elec-
tronics were separate from the wristband components and affixed to
the desk. Additionally, we provided a pen and paper for the ques-
tionnaires used in our evaluation.

Vibrotactile wristband. We used a linear resonant actuator (Vy-
bronics, VLV152564W) positioned on the dorsal side of the wrist
via a custom wristband mount. The actuator was driven by an audio
amplifier (Nuvoton NAU8325) and emitted a sine wave at its res-
onant frequency (80 Hz) for 25 ms—similar to how Tasbi controls
its vibrotactile feedback [31].

Tasks. The primary tasks were two mixed-reality interactions
same as the ones depicted in Fig. 2 (a) & (c) with different object
appearance (Fig. 14a): (1) pressing a virtual button with the index
finger; and (2) grabbing a virtual cube by pinching. In each task,
participants repeated these actions eight times, as the button/cube
reappeared in a new location after release. In both tasks, partic-
ipants received visually augmented haptic feedback upon contact
with and release of the object (see Section 4.5). These interactions
were selected because they are basic and commonly encountered in
MR. Following each condition, participants assessed the haptic re-
alism of their experience by completing a questionnaire with a pen
and paper. This component was included to incorporate manipu-
lation of physical objects (e.g., grasping the pen and writing), and
to evaluate the impact of the wristband devices on the participants’
dexterity.

Procedure. Each participant performed 4 trials: 2 tasks x 2
conditions, with the order of conditions counterbalanced. While
we always adopted the maximum rated input (AC 1.4V) for the vi-
brotactile condition, for the electro-tactile condition, we calibrated
the channels and stimulation intensities to enable tactile perception
in the thumb and index finger. In the calibration process, unlike our
first study, we verbally inquired with the participants about which



part of the hand they felt the tactile stimuli on to adjust the stimula-
tion channel. We set the intensity 0.1 mA higher than the minimum
intensity required to evoke sensation (as in Study 1). During the
trials, we encouraged the participants to “think aloud” and express
any thoughts they had about the experience. After each trial, we
asked the participants, “How well did the haptics match your visual
impression of the experience?” — referring to the perceived hap-
tic realism — and instructed them to rate this on a 7-point Likert
scale (1: not at all; 7: completely) using the provided pen and ques-
tionnaire. Subsequently, we interviewed them about their reasoning
behind their ratings. After completing all four trials, we conducted
a semi-structured exit interview, initially asking “Which device do
you prefer in terms of its haptic feedback?”. Their responses were
recorded on the questionnaire, followed by an interview about their
reasons. Finally, we probed into the effect of wearing the devices
around the wrist on their manual dexterity by asking, “How much
did the devices encumber grabbing & handwriting with the pen to
fill out the questionnaire?”.

7.2 Results

Fig. 14 depicts the participants’ overall ratings of haptic realism for
our electro-tactile feedback (button: M=5.4, SD=0.7; cube: M=4.5,
SD=0.9) and the vibrotactile baseline (button: M=3.5, SD=1.2;
cube: M=3.0, SD=1.4), respectively. Based on Wilcoxon signed-
rank tests, we found a significant difference between the two con-
ditions for both the button task (Z=-2.24, p=0.02) and the cube
task (Z=-2.24, p=0.02). This suggests that participants experi-
enced more realistic haptic feedback with our electro-tactile device.
Moreover, seven out of eight participants preferred the electro-
tactile device for haptic feedback after completing all trials. Now,
we turn our attention to the participants’ comments.
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Figure 14: (a) Ratings of haptic realism. Error bars indicate 95%
confidence intervals. (b) Participants’ preference on conditions.

Feeling tactile sensations on the fingers vs. wrist. Seven out of
eight participants cited feeling tactile feedback toward their fingers
as a key reason for rating our device’s haptic realism higher than
the baseline. Comments included: “you can feel the perception
on your palm and fingers (...) I think that’s a very big advantage”
(P1); “I [had] the impact force [on] my finger” (P3); and “the haptic
feedback is correctly [originating] from the finger” (P8). P1 further
noted how the electro-tactile feedback aligned with the visual: “you
see the visual like running from your fingertips down to the wrist
and then also, somehow the electrical stimulation felt really like
that (...) it was matching really well with the visual perception”.
Conversely, for the vibrotactile device condition, five participants
felt that the sensation occurring solely at the wrist was inconsistent
with the interactions. Their comments included: “[the vibrotactile
feedback] was definitely [in] the wrong place on the arm” (P6); and
“(...) coming from the wrist so it feels wrong” (P8).

Quality of the tactile sensations. Four participants described
how the sensation of electro-tactile feedback felt. Their comments
included: “[it] gave the impression of having some impact force
or interaction with a solid object” (P3); “[it] felt like the pressure”
(P4); and “the haptic effect felt like a click and release (...) very
much like I think about button presses feeling” (P6). In contrast,
three participants commented on the sensation of the vibrotactile
feedback. For instance, P1 remarked, “the vibration was so subtle”.
P6 also stated, “[it] felt a lot less clicky and vaguer (...) like it was
abuzz (...) didn’t feel as much like a button”.

Encumberment from the devices. Four participants mentioned
the size of our electro-tactile wristband compared to the vibrotactile
baseline: “the strap like one [was] heavier and stiffer”. (P3); and
“the strap like device was thicker all the way around” (P6). How-
ever, upon asked about any encumbrance from the devices during
the physical tasks, all participants noted that neither device directly
obstructed their hands. Their comments included: “[wearing the
wristbands felt] very natural” (P1); and “it’s not on the finger (...)
I don’t think there will be any obstruction” (P5).

Study conclusion. Overall, qualitative feedback from partici-
pants suggests that our device provides more realistic feedback than
the vibrotactile baseline. A key takeaway is that the visual augmen-
tation did not enable the wrist-applied vibrotactile feedback to cre-
ate tactile perception in the fingers. This can be interpreted in light
of Samad et al.’s findings [39]: the visual augmentation diminishes
as the spatial disparity in feedback (tactile vs. visual) increases.

8 LIMITATION AND FUTURE WORK

Our approach is not without limitations: (1) our perceptual illusion
is limited in MR, where visual effects are inherently available; (2)
similar to most electrical stimulation techniques, ours requires cal-
ibration of stimulation channels and intensities for each user; (3)
while it can localize sensations in the fingers, they are not strictly
limited within the fingerpad regions; (4) our studies did not eval-
uate whether or how evoked tactile sensations might change over
time; and (5) our studies had a small sample size (~12 participants),
which was limited to right-handed young adults.

For future work, we are thrilled to expand the range of tactile
sensations via our approach, exploring other stimulation parameters
(e.g., pulse width, frequency). We are also excited to examine how
visual feedback can be tailored to specific application contexts (e.g.,
electrical sparks for gaming, or even lower opacity levels) and how
it affects our illusion. Finally, it would be valuable to evaluate the
generalizability of our approach with a more diverse population.

9 CONCLUSION

We presented a novel method for delivering tactile feedback to the
thumb and index finger from a wristband. By stimulating the user’s
wrist while augmenting the stimulation with visual feedback over
the target fingers, we were able to create about 40~50% of the tac-
tile sensations within the target fingers. This is the state-of-the-
art in any wrist-worn devices that render touch toward the fingers.
Moreover, we integrated our stimulation into a practical wristband
design, replacing gelled electrodes typically required for electro-
tactile stimulation with custom-made dry electrodes. In our series
of user studies, we validated the effectiveness of our visually aug-
mented electro-tactile feedback in creating sensations in the fingers.
We also explored the haptic realism of our approach in comparison
to a conventional vibrotactile wristband as a baseline, where partic-
ipants preferred our approach to the baseline.
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