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Figure 1: We propose a grain-based electrotactile compliance illusion that makes a rigid surface feel more compliant when
pressed. Using (a) a thin and �exible �nger-worn interface, (b) comprising a 3 ⇥ 3 electrode array and a force-sensitive resistor,
(c) the illusion renders compliance by generating a set of short pulses (e.g., electrotactile grain) in response to �nger force
changes. This electrotactile approach enables rendering compliance of virtual objects in speci�c shapes in a mobile form factor
for (d) touch screens, (e) physical illustrations, and (f) virtual reality.

ABSTRACT
Compliance, the degree of displacement under applied force, is
pivotal in determining the material perception when touching an
object. Vibrotactile actuators can be used for creating grain-based
virtual compliance, but they have poor spatial resolution and a lim-
iting rigid form factor. We propose a novel electrotactile compliance
illusion that renders grains of electrical pulses on an electrode array
in response to �nger force changes. We demonstrate its ability to
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render compliance in distinct shapes through a thin, lightweight,
and �exible �nger-worn interface. Detailed technical parameters
and the implementation of our device are provided. A controlled
experiment con�rms the technique can (1) create virtual compli-
ance; (2) adjust the compliance magnitude with grain and electrode
parameters; and (3) render compliance with speci�c shapes. In three
example applications, we present how this illusion can enhance
physical objects, elements in graphical user interfaces, and virtual
reality experiences.
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1 INTRODUCTION
Haptic information of an object is essential for users to capture
the object’s features that are not conveyed by visual information
alone [11]. Compliance, the degree of displacement under applied
force [4], is especially pivotal in determining the material percep-
tion (e.g., elasticity, softness, depth of displacement) when touching
an object [4, 64]. Therefore, reproducing compliance greatly helps
users experience themateriality of virtual objects, for instance in vir-
tual reality or on graphical touch screens. It can also help augment
or modify the perceived materiality of physical objects, contribut-
ing to a growing area of tactile augmented reality. Researchers have
presented various approaches for rendering compliance with arti�-
cial haptic cues, including kinesthetic cues [64], tactile cues [49],
and pseudo-haptics [54]. The grain-based vibrotactile compliance
illusion [37] is a widely used approach that renders compliance by
generating a short mechanical vibration (called a grain) in response
to changes in force. This illusion stems from the observation that
vibration is generated when a real object compresses under force,
and it can be a useful haptic cue to make a user obtain a sense of
pressing a compliant object [37]. Grain-based virtual compliance
is one of the most promising approaches because it can express
various compliant materials with adjustable parameters [37, 69]
and requires only a simple interface comprising an o�-the-shelf
vibrotactile actuator and a force sensor.

Despite its high potential, vibrotactile stimulation has two major
limitations in rendering compliance: Firstly, the spatial resolution
in tactile stimuli is low, as it is hard to localize vibration. There-
fore, vibrotactile approaches have always rendered compliance on
an entire object or surface, rather than providing localized cues.
This is a critical issue in reproducing compliance, considering real-
world compliant objects have various sizes and shapes, and the
user touches them with di�erent areas of the �nger pad. Secondly,
due to the mechanical actuation involved, vibrotactile actuators are
typically rigid and rather bulky. This challenges their integration
into body-worn or epidermal devices of advanced form factors and,
more generally, into very thin or deformable objects.

To tackle these issues, we propose a novel grain-based electro-
tactile compliance illusion. Inspired by the classical grain-based
vibrotactile compliance illusion [37], it creates the illusion of a com-
pliant surface when a rigid surface is pressed, by generating a set
of electrical pulses (we call this an electrotactile grain) in response
to the force changes. In contrast to the vibrotactile compliance illu-
sion, it uses a fundamentally di�erent form of tactile stimulation,
passing a small amount of current from electrodes in contact with
the skin to directly stimulate subdermal sensory nerves [30]. Our
electrotactile approach not only enables rendering holistic compli-
ance on the entire interface, but it leverages the localized sensation
of electrotactile stimuli to also render compliance in a set of basic
shapes, such as large or small squares, horizontal or vertical lines.
In addition, the electrotactile interface can be realized in a thin and

�exible form factor, by printing with conductive ink [76]. Another
advantage of electrotactile stimulation compared with vibrotactile
stimulation is that electrotactile stimulation has considerably lower
energy consumption [82] and is silent.

This paper �rst introduces the principle underlying the elec-
trotactile illusion and establishes the design space of stimulation
parameters (grain, pulse, electrode) for creating the illusion. To
achieve it in actual use cases, we have fabricated a 770 �m thin and
�exible �nger-worn device that combines a 3 ⇥ 3 electrode array
with a force-sensitive resistor (FSR). The electrodes and sensor are
connected to a standalone low-latency control circuit, which trig-
gers the electrotactile actuation based on the changes in force. We
present detailed technical stimulation parameters and the imple-
mentation of the device.

Results from a user study con�rmed three fundamental �nd-
ings of grain-based electrotactile compliance illusion: our approach
can (1) create virtual compliance; (2) adjust the magnitude of per-
ceived compliance with at least 4 grain levels and 4 electrode condi-
tions; and (3) render compliance with 5 di�erent shapes (large/small
squares, horizontal/vertical lines, triangle). Furthermore, based on
qualitative feedback from participants, we discuss qualitative as-
pects of the sensation elicited by the electrotactile illusion.

In three applications, we demonstrate how this approach can pro-
duce virtual compliance with shapes for interaction in augmented
and virtual reality and in graphical user interfaces. Our examples
(1) augment physical objects with virtual compliance, e.g., illustra-
tions in a book, (2) render compliance of graphical elements during
interaction on a touch screen, e.g., items on a shopping website,
and (3) render the compliance of visual objects in virtual reality
environments, e.g., to help dermatology students experience a feel
of di�erent skin softness in VR simulation.

In summary, this paper makes the following contributions:
(1) A novel grain-based electrotactile compliance illusion for

rendering compliance in adjustable shapes, through a thin,
lightweight, and �exible �nger-worn interface.

(2) A technical design space of stimulation parameters (grain,
pulse, electrode) for creating the illusion and empirical vali-
dation of the e�ects of parameters: adjustability of the com-
pliance magnitude, perceived shapes, and qualitative descrip-
tion of the elicited sensation.

(3) Demonstration of the illusion in example applications that
enhance interactions on physical objects, on touch screens,
and in virtual reality.

2 RELATEDWORK
Ourwork builds on prior research on rendering compliance, notably
the grain-based vibrotactile compliance illusion, as well as prior
work on electrotactile interfaces.

2.1 Approaches to Compliance Rendering
Virtual compliance of an object is a�ected by both kinesthetic and
tactile cues generated when the user presses it [4, 37, 64]. Various
approaches have explored to arti�cially reproduce compliance by
modulating kinesthetic or tactile cues when the user touches the
object. Kinesthetic cues have been used to provide virtual compli-
ance by actually shifting the surface of the mechanical device in
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response to the applied force, such as spring mechanisms [62, 64],
moving cylinders [6, 17], pneumatic display [65], tilting plates [80],
or servo motors [9]. While these approaches pioneered research
on virtual compliance, they required bulky mechanical devices to
create actual displacement.

Another approach is to render compliance by using tactile cues
due to its predominance in compliance perception [64]. Some re-
searchers have explored rendering compliance with tactile cues,
such as vibrations [10, 49, 50, 52, 84], skin-stretching [56], elec-
troosmotic pumps [61], or pressure modulation [5, 8, 13–15, 58, 60].
While somewhat smaller, the mechanical components attached to
the �nger are still rigid. Marchal et al. [45] and Matsubayashi et
al. [46] rendered compliance with ultrasound haptics. While the
hand was freed from a device, it requires the user to keep their
hand in a �xed orientation above grounded ultrasonic transducers,
limiting the user’s movement and mobility.

Other approaches adopted pseudo-haptics [55] to present virtual
compliance with other stimulus modalities, such as visual [1, 10, 23,
54, 84] and auditory [2, 7] stimuli. However, these require constant
visual or auditory attention, which can be prohibitive in certain
real-world and virtual reality experiences. Another approach, pre-
sented by Tao et al. [74], creates a softness sensation by restricting
�nger pad deformation with a squeezing hollow frame. While this
work pioneered altering the compliance of physical objects with
a �ngerpad-free haptic device, their demonstrated version alters
the perceived softness of real-world objects smaller than the �nger-
pad (e.g., small protrusions), rather than rendering compliance in
di�erent shapes on a single surface.

2.2 Grain-Based Vibrotactile Compliance
Illusion

One promising method to render compliance is the grain-based vi-
brotactile compliance illusion [37]. The underlying principle for this
method is to provide short mechanical vibrations (called a grain)
in response to changes in forces applied by the user. The range of
sensor output is divided into discrete bins; when the level of force
moves into a di�erent bin, a vibrotactile grain is triggered. These
grains make the user feel the sensation of pressing a compliant ob-
ject. This approach can expressively adjust virtual compliance (e.g.,
elasticity, depth, roughness) [37, 69] with o�-the-shelf vibrotac-
tile actuators and force sensors. Due to its simple mechanism, this
illusion has been applied to reproduce various haptic sensations,
including pressing [39–41], squeezing [38, 42], bending [22, 68],
tangential movement [21], and material augmentation [57, 69, 77].
This approach has many control parameters regarding how to make
a vibrotactile grain (amplitude, frequency, waveform, duration, etc.)
and how to distribute grains on the entire sensor range (the number
of grains, the function of grain distribution). In particular, it was
shown that the number of grains strongly a�ects the magnitude
and quality (e.g., depth, continuity of cues) of perceived compli-
ance [69]. Furthermore, the function of grain distribution a�ects the
detailed material perception (e.g., softness, naturalness) of virtual
compliance. While this grain-based vibrotactile compliance illusion
has contributed to presenting expressive virtual compliance with a
relatively small device, commonly used vibrotactile actuators are

still rather large and thick for direct touch interactions with �ngers
and incapable of rendering localized and distinct shapes.

2.3 Electrotactile Stimulation
Electrotactile stimulation elicits tactile sensation by applying a
small amount of electrical current through skin-exposed electrodes,
which directly activates sensory nerves [30]. The current �ows
from anode electrodes (high voltage) to cathode electrodes (ground).
Kajimoto et al. proposed selectively stimulating three mechanore-
ceptors related to di�erent tactile sensations: Merkel cell disks (SA1)
for pressure, Meissner corpuscles (RA) for low-frequency vibration,
and Pacinian corpuscles (PC) for high-frequency vibration [32].
Two main modes of stimulation exist: in anodic stimulation, the
target electrode is the anode and other electrodes are cathodes; it
stimulates RA and elicits an "acute vibratory" sensation. In contrast,
in cathodic stimulation, the target electrode is the cathode and
all other electrodes are anodes; it stimulates SA1/PC and elicits a
"vague pressure" sensation [32, 33]. By stimulating multiple elec-
trodes in order at short time intervals (several tens or hundreds of
�s) through high-speed time-division scanning [33, 59], the user
can feel a two-dimensional tactile distribution at once. Electrotac-
tile electrodes can be made thin and �exible by printing conductive
paths on various substrates, including temporary tattoo paper [76],
coated paper [18, 25, 26, 35], �exible printed circuits [47, 75], and
silicone [79].

Some works have attempted to render compliance using electro-
tactile stimulation. Takei et al. [72] presented a softness sensation
with a combination of an electrode array and a pressure distribution
sensor, by spreading the stimulation area as the user pressed the
surface harder. This "area-based" approach is based on the principle
that the contact area between the �nger pad and an object becomes
larger when pressing a softer surface [64]. Similar area-based ap-
proaches were taken by [70, 71]. While these area-based approaches
opened up the compliance feedback with electrotactile stimulation,
they can only express a single compliant surface larger than the
�nger pad that spreads as the �nger presses, not for rendering dis-
tinct shapes smaller than the �nger pad. Other work has virtual
compliance by complimenting electrotactile stimulation to other
stimulus modalities, such as vibrotactile stimulation [83], force feed-
back [70], and visual stimulation [81, 85]. Inspired by these prior
works, our work further advances to rendering compliance with
various shapes via only electrotactile stimulation.

3 GRAIN-BASED ELECTROTACTILE
COMPLIANCE ILLUSION

In this section, we describe the principle and the stimulation pa-
rameters.

3.1 Basic Principle
Inspired by the grain-based vibrotactile compliance illusion, our
approach presents virtual compliance by generating a set of electri-
cal pulses–which we call an electrotactile grain–in response to
changes in the force applied by the user while touching an object
or a surface (Figure 2a). The available range of an FSR is divided
into discrete bins. An electrotactile grain is triggered when the
force value moves into a di�erent bin. For example, as shown in
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Figure 2: The overview of grain-based electrotactile compliance illusion. (a) The FSR range is divided into discrete bins. An
electrotactile grain composed of electrical pulses is generated when the force value moves into a di�erent bin. (b) Our approach
has three main parameters: grain, pulse, and electrode.

Figure 2a, an electrotactile grain (composed of two electrical pulses
in this example) is triggered when the force value that was in the
range of Bin 1 moves into the range of Bin 2. Similar to vibrotactile
grains, these simple electrotactile grains work as haptic cues to
make the user obtain a sense of pressing a compliant object, as
shown later in our evaluation. In contrast to vibrotactile grains,
which use vibration, our electrotactile grain uses discrete electrical
pulses. This is because, in electrotactile stimulation, the tactile sen-
sation is elicited by discrete electrical pulses. We avoided constant
stimulation (i.e., keep generating electrical pulses while pressing
the surface regardless of the user’s motion) as it has been shown to
cause dissociation between the haptic stimuli and the user’s action
while pressing into an object [57].

It is worth noting that this principle generalizes to many form
factors that use an electrotactile interface to stimulate the �nger
pad and sense force with a synchronized sensor. For instance, im-
plementations could include grounded electrotactile displays, a
touchscreen with an electrotactile stimulation layer, or wearable
devices. In our implementation, we opted for a thin and �exible
device, which can be used as a skin-worn device or attached to the
surface of a physical object.

3.2 Stimulation Parameters
Grain-based electrotactile compliance illusion has three main stim-
ulation parameters to control, as depicted in Figure 2b. We will now
detail these parameters and provide recommendations on how to
adjust them to create a convincing compliance illusion.

Grain parameters. The number of grains determines how many
grains are triggered when traveling across the full force range,
i.e., (number of grains) = (number of bins) - 1. The number of
grains a�ects the magnitude and quality of virtual compliance [69].
As we will empirically show below, the number of grains a�ects

the perceived magnitude of compliance, with more grains creat-
ing the perception of high compliance. However, too many grains
can induce an unnatural sensation [69] and sensory adaptation of
mechanoreceptors [51]. We did not trigger a new grain while a
previous one was still being delivered for the same reasons; this
is relevant for edge cases of very rapid changes in force. Based on
our exploration, we recommend using between 9 and 39 grains,
equivalent to 10–40 bins. For example, 9 grains (10 bins) are used
in Figure 2b-1 (left). A function of grain distribution determines
how the grains are distributed to the available force range. It af-
fects the detailed material perception of virtual compliance [69].
This distribution is represented as a function between an index of
grains and a force value. For this �rst investigation and inspired by
prior work on vibrotactile grains, we chose a linear distribution,
i.e., the grains are evenly distributed across the range of FSR, as
shown in Figure 2b-1 (right). Convex and concave functions are
other options [37, 69].

Pulse parameters. Electrical pulses in each grain have �ve pa-
rameters: pulse amplitude, pulse frequency, pulses per grain, pulse
polarity, and pulse width. We used a �xed pulse amplitude for all
grains, as electrotactile stimulation has a narrow range of comfort-
able intensities between the absolute and pain thresholds [28]. The
pulse amplitude was calibrated for each user due to the sensation
variability between users [30]. We chose a pulse frequency of 125
Hz as it allows the skin to feel stimulation clearly [31] and keeps
the grain duration short enough to avoid skipping many grains in
case of rapid change of force. Similarly, we used 2 pulses per grain to
avoid skipping many grains. Regarding pulse polarity, we used only
anodic pulses because cathodic ones unnaturally caused a tactile
sensation at a shifted place from where the �nger pressed, as also
observed in [30]. We used a pulse width of 200 �s to generate a clear
and pain-free [30] tactile sensation. We simultaneously stimulated
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Figure 3: Our �nger-worn interface comprises (a) 3 ⇥ 3 electrodes and an FSR. (b) They are stacked with double-sided adhesive
tape.

multiple electrodes by time-division scanning with a time interval
of 50 �s between each electrode to fully discharge electrodes [59].

Electrode parameter. Our electrotactile illusion renders a spe-
ci�c shape of virtual compliance by simultaneously stimulating
multiple electrodes. In our implementation, we create di�erent
shapes with orientations (horizontal, vertical, diagonal), relative
positions (top, bottom, left, right), and sizes (large, small). Our pilot
study revealed that participants did not feel enough compliance
magnitude if only 1–3 electrodes of the interface were active. We
therefore created shapes made of 4 or more active electrodes, e.g.,
squares with 4 or 9 electrodes, lines with 6 electrodes, and triangles
with 6 electrodes.

4 IMPLEMENTATION
To achieve this grain-based electrotactile compliance illusion in a
wearable form factor, we implemented a �nger-worn interface and
control circuit.

4.1 Finger-Worn Interface
Our �nger-worn interface comprises a printed electrode array and
an o�-the-shelf FSR, as depicted in Figure 3a. The electrode array
has 3 ⇥ 3 electrodes of 1.5 mm diameter arranged with 3 mm center-
to-center spacing (Figure 3b). This spacing is comparable to the two-
point discrimination threshold on the �nger pad in electrotactile
stimulation (2–4 mm) [33] and is suitable for stimulating Meissner
corpuscles with anodic pulses [31]. The electrodes and conductive
paths were printed with silver nanoparticle-based ink (Mitsubishi
NBSIJ-MU01) on coated paper (Mitsubishi NB-RC-3GR120) using
a commodity inkjet printer (EPSON WorkForce WF-2010W). This
�exible substrate is robust to loose bending [36]. The electrode array
was taped to a �exible �at cable via z-axis conductive tape (3M 9703)
and connected to the control circuit. The FSR (Interlink FSR 402)
has a linear relationship between applied force and resistance. The
sensor value was read through a voltage divider connected to the
control circuit.

The printed substrate and the FSR were stacked via double-sided
adhesive tape such that the center electrode was placed over the
center of the FSR. To ensure close contact between the skin and
electrodes, we covered each electrode with a layer of copper tape,
cut with a commodity craft cutter (Brother ScanNCut). Finally,
we insulated the conductive paths other than electrodes from skin
contact by covering themwith a laser-cut adhesive sheet. We peeled
o� its protective sheet before wearing the device and left only

adhesive (< 10 �m) to attach the device to the �nger. The overall
thickness of the interface is 770 �m.

4.2 Control Circuit
We made a custom control circuit based on Teensy 3.5 for gener-
ating an electrical current and measuring force value. The current
circuit was replicated from [76] and can generate a controlled cur-
rent in the range of 0–2.7 mA, controllable with 200 discrete steps.
It can switch on/o� each electrode at 4 kHz (1 period is 250 �s =
200 �s pulse width + 50 �s interval), fast enough for time-division
scanning. The current was applied to the desired electrode using
two multiplexers (Supertex HV513). The current circuit applied a
controlled value of current in a safe range regardless of changes
in skin impedance [30, 76]. It therefore constantly measured the
current �owing through the skin via a unity-gain voltage di�eren-
tial ampli�er (Texas Instruments INA149). The raw FSR value was
processed with a low-pass �lter to smooth the data [69].

Once provided with stimulation parameters, the control circuit
can work stand-alone in generating electrotactile grains in response
to changes in force. This is to ensure a very low latency (< 25ms) be-
tween the sensor input and electrotactile output, to render convinc-
ing grain-based compliance illusions [57]. Stimulation parameters
can be initially provided and updated in real-time using either an
interface implemented in Python or a Unity interface, both running
on a laptop PC (Alienware m17 R5, MacBook Pro 12.6). The control
circuit and PC can be connected via Bluetooth or a USB cable (serial
port).

5 EVALUATION
To empirically validate the grain-based electrotactile compliance
illusion, we conducted a user study consisting of two tasks, investi-
gating (1) the e�ect of stimulation parameters on the magnitude
of the induced compliance and (2) the e�ect that users can per-
ceive virtual compliance with speci�c shapes. We also collected
qualitative feedback on the elicited sensation. In line with prior
work [16, 20, 37, 69], we empirically evaluated the users’ subjec-
tive experience, as this has proven to be an e�ective method to
investigate “what the haptic experience feels like”, which is di�-
cult to capture with other evaluation methods, such as technical
evaluations or studies of task performance [67].

We recruited 12 participants (aged 23 to 30; 6 identi�ed as male,
6 as female; 10 right-handed, 2 left-handed). The study took ap-
prox. 1.5 hours. This study was approved by the Ethical Review
Board of our university (No. 22-11-1).
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Figure 4: Task 1 investigated the e�ect of the grain and electrode parameters on the magnitude of perceived compliance. We
found (a) a signi�cant di�erence between all grain levels in each electrode condition, (b) a signi�cant di�erence between all the
electrode conditions, and (c) no signi�cant di�erence in the orientation of the line shape.

5.1 Task 1: E�ect of Stimulation Parameters on
Magnitude of Induced Compliance

Our �rst task aimed to (1) demonstrate that grain-based electrotac-
tile stimulation can induce virtual compliance and (2) investigate
the e�ect of two parameters (grain and electrode) on compliance
magnitude. They are fundamental to demonstrating the feasibility
and expressiveness of the proposed illusion.

Evaluation method. This task adopted a relative magnitude
estimation [24, 66]. This method is well-established as an empirical
evaluation in haptics research and suitable for understanding the
relation between changes in a physical stimulus and the associated
sensation [27]. Thus, it has been used to examine the relation be-
tween stimulation parameters and the elicited virtual compliance
in prior work [16, 20, 69]. The participant was seated at a desk and
pressed the index �nger of the dominant hand on the desk’s surface.
Participants evaluated the relative compliance of the surface while
their �nger was stimulated, compared to when pressing it without
stimuli. This study set a desk as a reference stimulus because our
applications require the user to press a hard surface and present a
relative virtual compliance compared to its surface. The perceived
Shore hardness of the desk through our �nger-worn interface was
89A (95A for the desk itself), measured with a durometer (Sauter
HBA 100-0, precision ±2A), meaning a hard surface [63].

Conditions.We compared the e�ects of 3 levels of grains (9, 19,
39) and 4 conditions of active electrodes on the virtual compliance,
as shown in Figure 4a. The electrode conditions assumed basic
shapes when pressing a compliant object with the �nger: large
square with 3⇥3 electrodes, small square (2⇥2), vertical line (2⇥3),
and horizontal line (3 ⇥ 2). The numbers of grains were chosen
from our pilot study as they produced di�erent intensities of virtual
compliance while avoiding skipping many grains under very rapid
changes in applied force.

Study design and procedure. The overall procedure followed
past work on relative magnitude estimation [24]. Before the start
of the experiment, we explained to the participant the de�nition of
compliance as "the sensation of perceiving that the contact area dis-
places into the surface under pressure" , and gave speci�c examples
(desk, rubber, polymeric foam). We chose "compliance" because it
has a more objective de�nition compared to a subjective percep-
tion of "softness" and therefore can reduce the subjective variation
between participants. The participant wore the device on the index

�nger pad of their dominant hand. In each trial, the participant �rst
experienced the reference condition by pressing the desk surface
without electrical stimuli and assumed its compliance to be 0. After
the �nger was released from the surface, the experimenter turned
on a test condition and asked participants to slowly press and re-
lease the �nger on the surface again. Then, the participant rated
the magnitude of perceived virtual compliance of the currently
stimulated area. They answered positive values when the test con-
dition wasmore compliant than the reference, negative values when
less compliant, and 0 when they experienced the same compliance.
They could freely choose the range and type of numbers for rating
(e.g., whole numbers, decimals). They were instructed to map the
score only to perceived compliance, not the electrical stimulation
intensity or the size of the stimulated area.

The participant continued each trial until they had a clear answer,
and could try the reference or test conditions as many times as they
wanted. Each participant performed 36 trials (3 grain levels ⇥ 4
electrode conditions ⇥ 3 repetitions). In each repetition, 12 trials
were performed in a di�erent counterbalanced order. A short break
was followed after each repetition to increase the participant’s
concentration and alleviate adaptation to electrical stimulation [51].
They were asked to use a consistent scale per repetition.

Calibration. We calibrated the pulse amplitudes before starting
each repetition for every participant. Each of the 9 channels was
calibrated separately in order due to the variability of tactile sensi-
tivity between skin points [30]. For each channel, the amplitude of
a 200ms long stimulus was gradually increased from a minimum
value of 0.8 mA and set to a value at which the participant perceived
a clear, pain-free stimulus. Finally, we made the participant press
the desk surface with the stimulation parameters where the �nger
was most frequently stimulated (39 grains, all electrodes), and ad-
justed pulse amplitudes so that the participant felt a pain-free and
uniform tactile sensation on the whole stimulated area. We did not
ask about virtual compliance at this point. The average amplitude
value was 1.59 mA (SD = 0.27).

Results. Figure 4 shows the median and 95 % con�dence inter-
vals (CI) of the perceived compliance for all the grain levels and
all the electrode conditions. Raw scores were �rst standardized by
dividing by the standard deviation for each participant and each
repetition, to reduce variation between participants’ scales [69].
Since the data distribution violated normality according to the
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Figure 5: Task 2 con�rmed our approach could render compliance with speci�c shapes. Participants draw the contour of the
compliance rendering’s shape they perceived. The heatmaps visualize the overlaid normalized contours above a threshold
value (128 in 256 levels), drawn for corresponding active electrodes.

Shapiro-Wilk test, we applied Aligned Rank Transform ANOVA
(ART ANOVA) for repeated measures [78] for the non-parametric
analysis, followed by a post-hoc comparison with the ART-C pro-
cedure [12]. We manually added reference conditions (= no stimuli,
score = 0) to the raw data in the analysis to con�rm the e�ect of
our illusion against the reference.

Figure 4a shows score distributions for each grain level in each
electrode condition, together with the reference condition (= no
stimuli, 0 grains). ART ANOVA for the two factors (grains and elec-
trode) found a signi�cant di�erence in both factors (p < .001) and
found an interaction e�ect between them (p < .001). A post-hoc com-
parison for the grain level found a signi�cant di�erence between
all grain levels (p < .01). This result indicated that a larger number
of grains results in a more pronounced perception of compliance.
It also indicated that the participants clearly felt higher compliance
in all the test conditions than in the reference condition.

In a follow-up analysis, we investigated whether the number of
active electrodes a�ects the magnitude of perceived compliance. Fig-
ure 4b shows score distributions for the number of stimulated elec-
trodes (9: large square, 6: horizontal/vertical line, 4: small square),
together with the reference condition (= no stimuli, 0 electrodes).
ART ANOVA found a signi�cant di�erence in this condition (p <
.001). A post-hoc comparison revealed a signi�cant di�erence be-
tween all electrode conditions (p < .001). This reveals that using
more electrodes for stimulation creates a more pronounced compli-
ance sensation, while already 4 electrodes create a clearly perceiv-
able sensation of compliance. As it is known that tactile perception
on the �nger pad is not uniform but may depend on the orientation
of the stimulus, we speci�cally compared the two oriented shapes,
horizontal vs. vertical line, in a follow-up analysis. Figure 4c shows
score distributions for these electrode conditions. ART ANOVA did
not �nd a signi�cant di�erence between them (p = .67).

5.2 Task 2: Shape Perception
Our second task aimed to verify that the proposed approach can
make the user perceive virtual compliance with speci�c shapes.

Conditions.We chose 5 conditions of active electrodes (large
square, horizontal line, vertical line, small square, triangle), adding
another distinct shape of the triangle to the other basic shapes, as
shown in Figure 5. We used 39 grains for all the electrode conditions.

Trial design and procedure. Participants wore our device on
the index �nger pad of their non-dominant hand and held a stylus
pen with their dominant hand. Because we assume no di�erence in
tactile sensitivity between the dominant and non-dominant index
�nger [19], we chose the non-dominant hand for perceiving the
tactile stimuli, to keep the user’s dexterous dominant hand free for

sketching with the stylus. In each trial, the participant experienced
a test condition in the same way as in Task 1. We �rst asked the par-
ticipant if they felt higher compliance than the reference condition
(= no stimuli). Then, for spatial reference, the experimenter showed
a piece of paper above the participant’s �nger with the same shape
and size as the stimulation device, indicating the stimulation area
with a square. Then, the participant experienced the test condition
and was tasked to draw on a tablet the closed contour of the area
they felt compliance. They could draw multiple separate contours
if needed. Each participant performed 15 trials (5 shapes ⇥ 3 repeti-
tions) in a randomized order without a break. We conducted the
same calibration as Task 1 before the trials. The average amplitude
value was 1.70 mA (SD = 0.28). One trial was felt as less compliant
than the reference condition and was removed.

Results. Figure 5 shows heatmaps of the shapes drawn by the
participants, separately for each shape. The scale of the raw con-
tours was �rst normalized between participants to correct for po-
tential bias due to di�erences in how participants conceptually
mapped the stimulated area on the �ngerpad to the drawing area
on the tablet. Separately for each participant, we aggregated all
contours drawn by the participant, calculated the bounding box
surrounding them, and calculated a transformation matrix from
this bounding box to a square of the normalized size of 340 ⇥ 340
pixels, and scaled all the contours with this transformation matrix.
Then, aggregating these normalized contours of all the participants,
we generated heatmaps with 256 levels (higher is close to red, lower
is to blue) with the brightest pixel out of all the heatmaps as the
maximum value (255). Figure 5 displays only the areas above a
threshold value of the middle level (= 128). For reference, the active
electrodes are shown left of each heatmap (orange is active, gray is
inactive).

These heatmaps show that the contours roughly matched the
area of stimulated electrodes in each shape, indicating that partic-
ipants were able to localize the part of the �ngertip where they
felt compliance with a given shape. The results also show that
increasing the stimulation area (e.g., large square) resulted in a
larger perceived stimulation area. We observe slightly larger o�sets
between active electrodes and perceived area for the vertical axis
than for the horizontal axis—see for instance the top and bottom
area of large square. This observation may be attributed to the
asymmetric haptic sensitivity of the �nger pad depending on direc-
tion [3, 34]. The variance between participants can be attributed to
the di�erences in tactile sensitivity on the �nger pads.
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5.3 Qualitative Feedback
Induced sensation. After Task 1 and 2 were completed, we �rst
asked participants to describe the induced sensation in our study.
Participants described similar sensations as uncovered for the grain-
based vibrotactile compliance illusion [37]: "elastic" (P1), "bouncy"
(P1), "squishy" (P2), "soft" (P6), "can press further" (P5), "there’s longer
distance till I press to the point where I cannot press further" (P1),
or "like pressing a surface that could displace more if I press harder"
(P7). Interestingly, some participants felt roughness or smoothness
of the surface texture of a virtual compliant object: "a rough area"
(P8), "[the high-rated trials are] more coarse. (...) [the low-rated ones]
are smooth because the intensity is low and I cannot really feel each
individual dot (...)" (P1), and "[the high-rated trials are] tickling a little
bit like touching sponge. [For low-rated ones, ] the type of sensation
was similar, but usually weaker" (P10).

Comparing to real-world objects. Next, we asked participants
which real-world object was reminded by the induced sensation
when they rated it with high or low scores. For high ratings, they
answered: "sponge" (P3, P7, P9, P10), "[polymeric] foam" (P4, P5, P10,
P12), "pillow" (P1, P2), "grass" (P10), or "popping bubbles" (P4). P1
added "I would say something that’s not so smooth but has a lot of
elasticity and compliance so you can push down". For low ratings,
they answered: "clothes" (P3), "tree" (P8), "book" (P9), "eraser" (P5), or
"the soft material printed by a PolyJet Printer" (P1). P1 commented
"there’s less displacement as I press down, and it makes me feel like I
only just like move a little bit. Or not as much until I hit the very �at
desk". P6, the only participant who answered negative scores for
some trials, expressed "like metal surfaces that are very hard" for
their negative scores because "there’s no way bending it or putting
any dent in there. And even harder than the material of the table".

Realism. Other than our questions, three participants men-
tioned the realism of induced compliance. Note that the "magni-
tude" of compliance (investigated in our study) and its "realism" are
di�erent factors. They commented: "when the intensity is very high,
(...) it feels arti�cial. And when intensity is not low but is a medium
level, (...) [it] feels like it’s a natural sensation." (P2), "[when] I felt the
stimulation clearly but it wasn’t too strong (...) I was able to think of
it as compliance" (P4) , and "the lower compliance one feels more like
natural materials" (P1). P2 additionally commented on the lack of
congruence between visual and haptic stimuli in our experiment:
"when the sensation feels like only one point [= considered to be the
"small square" condition] on my �nger, that doesn’t feel real. Because
when I am pushing the desk, I would expect all my �nger [area to feel
compliance]".

5.4 General Discussion
Task 1 con�rmed the grain-based electrotactile compliance illusion.
Furthermore, the �ndings show that the magnitude of the virtual
compliance can be adjusted with the number of grains (at least 4
levels: 0, 9, 19, 39 grains) and the number of active electrodes (at
least 4 conditions: 0, 4, 6, 9). Compliance was intensi�ed with an
increasing number of grains or electrodes used. These �ndings can
be expected because the participants received haptic cues of com-
pliance more frequently (i.e., more grains) and on a larger skin area
(i.e., more electrodes). Our �ndings on the role of the number of

electrotactile grains are similar to �ndings on grain-based vibrotac-
tile compliance illusions, which found that compliance could be felt
most clearly with stimuli spanning between 13 and 53 grains [69].

Findings from Task 2 indicate the proposed illusion can render
compliance with speci�c shapes. Our study participants were able
to draw quite accurate contours despite the demanding nature of
this task. The task was challenging because (1) the electrode spacing
(3 mm) is just as small as the electrotactile two-point discrimination
threshold; (2) electrotactile stimulation has a large variability of the
sensation between persons or stimulated points [30], leading to the
high variability in a task to draw the perceived stimulated area [73];
and (3) participants had to convert the perception of haptic stimuli
to visual contours. The relatively larger shifts in the vertical axis
may be attributed to the asymmetric haptic sensitivity of the �nger
pad depending on the direction [3, 34]. This is re�ected in P1’s
comment on Task 2: "I can tell if it’s really di�erent, like left or right,
but then in the vertical axis, I cannot tell how much of a di�erence".

Qualitative feedback from participants clari�ed what type of
stimulus our approach is best suited to express. Participants tended
to relate the high-rated conditions in Task 1 to a more compliant
object with a rougher surface, and the low-rated ones to a less
compliant object with a smoother surface. It is reasonable because
the high-rated conditions (i.e., more frequent haptic cues with more
electrodes) emphasize the acute sensation of electrical stimuli more,
and vice versa. Note that here, rough and smooth refer to the 2D
surface texture of a compliant object, rather than the texture sensa-
tion felt when pressing the surface along the z-axis (i.e., regularity
of the displacement movement) [37]. This rough texture sensation
is attributed to anodic stimulation [33] and quite di�erent from the
vibrotactile illusion that produces the sensation of a smooth surface
texture regardless of the compliance magnitude [37]. In future work,
we might be able to render various surface textures by adjusting
the pulse parameters or instead even use cathodic stimulation to
create a smooth texture with high compliance, although the latter
might be incapable of rendering distinct shapes.

Another key perspective is the importance of congruence be-
tween visual and haptic stimuli. Some participants found unnat-
uralness when experiencing virtual compliance with shapes or a
rough texture on the desk. It motivated us to present visual stimuli
matching the shape and the texture of rendered compliance in our
following applications.

6 APPLICATIONS
This section demonstrates how our approach augments three inter-
faces with virtual compliance: (1) physical real-world objects, (2)
graphical user interfaces on touch screens, and (3) virtual reality.
We believe these interfaces can become even more informative and
expressive by rendering the compliance of otherwise visual-only
content.

6.1 Augmenting Physical Objects with Virtual
Compliance

Paper has traditionally been used for conveying visual information
e�ectively, such as picture books, textbooks at school, artworks,
or advertisements. Our approach further enables existing paper
illustrations to be augmented with virtual compliance. Figure 6
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Figure 6: (a) Our approach renders compliance when the
user reads a picture book and touches an illustration: (b) a
large area of soft grass underneath the entire �ngerpad, (c) a
squishy horizontally-shaped dog nose, and (d) an unripe and
hard vegetable that is small.

depicts a user reading a picture book made of sti� paper. (a) The
camera above the book is connected to a MacBook. It tracks the
position of the index �nger by processing images with Python
and Google MediaPipe, and sends the position information to our
control circuit via a USB cable to reduce latency. When the user
presses an illustration, our device renders appropriate compliance
for the touched visual element, such as (b) soft grass (39 grains,
large square), (c) a squishy dog nose (19 grains, horizontal line),
and (d) an unripe and hard vegetable (9 grains, small square). The
stimulation parameters of applications are set according to the
outcomes of the user study.

6.2 Rendering Compliance for Interactions on a
Touch Screen

Capacitive touch screens allow users to manipulate visual informa-
tion intuitively with their �ngers and are pervasive in smartphones,
tablets, and smartwatches. Our approach further adds virtual com-
pliance to these visual displays while the user operates the touch
screen with their �ngers. Figure 7 depicts a user browsing an online
shopping website with a capacitive touch screen. The touch screen
is directly connected to our control circuit via a USB cable and
sends the touch position to it. (a) The user scrolls down the screen.
The stimulation is turned o� at this point. The user �nds an item
and checks its feel with a �nger press. The touch screen detects the
touch position and sends the position information to our system.
Our device renders compliance corresponding to the touched item,
including (b) a �u�y cushion (39 grains, large square), (c) an elastic
sleeve of a jacket (19 grains, vertical line), and (d) a slightly sti�
strap of a bag (9 grains, horizontal line). To allow the touch screen
to detect the �nger touch, we slightly modi�ed our device by adding
a piece of copper tape onto its outer side and connecting it to the
�nger, acting as a passive electrode for capacitive coupling between

Figure 7: (a) Our approach renders compliance when the user
touches an item of an online shopping website on a touch
screen: (b) a large �u�y cushion, (c) an elastic vertical sleeve
of a jacket, and (d) a horizontal sti� strap of a bag.

the �nger and the touch sensor. We did not observe any electri-
cal interference between capacitive touch sensing and electrical
stimulation.

6.3 Rendering the Compliance of Visual Objects
in Virtual Reality Experiences

VR can freely reproduce 3D visual information of objects and is an
emerging technology in simulations, education, and games. Our
interface can complement the compliance of visual objects in VR
experiences. For instance, this can be useful in the training for med-
ical sta� to �nd veins or to assess the skin surface conditions (e.g.,
sti�ness, texture, temperature) of a patient through palpation [53].
We implemented a simple application example with Unity on Alien-
ware demonstrating how a VR simulation for medical training could
help students learn how to assess the skin surface through �nger
touch using a 3D printed rigid model of a human arm (Figure 8):
(a) The user wears a commercial VR head-mounted display (Meta
Quest 2), which tracks the position of the �nger and a physical
arm model through an ArUco marker. The positions of virtual and
physical arm models are aligned. (b) When the user touches a skin
area, our device simulates its softness (19 grains, large square). (c)
When the user touches a virtual vein, our device simulates its sti�er
sensation than the other skin area (9 grains, horizontal line).

7 LIMITATIONS AND FUTUREWORK
In this �rst work on grain-based electrotactile compliance illu-
sions, we focused on clarifying its fundamental characteristics. Fu-
ture work should investigate further stimulation parameters more
deeply (e.g., the function of grain distribution, polarity, and fre-
quency) as well as the e�ect of rendering compliance on other body
parts (e.g., palm, foot sole). It will also be interesting to combine the
proposed method with other existing compliance feedback methods
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Figure 8: (a) Rendering compliance in a VR medical simulation. When the user touches a physical hand model, our device
presents the sensation of (b) soft skin or (c) a thin and sti�er vein.

(e.g., the vibrotactile illusion [37], the area-based approach using
electrotactile stimulation [72], or pseudo-haptics [54]) and study
application opportunities in more detail. Another relevant question
for future work is to compare our proposed illusion to these other
compliance feedback methods and investigate more detailed hap-
tic features of rendered compliance (e.g., depth, texture, elasticity,
comparison to real-world objects, and realism).

This �rst study used only a basic �nger-worn device combining
9 electrodes with an FSR. However, the proposed illusion is not
limited to this form factor. It could also be integrated into physical
surfaces or objects, even deformable ones, due to thin and �ex-
ible electrodes used in electrotactile stimulation. Ultra-thin and
stretchable epidermal interfaces [48] could be achieved by com-
bining a feel-through electrotactile interface [76] with ultra-thin
pressure sensors [43]. A further promising avenue is to render
more diverse shapes with higher resolution electrode matrices or
super-resolution rendering [44].

This paper only investigated rendering compliance when the
user presses on a rigid and planar surface. Future work should
examine if the grain-based electrotactile compliance illusion works
on softer or curved surfaces too, and what absolute hardness values
the perceived virtual compliance corresponds to.

Similar to other electrotactile stimulation works, our interface
can induce sensation variability for long-term use due to sweat,
�nger motion, and sensory adaptation [29, 51]. We plan to integrate
an impedance measurement circuit to adjust pulse amplitudes in
real-time and suppress the sensation variability [18, 29].

Finally, further minimization of the device prototype is an impor-
tant consideration for practical deployment, comprising wireless
communication between the �nger-worn interface and a more com-
pact control circuit.

8 CONCLUSION
We proposed a novel grain-based electrotactile compliance illusion
that renders compliance by generating an electrical grain of electri-
cal pulses in response to changes in force applied by the �nger. It
enables rendering compliance with shapes in a thin, lightweight,
�exible form factor, which tackles the issues of the conventional
vibrotactile illusion: low spatial resolution in tactile stimuli and
bulky form factor. We presented a technical design space of stimula-
tion parameters (grain, pulse, electrode) for creating the illusion. To
achieve this illusion in a wearable form factor, we fabricated a 770

�m thin and �exible �nger-worn device that combines a 3 ⇥ 3 elec-
trode array with an FSR. A controlled experiment con�rmed that
the proposed illusion could (1) create virtual compliance; (2) adjust
the compliance magnitude with grain and electrode parameters;
and (3) render compliance in speci�c shapes. Qualitative feedback
from participants clari�ed what type of stimulus our approach is
best suited to express. It also indicated our approach might open
up another novel area in rendering compliance: 2D surface texture
of a compliant object. In three example applications, we presented
how this illusion can enhance the interaction with physical objects,
on touch screens, and in virtual reality.

As the grain-based electrotactile compliance illusion is not re-
stricted to the wearable device form factor investigated in this work,
we recommend that future work more broadly investigate how this
novel illusion can contribute to other forms of haptics interfaces,
including electrotactile displays that are grounded or embedded
inside objects, and how high-resolution electrode interfaces can
render more diverse shapes. We are excited about a future that will
deeply and seamlessly integrate the feel of objects into digital media
and hope our work contributes a valuable step toward realizing
this vision.
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