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Super-resolution wearable electrotactile

rendering system
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The human somatosensory system is capable of extracting features with millimeter-scale spatial resolution and
submillisecond temporal precision. Current technologies that can render tactile stimuli with such high definition
are neither portable nor easily accessible. Here, we present a wearable electrotactile rendering system that elicits
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tactile stimuli with both high spatial resolution (76 dots/cm?) and rapid refresh rates (4 kHz), because of a previously
unexplored current-steering super-resolution stimulation technique. For user safety, we present a high-frequency
modulation method to reduce the stimulation voltage to as low as 13 V. The utility of our high spatiotemporal
tactile rendering system is highlighted in applications such as braille display, virtual reality shopping, and digital
virtual experiences. Furthermore, we integrate our setup with tactile sensors to transmit fine tactile features through
thick gloves used by firefighters, allowing tiny objects to be localized based on tactile sensing alone.

INTRODUCTION

Technological advances such as the liquid crystal display and
organic light-emitting diode display have enabled realistic replication
of digitally captured images and videos to our eyes, much like speakers
reproducing naturalistic sound recordings to our ears (1-3). In
comparison, a device that can realistically render tactile sensations
on our skin is sorely missing. Although researchers have made great
progress in developing sensors that digitally capture tactile features
with high resolution (4, 5), high sensitivity (6, 7), high temporal
precision (8), and multiple sensing modalities (9), an intuitive stimu-
lation method is needed to effectively virtualize the sense of touch,
i.e., the recording and playback of the cutaneous sensation over
space and time.

The human somatosensory system shows exquisite spatial and
temporal resolution (10-13). For instance, our fingertips are inner-
vated by high-density mechanoreceptors, allowing us to distinguish
spatial features as fine as millimeter precision (14, 15) and encode
information with submillisecond precision [0.8 ms for fast-adapting
type I (FA-I) afferents] (16). An effective tactile feedback system
should ideally try to match the fidelity of our tactile perceptual
capability in these domains.

Existing techniques to reproduce tactile stimuli can be broadly
classified into two categories, mechanical or electrical stimulation.
By applying localized mechanical force (17, 18) or vibration (19, 20)
on the skin, mechanical actuators can elicit stable and continuous
tactile sensations. However, these mechanical actuators tend to be
bulky, severely limiting the spatial resolution when integrated into
a portable or wearable device. Owing to the mode of actuation,
mechanical actuators like linear motors and pneumatic actuators
typically suffer from a slow response time (21). By comparison,
electrotactile stimulators can be light and flexible while offering
higher resolution and faster responses (22, 23). However, electri-
cal signals need to be several hundreds of volts to penetrate the
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high-impedance stratum corneum layer, which poses a safety concern.
Moreover, given the high variability in the electrical properties of
human skin over time and across individuals, continuous calibra-
tion procedures are necessary to ensure that the sensation presented
remains within the comfortable range of users (24).

To address these limitations, we present a new electrotactile
rendering system for displaying various tactile sensations, such as
pressure, vibration, and texture roughness in high fidelity. To
simulate the natural sense of touch, it is important to understand
and mimic the key factors affecting the sensory properties of biological
skin. As shown in Fig. 1A, when the skin is deformed by an external
force, mechanosensitive ion channels are opened, depolarizing the
soma of mechanoreceptors and thus triggering action potentials
that are propagated to the somatosensory cortex through peripheral
nerve bundles (25, 26). In comparison, our electrotactile device
directly generates electrical current at a localized region within the
skin, triggering action potentials in the axons of nearby mechano-
receptors, which propagate upstream through the same pathways
(27, 28) and are thus interpreted in the brain as tactile stimuli
(Fig. 1B). Various sensations can be elicited, including vibration,
touch, tingling, itching, and pressure through the variation of the
waveform, frequency, duration, or location of the stimulation cur-
rent (29). The electrotactile device consists of an electrode array and
a rubber finger cot (Fig. 1C), in which a 5 x 5 fingertip electrode
array is fabricated on a piece of a thin flexible printed circuit (FPC)
and the contact electrodes are made from 25 half-spherical-shaped
metal bumps to maximize the effective contact between the electrode
and the irregular surface of the human skin. With a novel high-
frequency modulation technique, a much lower stimulation voltage
of between 13 and 28 V is sufficient to elicit tactile sensations ranging
from a slight touch to a sharp prick. Moreover, we incorporated a
closed-loop feedback circuitry that allows our system to quickly
respond to changing electrical conditions at the contact electrodes,
thus rendering a stable sensation. It is also important to highlight
the role of a unique current-steering super-resolution strategy in
achieving a high spatial resolution (76 dots/cm?), which approaches
the innervation density of the slowly adapting type I (SA-I) afferents
in the fingertip (30, 3I). As shown in Fig. 1D, compared to human
tactile perception, our electrotactile device shows similar spatial
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Fig. 1. Design and architecture of the electrotactile rendering system. (A) Schematic of the tactile perception of human skins: Strain on the skin induced by an external force
triggers the mechanosensitive channels that convert external force into electrochemical and electrical signals. (B) Schematic of the electrotactile system whereby current is
induced in the skin to stimulate mechanoreceptors and nerves, generating action potentials that are interpreted as tactile signals by the brain. (C) Optical images of the
electrotactile device, an FPC with 25 half-sphere electrodes attached in a rubber finger cot. (D) Comparison between human tactile perception and the electrotactile rendering
device in spatial resolution, refresh rates, and intensity range. (E) Demonstrations of the electrotactile system in braille display, VR and augmented reality, and teleoperation.

resolution and much higher refresh rates and covers the full human
tactile intensity range.

The effectiveness of our electrotactile rendering system is evaluated
through a user study whereby 20 volunteers were tasked to identify
tactile sensations such as intensity, roughness, texture, and other
complex patterns. The ability to evoke tactile sensations with un-
precedentedly fine control over its location and duration opens up
unique opportunities in rendering methods. Specifically, we exploit
the tactile continuity illusion (32) to render numbers and letters as
spatiotemporally distinct strokes that mimic the order in which
they are written. This approach, which we define as font braille,
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allows the visually impaired to use the same system to read and
write as a normal person would. We also highlight the applicability
of our technology to virtual reality (VR) shopping of clothes as well
as digital virtual experience. Last, we integrate our electrotactile
rendering system with tactile sensors on a thick glove, enhancing
the tactile acuity of the wearer and allowing him to locate a tiny
object, which would otherwise be impossible because of the me-
chanical insulation of the gloves. We envision that our technology
will benefit a broad spectrum of applications such as information
transmission, surgical training, teleoperation, and multimedia
entertainment (Fig. 1E).
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RESULTS

Low-voltage tactile stimulation through dual
high-frequency alternating current modulation

Unlike most electrotactile stimulators that rely on high-voltage
direct current (DC) pulses to penetrate the high-impedance stratum
corneum layer (22, 33), we adopt a high-frequency alternating cur-
rent (AC) to overcome the insulation. As shown in Fig. 2A, the elec-
trical impedance at every layer of the human skin can be modeled as

‘l AC,
A :

SC layer

Epidermis layer

Dermis layer )
C

Hypodermis layer

a resistor and capacitor in parallel. Hence, high-frequency AC can
penetrate the human skin and stimulate nerves. To theoretically
investigate the relationship between skin impedance and stimulating
current frequency, a finite element analysis (FEA) simulation based
on COMSOL Multiphysics is carried out using parameters (34-37)
defined in table S1. As shown in Fig. 2B, increasing the frequency
of the AC stimulation results in higher current density and deeper
skin penetration, translating to the activation of more nerves and
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Fig. 2. The simulation and experimental results of electrical stimulation using high-frequency AC. (A) Schematic illustration of electrical impedance model and
equivalent circuit of the human skin. SC, stratum corneum. (B) Simulation results of current density distribution at different frequencies. (C) Relationship between tactile
perception intensity and stimulation voltage; as the voltage increases, the intensity gradually increases from a slight touch to a sharp prick. Error bars indicate the fluctuation
of the test results of each volunteer in multiple measurements. (D) Ability of the electrotactile system to render different tactile intensities. The number of renderable
intensity levels can be changed by adjusting the step size of each changed voltage. Users can feel 20 different intensity levels with 85% accuracy. Error bars show the SD
between 20 volunteers. (E) Comparison of the applied voltage and electrode areas in this work with other electrotactile devices. (F) lllustration of the roughness perception,
which is mainly determined by intensity and vibration frequency. (G) Relationship between the roughness perception and stimulation voltage and frequency. (H) Classification

confusion matrix of five different roughness surfaces.
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thus rendering a stronger tactile sensation. As the frequency of
stimulating current increases from 20 to 10 kHz, the fingertip skin
impedance decreases is notable, which agrees with the experimental
results (fig. S1). The tactile perception is further intensified by
stimulation with two AC currents of the same parameters but with
180° phase difference. Using our dual high-frequency AC strategy,
tests on volunteers show that a stimulation voltage between 13 V
(detection threshold voltage) and 28 V (maximum tolerated voltage)
is sufficient to elicit tactile sensations ranging from a slight touch to
a sharp prick (Fig. 2C).

While the stimulation voltage can be controlled with millivolt
precision, it is important to determine the minimum perceptible
voltage difference under our stimulation paradigm as it translates to
the level of variability of the rendered sensation. The comfortable
perceptive range is from about 15 to 25 V (Fig. 2C), and we define
the renderable intensity levels as the perceptive range (10 V) divided
by step size (0.25, 0.5, 0.75, and 1 V). As shown in Fig. 2D, with the
increase of tactile intensity levels, the intensity discrimination accu-
racy decreases accordingly. On the basis of the results, variation of
the stimulation voltage into steps of 0.5 V is perceivable for 85% of the
subjects, which corresponds to at least 20 uniquely distinguishable
intensity levels. This is much higher than earlier works (4, 3, and
2 intensity levels, respectively) (18, 38, 39).

Another challenge of electrotactile rendering is the inverse
relationship between electrode size and stimulation voltage. Smaller
electrode sizes are needed to achieve a higher spatial resolution,
which, in turn, leads to increased contact impedances that require
dangerously high voltages to overcome. Figure 2E compares recent
electrotactile stimulators (22, 23, 29, 33, 40-42) in terms of applied
voltage and electrode size. Our dual high-frequency AC strategy
enables a spatial resolution of 25 dots per fingertip with a maximum
applied voltage of 30 V, thus simultaneously achieving a high reso-
lution while eliminating safety concerns.

Amplitude modulation for roughness perception rendering
Roughness perception is mainly determined by the tactile intensity
and vibration frequency, where the presence of high-intensity,
low-frequency tactile signals is often associated with rough surfaces
(Fig. 2F). Our stimulation technique achieves the same effect by
using amplitude modulation (AM). Essentially, a high-frequency
(10 kHz) square carrier wave is used to modulate the lower-frequency
sine-waved vibration signal. To study the efficacy of AM on rough-
ness perception, we invited volunteers to adjust the amplitude and
frequency of the lower-frequency signal to approximate the sensa-
tion felt when touching five surfaces of different roughness, namely,
rough rocks, sandpaper (60 grit), denim, silk, and glass (fig. S2).
Volunteers wore the electrotactile device on their left index finger
and used their right index finger to physically touch the five surfaces.
The results (Fig. 2G) indicate that low-frequency and high-voltage
stimulation best simulates rough textures like rocks and sandpaper,
while high-frequency and low-voltage stimulation renders smooth
textures such as silk and glass, which is consistent with the natural
human tactile perception (43). Note that the volunteers show an
extremely high level of recognition accuracy (98%) of the different
roughness rendered by the electrotactile system (Fig. 2H).

Electrotactile control system
The main components of our system are described in Fig. 3A, and a full
picture of electrotactile devices is shown in fig. S3. A microcontroller
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unit (MCU) controls the multichannel digital-to-analog converter
(DAC) chip to generate two high-frequency waveforms (fig. S4).
These waveforms are then amplified to the desired stimulation
voltages AC; and AC, (Fig. 3B). A current monitoring circuit is
used to detect changes in contact impedance, which may occur due
to sweating or changes in the skin contact area. A calibration proce-
dure is performed, where five electrodes are sequentially connected
to AC, for 100 ms, corresponding to a left-to-right movement of the
stimulated region on the fingertip. Adjustments are then made to
subsequent stimulation voltages to ensure a consistent stimulation
current (Fig. 3C). Last, a switch array is used to determine the state
of the electrodes (fig. S5), where each electrode may be connected to
AC; or AC,; or left floating. The switches can be dynamically re-
configured at a frequency of as high as 4 kHz (fig. S6), allowing the
stimulation pattern to be rendered with submillisecond precision.
Last, a computer working as the terminal of the human-machine
interface communicates and controls all the aforementioned
components to form a holistic close-looped electrotactile rendering
system (44).

Super-resolution stimulation through current steering
While having 25 electrodes per fingertip may be state of the art, the
fingertip is capable of resolving touch with far higher spatial acuity.
We capitalize on the high reconfigurability of our electrode array to
perform stimulation at locations in between physical electrodes,
thus achieving super-resolution (Fig. 4A). For instance, stimulation
of sites directly under a physical electrode is considered a normal
resolution site. Stimulation of a normal resolution site is accom-
plished by connecting the target electrode to AC; and the four
surrounding electrodes to AC,. By creating asymmetry in the distri-
bution of AC,-connected electrodes around the AC;-connected
electrode, the stimulation current is skewed toward the region with
more AC; electrodes. As the resultant stimulation site under this
current steering technique is between two physical electrodes, we
define it as a super-resolution site. FEA simulations show that the
degree of skew can be controlled by the level of asymmetry (Fig. 4B).
Our present prototype with 25 electrodes allows for two super-
resolution sites between every pair of electrodes for the 9 central
electrodes, and one super-resolution site per electrode pair at the
edges. The total number of discrete stimulation sites thus increases
from 9 to 49 for the central region and from 25 to 105 for the entire
fingertip (Fig. 4C). Notably, the effective tactile spatial resolution in
the center area is as high as 49/(0.8 x 0.8) = 76 dots/cm?, which is
similar to the density of SA-I mechanoreceptors in the human skin.
Detailed electrode configurations to stimulate each super-resolution
site are described in fig. S7. Our current steering super-resolution
strategy thus increases the spatial resolution with no extra hardware.
We evaluate the tactile perception of super-resolution sites, and
the result shows that there is no obvious difference between normal
resolution sites in the intensity test (fig. S8). In addition, the volunteer
can clearly recognize (96% accuracy) the spatial position of super-
resolution sites (fig. S9). To further assess the efficacy of current
steering in physical experiments, volunteers are tasked to distinguish
patterns including curves with slightly different angles and ellipses
with small changes in aspect ratios (Fig. 4D). Differences between
the patterns are very small and can only be rendered using super-
resolution. The results demonstrate the effectiveness of our current
steering approach, where the recognition accuracy of curves and
ellipses is 84 and 90%, respectively.
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Fig. 3. The structure of the electrotactile rendering system. (A) Schematic diagram of the control system, which consists of three parts. Function generator generates
the desired stimulation current AC; and AC,, current monitor ensures the consistency of output perception by feedback control, and switch array manages the state of
each electrode separately. ADC, analog-to-digital converter. (B) Waveform of the stimulation current. Ten kilohertz of square wave is amplitude-modulated by 40-Hz sine
wave. (C) Stable electrotactile perception under the feedback control strategy, where the stimulation voltage is changed according to the measured current.

A spatiotemporal approach to text rendering
One major problem faced by the visually impaired when learning
braille is the disconnect between the systems used for reading and
writing (45). Leveraging the ability to evoke tactile sensations with
ultrafine spatiotemporal control, we propose a tactile reading
system that consists of numbers and letters rendered as spatio-
temporally discrete strokes that mimic the order in which they are
written. This approach, which we define as font braille, makes use
of the tactile continuity illusion whereby sensory inputs distinct in
space and time are naturally pieced together by our somatosensory
system to form a continuous sensation (46). Using font braille, the
visually impaired would be able to use the same alphabetical system
to read and write.

Font braille consists of two major parts, namely, the code and
the rendering sequence. We break down the letters of the alphabet
as well as numerical digits into individual strokes and order them

Lin et al., Sci. Adv. 8, eabp8738 (2022) 9 September 2022

the way in which they are written (Fig. 5A). We take advantage of
the fact that tactile perception is more sensitive to dynamic features
such as the start, end, and sequence in which the stroke is drawn,
instead of the absolute location where the stroke is rendered. Font
braille can thus be simplified to consist of only 16 basic strokes
(Fig. 5B) that span the entire electrode array. The combination and
sequence of these basic strokes can effectively represent almost all
numbers and alphabets except for the letter “O” and the number
“0,” which needs to be rendered by including super-resolution sites.
Tests with volunteers show a recognition accuracy of over 87%
(Fig. 5C). Analysis of the confusion matrix shows that the most
easily confused characters are “I” and “1,” “S” and “8,” and “O” and “0”
(detailed confusion matrix is shown in fig. S10). Recognition accu-
racy can be further improved by optimizing stimulation parameters
(such as the relative location, intensity, and duration of strokes)
according to personal preferences. Figure 5D illustrates the use of
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font braille in a practical setting, where a volunteer deciphers the
character rendered by the fingertip electrotactile device and writes
it down (movie S1).

VR and sensor-actuator glove system

Besides being a tool for the visually impaired, our electrotactile
stimulation technique is well suited for VR applications. For in-
stance, the high spatiotemporal control of haptic stimulation is par-
ticularly well suited for rendering the texture of clothes in a virtual
shopping scenario (Fig. 6A). The electrodes can also be made highly
flexible and scalable to cover larger areas such as the palm (fig. S11).
Working together with the fingertip electrodes, we demonstrate a
VR cat interaction session where the user experiences the itchy
sensation in the fingertips when licked by a cat’s tongue that is
covered by hard barbs (Fig. 6B). Moreover, when stroking the cat’s

Lin et al., Sci. Adv. 8, eabp8738 (2022) 9 September 2022

fur, variances in roughness can be conveyed to the palm as the
stroking changes in direction and speed (movie S2).

Another interesting application is the transmission of fine tactile
details through thick gloves. We integrate the thin and light elec-
trodes of our electrotactile rendering system together with flexible
tactile sensors on a safety glove (Fig. 6C). The tactile sensor array
captures the pressure distribution on the exterior of the glove and
relays the information to the user in real time through tactile stimu-
lation. Figure 6D demonstrates the scenario where the volunteer
quickly and accurately locates a tiny steel washer (1 mm radius and
0.44 mm thick) using only tactile feedback from the sensorized
glove (movie S3 and fig. S12). The task represents the restoration
of high-fidelity tactile perception that is currently unavailable to
astronauts, firefighters, and deep-sea divers because of insulation
from their protective suits.
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the electrotactile device.

DISCUSSION

The electrotactile rendering system introduced here is unique on
several fronts. Compared to mechanical-based stimulators such as
the pneumatically actuated HaptX gloves or vibration-based haptic
skin (20), our system is flexible, thin, and light and can thus be inte-
grated with existing clothing such as gloves or expanded to cover
more areas such as the palm without being excessively bulky. Our
system also demonstrated unique advantages in tactile rendering
performance, such as a wider gamut of perceivable tactile sensations,
ultrafast refresh rate, and superior spatial resolution. In comparison to
other electrical stimulators, our dual high-frequency AM-modulated
signal simultaneously achieves high spatial resolution and low-voltage
stimulation. Notably, the tactile sensation can be elicited at voltages
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an order of magnitude lower than existing systems without the need
for invasive interfaces such as microneedles (47). At the same time,
the electrodes used are small—25 electrodes were fitted onto
a fingertip-sized stimulator array. Combined with current steering
techniques, stimulation can be performed with super-resolution of
up to 76 dots/cm?, approaching the density of SA-I mechanoreceptors
in the fingertip. Moreover, our system incorporates closed-loop
feedback circuitry that dynamically compensates for the variations
in skin contact conditions of individual electrodes, ensuring a stable
and comfortable tactile rending performance.

A common weakness of all electrical-based stimulators is the
inability to precisely stimulate just the SA mechanoreceptors with-
out activating the FA receptors, making it difficult to produce the
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electrotactile device. (C) lllustration of tactile restoring for astronauts carrying out crucial tasks. The sensor array is attached outside of the glove to sense the object, and
the electrotactile device is attached inside to render the tactile information. (D) Demonstration of fast and precise positioning of a tiny part while wearing a thick protective

glove by electrotactile rendering system.

sensation of sustained pressure. While some research speculated on
the possibility of stimulating specific types of afferents by changing
the polarity of the electrodes (48), there is currently no work that
verifies this capability in a conclusive manner. Nevertheless, the
dynamic nature of touch meant that the response of FA receptors
plays a dominant role in facilitating rapid tactile perception (30).
Thus, coupled with suitable stimulation patterns, the ability to
precisely activate the receptors in time and space may provide
sufficient feedback for users to accomplish functional tasks, even if
the sensation lacks the realism that a physical interaction provides.
Moreover, given that the electrodes are very flexible and light-
weight, they can be combined with other haptic feedback modalities
if greater authenticity is desired.

Having a tactile rendering system with high spatiotemporal
resolution opens up unique possibilities. We took advantage of the
tactile continuity illusion to render numbers and letters in a fashion
similar to which they are written, providing the visually impaired
with a consistent representation when reading and writing. Our sys-
tem is also well suited for VR applications such as online shopping
or haptic interaction with virtual objects. Last, a sensor-actuator
system was demonstrated to bring back fine tactile sensations to
wearers of thick protective gloves. To the best of our knowledge, our
tactile restitution glove system is the first of its kind that successfully
enables the accurate localization of tiny components through tactile
perception alone. All these demonstrations convey the wide-ranging
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applicability of the electrotactile system and outline a promising
route toward future information transmission, entertainment, edu-
cation, training, and teleoperation.

MATERIALS AND METHODS

Fabrication of the fingertip electrotactile device

The 5 x 5 fingertip electrode array is a piece of thin FPC with 25 copper
pads. Additional solder was added to the pads to form half-spherical
contact electrodes. Subsequently, the silver film was sputtered on
the solder surface to ensure the biocompatibility of the electrotactile
device. The electrode radius is about 1 mm, and the center-to-center
distance between two adjacent electrodes is approximately 4 mm.
The distance gradually decreases from the first knuckle to the tip of
the fingertip, according to the structure of the human fingertip. Such
a distribution of the electrode array and the half-spherical shape
ensure close contact with the human skin. The flexible circuit is
fixed in a rubber finger cot by very high bonding tape. The rubber
finger cot is then connected to other wearable devices such as pro-
tective gloves or exoskeletons.

Fabrication of the stretchable palm electrotactile device

The 10 x 10 electrode array fabricated by screen printing technolo-
gy shows the potential of large-area electrotactile device fabrication
in a low-cost method. The radius of each electrode is 1.5 mm, and
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the distance between two adjacent electrodes is 6 mm. We use the
stretchable silver paste (DuPont, ME602) as the conductor material
and stretchable thermoplastic polyurethane film (110 pm; Shanghai
Xin Gen Eco-Technologies) as the substrate. The design pattern was
fabricated on a 200 threads per inch polymer mesh and printed us-
ing a semiautomated press (Bojing Printing Equipment Co., China;
BJ-3050). Sintering of the silver paste was performed at 120°C in a
box oven for 20 min. An additional thermoplastic polyurethane
(TPU) film (20 um thickness) with openings for the electrodes was
laminated onto the circuit to insulate the connectors from the skin.
As shown in fig. S11, the stretchable electrode device still works when
stretched under 30% strains or undergoing 500 stretching cycles
under 10% strain.

Fabrication of the tactile sensor array

A 6 x 6 tactile sensor array was fabricated on the FPC, while the
transducers were made from carbon impregnated polymer (Velostat,
3M). A readout circuit is adapted from Shu et al. (49). Note that, as the
array was initially designed for an earlier project and subsequently
repurposed for this demonstration, the data from the sixth row and
column were not used for haptic rendering.

Control system

The MCU (STM32F103CBU6) controls the DAC chip (LTC2666)
to generate stimulation current waveform through serial peripheral
interface (SPI) communication. To make sure that the phase be-
tween the two stimulation current waveforms is 180°, the data of
the first channel are written into the input register for temporary
storage until the data of the second channel are transmitted. Then,
the data of the two channels are synchronously updated to the DAC
register for the waveform output. The frequency of the resulting
square waves can be adjusted from 1 Hz to 100 kHz in a user-definable
way through the software interface. The program incorporated an
interrupt mechanism to ensure the same interval time of each in-
struction by timer update interrupt (100-kHz interrupt frequency).
The information about voltage amplitude, frequency, and the wave-
form is sent through direct memory access (DMA)-SPI. Hence,
it not only ensures the accuracy of the signal cycle but also updates
the signals in time.

The specific waveform signals generated by the signal generator
are amplified by the power amplifier (FPA1016, FEELTECH
Technology Co. Ltd.) as the input signal of the switch circuit board.
Each stimulation electrode is controlled independently through the
switch chip (MAX14757). To prevent the short-circuit condition
between AC,; and AC,, the statement of the electrode is set to high
impedance before changing to its opposite state.

An analog-to-digital converter chip (ADS131E08, 64-kSPS
sample rate) is used to measure the circuit current for feedback
control. The collected data are processed by an averaging filtering
algorithm to obtain the envelope of the current amplitude. When
the program starts, each electrode applies a small voltage and the
amplitude of the current at each point is recorded for the controller.

Experiments with human subjects

The experiments with human subjects were performed in compli-
ance with all the ethical regulations under a protocol that was
approved by the City University of Hong Kong Research Committee
(application no. H002852). Twenty volunteers participated in this
experiment. All of the volunteers gave written informed consent
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about the experimental procedure. All participants were trained to
manipulate the electrotactile system with the help of experimenters
until they understood the sensation of electrical stimulation. Partici-
pants were asked to clean their fingers with alcohol and apply a thin
film of conductive paste (Weaver, Ten20) at the start of the session.
To minimize the effect of sensory adaptation, participants were given
a 10-min break between trials. For all recognition tests, volunteers
underwent a 5- to 10-min familiarization phase to acclimatize
themselves with the task. A 10-kHz square wave was used as the
carrier wave for all trials. The detailed experimental procedures for
each experiment are outlined below.

Experiment 1: Tactile perception at different

voltage amplitudes

To test the relationship between the perceived tactile intensity and the
voltage amplitude, the stimulation signal consisted of an AM-
modulated 40-Hz sine wave that lasted 400 ms, followed by 1000 ms
of silence. The amplitude of the modulated wave was gradually
increased until the subject reported a noticeable sensation. The
reading was recorded as the threshold voltage. The voltage was
subsequently increased until the volunteer started to feel un-
comfortable, and the reading was regarded as the maximum toler-
ated voltage amplitude. The process was repeated three times for
each subject.

Experiment 2: Minimum perceptible change in tactile intensity
The test began by delivering a signal between 15 and 25 V, which
was determined in experiment 1 to be the comfortable range for all
subjects. A slight change in the voltage (0.25, 0.5, 0.75, and 1 V) was
then made, and the volunteer was asked if a difference could be
perceived. The process was repeated 20 times for each volunteer.
Experiment 3: Roughness matching with stimulation voltage
and frequency

In this test, volunteers wore the electrotactile device on their left
index finger and touched different texture samples with their right
index finger. The samples include rough rocks, 60-grit sandpaper,
denim, silk, and glass. Volunteers were tasked to adjust the voltage
amplitude and frequency of the AM stimulation wave to match the
tactile sensation felt by the index fingers on both hands. Each
volunteer was tested three times, and the voltage amplitude and
frequency were recorded to form a texture dataset for subsequent
experiments.

Experiment 4: Rendering surface textures

with different roughness

On the basis of the information collected in experiment 3, the
stimulation profile (voltage amplitude and frequency of AM signal)
for a particular texture was presented to the volunteer in random
order. The volunteer was then asked to identify the texture. The
process was repeated 20 times for each volunteer.

Experiment 5: Distinguishing spatial position of
super-resolution sites

The center normal resolution site and four surrounding super-
resolution sites (see fig. S9) were randomly selected and displayed
on the fingertip of volunteers. The volunteer was then asked to iden-
tify the position. The process was repeated 10 times for each volunteer.
Experiment 6: Distinguishing patterns rendered

with current steering

Six special designated patterns (see Fig. 4D) were randomly selected
and displayed on the fingertip of volunteers. The volunteer was
then asked to identify the pattern. The process was repeated 10 times
for each volunteer.
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Experiment 7: Character recognition using font braille

The experiment began by rendering a randomly selected alphabet
or digit as strokes, where each stroke consisted of a specific sequence
of stimulation over several sites. The amplitude of the stimulation
current was 20 V, and the frequency was 60 Hz. Stimulation for
each site lasted at least 75 ms, and a gap of 500 ms was placed
between the end of a stroke and the beginning of the next stroke.
The subject was asked to identify the character after all strokes were
rendered. Each volunteer was tested 10 times.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp8738
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