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Figure 1: Designing a finger-worn electrode interface for different texture presentations using eTactileKit. The designer
creates electrode layouts for fabrication using the (a) electrode interface design tool, (b) program and visually simulates the
tactile patterns on the designed layouts, and tests and explores patterns on (e) hardware using the (c) interaction tool GUI
Finally, created patterns are synchronously sent to hardware using the (d) APIs in an application to (f) present tactile feedback
resembling various textures when interacting with a smooth surface.
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novel tactile experiences. However, insights from a formative study
with typical designers highlighted the lack of resources, limited
access to information and complexity of software and hardware
tools. This establishes a high barrier to entry and limits the ability
to rapidly prototype and experiment with electro-tactile interfaces.
To address these challenges, we propose eTactileKit, a scalable and
accessible toolkit providing end-to-end support for designing and
prototyping electro-tactile interfaces. eTactileKit comprises a hard-
ware platform and a software framework for designing, simulating
and exploring electro-tactile stimuli. We evaluated the impact and
usability of eTactileKit through a three-week long take-home study,
which demonstrated increased accessibility, ease of use, and the
toolkit’s positive impact on design workflow. Additionally, we im-
plemented a set of use cases to demonstrate the toolkit’s practicality
and effectiveness across various applications.

CCS Concepts

« Human-centered computing — User interface toolkits; Hap-
tic devices.

Keywords
Electro-tactile, Haptics, Toolkit, DIY, Rapid prototyping

ACM Reference Format:

Praneeth Bimsara Perera, Ravindu Madhushan Pushpakumara, Hiroyuki Ka-
jimoto, Arata Jingu, Jirgen Steimle, and Anusha Withana. 2025. eTactileKit:
A Toolkit for Design Exploration and Rapid Prototyping of Electro-Tactile
Interfaces. In The 38th Annual ACM Symposium on User Interface Software
and Technology (UIST ’25), September 28—October 01, 2025, Busan, Republic of
Korea. ACM, New York, NY, USA, 17 pages. https://doi.org/10.1145/3746059.
3747796

1 Introduction

Electro-tactile interfaces stimulate the sensory nerve fibers in the
skin with frequency-modulated electrical currents to create tac-
tile sensations [17]. Compared to vibrotactile mechanisms, electro-
tactile stimulation is increasingly becoming popular among re-
searchers due to several advantages, including faster response time
and higher bandwidth [17], better localization [10, 44], and abil-
ity to support deformable form factors due to the lack of need for
rigid and bulky mechanical actuators [4, 8, 47, 51, 54]. Addition-
ally, electro-tactile interfaces can be made using 3D [8, 33] and
2D [12, 54] printing, enabling customisation and rapid prototyp-
ing. Furthermore, electro-tactile interfaces have been shown to
create novel tactile experiences, such as rendering coldness [39],
softness [11, 46], and preserving the user’s natural tactile sensa-
tion while delivering additional tactile feedback [49-51, 54]. These
benefits have made electro-tactile ubiquitous in diverse application
domains [12, 16, 18, 19, 31, 32, 45, 47].

Despite these advantages, prototyping and tinkering with electro-
tactile interfaces remain comparatively challenging compared to
other tactile stimulation methods. Electro-tactile interfaces need
electrical circuitry that operates at relatively high voltages with
precise current-control mechanisms to assure safety and comfort
under changes in skin impedance [13, 17]. They also need accurate
frequency and pulse width control along with multiplexing differ-
ent channels, which further complicates hardware and firmware
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designs [14, 51, 54]. Furthermore, unlike other tactile interfaces, the
stimulation interfaces in electro-tactile are electrode arrays that
need to be self-designed to match the application requirements,
such as shapes, density, and sizes, while complying with functional
needs of operations (e.g., discrimination thresholds) [44, 47]. Collec-
tively, these challenges have made electro-tactile interfaces largely
inaccessible to novice designers, limiting the potential of electro-
tactile interfaces to create novel tactile experiences.

To this end, we propose eTactileKit, an open-source toolkit for
electro-tactile interface design tailored to assist developers with
different levels of expertise. It comprises hardware, firmware, and
software with design tools for exploration and rapid prototyping,
orchestrated to support all stages of electro-tactile interface design.
We informed the design of eTactileKit from a formative study with
7 participants who had experience working with electro-tactile-
related research projects. The thematic analysis from the formative
study resulted in four main themes, each embedding a set of re-
quirements for the toolkit based on participants’ comments.

To satisfy these requirements, eTactileKit comprises (1) a re-
configurable and scalable hardware design to control electro-tactile
stimulation and handle electrode interfacing, (2) an electrode inter-
face design tool, (3) a simplified scripting and visualisation interface
to simulate and program different tactile experiences, (4) an interac-
tion tool with a Graphical User Interface (GUI) to execute patterns
and real-time exploration of sensations, (5) a set of application
programming interfaces (APIs) to operate the toolkit from popular
platforms (Python and Unity 3D), and (6) comprehensive docu-
mentation on using each of the aforementioned components and
guidelines for getting started with the toolkit.

We qualitatively evaluate eTactileKit’s impact and usability from
a longitudinal study with 8 participants who designed applications
and incorporated eTactileKit into their electro-tactile projects. The
results from our study confirm that eTactileKit lowers the barrier to
entry, is easy to use, and positively impacts both novice and experi-
enced designer workflows, enabling rapid prototyping and design
exploration. Finally, we demonstrate the capabilities of eTactileKit
by implementing a set of applications that confirm the toolkit’s
potential and its usefulness for diverse domains.

In summary, the contributions of this paper are:

o A formative study with 7 participants highlighting chal-
lenges faced by designers, suggestions, and a set of require-
ments for a toolkit for electro-tactile.

o eTactileKit, an open-source toolkit designed to assist at all
stages of electro-tactile interface design, comprising hard-
ware, firmware, and software tools for design exploration
and rapid prototyping, which is validated through a longitu-
dinal study.

o Set of applications developed using eTactileKit demonstrat-
ing the toolkit’s potential and usefulness.

2 Related Work

In this section, we discuss the background of electro-tactile inter-
faces, their advantages and the challenges involved. Moreover, we
discuss the importance of toolkits in HCI and highlight prior toolkit
work with both hardware and software components and how they
have helped the research community.
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2.1 Electro-Tactile Interfaces and Applications

Electro-tactile systems operate by delivering controlled electrical
stimulation to the skin, emulating various tactile sensations with-
out the need for physical actuators [12, 17, 20, 51]. These systems
use electrodes placed on the skin surface to apply small electrical
currents [18, 54], which activate the underlying sensory nerves.
By fine-tuning parameters such as intensity, frequency, and wave-
form, a wide range of sensations, including pressure [57], vibra-
tion [57], and texture [5, 17] can be generated. Moreover, it has
been shown that electro-tactile systems can deliver sensations such
as softness [11, 46, 48], tastes [26] and coldness [39]. Apart from
the above abilities, the advantages of electro-tactile systems include
their ability to produce a wide range of tactile sensations without
needing physical actuators, making challenging form-factors possi-
ble [51, 54]. Additionally, these systems can be highly responsive
and energy-efficient [57].

These advantages enable electro-tactile interfaces to be ideal so-
lutions in many different application areas. These includes, teleop-
eration in robotics [31], assisting visually impaired people [16, 19],
and advancing user experience in virtual reality [12, 32, 45] and aug-
mented reality [18], and enhancing mobile device experience [47].

2.2 Electro-Tactile Systems and Challenges

Despite the advantages of electro-tactile interfaces, the challenges
that need to be addressed to enable wider adoption of the technol-
ogy are multifaceted. Firstly, designers need to have a deep under-
standing of current control and its corresponding implementation
in hardware. Delivering a current through the high impedance of
the skin requires a high-voltage generation circuit followed by a
current-driver circuit, which enables constant current pulses at
higher impedances [14]. Moreover, electro-tactile interfaces require
this current to be precisely controlled in terms of pulse height
(intensity) and pulse width (duration of elicitation), which needs
advanced current controlling mechanisms using high frequency
switching circuits [17, 54] and continuous impedance measurement
to adjust the current accordingly [13]. Additionally, the frequency
of activation of the electrodes with accurate timing is vital, as it
affects the perception of the tactile sensation. It also requires in-
dividual access to the electrodes, which is achieved by switching
(multiplexing) circuits. The aforementioned hardware should be
accurately controlled by carefully programmed firmware.

Beyond the control electronics, further challenges lay in design-
ing the layout of the electrode interface to comply with parameters
such as the minimum discrimination threshold of different skin
regions to electro-tactile stimulation[44, 47]. Furthermore, the cal-
ibration process of the electro-tactile interfaces is not easy, as it
requires the designer to understand the impedance relationship of
the skin [17] and design the electrode-skin interface to deliver the
desired tactile sensation within safe limits of current. Apart from
pulse parameters, the electro-tactile experience relies upon created
electrode activation patterns (tactile patterns) [11, 48], which can
become a cumbersome procedure to test and program to achieve
the desired tactile pattern.

Even though prior research has informed the community on the
design of electro-tactile interfaces [13, 14, 17, 54], the complexity
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of the hardware and software components, and the need to under-
stand electronics and physical concepts, hinder the wider adoption
of the technology. Therefore, an openly accessible toolkit that en-
compasses and hides the aforementioned complexities is essential
to enable wider adoption and innovation with the technology.

2.3 Toolkits in HCI

Greenberg [6] defines a toolkit from a programmer’s perspective
as a way of encapsulating interface design concepts such as wid-
get sets, interface builders, and development environments. More-
over, Oulasvirta and Hornbeek [29] define toolkit research as “pro-
ducing understanding about the construction of an interactive ar-
tifact for some purpose in human use of computing”. Therefore,
toolkits [7, 35, 37, 41, 53, 55, 58] can be seen as enablers for design-
ers to mitigate the complexity of underlying concepts and enable a
more streamlined approach to achieve objectives, enabling wider
adoption of the technology, saving iteration time [22, 43].

In the electro-tactile research space, Tactlets [8] provides a toolkit
to rapidly prototype electrodes on 3D surfaces with integrated
touch sensing, yet does not provide hardware and software assis-
tance on other components of the electro-tactile interface design.
Similarly, TactTongue [26] provides a toolkit for tactile feedback
on the tongue, yet it does not assist hardware compatible with
widely adopted electro-tactile interfaces that require higher cur-
rents [51, 54]. Thus, given the diversity of the application space, an
extensible and modular toolkit that can provide end-to-end support
for electro-tactile interfaces would enable wider adoption of the
technology and motivate innovation in electro-tactile research.

3 Formative Study

In order to bring forth eTactileKit with accessibility to both novice
and experienced designers, we conducted a formative study with 7
participants who have engaged with electro-tactile-related projects.
The study included semi-structured interviews to understand the
challenges faced by designers and developers in getting started with
electro-tactile projects, the resources available to them, and the
areas they thought could be improved in their technical workflow.

3.1 Method

3.1.1 Participants. The participants included 6 males and 1 female,
aged 20 to 39 years (M = 25.86, SD = 3.87) and were not compen-
sated for participation. Participants had background experience
in Computer Science (n = 5) and engineering (n = 2). The inclu-
sion criteria for the participants was to have experience with at
least one electro-tactile-related project. Background information
revealed that participants are working in diverse application areas
for electro-tactile. For instance, participants mentioned changing
object sensation to alter tactile perceptions and pseudo-haptic appli-
cations that simulate physical interactions in virtual environments.
Other notable applications include enhancing teleoperation in ro-
botics and integrating electro-tactile in 3D printed objects.

3.1.2  Semi Structured Interviews. The interviews were conducted
online via the Zoom video-conferencing application, and each
took approximately 30 to 45 minutes. They were audio and video
recorded with the consent of the participants. We asked a set of
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open-ended questions that were designed to understand the par-
ticipants’ background information, their experience with electro-
tactile-related projects, the challenges they faced in getting started
with electro-tactile, and the resources available to them in terms
of learning materials, hardware, and software. We further inquired
about the challenges or areas they thought could be improved in
their technical workflow, and additional technical support that
would have helped to streamline the workflow and design better
applications. At the end, participants were allowed the opportunity
to add further comments or ask questions.

3.2 Thematic Analysis

All the interviews were transcribed and anonymised for further
analysis. The transcripts were then manually refined word-by-word
to identify any errors. Two authors conducted a thematic analysis
to analyse the data, following Braun and Clarke’s approach [3]. The
thematic analysis followed: (1) independent open coding, (2) refin-
ing codes together, (3) identifying themes, and (4) refining themes.
The thematic analysis resulted in 4 main themes that we identi-
fied as the challenges and requirements for developing eTactileKit.
A detailed elaboration of participant experience, comments and
supportive evidence from participants is provided in Appendix A.

3.2.1 Theme 1: High Barrier to Entry. The first theme to emerge
was the high barrier to entry in developing and experimenting with
electro-tactile interfaces. This challenge is primarily attributed to
the lack of publicly accessible resources, documentation, and other
user-friendly knowledge sources. Most participants expressed that
they relied on personal networks, such as colleagues or super-
vising academics, for guidance and resources to get started with
electro-tactile technology. Research papers were their main source
of information, but they often found them complex and difficult to
apply in practical contexts. Moreover, the lack of easily accessible
and user-friendly resources was identified as a significant hurdle
for exploring the technology, particularly for newcomers or those
outside specialised academic backgrounds, such as electronics.

3.2.2 Theme 2: Enabling Design Exploration. The second theme
that emerged from the thematic analysis was the significant lack
of tools and methods available for iteratively exploring designs in
electro-tactile technology. Unlike other tactile feedback methods,
which benefit from well-developed, easy-to-use tools, electro-tactile
design requires substantial fundamental work. Participants empha-
sised that designers often spend more time developing the underly-
ing technology, as outlined in theme 1, than on the creative process
of designing tactile experiences. The lack of accessible tools for de-
veloping hardware, particularly for designing electrode interfaces
and control hardware, was highlighted as a significant challenge.
Furthermore, participants highlighted the need for software tools
and APIs to create tactile patterns, handle communication, and
control stimulation parameters (stimulation intensity, frequency,
etc.). The absence of GUI tools to quickly explore the design space
was also noted. These findings underscore the need for more com-
prehensive and accessible tools, both hardware and software, to
support the development of electro-tactile technology.

3.2.3 Theme 3: Extensibility and Scalability. The third theme that
emerged from the analysis was the lack of methods to extend and
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Figure 2: Control hardware for eTactileKit: (a) the main con-
troller module, (b) the switching module, and (c) a perspective
view of the switching module stacked on top of the main con-
troller module.

scale electro-tactile interfaces. Participants highlighted that there
are no straightforward ways to increase the number of electrodes
without completely redesigning the hardware, making it difficult to
experiment with more complex or larger-scale designs. Similarly,
changing the form factor of devices presents significant challenges
due to the rigid nature of current hardware designs. Moreover,
most software and communication APIs, particularly firmware, are
developed with little consideration for scalability. These findings
suggest the requirement for extensible and scalable hardware and
software solutions to accommodate various design requirements
and application complexities.

3.24 Theme 4: Safety and Calibration. The fourth theme that
emerged from the analysis was the pressing need for support and
assurance regarding fundamental necessities in electro-tactile tech-
nology. Participants expressed concerns about safety, emphasising
the importance of reliable methods to minimise errors, especially
given the direct interaction with the human body and high voltages.
Furthermore, safety concerns in electro-tactile systems were raised
during the programming of stimulation patterns. This can be over-
come by system calibration to deliver comfortable yet noticeable
tactile stimuli. Participants highlighted the need for user-friendly
software-based calibration methods to expedite the calibration pro-
cess and ensure consistent and safe results.

3.3 Identified Requirements for eTactileKit

Following the thematic analysis, we identified a set of requirements
for the development of eTactileKit. The requirements were derived
from the generated themes and participant comments during the
interviews. The requirements are presented in Table 1.

4 eTactileKit

Based on the identified requirements from our formative study, we
developed eTactileKit, a modular and extensible toolkit for design-
ing and implementing electro-tactile interfaces. In this section, we
describe eTactileKit and how its components assist designers in the
electro-tactile design process by fulfilling the requirements R1-R4.
The components described include the modifications made after
the final user study. The complete toolkit is open-sourced, and all
the resources are available on the eTactileKit GitHub repository!.
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Table 1: Identified requirements for eTactileKit and their descriptions

R1. Design tool for designing electrode layouts

R1a. Design 2D electrode layouts
R1b. Design 3D electrode layouts

Allow quick and easy customisation of electrode PCBs and electrodes in 2D surfaces
Ability to modify 3D surfaces to electro-tactile interfaces

R2

. GUI software for testing and exploration

R2a. Creating stimulation patterns
R2b. Simulation of patterns

R2c. Basic stimulation pattern library
R2d. Streamlined calibration proce-
dure

R2e. Real-time monitoring electrode
states

R2f. Interaction with electrodes

Tool to easily create electro-tactile stimulation patterns

Ability to simulate the programmed patterns prior to executing them on hardware

Basic set of ready-to-use stimulation patterns

Calibration tools that expedite the calibration process and ensure consistent and safe results.

Allows real-time monitoring of electrode states and sensing.

Allows interaction with each electrode individually

R3

. Hardware design

R3a. Safety ensured easy-to-use hard-
ware

R3b. Inbuilt set of electrodes to test
functionality

R3c. Scalable hardware

R3d. Extensible firmware

R3e. Reliable communication with
hardware
R3f. API for other platforms

Safer-to-handle hardware modules avoiding custom hardware design.

An inbuilt set of electrodes on board enabling testing full system functionality without any
user involvement on electrode design

Hardware that supports easy scaling for the number of electrodes.

Firmware supporting different modes of operation and configurations for electro-tactile
stimulation

Ability to easily communicate with hardware and firmware that support scalability as
application complexity increases.

API to access hardware through Unity and support for languages like Python

R4

. Documentation

R4a. Quick Start Guide
R4b. Comprehensive Guidance
R4c. Handling guidelines

A quick start guide to get started with the toolkit
Documentation on how to use each of the toolkit components.
Set of handling guidelines and tools to ensure safe operation and minimise errors.

4.1 eTactileKit Hardware (R3)

While electro-tactile interfaces have been extensively studied, there
remains a scarcity of accessible, open-source hardware platforms
for rapid prototyping and experimentation. Existing circuit designs
are often proprietary, and their replication requires specialised ex-
pertise in electronics and PCB design, creating a significant barrier
to entry for non-specialists. To address this, eTactileKit offers a
DIY hardware platform for designers to design and test various
electro-tactile-based experiences with basic electronic skills. The
PCBs are designed to be easily soldered by designers with minimal
soldering skills and resources by using a sparse component layout
and the use of through-hole components when possible instead of
surface mount devices (SMD).

Prior works have used project-specific hardware designs, hin-
dering their ability to be scaled or adapted to different applications.
eTactileKit hardware is designed to be modular and easily scalable,
with the help of a main controller module (see Figure 2-a) and a
switching circuit module (see Figure 2-b) that can be easily stacked
on top of each other (see Figure 2-c). This modular design allows
designers to easily customise the number of electrodes supported,
enabling them to scale the hardware to suit their specific needs

Ihttps://github.com/aid-lab-org/eTactileKit

and requirements (R3c). Each switching module is responsible for
connecting external electrodes and can handle up to 64 electrodes.
The number of electrodes can be increased to 128 by stacking up 2
switching modules and so on. The switching module uses 4 FPC
connectors, each supporting 16 channels, to connect electrodes as
shown in Figure 1-e. Moreover, debugging is important to ensure
proper connections and isolate any issues involved with the designs.
Thus, to facilitate quick testing of tactile patterns and validation
of hardware, the main controller module has 8 built-in electrodes
that allow designers to explore tactile patterns without connecting
any external electrodes (R3b), enabling it to function similarly to
onboard LEDs on the Arduino platform.

Electro-tactile hardware has to support configurations based
on application requirements [11] and region of stimulation on the
body [44] (also see Appendix B). Therefore, the main controller mod-
ule is designed to support a wide range of configurations adopted by
prior works. The module requires a high voltage to drive currents
through the skin’s higher impedance. Several studies have adopted
power supply voltages in the range of 200V to 300V [14], and we use
270V. This supply enables a voltage-to-current controller to deliver
currents regardless of the variations in skin impedance. This can de-
liver pulse height (current intensity) per channel within a range of
0-3.8mA, which can be incremented in 200x19pA steps. This range
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is decided based on the requirements of prior work [26, 40, 49, 54].
However, these are soft limits and can be adjusted in firmware up
to 10mA maximum current and 2.44pA minimum current step. This
satisfies applications that require higher current intensities [51].
Each electrode is individually activated using temporal multiplex-
ing using a Microchip HV513 multiplexer [25]. The system uses a
stimulation frequency of 1-250Hz and a pulse width that can be
incremented in 1ps steps.

Figure 3-c shows a timing diagram of n electrodes. All n elec-
trodes are activated in this case. The intensity of the pulse is repre-
sented by the pulse height (PH), and the duration of stimulation
is the pulse width (PW). The inter-channel activation delay (DT)
is set to discharge the channels before activating the next chan-
nel. The time taken to activate all n electrodes is (PW + DT) X n.
This time should be less than the total round-trip time available for
the multiplexer to activate all the electrodes, SP. The stimulation
frequency is determined by & A loop stabilisation time LST is a
delay added to maintain the target frequency. Thus, the maximum
number of electrodes that can be used in a given stimulation param-
eter configuration is determined to satisfy the above criteria. The
communication with hardware is done with bytes at a baud rate of
921600 bits/s, which takes around 11us per byte. Therefore, the ef-
fect of USB throughput would be minimal in a practical application
scenario with a few hundred electrodes.

Furthermore, the controller module is designed to accommo-
date calibration and comprises extensible firmware (R3d) to allow
different configurations of electrodes, precise timing of control op-
erations, and modes of operation (anodic and cathodic). During
anodic stimulation, one electrode acts as the anode (current sourc-
ing), and the rest act as cathodes (current sinking). Thus, by default,
the stimulation is monophasic and can be configured to biphasic AC
stimulation by alternating between Anodic and Cathodic modes,
satisfying the requirements shown by [26, 51].

A microcontroller (Seeed Studio XIAO ESP32S3) handles con-
trol operations and manages communication with the host device.
Moreover, the firmware ensures reliable communication with the

hardware without obstructing the stimulation operation. This is
achieved by implementing the control and communication tasks
on separate threads using FreeRTOS (R3e).

4.1.1 Hardware Implementation. The schematic block diagram of
hardware is shown in Figure 3-(a, b). This circuit is derived based
on prior work [13, 15, 56]. The main controller module is powered
by 5V from the microcontroller. A Switching Voltage Regulator
(MAX1044CPA+) is used to convert 5V to —5V, which creates a
dual rail power supply for the OP-Amps. It has an 8-bit level shifter
(SN'74LVC8T245) to convert 3.3V control signals from the micro-
controller to 5V control signals required by the switching circuitry.

High voltage is generated by a flyback power supply is imple-
mented using a DC/DC controller (LT3757) to convert the 5V DC
input to a high voltage 270V DC output. Our circuit implementation
is based on the reference design of the LT3757 datasheet.

The current drive is implemented using a voltage-to-current
converter. The required voltage is generated by a 12-bit Digital-to-
Analog Converter (AD5452), which is then converted into current
by a current multiplier circuit similar to the one described in [14].
The output voltage across the current driving circuit is fed to a
voltage divider, and the voltage drop is read by a 12-bit Analog-to-
Digital Converter (AD7276) connected to the microcontroller. This
reading is used to compute the impedance across the electrodes.

4.1.2  Safety Features. To ensure safety during operation, the hard-
ware implements several safety features. A current limiting diode
(Semitec E-103, current limit 10mA) is used to prevent excessive
current flow in case of a fault. This component can be replaced with
other diodes with different current ratings, depending on the appli-
cation requirements (see Appendix B). The current driving circuit
delivers constant currents set by the DAC output, regardless of skin
impedance variations. This prevents any overdraining of current.
Furthermore, the DAC will be disabled if the microcontroller stops
working, stopping the current flow. Moreover, to ensure safety
while handling the hardware, the high voltage carrying traces are
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tool layout with an example design scenario of a tactile dis-
play with 25 electrodes, (b1) 3D top view and (b2) perspective
view of the PCB visualised in KiCAD. (c) 1:1 scale PDF export
for finger-worn electrode interface.

localised to a specific region (R3a) and enclosed with a 3D printed
protective cover (see Figure 2-a) to avoid accidental contact.

4.2 Electrode Interface Design Tool (R1)

Electrodes are the main interface for an electro-tactile system. They
can be 2D [51, 54] or 3D [8] surface electrode interfaces. However,
designing electrode interfaces is challenging due to several factors.
Firstly, electrodes should be manually designed considering the
design parameters of electrodes (size, gap between electrodes), de-
cided based on the tactile acuity of the region of the body where
the stimulation is intended. This can become a cumbersome pro-
cess when the number of electrodes increases, especially for 3D
surface electrode layouts. Next, implementing connections between
electrodes and the hardware should be properly managed for re-
liable operation and easy control of electrodes when interfacing
with hardware. This requires implementing connectors that need
to be individually routed to the electrodes. Moreover, accomplish-
ing these requires prior knowledge and skills in PCB design, 2D
illustration or 3D modelling software, depending on the intended
type of interface designed.

Consequently, eTactileKit provides an electrode interface design
tool developed using Python that allows designers to design custom
electrodes on both 2D (R1a) and 3D (R1b) surfaces. Furthermore, the
tool hides the inbuilt complexity of electrode interface design and
provides a simplified interface to design custom electrode interfaces
without requiring prior knowledge of specific software. This could
even benefit experienced designers, lowering their design iteration
time, as highlighted in the formative study.

4.2.1 Electrode Design on 2D Surfaces. Figure 4-a shows the 2D
electrode interface design mode of the tool. Firstly, the designer
can import an image to the canvas, which has the desired outline
for the electrode interface. The image should then be calibrated
to the required dimensions, and the tool can capture the edges of
the image to define the outline polygon of the electrode interface.
Designers can then define the set of parameters, which includes
the size and spacing of the electrodes, connector parameters and
routing parameters. Next, regions can be selected on the canvas
by free-hand drawing polygons, and the tool will automatically
populate each region with electrodes using the specified parameters.
Connector locations can be defined by drawing line segments at the
desired orientation, and the tool generates connectors along each
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Figure 5: eTactileKit’s 3D electrode interface design tool used
to design an electrode interface on the Stanford Bunny sur-
face. (a) The mesh is loaded to the tool, (b) electrodes are
populated on the nose and connectors between the front legs.
(c) The 3D view of the connections routed from electrodes to
the corresponding connector.
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line segment. The tool ensures that all generated electrodes and
connectors are within the bounds of the outline polygon. To finalise
the design, the tool supports both automatic and manual routing
of the connections between the electrodes and the connectors. The
automatic routing is done using the A* algorithm to find the shortest
path between two points on a grid, avoiding obstacles in between.

Prior work has used 2D electrode interfaces created by multiple
manufacturing methods, including inkjet printing [54], laser cut-
ting [11], and PCB fabrication [18, 26, 51]. To accommodate this,
the tool supports the design exports of custom electrode interfaces
that can be fabricated using any of these methods. For the above
fast-prototyping techniques, the tool can export 2D vector layouts
as PDF files with a one-to-one scale of the design (see Figure 4-c)
and masks for electrode locations to assist during fabrication. For
PCB design, the tool exports as a JSON file with all the necessary
electrical element properties that can be imported into KiCAD,
an open-source PCB design software, using a plugin developed
with Python (see Figure 4-(b1, b2)). The designers can refine the
design further if required and export the Gerber files to manufac-
ture the PCB. Moreover, it should be highlighted that prior work
incorporates PCBs more often due to their durability and physical
properties to withstand usage conditions [26, 51]. Thus, we provide
the option to use a standard FPC connector [23] footprint for the
PCB design mode, the same as the one used in the switching circuit
module, for seamless integration with the hardware. In addition
to the design files generated from the tool, the electrode interface
design tool separately exports a JSON file containing the electrode
locations and captured outline coordinates to interface the electrode
designs with the subsequent software in the eTactileKit.

4.2.2  Electrode Design on 3D Surfaces. Figure 5 shows the 3D elec-
trode interface design mode of the tool that allows designers to
design custom electrode arrays on 3D surfaces, converting them to
customised electro-tactile interfaces. Even though similar work has
been done by Groeger et al. [8], there remains a requirement for
tools that do not require closed-source software and also provide
completion for the design pipeline of eTactileKit. Designers can
import their 3D models as .st! or .obj files and reduces the mesh to
allow for ease of mesh manipulation operations in the tool. The size
and spacing of the electrodes and connectors can be defined. The
designer can select faces on the 3D model that are intended to be
electrode regions, and the tool will automatically populate the elec-
trode arrays on the selected regions with approximately uniform
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distances as shown in Figure 5-b. Similarly, connector nodes can be
populated. We use Python’s Pyvista and PyACVD libraries to handle
the mesh operations within the tool. The approximate equidistant
population of electrodes and connectors is done by subdividing the
selected region to a finer mesh and then selecting a set of vertices
such that they approximate an equidistant set of vertices. As the
next step, the tool routes the connections between the electrodes
and connectors using the A* algorithm (see Figure 5-c). Finally, the
3D routing traces and mesh objects can be exported separately as
.obj files that can be sliced and 3D printed. To accomplish the de-
sired outcomes, multi-material 3D printing where the original mesh
is printed with non-conductive materials and the 3D routing traces
with conductive materials [1, 28, 36] can be used [9]. Moreover,
the tool exports a JSON file containing the electrode locations to
interface the electrode designs with the subsequent software.

D 2333322 1O c (d)

Figure 6: Connecting electrode interfaces to the switching
module using: (a) a standard FPC cable, (b) an inkjet printed
traces designed to fit the connector pitch, (c) manually cut
copper tape traces soldered to wires, and (d) wires attached
to 3D printed connectors by heat bonding,.

4.2.3 Electrode and Hardware Interfacing. We use several methods
to connect fabricated electrode interfaces and our switching module.
For the PCB electrodes, we use FPC cables with 1mm pitch (see Fig-
ure 6(a)). The number of circuits (conductive paths) in the FPC cable
can be no more than 16 to fit the connector. For fabrication methods
such as inkjet printing, the connector pads of the electrode layout
can be directly designed and connected to the switching board as
shown in Figure 6(b). For all the other non-standard connector
approaches, as shown in Figure 6(c) and (d), we use an Adafruit FPC
Stick (1mm pitch) to extend connections to the switching board.

Figure 7: eTactileKit’s pattern creator tool: (a) the visualizer
showing the imported 2D electrode array and shape outline
of a tactile display, and (b) simulation of a diverging ring
activation pattern. (c) Similarly, a 3D electrode array is vi-
sualised on the Stanford Bunny’s nose, and (d) are activated
when overlapping with a moving plane.
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ETactile eTactile;

// Pattern variables

float centerX = 300;
float centerY = 300;
int  radius = 5;
int  stroke_width = 10;

String electrode_board_file = "electrode_array_main_board.json";
String output_file = "diverging_ring_pattern";

void setup() {
size(1000, 900);
eTactile = new ETactile(this);

eTactile.setup2D(electrode_board_file, output_file)
}

void draw() {
stroke(255, 0, 0);
strokelleight (stroke_width);
noFill(Q);

ellipse(centerX, centerY, radius * 2, radius * 2);
radius += 5;

eTactile.eTframedelay(100);
eTactile.eTfreq(75);
eTactile.eTmode("Anodic");

// delay between two frames
// stimulation frequency
// stimulation mode

if (radius >= 250) {
eTactile.terminate();
}
}

Figure 8: An instance of eTactileKit’s pattern creator interface
used to create a diverging ring-shaped pattern.

4.3 Stimulation Pattern Creator (R2)

Stimulation patterns are spatially, temporally and sometimes even
parametrically defined activations of electrodes. Creating stimu-
lation patterns by controlling each individual electrode can be a
cumbersome process when the number of electrodes scales (i.e.,
8 X 8 array has 64 individually controllable electrodes). This is
further complicated by other factors such as frequency and stim-
ulation mode. Moreover, novel electro-tactile sensations can be
explored with accurately controlled spatiotemporal stimulation
patterns [11, 48], underscoring the need for complex control mech-
anisms. Thus, a software tool to assist designers in easily designing
stimulation patterns is paramount for the toolkit.

Previous haptic toolkits have used GUI-based approaches to cre-
ate stimulation patterns [26, 42]. However, these approaches are less
flexible for complex stimulation patterns and limit scalability when
the number of electrodes increases. To avoid such complications
in GUI-based approaches, we drew inspiration from a simplified
scripting platform Processing developed for graphics, to design the
stimulation pattern creator in eTactileKit. Furthermore, when de-
signing tactile experiences, designers often need to iterate rapidly
between designing and testing the stimulation patterns. Thus, sup-
porting visual simulation of stimulation patterns helps designers
in the design process for quick iteration and debugging.

Therefore, eTactileKit offers a simplified scripting and visuali-
sation interface via a Processing library module to program tactile
stimulation patterns and visualise the simulation (R2a, R2b). To
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simplify the explanation, we use an example of creating a stimula-
tion pattern resembling a diverging ring on the electrode array as
shown in the Processing sketch in (Figure 8). The Processing library
ETactile is built, encapsulating all the electrode-wise handling
tasks, allowing the designers to focus solely on generating graphics
on the electrode canvas. The overlapping electrodes with the simu-
lated graphics (e.g., the ring Figure 7-b) will be marked as active
by the library, internally creating individual electrode activation
timing and duration. This does software-level abstraction, hinder-
ing the underlying complexity in the ground-up programming of
electro-tactile stimulation patterns. Software design patterns [2],
such as visual feedback and modular architecture, were used to
improve usability and scalability.

In the example sketch, the variable electrode_board_file refers
to the electrode layout exported from the electrode interface de-
sign tool. output_file defines the file name to record the created
stimulation pattern. When ETactile class is instantiated within
the void setup(), it visualises the electrodes and the outline as
shown in Figure 7-a and Figure 7-c. In the 3D electrode scenario,
both the original mesh object and the electrode layout need to be
imported. We use the PeasyCam library for 3D object visualisation.

Next, the center coordinates (centerX, centerY), the initial
ring radius (radius), and the stroke width of the ring (stroke_width)
are defined. The void pattern() function, which is called at each
frame by default, includes the graphics element and how it should
change from one instance to another as programmed by the de-
signers. In this example scenario, a ring is created with a defined
stroke width of 10 units, and the radius is incremented by 5 units
in each frame. The colour of the drawn ring is set to red using
the stroke(255, @, @), where (255, @, 0) represents RGB
intensities. eTframedelay(100) is used to set the delay between
two frames to 100ms. This creates a diverging ring pattern on the
electrode canvas (see Figure 7-b). The library handles electrode ac-
tivations based on overlaps with the created ring. Simultaneously,
it updates the visualisation window and stores the activated elec-
trodes in each frame. For the 3D scenario, a function to calculate the
inclusion criteria for the electrodes based on the created 3D graphic
element needs to be created. terminate() stops the pattern gen-
eration when the radius exceeds 250 units. Here, the stimulation
patterns will be saved as a JSON file with the output file name.

While the sketch shown in Figure 8 is a simple example, designers
can create complex graphics on the canvas using other libraries
available in Processing. Furthermore, there are other electro-tactile
parameters such as frequency (eTfreq), stimulation mode (eTmode)
that can be programmed to explore different tactile sensations.
For more details on the available parameters and their usage, we
encourage readers to refer to the eTactileKit documentation.

4.3.1 Pattern Library (R2c). To allow designers to experience stimu-
lation patterns quickly and assist novice designers in programming
patterns, the tool provides a set of predefined stimulation patterns
in a library. This is similar to the examples available in Arduino IDE,
such as blinking, fading, smoothing, etc. These patterns include
diverging ring activation, blinking, horizontal/vertical scanning
and moving planes for 3D. This allows designers to import basic
building blocks of stimulation patterns and modify them if needed
to create more complex patterns. Furthermore, this library can be
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Figure 9: eTactileKit’s interaction tool: (a) A 2D and (b) a 3D
interface loaded to the GUI, and stimulation patterns are
being executed.

extended by adding custom patterns, also allowing designers to
create and contribute back to the library for future iterations.

4.4 eTactileKit Interaction Tool (R2)

Prior to executing the stimulation patterns on hardware, it is vital
to ensure that the stimulation intensity is properly calibrated to
the user’s comfort level. The formative study revealed that this was
mostly done using trial and error methods, which can lead to dis-
comfort and raise safety concerns amongst designers. Moreover, it
revealed that the designers explore various stimulation parameters
hardcoded into the firmware, losing access to dynamically control
them, which requires iterative firmware flashing for updating.

To address these, eTactileKit provides an interactive tool with a
GUI that provides a streamlined process to calibrate, execute the
created patterns and explore various electro-tactile-based experi-
ences in real-time. To get started, the designer imports both the
designed electrode layouts and the stimulation patterns created in
the previous steps to the GUL

4.4.1  Inbuilt Fast Calibration (R2d). The software allows the cali-
bration of the intensity of the stimulation patterns to two thresholds:
the lower threshold and the upper threshold. This ensures a safer
electro-tactile experience. The lower threshold is the starting point
of electro-tactile perception when the intensity increases from 0,
and the upper threshold is the starting point of pain. The tool assists
designers to gradually increment intensity and record the lower
threshold and the upper threshold, subjectively. These parameters
are saved and raise warnings if exceeded during interaction.

4.4.2 Realtime Exploration (R2e). Tactile perceptions are often not
solely reliant upon spatiotemporal activation of electrodes, but also
on other stimulation pulse parameters [17, 51]. To satisfy this re-
quirement, the tool allows easy manipulation of pulse parameters
in real time using a set of Ul elements. These parameters include
stimulation pulse width/height, sense pulse width/height, stimula-
tion frequency, stimulation mode (anodic/cathodic), and channel
discharge time. This allows designers to explore various electro-
tactile-based experiences and sensations. These parameters were
explained further in Section 4.1.

To expand the scope of real-time exploration and add a method
to quickly validate electrical connections and functionality of each
electrode, the tool consists of a feature to preferentially activate
individual electrodes (R2f). This mode allows designers to click an
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electrode on the UI and feel the electro-tactile sensation from that
electrode by activating it.

Moreover, to understand the current activation states of the
electrodes, the GUI provides a visual representation of the activated
electrodes in real-time, as shown in Figure 9-(a, b). Additionally, to
understand the impedance across the electrodes and the skin, the
GUI displays the ADC readings corresponding to each electrode.
This further allows for gaining insights into the contact impedance
with the skin and the electrodes. This is achieved by inbuilt sensing
circuitry explained in Section 4.1.1.

4.5 eTactileKit APIs (R3f)

Electro-tactile technology is often not limited to isolated tactile
feedback applications but has been used in a wider spectrum of
applications, including but not limited to VR [52], mobile plat-
forms [47] and co-functioning with mechanical actuators [45]. Thus,
to broaden the applicability and extensibility of eTactileKit to differ-
ent technologies, it provides APIs for Python and Unity. APIs can
bypass the Pattern Creator and GUI software and directly interact
with the hardware with full control over the stimulation parame-
ters. The API encapsulates the complexity of the hardware-software
interfacing and provides designers with the ability to program at a
higher level. Moreover, we are currently developing APIs for An-
droid mobile platforms and enabling wireless access, which we are
planning to release in future iterations and welcome the community
to contribute constructively to the toolkit.

4.6 Comprehensive Documentation (R4)

To overcome the lack of accessible knowledge sources and con-
ceptual understanding about electro-tactile, eTactileKit provides
comprehensive documentation with a complete set of steps and
guidelines to use each component of eTactileKit (R4b), using cu-
rated examples. Visual aids, such as GIFs and images, are used
to improve clarity. It is documented to help both novices and ex-
perienced designers, including quick start guides (R4a) to deeper
technical details on the eTactileKit. A set of safety guidelines is
included to ensure secure operation, addressing key user safety
considerations that emerged from the formative study (R4c). The
documentation is available in the GitHub repository!.

5 Applications

To demonstrate the potential of eTactileKit, we developed 4 example
applications using eTactileKit.

5.1 Interacting with Virtual Objects in VR

To demonstrate the toolkit’s ability to extend to commonly used
platforms like Unity and to emphasise the API’s ability to bypass
the interaction tool, we developed a finger-worn electrode interface
(see Figure 10-al) that enhances user interaction with objects in
virtual reality (VR). We used the Unity API to load preset stimulation
patterns created by the pattern creator and activate these patterns
when pressing (see Figure 10-a3) and releasing (see Figure 10-a2)
different buttons in a virtual interface. These tactile profiles can
resemble the sensation of pressing a soft profile while another
simulates the firm click of a mechanical switch. Moreover, this is
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an inkjet-printed electrode interface showing the applicability of
rapidly fabricated interfaces.
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Figure 10: Application scenarios for eTactileKit. (al) A user
wearing a finger-worn electrode interface on the right index
finger (a3) pressing and (a2) releasing a virtual button. (b) A
moving sinusoidal GIF is loaded onto the electrode canvas of
the stimulation pattern creator. (c1)-(c2) An add-on widget for
mobile devices to get notifications and give user inputs. (d1)-
(d2) An interactive 3D cat toy that delivers tactile feedback
mimicking purring when the user interacts with it.

5.2 Extended Stimulation Pattern Creator

In order to highlight the toolkit’s ability to be customised, we ex-
tended the stimulation pattern creator to support importing GIF
elements to the electrode canvas to create stimulation patterns.
This eliminates the requirement for scripting and allows the cre-
ation of stimulation patterns by simply importing a GIF. Moreover,
this creates the possibility to generate more intricate shapes other
than the generic ones generated by scripting. Figure 10-b shows
a moving sine-wave GIF loaded to the electrode canvas, and the
overlapping electrodes are activated simultaneously.

5.3 An Add-on Widget for Mobile Devices

To show the potential of eTactileKit augmenting existing devices,
we developed a compact electro-tactile add-on widget that can be
attached to the back of a mobile phone as depicted in Figure 10-
(c1, c2). This PCB widget enhances user and device interaction by
delivering private tactile notifications rather than relying solely on
vibrations or sound. Beyond notifications, for accessibility, it could
provide alternative feedback for visually impaired users, offering
tactile cues for navigation within apps or the physical world.

5.4 Adding Interaction to 3D Printed Objects

Interactive toys that provide sensory feedback have been shown to
offer therapeutic benefits for individuals with autism, particularly in
regulating sensory input and promoting emotional engagement [21,
38]. In this scenario, we used the 3D electrode interface development
tool to create a 3D-printed toy cat that reacts to user interactions
through electro-tactile feedback, as shown in Figure 10-d1. This
interactive model mimics purring when gently stroked in the neck
region (see Figure 10-d2), providing a lifelike response that enhances
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the sensory experience. Moreover, this application demonstrates the
potential of combining 3D printing with electro-tactile technology.

6 Evaluation

To evaluate eTactileKit, we conducted a longitudinal study to assess
(1) the usability of the toolkit, (2) how it lowers the barrier to entry
for designing and prototyping electro-tactile applications for novice
designers, and (3) how the toolkit affects the design workflow.

6.1 Procedure

Our evaluation approach follows similar approaches taken in previ-
ous work [7, 22, 24, 27], where they conducted take-home studies
within a given period of time. The study spanned over 3 weeks,
during which the participants developed applications and used the
toolkit for their electro-tactile-related projects. All resources were
provided to participants before the study began to set up. The par-
ticipants were briefly introduced to the toolkit and its components
on the first day. The participants maintained a diary of their ex-
periences with the toolkit, challenges faced, and suggestions for
improvement of the toolkit on a daily basis for the days they used
the toolkit. We conducted internet interviews with open-ended
questions to gather feedback after the 1st and 3rd weeks of the
study. These were recorded and transcribed for further analysis.
Two authors coded the transcriptions to identify the key themes
and insights from the participants. No major technical issues with
the toolkit components were reported during the study.

6.2 Participants

The participants included 7 males and 1 female with an average
age of 25.9 years (SD = 3.6). They were from 5 different labs from 4
different countries. The participants included 4 novice participants
(PN1 to PN4), who had no prior experience with electro-tactile
and 4 experienced participants (PE5 to PE8). All participants had
HCI research backgrounds, which included haptics, software de-
velopment, and wearable computing development. The novice par-
ticipants wanted to do research projects related to electro-tactile.
They were interested in haptic illusions, electro-tactile feedback
in earables, electro-tactile feedback in VR for people with visual
impairments, and forehead electro-tactile interfaces, respectively.
The experienced participants were involved in investigating the
sense of adhesion, assisting navigation for visually impaired people,
electro-tactile with force feedback, and using visual cues to alter the
subjective pain perception in electro-tactile feedback, respectively.

6.3 Results

Based on the themes and insights from the participants, we present
our results in getting started with the toolkit, usability, the effect
on the design process of both novice and experienced participants,
and the toolkit interaction outcomes.

6.3.1 Getting Started with the Toolkit. The toolkit helped partici-
pants get started with electro-tactile stimulation quickly. All partic-
ipants managed to implement their first stimulation pattern in their
first attempt, and four participants reported that they implemented
their first stimulation pattern in less than 3 hours. PN1 commented,
“This toolkit actually made me shorten the time of getting to know
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the electro-tactile. .. everything is there”. It provides the resources
for end-to-end development, suppressing the need for participants
to search for resources (n=4). For instance, PN3 commented, “The
toolkit is a shortcut ...I don’t have to learn each individual software
that is needed. .. we can just do the important stuff straight away”.
All participants highlighted the impact of the documentation.
The short videos, along with descriptive guidance, enabled an easy
understanding of how each component and step worked while
using the toolkit (n=6). PE6 mentioned ‘It has videos (GIFs) and
each step...it’s descriptive. I don’t have to look at anything else”. The
participants also appreciated the structuring of the documentation.
PN2 mentioned, “The documentation was very helpful and clear”.

6.3.2 Ease of Use. Participants only used the components of the
toolkit relevant to their project. However, each toolkit component
was used by at least one participant. The participants emphasised
the structured architecture, making the process easy to under-
stand (n=3). For instance, PE6 mentioned, ‘Tt is all related to each
other...it’s kind of like a workflow and everything is step by step”
and PN1 mentioned, “well structured...very clear to understand for
the user”. Moreover, in general, the participants did not find any
difficulty in using the components of the toolkit they used and
specifically highlighted at least one component as “easy to use”. PE8
mentioned, ‘T thought it was easier to operate intuitively than general
software that should be used [to achieve the same task]”. Using visual
feedback in pattern creation and the GUI enabled the participants
to program bug-free patterns and also experience what is happen-
ing on hardware in real-time (n=3). For example, PN3 mentioned,
“visualisation is really useful...I can check whether stimulated pat-
tern also matches the created pattern”. The participants appreciated
the calibration procedures, which led to user comfort and safety
assurance when using the toolkit (n=2). PN1 mentioned, ‘T don’t
really have to do all the trial and error,. .. being electrocuted myself”.

6.3.3  Flexibility and Extensibility. The toolkit’s flexibility to adapt
to other technologies was highlighted by the participants (n=6). For
instance, PN4 mentioned, “you can change the tactile sensation with
Jjust a single line of code [with the Python API]” and PN1 mentioned,
‘T usually do all the haptic research based on Unity. So, it was very
helpful for the API to be there”. The toolkit allowed customisation and
scaling for the participants (n=2), marking its extensibility. Since
all the source codes were available to the participants, they were
able to customise the components to their needs. PN1 mentioned,
“could make my own libraries out of it... I got control of the toolkit”.
Furthermore, the toolkit allowed the hardware to be scaled for more
electrodes, underscoring its scalability. PN3 mentioned, ‘T can stack
and use as much as electrodes as I need”. Additionally, the toolkit
facilitated alternative approaches for the participants. For instance,
PN3 mentioned, ‘T manually edited a [sample] JSON file instead of
using the [stimulation pattern creator] to create the pattern”, without
the need to program the pattern, which opened possibilities for
designers novice to programming. However, they acknowledged
that this approach would become cumbersome for complex patterns
and a larger number of electrodes.

6.3.4 Designer satisfaction. The participants expressed their inter-
est in continuing to use at least one sub-component of the toolkit
for their research (n=8), emphasising designer satisfaction. PE5
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stated, “2D Pattern Creator and the Real-Time Hardware Access GUI,
which I found to be particularly useful for creating a variety of tactile
patterns that fit my research” and PN2 mentioned, “I'm planning to
use Unity to explore the integration of electro-tactile and music”.

6.3.5 Effect on Design Process. The toolkit enabled quick prototyp-
ing of electro-tactile applications (n=5). PN2 stated the advantage
of having onboard electrodes to “quickly test a pattern without
connecting to other boards [electrode interfaces]”. Specifically, the
pattern creator and the GUI allowed rapid design iteration. For
instance, PE7 mentioned, “The GUI was useful for quickly trying
out patterns”. The simplified programming interface of the pattern
creator allowed the designers to focus on the pattern itself without
focusing on the underlying complexities of pattern creation. For
example, PN2 stated, “not much coding is involved, which is time
saving”. Moreover, the GUI allowed the exploration of sensations
in real time by tweaking pulse parameters. PN4 mentioned, It was
exciting to directly experience how changes in those parameters affect
the haptic sensations”.

The experienced participants (2 out of 4) clearly found that hav-
ing the toolkit earlier would have enabled them to focus more on
design exploration with electro-tactile. PE6 explicitly mentioned,
‘compare it with my previous experience... it is really easy to learn
how to implement patterns and how to do...PCB board design... it
would have saved a lot of time”. PE5 stated “if I created that stimula-
tion with this toolkit, the amount of control in Processing would be
reduced”. Moreover, they experienced new parameters and design
possibilities with the toolkit. For instance, PE7 mentioned, “elec-
trical stimulation pattern can be changed more flexibly”, and PE5
mentioned, “the ability to visually change the stimulation frequency
and discharge time in real-time is something I have not seen before”.
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Figure 11: Applications developed by participants using eTac-
tileKit. (a1l) Layout view on the tool and (a2) 3D view of a
PCB desinged. (b) A Flexible PCB layout designed to fit the
fingertips of the hand, designed for VR interaction. (c) A 1D
electrode array was created to explore sinusoidal activation
patterns. (d) Electrodes placed on an ear tip for in-ear electro-
tactile feedback. Experimental patterns (e1) vertical scanning
and (e2) diagonal scanning patterns.

6.3.6 Toolkit Interaction Outcomes. The participants were asked to
share the outcomes of the work they had been doing if that did not
affect their research privacy. PN4 shared a basic electrode layout
(see Figure 11-(al, a2)) designed using the electrode design tool to
get started. PN3 shared the flexible PCB layouts designed to fit the
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fingertips shown in Figure 11-(b1, b2), consisting of 64 electrodes per
hand, showing the tool’s potential to support complicated electrode
adjustments and routing. PN2 explored a sinusoidal stimulation
pattern on a 1D electrode array (see Figure 11-c), exploring the
possibilities of creating electro-tactile feedback based on audio
data. Furthermore, PN2 shared a customised ear-tip design with
electrodes placed on it for electro-tactile feedback (see Figure 11-
(d1, d2)). PE6 created a layout for an existing electrode PCB to
create stimulation patterns to assist navigation for visually impaired
people, with electrodes attached on mobile devices (see Figure 11-
(e1, e2)). These patterns were executed using the interaction tool.

7 Limitations and Future Work

7.1 Diversity of Applications

Electro-tactile stimulation is gaining popularity and is being ap-
plied in various domains, as highlighted in Section 2.1. As research
continues to explore these emerging frontiers, there is a growing de-
mand for versatile, easily integrated toolkits that can accommodate
different development environments and hardware configurations.

The version of the toolkit provides APIs for Python and Unity,
which are easy to adopt and widely used in the community. How-
ever, we believe that the toolkit must be extended to support web
technologies (e.g., NextJS) and mobile frameworks (e.g., Android).
This will enhance the accessibility of the toolkit and allow a wider
range of developers to utilise the electro-tactile stimulation tech-
nology in their applications.

The current hardware setup is designed to be modularised and
preserves its DIY nature, resulting in a higher form factor. However,
re-engineering hardware with specialised circuits or form factors
can open electro-tactile stimulation to embedded and wearable de-
vices where size, ergonomics, and power consumption are critical.
For example, prior works have developed smaller and application-
specific hardware form factors [47]. Since we open-source all re-
sources, we believe designers can develop customised hardware by
limiting redundant components (switching ICs), enabling smaller
form factors suitable for applications such as wearable devices.

Even though our hardware implementation follows a layered
safety architecture, we recognise that the possibility of hardware
failure cannot be completely avoided. Therefore, re-engineered
hardware can benefit from additional safety protocols in future
iterations. Moreover, designers should take careful notice of possible
direct high-voltage contact during hardware debugging.

7.2 Integrating Future Advancements

While eTactileKit’s existing features mark a strong starting point,
as shown by the evaluation results, the current version can be con-
sidered a beta release. We believe its approaches and methods will
benefit from ongoing community collaboration and collective im-
provements, especially as new technological requirements emerge.

For instance, the electrode interface design tool provides a single-
layer routing solution. However, designers can still make modifica-
tions to the PCBs in KiCAD for more complex designs. Enabling
multi-layer routing in the tool will be a good feature for future
iterations that allows the design of more complex electrode layouts.

Similarly, automatic routing algorithms used in the tool will not
always provide the best routing solution and routing for all the
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connections. Still, it will provide a good routing solution for most
connections. In the 2D electrode interface design tool, manual rout-
ing will allow routing of any missed connections. More advanced
routing algorithms can be implemented to provide better routing
solutions. In the 3D scenario, the tool can be modified to adopt more
powerful automatic routing solutions, as shown in prior works [30].

Furthermore, the calibration procedure helps to identify the
desirable stimulation current for each user, ensuring a nicer experi-
ence with electro-tactile. The current calibration procedure requires
manual adjustment of the stimulation parameters for the lower and
upper thresholds for just noticeable sensation and pain sensation,
respectively. However, there is a considerable spatial variation of
the aforementioned threshold values across the skin. [13]. To over-
come this, future work should consider more advanced calibration
procedures that can be implemented to automatically adjust the
stimulation parameters based on the user’s skin impedance, follow-
ing the techniques used by prior works [13, 34].

7.3 Participant Suggestions

While many participants from the longitudinal evaluation empha-
sised its comprehensiveness and usability, their experiences also
illuminated areas where further enhancements could improve work-
flow and accessibility, especially for those transitioning from pre-
existing design methods.

For instance, experienced participants mentioned that they were
accustomed to using the previous methods and had to adapt to the
new toolkit. For instance, with prior experience using PCB design
tools (n=2), they mentioned that they would have more control and
easily design the board [electrodes] directly in KiCad. However, they
appreciated other components of the toolkit. They brought up the
point that it would be an advantage to have the option to export
the electrode layout from KiCAD to the toolkit in future iterations.

Moreover, the toolkit simplifies the approach but still requires
basic programming knowledge to create customised stimulation
patterns using the stimulation pattern creation tool (n=3). For in-
stance, PN1, PN2, and PN3 suggested “GUI” for pattern creation
would allow complete novices to enter into electro-tactile and when
engaging with small-scale electrode designs. To address this, we
developed an extended version of the pattern creation tool that al-
lows designers to import GIFs, negating the need for programming
knowledge. This feature was unavailable during the longitudinal
evaluation but was developed based on participant feedback. We
believe that the extensibility of the toolkit, as aforementioned, will
enable customisation of the toolkit to their needs and further en-
hance the designer experience.

8 Conclusion

We presented eTactileKit, an electro-tactile toolkit that enables
the design exploration and rapid prototyping of electro-tactile in-
terfaces. It offers hardware and software support at all stages for
creating electro-tactile interfaces. Results from our longitudinal
evaluation showed that eTactileKit is (1) easy to use, (2) lowers
the barrier to entry for designing and prototyping electro-tactile
applications, and (3) even enhances the current workflow of experi-
enced designers. A set of example applications developed along with
outcomes from designer interactions from the longitudinal study
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demonstrated the potential of eTactileKit in enabling designers
to create novel electro-tactile interfaces that enhance user experi-
ences in various domains. We believe that eTactileKit will empower
designers to explore the design space of electro-tactile interfaces
and inspire new applications that leverage tactile feedback in in-
teractive systems. We further believe all the open-source resources
will inspire future work to consider miniaturising the hardware,
seamlessly integrating with wearables and smaller devices, explor-
ing novel tactile sensation spaces, and integrating new sensing
modalities such as capacitive sensing to create more expressive
interfaces.
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A Supportive Evidence for Thematic Analysis
Results

A.1 Theme 1: High Barrier to Entry

Many participants expressed that their main source of information
was either a colleague or a supervising academic. P1 added that
“the manuals and materials provided by Professor [supervisor name]”,
and P3 mentioned “Professor [supervisor name] had already prepared
resources from the beginning”. This underscores the reliance on per-
sonal networks for guidance. This is true for both hardware and
software resources. P6 added that “hardware was available for me,
which someone else has designed”, referring to a colleague from the
same research lab. Additionally, research papers were identified as
the main source of information. P7 stated that “mostly I read research
papers to gain knowledge” and P5 added “main source of knowledge
was research papers”. However, they were often described as com-
plex and difficult to apply in practical contexts. For instance, P7
added “would be nice to have some documentation of what does what”,
instead of just research papers. P6 clarified that “research papers on
electro-tactile but they don’t go to the specific things about hardware
or software, described what they have done in an overview, but not
the specific details we need if we are developing something by our
ourself”. P1 further added that, even when they get resources from
colleagues, “documentation’s completeness is somewhat unclear”.
This lack of easily accessible and user-friendly resources creates
significant hurdles for those interested in exploring electro-tactile
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technology, particularly for newcomers or those outside specialised
academic backgrounds, such as electronics, e.g., “learning about
electrical circuits was a bit challenging” (P2). The participants com-
mented on the difficulties in getting started and debugging where
they could not “understand what’s going on” (P5) and often com-
pared the challenges to other frameworks “It was not easy like
understanding Arduino” (P6). The lack of visual output compared to
other frameworks is a big issue. For instance, in Arduino, “an LED
blinks and you know whether it works or doesn’t work” (P7), and “we
sometimes find it difficult to understand the state of electrodes at a
glance, so having a clear visual representation of electrode status on
[an] UI would be necessary” (P3).

The findings highlight the need for comprehensive, publicly
available, and user-friendly resources comparable to other open-
source frameworks to lower the entry barriers in this emerging
field.

A.2 Theme 2: Enabling Design Exploration

Participants specifically noted the scarcity of accessible tools for
developing hardware. For instance, many participants commented
on difficulties in designing electrodes, “there were no customizable
electrode pads. I think it takes some time to do that” (P6), “trial-
and-error process involved in electrode design” (P5), and specific
requirements around ‘size of electrodes and their density played
crucial roles” (P2) and a process that use existing knowledge to
“streamline the [design] process for users” (P2) could benefit the design
pipeline. P6 added an “easy way to design electrode pads myself and
get it out very quick” was necessary for prototyping. Similarly,
understanding, developing, and changing control hardware was
also mentioned to be cumbersome and time-consuming, “Learning
about electrical circuits was a bit challenging” (P2), “understanding
the hardware and ensuring safety took some time” and “redesigning
the switching board every time can be quite cumbersome” (P4). P7
summarised it as “it would have been better if you have some device
off the shelf that you are pretty confident that works”.

The lack of software tools and APIs akin to those available for
other tactile modalities further exacerbates this issue. This applied
to both firmware and software levels. Participants commented that
designing a simple tactile stimulation pattern was complicated by
many parameters involved. P2 added, “specifying whether the stim-
ulation was anodic or cathodic, the pulse height, and the number of
channels”, was complicated, and P6 added “how to change param-
eters of like intensity, frequency” was challenging. P1 mentioned
that they had to work on the complicated “SPI communication at
the signal line level”, and it was very cumbersome, particularly for
timing the stimulation. P1 added that it would be “convenient if
functions for determining stimulation electrodes, adjusting current
pulses, and determining polarity were already fully available from
the beginning”. P7 added, “If you can provide an interface so that
people don’t really have to touch the firmware, that’s a big win”.

Another aspect that the participant commented on was the lack
of tools for fast and easy explorations. P2 added, from a designer’s
perspective, “it would be helpful to have UI elements like channels
for electrode placement” and, “Clicking on a channel could trigger
electrical stimulation, providing a trial version for experimentation”.
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P4 mentioned the need for “developing a GUI that assists in config-
uring multiple electrodes and provides feedback on current settings”.
P3 added “the capability to change individual electrodes with a click,
would be convenient”. This hints at the need for a tool that helps
designers to quickly explore the design space.

This gap in available resources significantly hinders the iterative
design process, forcing designers to spend a lot of time and effort
on the fundamental technology. The findings underscore the need
for more comprehensive and accessible tools—both hardware and
software—to support the development of electro-tactile technology.
Such advancements would enable designers to shift their focus from
foundational work to the creative exploration of tactile experiences,
fostering innovation in the field.

A.3 Theme 3: Extensibility and Scalability

Participants highlighted the requirement for extensible and scalable
hardware and software solutions to fit various design requirements
and application complexities. Most software and communication
APIs, particularly firmware, are developed with little consideration
for scalability. P3 commented that “optimising communication proto-
cols for increasing numbers of stimulation points would be beneficial
as the complexity of applications grows”. Furthermore, participants
highlighted the need for methods to extend and scale electrode
interfaces. P4 added that “redesigning the switching board” was nec-
essary to increase the number of electrodes, and “as the number
of electrodes increases, it becomes challenging to consolidate them
into a single connector”. P7 added their hardware setup “had a fixed
[electrode] limit. I think around 8”, and it constrained the ability to
scale the experience.

A.4 Theme 4: Safety and Calibration

Participants expressed concerns about safety and calibration in the
design and operation of electro-tactile systems. Safety concerns
were raised during experimenting with programmed stimulation
patterns. P3 stated that “mistakes in programming could lead to
significant electrical currents flowing through the electrodes, causing
discomfort or even injury”. Moreover, safety concerns were raised
while handling hardware, P2 mentioned that “when it comes to 300
volts, there’s a general perception of danger or discomfort associated
with it”. This highlights the need for clear guidelines and tools to
ensure safety in design and operation.

Calibration of the system is required to achieve comfortable but
yet noticeable tactile perception, preventing discomfort to the user.
Participants highlighted the need for methods to expedite the cali-
bration process. This was emphasised in P7’s statement, ‘calibration
is definitely a big thing that the toolkit needs to handle. There needs
to be some software support”. Current calibration practices are often
time-consuming and complex, hindering efficient experimentation
and deployment. The absence of streamlined, reliable calibration
tools further complicates the design process, making it challenging
to achieve consistent and safe results. P1 mentioned, “It seemed that
individual differences significantly affected whether the sensation
was perceived or not, likely due to differences in stability of contact”,
highlighting the requirement for dynamic adjustment of calibration
parameters, which in the absence would lead to inconsistent per-
formance and unreliability. These findings suggest that developing
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standardised safety protocols and faster, more user-friendly calibra-
tion methods would provide much-needed support and confidence
for designers working with electro-tactile technology.

B Technical Capabilities of Prior Electro-Tactile
Research

We summarise the technical capabilities of prior electro-tactile
research and eTactileKit in Table 2.
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Table 2: Comparison of eTactileKit and previous electro-tactile systems and toolkits.

System/Toolkit Pulse Width | Pulse Height | Current Step | Max Voltage | Applied Body
Size Region

Electro-Tactile Display: Principle and Hard- | 50-200 ps 1-10 mA - 350 V Fingertip
ware [14]
Tacttoo [54] 200 ps 0-3.3 mA 16.5 pA 250V Fingertip
TactTongue [26] 1-10 ps 20-100 pA - - Tongue
Encoding of tactile information in hand via | - 0-13.5 mA <9 pA 90-135V Palm
skin-integrated wireless haptic interface [56]
Tactlets [8] 1-5ms 0-3 mA 15 pA 400 V Hand
FeetThrough [51] 250 ms, 100 ms | 5.0 + 1.7 mA, | - - Foot

8.6 £ 5.5 mA
Electro-Tactile Feedback System to Enhance | 10-100 us - - 40-80 V Finger
Virtual Reality Experience [32]
Full-hand Electro-Tactile Feedback without | 50 ms, 400 ps, | <4 mA - 72V Hand
Obstructing Palmar Side of Hand [49] 800 us
Comparative Evaluation of Tactile Sensa- | 20-200 us - - - Finger
tion by Electrical and Mechanical Stimula-
tion [57]
Design and Evaluation of Electrotactile Ren- | 30-500 ps 0.1-9 mA - - Finger
dering Effects for Finger-Based Interactions
in Virtual Reality [52]
Localization of electrocutaneous stimuli on | — <10 mA - - Finger & Fore-
the fingers and forearm: Effects of electrode arm
configuration and body axis [10]
Shaping Compliance [11] 200 us 0-2.7 mA 13.5 A - Finger
Double-Sided Tactile Interactions for Grasp- | 200 ys 0-2.7 mA 13.5 A - Finger
ing in Virtual Reality [12]
Forehead Electro-tactile Display for Vision | 50 ys - - 300V Forehead
Substitution [16]
eTactileKit (Ours) User defined | 0-10 mA 2.44 uA 270V All regions
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