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Figure 1: WiReSens Toolkit provides open-source hardware and software to enable the development of portable,
adaptive, and efficient resistive tactile sensing systems.

Abstract
Tactile sensors present a powerful means of capturing, an-
alyzing, and augmenting human-environment interactions.
Accelerated by advancements in design and manufacturing,
resistive matrix-based sensing has emerged as a promising
method for developing scalable and robust tactile sensors.
However, the development of portable, adaptive, and long
lasting resistive tactile sensing systems remains a challenge.
To address this, we introduce WiReSens Toolkit. Our plat-
form provides open-source hardware and software libraries
to configure multi-sender, power-efficient, and adaptive wire-
less tactile sensing systems in as fast as ten minutes. We
demonstrate our platform’s flexibility by using it to prototype
several applications such as musical gloves, gait monitoring
shoe soles, and IoT-enabled smart home systems.

Keywords
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1 Introduction
Our sense of touch encodes a wealth of information about
how we interact with our physical world. Tactile sensors en-
dow both humans and everyday objects with enhanced abil-
ity to capture, understand, and augment these interactions,
increasingly finding applications within cyber-physical sys-
tems and the Internet of Things (IoT) [2, 22]. Among the
various existing methods for tactile sensing, recent research
has adopted resistive matrix-based approaches [20, 34, 40]
where a piezoresistive material is sandwiched between two
orthogonal electrode arrays to measure applied pressure via
resistance changes. This approach is appealing because it
reduces the need for extensive wiring [19], and the sensors
themselves can be fabricated using scalable manufacturing
techniques like machine knitting, digital embroidery, and 3d
printing [1, 40, 43].
To realize a vision of ubiquitous tactile sensing for large-

scale monitoring of human-environment interactions, scal-
able infrastructure beyond sensor manufacturing is essential
—researchers need robust tools for effective system deploy-
ment. Large scale sensing requires consideration of addi-
tional factors that make this deployment difficult: portabil-
ity—devices must remain untethered from computational
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Figure 2: Typical layout of a resistivematrix-based pres-
sure sensing form factor, with a resistive layer sand-
wiched between two sets of orthogonally positioned
electrodes.

units for easy repositioning; adaptability—devices should
be repurposable for various form factors, user needs, and
application contexts; and efficiency—devices must operate
over extended periods to capture long-term interaction pat-
terns. As it stands, developing a tactile sensing system that
meets all these requirements is technically demanding, limit-
ing the accessibility and broader adoption of tactile sensing
interfaces within a larger research community.

To adress these challenges, we introduceWiReSens Toolkit
(Fig. 1). WiReSens Toolkit includes open-source 1 Arduino
and Python libraries to configure an adaptive tactile sensor
readout circuit via a single JSON file, serving as a flexible
interface with wireless deployment. In contrast to existing
open-source solutions for tactile sensing [7, 27, 28], WiRe-
Sens Toolkit’s Arduino library includes abstractions for sens-
ing array readout, wireless communication via three distinct
protocols (Wi-Fi, Bluetooth Low Energy (BLE), and ESP-
NOW), automatic sensitivity calibration, and energy-efficient
operation modes. Additionally, our open-source Python li-
brary offers customizable interactive visualizations andmeth-
ods for recording and playback of tactile sensing data from
multiple devices in real-time. We offer a technical evaluation
of WiReSens Toolkit which evidences its ability to provide
robust multi-sender wireless communication across all three
protocols, optimized pressure resolution during sensor read-
out, and up to a 42% increase in tactile sensing device lifetime,
depending on the protocol used. We finally demonstrate the
flexibility of our toolkit by using it to quickly develop (<
10 minutes each) various applications, including musical
gloves, shoe soles for gait monitoring, a pillow for posture
monitoring and remote control, and a smart home welcome
mat.

In summary, this work contributes:
• An open-source adaptive readout circuit and Arduino-
based firmware library for programming microcon-
trollers to interface with resistive sensing arrays;

1WiReSens Toolkit on GitHub

• A Python-based receiver library for logging and in-
teractive visualization of tactile sensing data with a
standard computer;

• A technical evaluation of the wireless communication,
readout adaptivity, and power reduction capabilities
of our implementation;

• Ademonstration of the capabilities ofWiReSens Toolkit
to assist in prototyping a variety of tactile sensing ap-
plications, including musical gloves, a gait tracking
shoe sole, a repurposable interactive pillow, and a wel-
come mat for home IoT integration.

2 Tactile Sensing Overview
Tactile sensors are a well-established technology. They can
be categorized by their employed sensing principle, with
optical, capacitive, and resistive methods being among the
most widely used.
Optical or vision-based tactile sensors detect touch by

analyzing changes in light patterns or images caused by
the deformation of a material in response to pressure. One
example is the elastomer-based vision sensor GelSight [44],
now commonly used for dexterous manipulation tasks in
commercial robots. While these vision-based methods can
be high-resolution and performant [25], they often require
proprietary hardware and have a fundamental limit in their
ability to scale to a large coverage area and a flexible form
factor due to visual occlusion complications. Consequently,
many researchers have turned their attention to capacitive
and resistive-based methods for ubiquitous and wearable
sensing applications.

In capacitive methods, two conductive electrodes typically
sandwich an insulating dielectric layer. Applied pressure
deforms the dielectric layer and subsequently increases the
measured capacitance between the paired electrodes [16].
An analogous principle is used in resistive-based methods,
where the electrodes sandwich a piezoresistive material in-
stead, and the applied pressure is measured through the
change in resistance [3]. In both methods, the electrodes
on the top and bottom layers are commonly repeated row-
wise and column-wise in an orthogonal fashion to form a
two-dimensional "sensing matrix" (Fig. 2), where individ-
ual sensors are formed at the intersections of top and bot-
tom electrodes. This approach avoids the scalability prob-
lem that is present in optical pressure sensors, as wires can
easily be added or removed and spaced tighter or more
spread out. When combined with advancements in fabri-
cation [1, 21, 26, 40], it has allowed resistive and capacitive
sensing to be incorporated in a variety of form factors like
gloves [17, 34], carpets [20, 39], and pants [30].
Compared with resistive sensing, capacitive sensing can

require more complex readout circuit requirements [5, 38]

https://github.com/WiReSens-Toolkit
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CapToolKit [42] Midas [29] Multi-Touch Kit [28] E256 [7] Ours

Sensing principle Capacitive Capacitive Capacitive Resistive Resistive
# of sensors per device 8 9 256 256 1024
# of sending devices 1 1 1 1 5
Sensitivity calibration No No No No Yes
Wireless protocol support None None None None Wi-Fi, BLE, Esp-Now
Power-saving mode None None None None Yes
Visualization Static Configurable Static Static Configurable
Open-source software Yes Yes Yes Yes Yes
Open-source hardware Yes Yes N/A Yes Yes

Table 1: In contrast to existing open-source tactile sensing toolkits, WiReSens enables sensing on a larger scale (4x
the number of sensors and 5x the number of devices), automatic sensitivity calibration, wireless protocol support,
and power-saving operation modes.

and shielding layers [32] in order to combat electromagnetic
noise, and tools for implementing it are better explored in
literature [11, 28, 29]. Therefore, we focus the scope of this
work on resistive pressure sensing matrices.

3 Related Work
Toolkits are widely used to facilitate the creation of new
interactive sensing systems. As Ledo et al. [15] note, the
value of toolkits commonly lie in their ability to simplify
access to complex algorithms and enable fast prototyping
of software and hardware interfaces. Our literature review
compares WiReSens Toolkit with tools specifically designed
to ease the development of tactile sensing systems, with a
focus on innovations in readout circuitry, sensor operation
firmware, and data visualization software (Table 1).

Open-source Readout Circuits. Pressure signals are typ-
ically read from a resistive sensing matrix using a zero poten-
tial scanning readout circuit [6, 13], the hardware on which
WiReSens Toolkit is also built (Fig. 4B). In the zero-potential
method, each layer of electrodes is connected to a digital mul-
tiplexer (MUX). To measure resistance at a specific sensing
node in the array, oneMUX grounds an electrode in one layer,
while the other MUX connects an electrode and op-amp in se-
ries in the opposing layer to an Analog-to-Digital Converter
(ADC). The op-amp amplifies the voltage at this electrode,
which is correlated with the resistance at the intersection of
the two electrodes, and the ADC digitizes this value. The cir-
cuit topology is well established and widely adopted due to
its ability to reduce crosstalk between neighboring electrodes
[6], and many works provide this hardware as open-source
[7, 10, 12]. Compared with these works, WiReSens Toolkit is
the first to provide manufacturing files for a readout circuit

which both supports a density as high as 32x32 (1024 pres-
sure sensing locations), and has a digital potentiometer for
tuning sensitivity.

Firmware Toolkits. Firmware toolkits often assist users
by abstracting the low-level programming typically required
to configure microcontroller units (MCUs) for high-fidelity,
real-time wireless sensing applications. One existing open-
source firmware solution for tactile sensing is the Multi-
Touch kit [28], which provides anArduino library for hardware-
agnostic readout of mutual capacitance-based multi-touch
arrays. While this solution does not require specialized hard-
ware, it lacks auto-calibration features for sensitivity ad-
justment and built-in wireless transmission, both of which
are included in WiReSens Toolkit. The work most similar
to ours is the "E256" GitHub repository by Donneaud et al.
[7], with open-source Arduino code for denoised readout of
resistive matrix-based pressure sensing eTextiles. Similarly
to the Multi-Touch kit, it does not include built-in wireless
communication abstractions. Additionally, this firmware is
tailored for the specific eTextile interface accompanying its
release, in contrast to WiReSens Toolkit which was designed
for general resistive matrix readout across different form
factors.

Visualizations. Visualizations play a critical role in tac-
tile system development, aiding in debugging issues such as
electrode shorting and enhancing data interpretation. The
most readily available open-source visualization tools for
tactile sensing are Processing software from the E256 project
[7] and the Multi-Touch Kit [28]. While these tools display
real-time pressure data, they lack native support for multi-
ple devices and offer limited configuration options, which
restricts their adaptability to various form factors. In con-
trast, the WiReSens Toolkit supports both multi-device mon-
itoring and configurable visualizations, providing a scalable
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Figure 3: Typical workflow usingWiReSens Toolkit to develop tactile sensing applications. Users (A) set parameters
via a JSON file, (B) flash a base firmware program to the tactile sensing device using the Arduino library to specify
what on-device methods should run once configured, and (C) use the Python library to run various methods on the
sensing devices and the receiver according to the JSON configuration.

and physically intuitive representation of pressure data. Al-
though the capacitive touch sensing toolkit Midas [29] sup-
ports custom visualizations, they require HTML, CSS, and
JavaScript for implementation, adding to development time.
WiReSens Toolkit simplifies this process with a built-in web
interface that offers drag-and-drop functionality and JSON-
based configuration right out of the box.

4 The WireSens Toolkit
Tomake theWiReSens Toolkit accessible and effective for de-
veloping scalable tactile sensing systems, we outline several
key goals for its design

• Portability: Tactile sensing devices often must oper-
ate untethered from compute-intensive hardware so
that they may be mobile and easily repositioned. This
is particularly crucial in wearable applications, where
wires can restrict the user’s natural range of motion.
Additionally, the availability and reliability of wireless
protocols can vary significantly depending on the en-
vironment. For instance, while Wi-Fi offers excellent
speed and reliability for indoor wireless communica-
tion, it may be difficult to access in outdoor settings.
A toolkit that simplifies the process of switching be-
tween different protocols would expand the range of
environments where tactile sensing can be effectively
implemented.

• Adaptivity: Ubiquitous tactile sensing interfaces must
be adaptable to various form factors, users, and appli-
cation scenarios. At a base level, they need to support
flexible readout sizes and configurations from the same
sensor form to ensure minimal updates to hardware
and firmware. Optimizing the amplification of the pres-
sure signals for different applications is also important
— if they are not amplified enoughwemay underutilize
the full range of the ADC, and if they are amplified
too much the output signal may saturate at a constant
value [37]. Additionally, resistive sensing arrays are
often displayed statically, with each sensing node fixed
to a specific position.Without interacting directly with
the sensor, it can be challenging to map visualization
areas to corresponding physical regions on the inter-
face, complicating precise mapping. This mappingmay
also shift when the same form factor is used by differ-
ent individuals or over time. An adaptive visualization
that updates in real-time to these changes would en-
able more accurate monitoring and assist with sensor
adjustments during operation.

• Efficiency: Many human-environment interactions
can only be captured after long-time monitoring, mak-
ing the lifetime of tactile sensing devices an important
consideration. However, wireless communication is
very power intensive, posing a big challenge for sus-
tainable development [31, 45]. Frequently, low-power
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Figure 4: (A) Hardware open-sourced by WiReSens Toolkit including an ESP32 microcontroller, zero potential
readout circuit, and adaptive module and (B) Schematic of general zero potential readout circuit (left) with
additional opamp and digital potentiometer for adaptivity (red).

operation of MCU’s can decrease computational ca-
pability, so users need to be able to have access to
methods that allow them to navigate this trade-off.
In addition, firmware that enables reuse of the same
hardware with different form factors for different ap-
plications can ensure more efficient use of resources.

4.1 Implementation Overview
The implementation of WiReSens Toolkit comprises three
main components: a JSON file for system configuration (Fig.
3A), a zero-potential readout circuit programmable via an ac-
companying Arduino library (Fig. 3B), and a Python library
for managing sensing data processing via a local desktop
computer (Fig. 3C). Using these tools, we streamline resis-
tive tactile sensing development into three main steps. First,
users specify configuration parameters such as wire layout,
communication protocol settings, and visualization details
via the JSON file. They then leverage the Arduino library to
create and upload a base firmware program that specifies
what the readout circuit will do once configured. Finally,
the Python library is used to pass configuration parameters
from the JSON file to the tactile sensing device, and execute
methods for data logging and visualization. An overview of
this main functionality is exhibited in Fig. 3.
To ensure adaptability to various sensor types, our plat-

form does not mandate a specific fabrication approach for
the resistive sensing matrix. Instead, we demonstrate the ca-
pability of our toolkit to integrate with sensors manufactured
using standard techniques: high-fidelity digital embroidery
[1] and low-fidelity taping of electrodes onto Velostat [33],
in this paper’s application section (Sec. 6).

4.2 JSON Configuration
Users configure their systems primarily through a JSON file
which contains a variety of options for wireless commu-
nication, interactive visualization, and sensor readout. An
overview of these options is available in our GitHub reposi-
tory 2. Our incorporation of JSON promotes the development
of tactile sensing systems which can change with minimal
effort — after a tactile sensing device has been flashed with
initial base firmware (Fig.3B), users can simply update the
file (Fig.3A) and pass it to the device (Fig.3C) to switch com-
munication protocols, change the area of readout, increase
sensor sensitivity, and much more.

4.3 Adaptive Readout Circuit
To allow tuning of tactile sensor sensitivity and avoid the
problems of ADC underutilization and op-amp output satu-
ration, we introduce an additional module between the read-
out MUX and the ADC in a standard zero-potential readout
circuit. This module, highlighted in red in Fig. 4, incorpo-
rates an operational amplifier (TLV9152, Texas Instruments)
configured with variable gain, managed by a 50 kΩ digi-
tal potentiometer (MCP4018, Microchip), which we denote
as 𝑅pot. This setup adjusts the voltage output range from
[𝑉ref, 3.3𝑉 ] to [0𝑉 ,𝑉ref], inverts the relationship between
applied pressure and output voltage due to the op-amp’s
inverting configuration, and most critically, enables adaptive
sensitivity control by adjusting 𝑅pot. The readout circuit is
controlled by an ESP32 microcontroller (Adafruit Feather
ESP32), and the gerber files, schematic, and bill of materials
for manufacturing this circuit are available on our GitHub
repository.

2WiReSens Toolkit on GitHub

https://github.com/WiReSens-Toolkit
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4.4 Arduino Library
Our Arduino library allows users to create and upload a base
firmware program to the ESP32 that specifies what it will
do once configured. It contains methods for sensor readout,
intermittent wireless communication, and automatic sensi-
tivity calibration.

Sensor Readout Methods. We provide two base methods
for reading and transmitting pressure data from sensor ar-
rays: scanArray(), and readNode(). The scanArray() method
reads sensor values within an area defined by two coordi-
nates in the form (readWire, groundWire), where readWire
and groundWire are integers corresponding to the wire se-
lected by each MUX when receiving the integer as input.
readNode() is the more flexible sensor readout option, allow-
ing users to specify a single coordinate in the sensing array,
given in the form (readWire, groundWire). This method can
be combined with basic programming logic to perform read-
outs in any order or pattern across the sensing array. These
methods wirelessly send the obtained pressure data to a
computer using the chosen communication protocol, either
continuously or intermittently.

Intermittent Sending. In intermittent operation, power
is saved by minimizing data transmission for signals that
are easy to predict or unchanging. The readout methods
predict the voltage at a sensor node before reading it using
the window-based time series forecasting equation:

𝑣 [𝑛 + 1] = 𝑣 [𝑛] + 1
𝑝
· (𝑣 [𝑛] − 𝑣 [𝑛 − 1]) (1)

where 𝑣 [𝑛] represents the ADC voltage reading at time
step 𝑛 and 𝑝 is a parameter controlling how responsive the
prediction is to recent shifts in voltage. The ESP32 will only
send the data packet if the average error between those
readings and predictions is below some user defined thresh-
old d. If the data packet is not sent, the WiReSens Toolkit
Python library will predict its value using the same fore-
casting method as the ESP32 (1), ensuring that the average
error across each data packet remains below the specified
threshold d. This is modeled after the method proposed by
Suryavansh et al. [35], which was chosen due to its low com-
putational complexity and memory requirements, making it
ideal for implementation on a microcontroller.
To help select the parameter p and error threshold d, we

provide a script which takes any tactile recording as input
and performs a grid-based optimization. The optimization
minimizes an objective function based on the normalized
root mean square error (NRMSE) of the predicted tactile
frames 𝐸 and the percentage of transmitted data 𝑟 :

𝛼 ∗ 𝐸 + (1 − 𝛼) ∗ 𝑟, (2)

where 𝛼 is an adjustable parameter managing the trade-off
between accuracy and transmission percentage. The script
generates a visualization of the objective function, allow-
ing users to refine and adjust the search space for further
optimization.

Automatic Calibration. The calibrate()method automat-
ically sets the resistance 𝑅pot that best optimizes the tactile
sensor’s range of voltage output for a particular application.
When calibration starts, users engage the tactile sensors in
a way that reflects the range of pressures under normal op-
eration. The calibrate() method then scans the sensor array
using a fixed resistance for a specified duration and keeps
track of a percentage of the minimum sensor output voltages
during this time. At the end of the calibration duration, the
method then calculates the average of these minimum sensor
output voltages 𝑉min and determines the value of 𝑅pot that
will make the output of the opamp in the adaptive module
𝑉out equal to 0 volts according to equation 3, obtained from
analysis of the readout circuit topology in Fig. 4.

𝑉out = 𝑉ref −
𝑅pot

3125
× (𝑉ref −𝑉min). (3)

This effectively maps the minimum pressure applied to
the maximum sensor output (𝑉ref Volts) and the maximum
pressure applied to the minimum sensor readout (0 Volts),
ensuring that the full range of the analog-to-digital converter
is used and pressure resolution for the user’s application is
maximized.

4.5 Python Library
Once the tactile sensing devices are flashedwith base firmware,
the WiReSens Toolkit Python library allows users to con-
figure these devices by passing custom JSON parameters di-
rectly to the device. This library also manages multi-sender
data reception and serialization to provide wireless data log-
ging and interactive real-time visualization.

Data Logging. The record() method saves the data re-
ceived from each configured sensor to its own HDF5 file, a
format which was chosen for its fast read/write speeds and
memory efficiency when storing large amounts of data [36].
Pressure data is timestamped and saved to the file after each
frame is received. We provide a utility function for reading
saved files back into Python for further data processing and
exploration.

Visualization. The visualize() method initiates a real-
time interactive visualization of sensor data from multiple
tactile devices via a locally hosted web application, display-
ing 2D arrays based on each device’s electrode configuration.
Users can interactively select, move, and delete sensing pix-
els through drag-and-drop, with a "Select Nodes" button for
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A. Sensing matrix visualization B. Move sensing pixels C. Delete unused pixels D. Customized layout E. Mobile visualization

Figure 5: An overview of the functionality provided by WiReSens Toolkit’s interactive visualization, including
(A) user-defined background images (B) drag and drop for moving sensing pixels (C) deletion of unused or
uninformative pixels. This enables a customized layout for improved data sense-making (D). We also enable
visualization on a mobile device (E).

group selection and a "Remove Nodes" button for uninfor-
mative pixels, such as non-responsive regions in specific
configurations (e.g., above the thumb in a tactile glove). The
visualization includes a color bar indicating pressure levels
via ADC voltage and is accessible on mobile devices con-
nected to the same Wi-Fi network. Additionally, the replay()
method allows users to view HDF5 recordings with controls
for start and end timestamps, as well as playback speed.

5 Toolkit Evaluation
In this section we offer a technical evaluation of the WiRe-
Sens Toolkit, focusing on speed and reliability of the multi-
sender wireless communication, automatic calibration per-
formance, and power-reduction capabilities.

5.1 Wireless Communication
To assess the performance and scalability of the wireless
communication abstractions in WiReSens Toolkit (including
Wi-Fi, BLE, and ESP-NOW), we programmed 1 to 5 devices
to wirelessly send tactile sensing data from a 32x32 sensing
matrix to a laptop running the record() method. Each pro-
tocol and sender combination was tested for three minutes,
repeated three times. Fig. 6 reports the average and standard
deviation of throughput (in frames per second) and packet
loss percentage per sender across all three tests. Here, one
frame corresponds to approximately 2099 bytes.

Throughput generally decreases, and packet loss increases
as the number of senders grows for each protocol, due to the
finite bandwidth available. However, we observed exceptions
for Wi-Fi when increasing senders from 2 to 3 and 4 to 5,
which we attribute to standard network speed variations.

Wi-Fi achieved the highest throughput and lowest packet
loss, with over 60 fps and 0% packet loss in the best case
(N=1), and over 30 fps with 0% loss in the worst case (N=4).
Wi-Fi’s superior performance is attributed to its use of the 5
GHz band, offering higher bandwidth and faster data rates
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Figure 6: Average throughput (A) and average percent-
age of packets lost (B) per sender during multi-sender
wireless communication using Wi-Fi, BLE, and ESP-
NOW.

compared to the 2.4 GHz band used by ESP-NOW [9] and
the 40 channels for BLE operation [4].
The narrower bandwidths of BLE and ESP-NOW cause

more packet collisions during high-throughput multi-sender
operations, contributing to increased packet loss as senders
increase. An informal experiment demonstrated that WiRe-
Sens Toolkit can manage the trade-off between throughput
and packet loss by altering transmission frequency. For N=3
senders, we observed a packet loss percentage under 1% with
an added delay of 157 ms (dropping the throughput to 0.75
frames per second per sender) using BLE and an added de-
lay of 10ms (dropping the throughput to 11.76 frames per
second per sender) using ESP-NOW. This makes BLE or ESP-
NOW viable alternatives over Wi-Fi for users prioritizing
lower power consumption or extended range [8], without
compromising data integrity.

5.2 Sensor Adaptivity
Here we characterize the impact of the adaptive module
in our readout circuit and assess the effectiveness of our
calibration algorithm. Both experiments used a mechanical
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Figure 7: Characterization of digital potentiometer and calibration. (A) Average and standard deviation of ADC
readout in the region of applied force (N) for different digital potentiometer resistance values 𝑅pot, in Ω. (B)
Average ADC readout in the region of applied force before and after calibration during low and high-pressure
application cycles. Low-pressure calibration maximizes pressure resolution (blue and yellow curves) and High-
pressure calibration avoids saturation (red and brown curves).

tester (Shimadzu AGX-V2) to apply an adjustable normal
force to a 32x32 resistive sensor.

Digital Potentiometer Adjustment. We varied force on
a 4x4 node region in the sensor’s center while adjusting
the digital potentiometer’s resistance, 𝑅pot. We perform the
pressure sweep using values for𝑅pot between 3 kΩ and 30 kΩ
for 5 cycles each. Fig. 7A shows the average and standard
deviation of the ADC readout within the actuated region
as a function of applied force for each tested value of 𝑅pot.
Due to the op-amp’s inverting topology, the ADC readout
is inversely correlated with force, with two approximately
linear regions. Notably, the magnitude of the slope of the first
linear region increases with 𝑅pot, which due to the discrete
nature of the ADC readout, enhances pressure resolution.
However, higher 𝑅pot values also lead to output saturation at
0 for greater forces, underscoring the need for an adaptive
gain calibration algorithm to manage this trade-off.

Auto-Calibration Performance. To assess the perfor-
mance of our auto-calibration algorithm, we applied low and
high-pressure sequences to the same 4x4 node region during
a calibration period of 5 minutes and recorded the calibrated
resistance values: 𝑅pot = 14062.5Ω for the low pressure and
𝑅pot = 8984.37Ω for the high pressure. We then repeated
each pressure sequence twice: once with 𝑅pot = 14062.5Ω
and once with 𝑅pot = 8984.37Ω. Fig. 7B presents the ap-
plied force and average ADC readout over time for each se-
quence. When calibrated, the ADC readout range expanded

for low-pressure scenarios, enhancing resolution, while high-
pressure calibration prevented 0V saturation, allowing sensi-
tivity up to 300 N.

5.3 Wireless Power Reduction
We first investigate how packet transmission rate affects
power consumption in a tactile sensing device using the BLE
protocol. We use an abstraction where the device alternates
between two states: sending data (state 𝐴) or idle (state 𝐵).
Then, the average current drained during device operation
is calculated as

𝐼𝐴 ∗ 𝑡𝐴 + 𝐼𝐵 ∗ (1 − 𝑡𝐴), (4)

where 𝐼𝐴 and 𝐼𝐵 is the average current draw during states A
and B, respectively, and 𝑡𝐴 is the time percentage state in state
A. 𝐼𝐵 is measured during idle reading, and 𝐼𝐴 is estimated by
subtracting 𝐼𝐵 from the measured current while data is sent
continuously. Using a Nordic Semiconductor Power Profiler,
we log the current (mA) from a 3.3V 1200mAH battery over
three minutes to obtain these averages.

We then simulate how the percentage of transmitted data
changes 𝑡𝐴, and thus the average current draw of the device.
We validate this simulation by fixing packet transmission
frequency and recording the average current draw. Fig. 8A
shows the simulated and observed trends, with results indi-
cating that sending 1% of packets could extend the device
lifetime by over 20% for BLE. Using similar calculations with
data collected under Wi-Fi operation, we estimate this could
increase to 42 % longer battery life, as Wi-Fi operation is gen-
erally more power-intensive than BLE (we measured 152.47
mA vs 101.31 mA for BLE).
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Figure 8: Characterization of intermittent sending performance. (A) Simulated and observed average current draw
(mA) from a tactile sensing device as a function of the percentage of data transmitted during BLE operations.
(B) Visualization of objective function used to select intermittent sending parameters. (C) Average ADC readout,
received packet count, and current draw over time during periods of no applied pressure (Idle) and repeated
pressure (Active). Low current drain indicates power is saved during Idle periods.

To further validate the intermittent sending performance,
we use a mechanical tester to apply a series of repeated
presses to a 32x32 tactile sensor during intermittent opera-
tion. Using WiReSens Toolkit, we optimize the transmission
parameters p and d (𝑝 = 29 and 𝑑 = 26) and use them to
program the device for the live pressure test. The results (Fig.
8B), indicate that when the sensor is inactive, packet trans-
mission is minimal with low average current drain compared
to when the sensor is active. The optimized values achieved
packet transmission just under 5% with a NRMSE of around
0.012. With a 1200mAH battery, we estimate that this would
extend the device’s lifetime by over 2 hours, while ensuring
the predicted tactile frames differed from the ground truth
frames by approximately only 1.2% of the full-scale range.

6 Example Applications
In this section, we demonstrate the utility of WiReSens
Toolkit by using it to prototype a range of resistive tactile
sensing devices. These include musical gloves, a gait monitor-
ing shoe sole, an interactive pillow, and a home IoT welcome
mat. The tactile sensors were constructed with copper thread
and Velostat, using widely accessible fabrication techniques:
digital embroidery [1] for the gloves, shoe sole, and pillow,
and direct taping [33] for the welcome mat. Each device was

programmed in under 10 minutes (including configuring,
flashing base firmware, and running methods as indicated
in Fig. 3).

Musical Gloves. Soft tactile sensors have been widely
explored in the development of digital instruments that offer
new means of musical expression [24, 41]. We used WiRe-
Sens Toolkit to program two Wi-Fi-enabled tactile sensing
gloves for playing a virtual piano, showcasing its potential
for enhancing real-time, expressive musical performance.We
recruited two users—one for the left-hand glove and one for
the right-hand glove—to perform a piano duet both before
and after calibration. The ADC readout in each finger region
is shown in Fig. 9 for one of the users. After calibration, each
user reported feeling like their glove was more responsive to
their applied pressure, which can be evidenced by the greater
range of ADC readout shown in Fig. 9B.

Gait Monitoring Shoe Soles. We spend countless hours
each day on our feet, making gait monitoring a valuable tool
for understanding overall health [18, 23]. To demonstrate
howWiReSens Toolkit enables extended human-environment
activity monitoring, we use it to program a BLE-enabled pres-
sure monitoring shoe sole. We recorded pressure data during
5 minutes of walking and standing still, and then use the
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toolkit’s interactive visualization to replay the wirelessly
recorded gait. We observe the current draw from the device’s
battery during periods of walking and standing still using the
Nordic Semiconductor Power Profiler Kit. As shown in Fig.
10, our device consumes considerably less power while the
user is standing still than when they are stepping. The sig-
nificant increase in packet transmission during the walking
periods evidences that this is a direct result of our intermit-
tent send algorithm ensuring efficient use of the onboard
communication modules.

Other applications. Because the sensitivity of readout
can adaptively change during device operation, WiReSens
Toolkit enables the development of tactile sensing devices
that can be repurposed for different applications. We use
this feature to develop a tactile sensing pillow that can serve
both as a passive recording device for posture monitoring
and as an active input interface for remote control of media
playback (Fig. 11)
The final application we developed is a smart home IoT

welcome mat (Fig. 12). The system includes a tactile sensing
mat and a separate ESP32-controlled lamp. The mat captures
tactile data, which is wirelessly transmitted using ESP-NOW
to another microcontroller responsible for turning the lamp
on when an authorized user is standing on it. In future iter-
ations, WiReSens Toolkit could be used to enable seamless
integration with other smart home devices, such as doorbells
or security cameras.

7 Discussion
In this section, we discuss the primary limitations of WiRe-
Sens Toolkit and provide insight into how they may be ad-
dressed. We further outline several avenues for future works
that WiReSens Toolkit’s contributions enable.

7.1 Limitations
Multi-Sender Communication. As shown in Figure 6,

multi-sender communication using BLE and ESP-NOW pro-
tocols demonstrates noticeably slower performance when
compared with Wi-Fi. While such differences are caused by
fundamental differences in protocol operation, adding sup-
port for multiple receivers can help balance the data load
more effectively, maintaining consistent throughput as the
number of sensors scales. Additionally, we observed some
variation in throughput and packet loss among individual
senders during our multi-sender experiments, particularly
for the BLE protocol. We believe this discrepancy arises from
the laptop’s automatic negotiation of the connection inter-
val for each tactile sensing device, where the most recently
connected device is allocated a shorter connection interval,
allowing it to transmit more frequently than the others. To
address this, we could modify our Arduino library to enable
peripherals to request specific connection intervals, ideally
coordinating these intervals across sending devices to ensure
more balanced communication.

Intermittent Sending. We’ve identified limitations in the
accuracy and power efficiency of devices programmed with
the WiReSens Toolkit during intermittent operation. The
receiver’s reconstruction algorithm uses packet IDs to detect
missing packets and predict them in real-time, working best
with ordered protocols like Wi-Fi (TCP) and Bluetooth. For
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Figure 10: Gait Monitoring Shoe Sole: (A) Tactile sensing shoe sole form factor and readout circuit. (B) Power
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Figure 11: Tactile Sensing Pillow: Used for (A) Posture
monitoring, from left to right: leaning right, leaning
left, leaning back, sitting up straight and (B) Remote
Control, from left to right: Play, Pause, Volume Up,
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Figure 12: Smart Home Welcome Mat: IoT lamp pro-
cesses tactile sensing data from a welcome mat to turn
green when (A) an authorized individual enters the
home and red when (B) an unauthorized individual
enters the home.

unordered protocols, offline methods could reorder packets
before applying the reconstruction algorithm, though this
isn’t yet implemented. During battery-powered operation,
sensor readout quality declines as battery voltage drops, typ-
ically after six hours with Wi-Fi, leading to increased packet
transmission and quicker battery depletion. To address this,
our Arduino library may be extended with methods to mon-
itor error thresholds, skip noise-heavy regions, reduce scan
frequency, or enter sleep modes, conserving battery life.

7.2 Future Work
Smaller readout circuits. Although improvements have

been made in the fabrication of resistive tactile sensing form
factors [1, 21] there is a broad need for less bulky open-
source resistive matrix-based readout circuitry. While some
recent works provide their circuits as open-source [7, 14],
most are either relatively large or only support sensors with
a smaller resolution (<16x16). Flexible PCBs present a promis-
ing medium for miniaturizing the readout circuitry and adap-
tive module used in this work into flexible form factors for
more diverse applications.

On-device Firmware Optimization. In future iterations,
WiReSens Toolkit could leverage on-device learning to dy-
namically adjust its firmware parameters based on real-time
tactile sensing data. For instance, in a wearable health moni-
toring device, the toolkit could automatically fine-tune sen-
sor calibration based on changing body conditions, such as
swelling or muscle tension, to maintain accurate pressure
readings over time. In a smart appliance application, such
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as a touch-sensitive kitchen counter, the device could learn
times of the day when interaction will be most frequent,
allowing it to go into sleep modes to further reduce power
consumption.

Privacy-Preserving Edge AI. WiReSens Toolkit could
be used to develop privacy-preserving edge AI applications
by enabling tactile sensing alternative to vision-based sys-
tems, which often capture identifiable information. Unlike
cameras, which process visual data that may inadvertently
reveal personal or environmental details, the nature of tactile
data is only pressure changes and physical interactions with-
out visual context. Combined with on-device deep learning
techniques, this could allow sensitive information to remain
on the device while external servers handle less identity-
revealing data, enhancing privacy.

8 Conclusion
We introduced WiReSens Toolkit, composed of open-source
hardware, an Arduino library, and a Python library designed
to facilitate the creation of portable, adaptive, and long-
lasting resistive-matrix-based tactile sensing devices. Our
Arduino library supports variably-sized resistive sensor ar-
ray readout, wireless communication via Wi-Fi, BLE, or ESP-
NOW protocols, adaptive form-factor sensitivity through
calibration, and power efficiency through intermittent com-
puting techniques. Additionally, our Python receiver library
streamlines the reception, logging, and real-time custom
visualization of tactile sensing data from multiple devices.
We conducted a technical evaluation of WiReSens Toolkit’s
functionality, providing evidence of its ability to enable fast
and robust multi-sender communication, maintain consistent
sensor performance across pressure intensities, and ensure
power-efficient operation. To illustrate WiReSens Toolkit’s
versatility, we use it to prototype a number of ambient and in-
teractive sensing applications. We believe WiReSens Toolkit
will seamlessly integrate with ongoing advancements in dig-
ital manufacturing, wireless sensor networks, and embedded
AI, empowering the next generation of tactile sensing tech-
nologies for deeper insights into human interactions with
the physical world.
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