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ABSTRACT

Resistive matrix-based tactile sensors offer a scalable and intuitive approach to capturing
human-environment interactions, yet deploying them in real-world systems remains challenging
because they must remain portable, adaptive, and long-lasting. This thesis presents the
WiReSens Toolkit, an open-source hardware and software platform for developing resistive
tactile sensing systems that meet the demands of real world applications. The toolkit features
adaptive hardware for interfacing with resistive sensors and a web-based GUI that mediates
access to otherwise complex functionality, including 1) multi-device programming and wireless
visualization across three distinct communication protocols 2) autocalibration methods for
adaptive sensitivity and 3) intermittent data transmission for low-power operation. As a
use case for the toolkit, the thesis then introduces a method for the automatic design and
fabrication of custom tactile sensing gloves using flexible printed circuit boards (FPCBs),
enabling rapid, scalable production. Together, these contributions lower barriers to adoption
and support broader exploration of tactile sensing in HCI, robotics, and ubiquitous computing.
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Chapter 1

Introduction

Tactile sensing endows humans and everyday objects with the ability to capture, interpret,
and respond to physical interactions. As such, it plays a growing role in cyber-physical
systems [2], the Internet of Things (loT) [3], and Human-Computer Interaction (HCI) [4,
5]. While a variety of sensing principles have been employed to record tactile interactions,
resistive sensing has emerged as a widely adopted approach due to its simplicity, scalability,
and compatibility with low-cost materials [6 9]. Typically, resistive tactile sensors are
constructed by sandwiching a piezoresistive material between orthogonally arranged electrode
arrays, forming taxels that measure pressure through changes in resistance. This matrix-
based structure reduces wiring complexity [10] and has been implemented using a variety of
fabrication techniques from embroidery and 3D printing to conductive knitting and beyond

[8, 11, 12].

Despite the growing popularity of resistive sensing, realizing scalable, robust tactile
sensing systems particularly for dynamic, real-world applications remains challenging. To
move toward ubiquitous tactile sensing and large-scale understanding of human-environment
interaction, researchers need more than just sensor fabrication methods; they require robust
infrastructure for system deployment. For example, consider a pair of resistive tactile sensing
gloves used to capture bimanual manipulation tasks. These gloves must transmit data
wirelessly, raising questions of protocol choice (Bluetooth? Wi-Fi?), synchronization across
hands, and power consumption each of which introduces practical barriers to deployment.
Moreover, resistive sensors often require calibration tailored to each fabrication run, user, or
application context. Without infrastructure to support such con guration and adaptation,
tactile sensing systems remain fragile, di cult to scale, and impractical for many researchers
or longitudinal studies.

To address these challenges, this thesis introduces the WiReSens Toolkit, an open-sdurce
hardware and software platform designed to simplify and accelerate the development of
resistive tactile sensing systems. The toolkit supports three wireless communication protocols,
facilitates data calibration and synchronization, and is designed to accommodate a range of
form factors and use cases. By making system-level concerns more manageable, the WiReSens
Toolkit enables researchers to focus on application-level questions and opens new avenues for
experimentation with tactile interaction.

IWiReSens Toolkit Site
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| subsequently detail the automated design and fabrication of custom tactile sensing
gloveg as an example application made possible by the toolkit. These gloves represent
a compelling use case for resistive sensing, as human dexterous manipulation remains a
central topic across robotics, rehabilitation, and immersive computing [13 15]. While several
glove designs have leveraged resistive sensing principles [16 18], many rely on hand-built
or hard-to-access manufacturing methods. This thesis demonstrates how exible printed
circuit boards (FPCBs), which are already widely adopted in wearable electronics due to
their compatibility with digital fabrication work ows [19 21], can be used to streamline glove
production.

This thesis begins by providing background on the resistive pressure sensing principle,
related toolkits, and tactile sensing gloves. It then describes the design, implementation, and
evaluation of the WiReSens Toolkit. The next chapter discusses the automatic design and
manufacturing of custom tactile sensing gloves as one example of an in-depth use case of the
toolkit: understanding human dexterous manipulation. Finally, | outline directions for future
work and discuss broader implications for ubiquitous, accessible tactile sensing.

2FPCB Glove Website
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Chapter 2

Background and Related Works

This thesis presents hardware, software, and fabrication tools for resistive matrix-based
pressure sensors and is therefore most similar to prior works which facilitate the creation of
interactive touch-sensing systems. Here | provide an overview of resistive pressure sensing
before situating this thesis within the landscape of toolkits designed for tactile sensing. | then
examine the principle's use in tactile sensing gloves a key form factor for understanding
human environment interaction, and the focus of the novel design and fabrication tools
introduced in this thesis.

2.1 Resistive Pressure Sensing

Past research has explored various methods for dynamic pressure sensing, with optical,
capacitive, and resistive techniques being among the most widely used. Optical tactile
sensors, such as GelSight [22], analyze light pattern changes caused by material deformation
under pressure. While o ering high resolution and performance, these sensors often rely on
proprietary hardware and face limitations in scalability and exibility due to visual occlusion
challenges. Capacitive sensing, on the other hand, typically involves two conductive electrodes
separated by a deformable dielectric layer, where applied pressure alters capacitance [23].
However, capacitive methods often require shielding layers to mitigate stray noise induced by
neighboring conductive elements [24, 25]. Additionally, capacitive sensing is more commonly

Figure 2.1: Typical layout of a resistive matrix-based pressure sensing form factor, with a
resistive layer sandwiched between two sets of orthogonally positioned electrodes.
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used in a mutual [26] or swept-frequency [27] setup for binary touch detection or proximity
sensing [28] rather than precise pressure measurement. This thesis therefore focuses on
resistive pressure sensing.

In resistive pressure sensing, orthogonally arranged electrodes sandwiching a piezoresistive
layer (usually carbon-based) form a 2D sensing matrix, where pressure is measured via
resistance changes at electrode intersections [29] (Fig. 2.1). This approach avoids the
scalability problem 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 digital fabrication
approaches like machine knitting [8], digital embroidery [11], 3d printing [12], and exible
circuit printing [1], it has allowed resistive sensing to be incorporated in a variety of form
factors like hand bags [30], carpets [7, 31], and even hair extensions [32]. The toolkit platform
contributed by this thesis is adaptable to these various fabrication approaches, as detailed in
its Sensor Adaptivity section.

Pressure signals are typically read from a resistive sensing matrix using a zero potential
scanning readout circuit [33], the hardware on which WiReSens Toolkit is also built. The
circuit topology is well established and widely adopted due to its ability to reduce crosstalk
between neighboring electrode. Although some works provide similar open-source hardware
[34, 35], WiReSens Toolkit supports a higher density (up to 1024 pressure sensing locations),
and is the rst among the cited open-source hardware to include a digital potentiometer in
this architecture for tuning sensitivity.

2.2 Tactile Sensing Toolkits

A range of toolkits have been developed to facilitate prototyping touch sensing applications,
with early works focusing primarily on capacitive sensing. CapToolKit by Wimmer et al. [36]
and Midas by Savage, Zhang, and Hartmann [37] were among the rst to provide open-source
hardware and software to streamline the prototyping of capacitive touch interfaces. Midas
lowered the barrier to designing custom capacitive sensors which could be fabricated using
digital manufacturing techniques such as inkjet printing, vinyl cutting, and CNC milling.
These contributions allowed researchers and designers to rapidly iterate on new touch-sensing
applications without needing deep expertise in circuit design or signal processing. Building
on this foundation, the Multi-Touch Kit [38] further abstracted capacitive sensor processing
by introducing an Arduino library for mutual capacitance-based multi-touch arrays. This
allowed capacitive touch sensors to be implemented using only a standard microcontroller
(MCU). While these toolkits provided valuable abstractions for capacitive touch sensing, they
primarily supported binary multi-touch detection.

Support for resistive touch sensing is typically limited to speci ¢ application contexts and
sensor types. The E256 project by Donneaud, Honnet, and Strohmeier [35] provides open-
source Arduino rmware for denoised readout of resistive matrix-based eTextiles designed for
musical expression. By leveraging a fabric-based piezoresistive sensor, E256 enables pressure-
sensitive interaction beyond simple binary touch detection. Similar to the Multi-Touch Kit, it
includes Processing software for real-time visualization of sensor readings. Additionally, the
3D ViTac system by Huang et al. [34] has expanded accessibility within robotics communities
by o ering a hardware guide, Arduino rmware, and Python ROS libraries for parallel gripper

20



resistive tactile sensors.

CapToolKit [36] Midas [37] Multi-Touch Kit [38] E256 [35] 3D ViTac [34] QOurs
Sensing principle Capacitive Capacitive Capacitive Resistive Resistive Resistive
# of sensors per device 8 9 256 256 256 1024
# of sending devices 1 1 1 1 4 5
Sensitivity calibration 7 7 7 7 7 3
Wireless protocol support 7 7 7 7 7 3
Power-saving mode 7 7 7 7 7 3
Visualization Static Con gurable Static Static Static Con gurable

Table 2.1: 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.

WiReSens Toolkit builds upon these prior works (Table 2.1) across key areas of HCI
toolkit contributions as identi ed by Ledo et al. [39] and this thesis' design goals of portability,
adaptivity, and e ciency. With built-in wireless communication support for up to ve devices,
each capable of sensing dynamic pressure at 1024 unique locations, WiReSens Toolkit extends
beyond individual sensors to enable the development of distributed multi-sensor interactive
systems. This allows novice users to explore tactile interaction design on a larger scale. By
integrating features such as automatic sensitivity calibration and power-saving modes, it
simpli es access to more complex functionality, enabling users to rapidly prototype tactile
sensing systems which are adaptable and sustainable in addition to functional. Finally,
WiReSens is the rst of these toolkits to be evaluated with rst-time users, demonstrating
that even those without prior experience can set up a functional tactile sensing system in 5
minutes.

2.3 Tactile Sensing Gloves

A tactile sensing glove captures touch sensations on the hand, contributing to studies
in human behavior monitoring [40], robotics [41], and human-computer interaction [42].
Recently, a few commercial tactile sensing gloves [43 45] are available, but they are relatively
costly and have limited sizing options. Sundaram et al. [16] introduced a high-resolution
resistive tactile sensing glove by manually arranging orthogonal electrodes over a resistive
layer, enabling the capture of a large and diverse dataset for human-object interactions.
Other tactile sensing gloves have been fabricated using techniques like manually integrated
uidics [46] and hand-sewn conductive yarns [18]. Compared to sensing mechanisms such
as capacitive, piezoelectric, and triboelectric sensors [9], resistive tactile sensing gloves o er
notable advantages, including simple design, robust performance, and low power consumption.
Further, to scale up the fabrication process, digital fabrication methods, including machine
knitting [17], digital embroidery [47], and laser cutting [48], have been deployed to create
resistive tactile sensing interfaces. However, current automated manufacturing processes face
signi cant challenges, including the need for advanced equipment, di culties in interfacing
with readout electronics, and a reliance on one-size- ts-all designs. Flex-PCB technology
has emerged as a promising solution to these limitations, with recent advancements in
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capacitive sensing [49] and microelectromechanical systems [50]. This thesis presents a ex-
PCB approach for personalized resistive tactile sensing gloves, enabling mass manufacturing
through established industries and making the technology accessible and customizable to a
broader community.
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Chapter 3

A Toolkit for Interfacing with Resistive
Tactile Sensors

This chapter presents the WiReSens Toolkit (Fig. 3.1). Inspired by sensing toolkits that
simplify prototyping through domain-speci ¢ abstractions [37, 51, 52], it consists of a web-
based GUI that interfaces with open-source hardware, making it easier for novices in embedded
sensing to develop portable, adaptive, and e cient resistive tactile sensing systems. It includes
methods for sensor array readout, wireless communication via three distinct protocols (Wi-Fi,
Bluetooth Low Energy (BLE), and ESP-NOW), real-time interactive data visualizations,
automatic sensitivity calibration, and intermittent data transmission for energy savings, all
of which are lacking in existing open-source solutions for tactile sensing [35, 38, 53].

| provide a technical evaluation of the toolkit, evidencing its ability to provide robust
multi-sender wireless communication across all three protocols, optimized pressure resolution
during sensor readout, and up to a 42% increase in tactile sensing device lifetime. | then
present results from a user study with 11 novice users, which demonstrated that the platform
has excellent usability, streamlines access to complex functionality, and helps users better
interpret pressure data visualizations. | nally demonstrate the exibility of the toolkit by
using it to rapidly prototype various applications, including musical gloves, shoe soles for gait

Figure 3.1: WiReSens Toolkit provides open-source hardware and software to enable the
development of portable, adaptive, and e cient resistive tactile sensing systems.
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