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Abstract—The ability to precisely perceive external physical
interactions would enable robots to interact effectively with the
environment and humans. While vision-based tactile sensing
has improved robotic grippers, it is challenging to realize high
resolution vision-based tactile sensing in robot arms due to
presence of curved surfaces, difficulty in uniform illumination,
and large distance of sensing area from the cameras. In this
paper, we propose a novel piezoluminescent skin that transduces
external applied pressures into changes in light intensity on the
other side for viewing by a camera for pressure estimation. By
engineering elastomer layers with specific optical properties and
integrating a flexible electroluminescent panel as a light source,
we develop a compact tactile sensing layer that resolves the
layout issues in curved surfaces. We achieved multipoint pressure
estimation over an expansive area of 502 sq. cm with high
spatial resolution, a Two-Point Discrimination distance of 3 mm
horizontally and 5 mm vertically which is comparable to that of
human fingers as well as a high localization accuracy (RMSE of
1.92 mm). These promising attributes make this tactile sensing
technique suitable for use in robot arms and other applications
requiring high resolution tactile information over a large area.

Index Terms—Vision-based sensing, tactile sensor, Two-Point
Discrimination, pressure estimation

I. INTRODUCTION

ACTILE receptors serve as the foundation for human

engagement with the environment. Because of the abun-
dant tactile receptors, humans are able to gather information
about the properties of objects in our environment enabling
us to interact with them and execute intricate and precise
movements [1]. With the growing range of applications for
robots, it is crucial to improve their versatility in physically
interacting with the environment as well as humans. For this
purpose, it is imperative to develop the capability of robots to
obtain tactile information from diverse geometries, including
the links and other relevant parts [2]. Furthermore, tactile
sensors should be conformable to the range of geometries in
the target applications while being robust [3].

Significant efforts have been put into developing different
tactile sensing technologies to achieve large area capabilities
using both discrete and continuous methods. Electrical tactile
sensing skins are typically designed with a densely arranged
array of sensing units and can be broadly categorized based on
their operational principles as capacitive, resistive, inductive,
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or optical-based sensors [4]. Tactile sensors based on rigid
materials such as capacitive touch sensing found in common
mobile phone touchscreens, are limited to providing positional
information upon touch [5]. Soft electrical tactile sensors
capable of localizing touch and estimating the magnitude of
pressure typically necessitate complex circuitry and signal
processing to handle large streams of data from all the in-
dividual sensing receptors [6]. Their resolution is constrained
by the density and layout of the sensing receptors, for example,
the layout of electrodes in a capacitive sensing skin [7].
Furthermore, they also demand intricate customized designs to
cater to different surface geometries [8]. Vision-based tactile
sensing methods exploit the ability of the camera to observe a
large area with high resolution and leverage image processing
and computational techniques to convert deformation cues
in images into tactile sensing information [9]. Due to their
utilization of optical design and optical signals for discerning
tactile signals, vision-based tactile sensors exhibit superior
resistance to electromagnetic interference. Consequently, their
output signals are comparatively more stable and reliable in a
range of environments [10]. The ability of vision-based sensors
to achieve high resolution tactile information has helped them
rapidly gain attention in the field of tactile sensing.

Soft elastomers such as Ecoflex 00-30 or Polydimethyl-
siloxane (PDMS) are employed as a medium for transducing
force or pressure signals into visually detectable information
and cameras are used to capture real-time images that can
be related to tactile information [11]. The majority of vision-
based tactile sensing methods involve reflective membranes
or tracking displacement of markers, as exemplified by Gel-
Sight and TacLINK sensors [12]-[14]. Employing very soft
materials such as gels to enhance sensitivity results in large
hysteresis affecting the bandwidth of the sensors. Reflective
membranes illuminated with different colors have also been
utilized for estimating normal forces in a small region such as
a sensor fingertip and for texture detection in a large cylindrical
roller [12], [15]. For large-area tactile sensing systems, using
a reflective membrane approach may involve more complex
optical design and require precise positioning of light sources.
While this method is effective for texture detection, its design
may pose challenges for accurately assessing normal forces
over large cylindrical surfaces, due to potential limitations in
ensuring consistent light reflection back to the camera from
all parts of the tactile sensing surface.

To address the aforementioned shortcomings of existing
tactile sensing techniques for large area tactile sensing, this
paper introduces a novel vision-based tactile sensing approach
that transduces applied pressure on a skin into a change in
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(a) Illustration of the laminated structure of the piezoluminescent skin along with the images of the side view before and after activating the

electroluminescent (EL) panel as captured by a camera. (b) When pressure is applied to a specific area of the piezoluminescent skin, the light intensity emitted
through the aperture in that region decreases. (c) Illuminance measured from a single aperture in relation to applied pressure. (d) A tactile sensing module
based on the piezoluminescent skin is mounted on a robot arm to enable human guidance of the robot movement.

light intensity at that area. This skin integrates an electrolu-
minescent (EL) panel with apertures as a planar light source
and three soft elastomer layers with different optical properties
to function as transmitting, reflective, and opaque layers. We
refer to the combined four layers as the piezoluminescent skin,
which works together to modulate the light intensity emitted
based on the applied pressure (Fig. 1(a)). The light from the EL
panel undergoes diffuse reflection within the translucent layer
and surface reflection from the white layer to result in light
emission through the apertures in the EL panel. When pressure
is applied on the black opaque layer, the deformation in the
elastomer layers causes the light intensity emitted through
the apertures to decrease (Fig. 1(b)). The light intensity from
the piezoluminescent skin decreases consistently for pressures
ranging from O to 250 kPa providing a simple transducing
mechanism to estimate pressure using light intensity (Fig.
1(c)). Monitoring the light intensity emitted from the apertures
of the piezoluminescent skin by using a camera enables the
detection of physical contact as well as the estimation of the
magnitude of pressure applied at each aperture. Optimizing
the multilayer structure of the piezoluminescent skin, we
realized a cylindrical tactile sensor capable of achieving multi-
point touch detection and pressure estimation over a large
area. The cylindrical tactile sensor can be utilized as a sub-
end effector providing an interface for physical human-robot
interaction (pHRI) to enable intuitive human guidance for
robot manipulators (Fig. 1(d)).

The rest of the paper is organized as follows. Section II
describes related works. Section III introduces the working
principle of the piezoluminescent skin and Section IV dis-
cusses the optimization of various design parameters of the

piezoluminescent skin to improve its sensitivity to pressure.
Section V describes the design of the large area cylindrical and
fabrication technique. Section VI describes the camera calibra-
tion model and the method employed for pressure calibration.
Section VII discusses the performance evaluation of the sensor
and demonstrates the multi-point contact localization and
pressure estimation capabilities of the sensor. Section VIII
conducts a comparative analysis with other relevant works and
outlines the key limitations of the proposed sensor. Finally,
Section IX describes the conclusions and outlines future work.

II. RELATED WORKS

Tactile sensors have a wide range of applications in the
field of robotics. In comparison to conventional force sensors,
tactile sensors offer multimodal perceptual information, en-
compassing parameters such as contact area, pressure distribu-
tion, slip detection, and surface characteristics of objects. This
information plays a crucial role in facilitating the interaction
of robots with objects, the environment and also ensuring the
safety of interactions between humans and robots [16], [17].

The importance of tactile sensing in robotics is underlined
by the extensive applications witnessed in the literature. Large-
area tactile sensing systems, where the robot is embedded
with sensing abilities over an extended region, have promi-
nently featured in applications involving humans in order
to allow versatility in the range of interactions humans can
make with the robots [18]-[20]. We now discuss the salient
vision-based and electronic-based sensing methodologies for
achieving large-area tactile sensing.



A. Vision-based Tactile Sensors

Johnson et al. first introduced a vision-based method for
the measurement of shape and texture utilizing elastomeric
materials to transduce deformation into visible optical pat-
terns [21]. This approach demonstrated the effectiveness of
combining the high resolution offered by cameras and the
compliance of soft elastomers in enabling the detection of
rich contact information. Yuan et al. developed GelSight tactile
sensors capable of estimating shear force and detecting slip for
use in grippers. By illuminating the sensor’s contact surface
with three different colors of light (RGB) and analyzing the
reflections of these colors using a camera, accurate detection
of the surface shape of the object and subsequently estimation
of force distribution were realized [22]. Similarly, Lin et
al. developed DTact, which employs the reflective properties
of a multilayered semi-transparent elastomer to effectively
estimate the 3D geometry of a contact object from darkness
in captured images [23]. Li et al. developed a tactile sensor
specifically for global normal force and moment estimation
along with detailed tactile information [24]. The sensor utilized
an elastomer with added reflective powder and an LED array
as the light source. When a force is applied, the contact
area between the reflective elastomer and the acrylic plate
increases. By capturing the light intensity with a camera, the
magnitude of the normal force could be estimated. Ward-
Cherrier et al. introduced the TacTip family of sensors, which
encompasses various structural designs with distinct applica-
tions and performance characteristics [25].

Many of the methods used for sensing in small regions
are challenging to extend for large area sensing. For exam-
ple, methods based on the reflection of monochromatic or
polychromatic light and diffraction patterns require complex
illumination system design to allow homogeneous illumination
of curved surfaces as well as to prevent artifacts in camera
images due to unintended internal reflections.

For large area tactile sensing based on vision, studies mainly
focused on tracking marker movement due to external forces.
Cao et al. proposed Touchroller, a cylinder-shaped tactile
sensor with a roller structure, which exhibits high accuracy
in collecting texture information [15]. When the sensor rolls
on the surface of an object, a camera captures a series of
continuous images, enabling the effective reconstruction of
large surface textures. However, this technique has only a
limited viewing area at a given time and is not aimed at
force estimation. Zhang et al. introduced a cylinder-shaped
tactile sensor based on tracking markers on a transparent
elastomer layer attached to a transparent cylindrical tube [26].
This sensor was utilized as an effective link of a robot
and experiments for human contact motion following were
conducted demonstrating intuitive interaction with humans.
While contact detection was demonstrated, it is challenging
to achieve accurate force estimation using this technique due
to the limited displacement of markers on a thin elastomer
layer and the challenge associated with the reduced footprint of
regions far from the camera. Winstone et al. proposed a remote
tactile sensing capsule endoscopy system that utilizes a design
similar to Tactip, capable of discriminating the shape, size,

and softness of bowel deformities. In this design, the tactile
sensor relies on large displacements of markers on the skin
to map force signals, resulting in a relatively large Two-point
Discrimination (TPD) distance. Additionally, since the camera
is positioned at the base of the structure, markers that are
farther away from the camera exhibit smaller displacements
in the images, which limits the system’s detection area and
sensitivity [27]. Duong et al. developed a large-scale vision-
based tactile sensor based on tracking markers on the inside
surface of a pressurized silicone structure [14]. At low internal
air pressures, the marker displacement is highly sensitive
to the applied force allowing accurate estimation of applied
force. However, this heightened sensitivity imposes limitations
on its load-bearing capacity, necessitating a delicate balance
in air pressure adjustments. Fu et al. recently introduced a
large area cylindrical tactile sensing module called ELTac
that employs flexible EL panels integrated with deformable
elastomeric pyramids that modulate the light intensity from
the EL panels based on applied pressure [28]. However, due
to EL panels being set at the outermost layer of the skin
and the inherent hardness of the EL panel itself, the pressure
applied in a confined area will transmit to the surrounding
area, limiting its ability to distinguish multiple close contact
regions. Additionally, the pyramidal arrays needed for the skin
make it challenging to achieve monolithic sensor skin reducing
the coverage and introducing inhomogeneities at the borders
of sensor units.

B. Electronic-based Large Area Tactile Sensors

For large area electronic-based tactile sensors, Schmitz et al.
proposed ROBOSKIN, a modular tactile sensor in which mod-
ular units can be simply added or removed. They employed a
flexible PCB board to meet the requirements for curved surface
applications. Moreover, through I°C serial communication,
information from multiple sensor modules could be monitored
with a single microcontroller. The ROBOSKIN sensing system
could be integrated into a variety of existing robot hardware
with a low degree of customization [29]. While the sensing
range is large in the order of 100 kPa, the small dimension
of each sensing unit results in a pressure resolution of around
1 kPa making it challenging to further increase taxel density.
Furthermore, as the number of sensor modules increases, the
system may encounter complex wiring and readout latency.
Lee et al. introduced the Asynchronously Coded Electronic
Skin (ACES), a signal transmission scheme inspired by the
functionality of biological nerves. It can transmit information
simultaneously in an event-based sensing system with even
more than 10000 sensors. A tactile sensing system with 240
sensing units and a time latency of 1 ms for event detection
was demonstrated [30]. To simplify the circuit system of
tactile skins and enhance their scalability and stretchability,
the Electrical Resistance Tomography (ERT) method to detect
forces on a soft conductive sheet was introduced [31], [32].

The placement of electrodes only at the edges of the
conductive sheet compromises spatial resolution in the central
region of the skin. To optimize the spatial resolution in the
central part of the sensing area, Lee et al. introduced dispersed



electrodes throughout the middle section of the entire sensing
skin. However, an increase in the number of electrodes leads
to a more complex and expensive circuit, imposing limitations
on data collection and increasing computational complexity
[33], [34]. To address this issue, Lowther et al. introduced the
Salt-E-Skin, a fluidic electronic skin that utilizes a network
of saline-filled channels to enable conduction detection and
Electrical Impedance Tomography (EIT) to localize skin de-
formation. Although the localization error in the experimental
results was relatively high due to a low number of electrodes
employed, the work offers insights into how the channel
structure can improve this [35].

In summary, the utilization of electronic components as
sensing elements presents specific challenges when applied
to large area tactile sensing. Sensors with discrete or modular
units are difficult to use in covering curved surfaces given the
need for rigid electronic components for data readout. When
a large area and high-resolution implementation are required,
constraints arising from the distribution density sensing units
can lead to wiring and manufacturing complexities. Increasing
the spatial resolution of tactile sensing through miniaturization
of individual electronic sensing elements also leads to a
decrease in the base value of the measurand which results
in low sensitivity and increase in cost of readout electronics.
ERT-based tactile sensors necessitate extensive pre-calibration
of data points. Implementation of ERT sensing demands a
high sampling rate for the data acquisition unit and high-
performance data processing equipment, thereby resulting in
high costs and complexity in the implementation of this
method in large area applications. In contrast to vision-based
sensors, electronic sensors do not require hollow structures that
facilitate a direct line of sight from the camera to the sensing
surface and can be applied to existing robotic hardware more
easily.

Overall, the key challenges in large area tactile sensing
include achieving high force sensitivity, accurate pressure
estimation robust to loading conditions, the ability to discrim-
inate multiple close contact points, and employing fabrication
techniques to ensure optimal coverage with homogeneous
sensor characteristics across the sensor area.

III. WORKING PRINCIPLE OF THE PIEZOLUMINESCENT
SKIN

To address the overarching challenges in large area tac-
tile sensing, we propose a novel piezoluminescent skin that
converts applied pressure to change in light intensity emitted
directly at that point as well as provides a soft interface for
physical interaction.

The piezoluminescent skin comprises a total of four layers
as shown in Fig. 1(a). The innermost or the bottom layer is
an electroluminescent panel (EL Panel and Tape, Rhizomic
Electronics Ltd), utilized in this sensor system as a planar light
source. It is opaque, thin, and flexible allowing the skin to be
compliant and can be cut without loss of functionality. We
make several apertures in the opaque EL panel using a CNC
milling machine to allow the transmission of light through
them. The second layer is composed of a translucent elastomer,

in which the light emitted from the EL panel undergoes
diffused reflection. The third layer is a white opaque elastomer,
referred to as the reflective layer, designed to reflect light
incident on it from the second layer to enhance light intensity
in the translucent layer. The outermost or the top layer is a
black opaque elastomer serving to obstruct environmental light
from affecting the sensor.

The circular apertures in the EL panel allow the diffused
light within the translucent layer to scatter beneath the EL
panel which can be captured by a camera. As depicted in
Fig. 2(a), before the application of pressure, light entering the
translucent layer undergoes reflection from the white reflective
layer, with some light scattering out from the apertures in the
EL panel. When pressure is applied, the deformation in the
reflective layer causes changes in the angle of incidence of
light on the reflective layer. Consequently, the light emanating
from the apertures in the EL panel diminishes in the region
where pressure is applied (Fig. 2(b)). Additionally, due to the
reduction in thickness in the translucent layer, the amount of
diffused light in this region also decreases. As a result, the
light intensity in the contact region decreases in the images
captured by the camera with increasing pressure (Fig. 2(b)).
This change in light intensity with applied pressure is the main
transduction mechanism for sensing based on our proposed
piezoluminescent skin.

Employing a camera, the changes in the brightness of light
emitted from a specific aperture can be calibrated against
known applied pressures. As the viewing angle and the dis-
tance from the camera are different for different points on the
sensor surface, it is essential to first identify the location of the
applied pressure before utilizing the calibration to estimate the
pressure applied. Utilizing image-processing techniques and
the knowledge of the geometry of the sensing surface, one can
obtain the pixel coordinates of the compressed region in the
camera image, convert two-dimensional pixel coordinates to
three-dimensional positions, and estimate the applied pressure.
In contrast to vision-based large area tactile sensors in the
literature that require tracking of markers using binocular
cameras and estimating the deformation and pressure, our
proposed technique directly offers a brightness change at
the point of application of pressure on the sensor surface
making localization as well as calibration easy. In addition,
this technique based on piezoluminescent skin requires only a
single camera and also allows detection and estimation of pres-
sure at points far away from the camera. The straightforward
construction of the multi-layered skin structure, coupled with
the direct correspondence between brightness and pressure
applied at the point enables the dense spatial distribution of
taxels resulting in high spatial resolution.

IV. SENSOR OPTIMIZATION

The sensitivity of the changes in emitted light intensity to
applied pressure in the piezoluminescent tactile sensing skin is
influenced by various factors such as the geometry and optical
properties of the elastomer layers as well as the luminance
of the EL panel. These factors are directly related to the
phenomenon of light diffusion within the translucent layer.
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Fig. 2. Principle of operation of piezoluminescent skin (a) Light from the EL panel enters the translucent layer and is reflected by the white reflective layer.
When pressure is applied, deformation in the skin changes the angles of incidence reducing the amount of light emitted through the aperture. (b) Images of
the apertures before and after the application of pressure. The central taxel becomes darker when pressure is applied to it.

To develop a sensor with high sensitivity, we investigated the
influence of the following four controllable parameters- the
thickness of the translucent layer, the pigment concentration
of the translucent layer, the diameter of apertures in the EL
panel, and the operating voltage of the EL panel (Fig. 3(a)).

Fig. 3(b) shows the planar experimental setup used for
optimizing the influence of these parameters on the sensor
sensitivity. A hollow cuboidal platform from black opaque
PLA was 3D printed. The top face of the cuboidal structure
houses a transparent acrylic sheet upon which the different
designs of piezoluminescent skin can be placed. For these
experiments, flat piezoluminescent skins utilizing EL panels
of dimensions 110 mm X 70 mm were fabricated. Each
piezoluminescent skin is composed of a 300 um thick EL
panel with an aperture of diameter 4 mm. Above the EL
panel is a three-layered elastomer structure made of Smooth-
On Ecoflex 00-30 with different optical properties. The first
is a translucent layer of a thickness 1, 2 or 3 mm and varying
concentrations of white pigment (Silc Pig, Smooth-On, Inc.)
to control its transmittance. The second is a reflective white
layer of 1 mm thickness and the third or the topmost layer is
a 1 mm thick black opaque layer.

Below the acrylic sheet is affixed a light meter, or a USB
camera to record changes in light intensity from the taxel
when pressure is applied on the piezoluminescent skin. An
indenter attached to a force sensor (DBBSMM miniature S-
Beam load cell) is mounted on a lead screw driven by a stepper
motor to apply and measure pressure on the piezoluminescent
skin. A rigid 3D-printed indenter with a square cross-section
and areal dimensions of 6 mm X 6 mm which can cover the
pitch of the taxel is used for applying forces. Illuminance is
measured for applied pressures ranging from 0 to 250 kPa

in 10 kPa increments. For each skin sample of a specific
thickness, measurements are taken three times, and the mean
of these measurements is used.

Fig. 3(c) shows the change of light intensity from a single
taxel when pressure is applied to it for different thicknesses
of the translucent layer. For each of the samples with thick-
nesses of 1 to 3 mm, the light intensity emitted from the
taxel decreases with increasing pressures from 0 to 250 kPa
demonstrating a broad range of pressure sensing. The initial
luminance before applying any pressure is higher in samples
with thicker translucent layers as more light can be diffused
and reflected through the aperture in the EL layer. From Fig.
3(d), it can be observed that the sensitivity peaks for all
three thicknesses at around 40 kPa. The reason for this is as
follows. Initially, there is a small cylindrical air gap between
the translucent layer and the rigid acrylic plate formed by the
wall of the aperture in the EL panel. As the pressure increases,
the contact area between the acrylic plate and the translucent
layer increases until 40 kPa when the contact area saturates
and the sensitivity of deformation to force decreases resulting
in a decrease in sensor sensitivity after this peak. The skin with
the 1 mm thick translucent layer exhibits the highest sensitivity
peak, but it decreases to the lowest level beyond 45 kPa. The
3 mm thickness has the lowest sensitivity peak but maintains
a relatively high sensitivity at pressures ranging from 50 to
250 kPa. In summary, the lower thickness of the translucent
layer achieves higher peak sensitivity at lower pressures while
larger thicknesses offer better sensitivity for a wide range
of pressures while giving lower sensitivity at low pressures.
However, the magnitude of light intensity emitted from the
taxel is also lower as can be noted from Fig. 3(c). Low light
intensity can lead to potential noise issues that affect image
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Fig. 3. (a) Design parameters that influence the sensitivity of the tactile sensing skin. (b) Experiment platform for sensor design optimization. (c) Variation in
illuminance was measured by the light meter for pressures ranging from O to 250 kPa for different thicknesses of the translucent layer. (d) Sensor sensitivity

vs pressure for different thicknesses of the translucent layer.

processing. Hence, we choose 2 mm as the thickness for our
translucent layer, striking a balance between high sensitivity
and adequate light intensity.

In addition to the thickness of the translucent layer, its
transmittance as well as the operating voltage of the EL panel
affect the light intensity of the emitted light from the taxel. To
investigate the effect of transmittance on sensor performance,
we added diluted white pigment to the Ecoflex 00-30 pre-cure
mixture to reduce transmittance and enhance diffuse reflection
within the translucent layer. Initially, 1 g of white pigment was
added to 9 g of silicone thinner and mixed thoroughly. Using a
micropipette, fixed volumes of the mixture were added to 100
g of Ecoflex 00-30 (A+B mixture) to realize different pigment
concentrations. We created three sensing skin samples with
three different white pigment concentrations - 0%, 0.01%, and
0.02% by total weight. In this experiment, we utilized a camera
mounted inside the experimental platform shown in Fig. 3(b)
instead of the light meter. We record an initial image and an
image after the application of 20 kPa pressure and convert
them to grayscale. The sensitivity is defined as the change
of the total grayscale value within the taxel region between

the two images divided by the applied pressure of 20 kPa. We
observed that an increase in white pigment concentration led to
an increase in the initial light intensity. In addition, increasing
the operating voltage of the EL panel also led to higher initial
light intensity. From Fig. 4(a), we can see that for the same
operating voltage, lower pigment density results in increased
sensitivity. For a fixed pigment intensity, increasing the voltage
improves the sensor sensitivity. Hence, we chose 0% white
pigment and set the voltage supplied to the inverter at 12V
which corresponds to an inverter output of 100V at 930Hz.
It should however be noted that increasing the initial light
intensity too much may lead to saturation of grayscale values
in the camera images resulting in the reduction of sensor range.

We also fabricated and studied taxels with different diame-
ters mm to identify the influence of taxel diameter on sensor
design and performance. We fabricated a piezoluminescent
skin by cutting apertures of diameters 2 mm, 4 mm, 6 mm,
and 8 mm in an EL panel of dimensions 110 mm x 70 mm.
Using a planar experiment platform and a USB camera, we
captured an image of the skin with the EL panel powered on.
As the light emitted through the apertures in the EL panel is
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piezoluminescent skin to indenters of varying sizes and shapes.

from the adjoining area outside the aperture, the light intensity
is highest at the boundary of the taxel and reduces towards the
center (Fig. 4(b)). We identified the centroid of each taxel and
calculated the average grayscale value of the pixels at different
radii from the centroid. Fig. 4(c) displays the average grayscale
values of pixels at different radial distances from the center
to the edge of the circle. When the taxel diameter is greater
than 4 mm, the brightness distribution in the taxel becomes
uneven, lacking uniformity, and the initial brightness is lower.
To obtain a clear and uniformly bright circular emission area
in the image we chose a diameter of 4 mm for the taxels.

The shape and size of the indenter are important for
calibration of the sensor outputs [29]. With the diameter of
the taxel set to 4 mm, we used indenters of different sizes and
shapes to test how they affected the grayscale value response
of the taxels. We used circular indenters with diameters 3, 4,
5, and 6 mm and square indenters with side lengths 3, 4, 5,
6, and 12 mm. Applied pressure versus the grayscale value
of a single taxel for each indenter was recorded three times

and the average values were taken (Fig. 4(d)). The results
indicate that the response varies with the indenter size and
converges towards a specific response as the indenter size gets
larger with the response for 6 mm x 6 mm being close to that
for 12mm x 12mm. Smaller indenters result in non-uniform
pressure application causing the grayscale values to deviate
noticeably compared to large indenters approximating uniform
pressure application. This also implies that the accuracy of
pressure estimation during general operation will depend on
the feature sizes of the contacts with the sensor.

V. DESIGN AND FABRICATION OF TACTILE SENSOR
MODULE

Based on the optimized design of the piezoluminescent skin
realized above, we developed a large area cylindrical tactile
sensing module for application to robotic manipulators. Fig.
5(a) illustrates the design of the cylindrical tactile sensor. The
base of the sensor module is a 3D-printed structure that houses
the camera. It also contains an annular groove of 3 mm gap
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to hold the sensor structure. A cylindrical transparent acrylic
tube with an outer diameter of 80 mm and a thickness of
2.5 mm covered by the piezoluminescent skin is affixed in the
annular groove in the base. The transparent acrylic tube serves
as the skeletal structure of the sensor providing load-bearing
capacity and also allows the transmission of light from the
piezoluminescent skin to the camera. A seamless multilayered
piezoluminescent skin of a total thickness of 4 mm is affixed
over the transparent acrylic tube.

The innermost layer of the piezoluminescent skin is a 300
pm thick EL panel measuring 210 mm X 297 mm. An array
of circular apertures of diameter 4 mm are made into the panel
using a CNC milling machine. Consecutive apertures have a
horizontal space (edge to edge) of 2 mm and a vertical space
of 4 mm between them. The EL panel with the apertures is
wrapped around the acrylic tube and attached to it using su-
perglue. Then, a cylindrical multi-layered elastomer structure
consisting of a translucent transmitting layer, a white reflecting
layer, and a black opaque layer is fabricated separately and
affixed over the transparent acrylic tube attached to the EL

panel. Positioned at the uppermost section of the cylinder
is an opaque lid to prevent external environment light from
interfering with the camera images. The base of the sensor
houses a USB camera (ELP-USB4KHDRO1, Sony IMX317)
with a 2.1 mm lens operating in 1080p 30 FPS mode. The
camera is used to enable real-time monitoring of light intensity
of the entire inner surface of the transparent cylinder. Fig. 5(b)
shows an image of the internal surface of the tactile sensor as
viewed by the USB camera, where each luminous blue circle
is one taxel.

A. Design of Taxel Layout

For the cylindrical tactile sensor module, the distribution
layout of the taxels is crucial to distinguish individual taxels
far from the camera and obtain optimal spatial resolution.
Each circular aperture on the EL panel represents a tactile
unit or a taxel. Ideally, a higher density of taxels per unit area
indicates a higher localization resolution and a lower TPD
distance achievable by the tactile sensing system. However,
due to limitations in camera resolution and the camera’s non-



vertical alignment with the EL panel, regions farther from the
camera occupy smaller areas in the captured image. Thus, it
is necessary to consider that if taxels are too dense or the
diameter is too small, some taxels may not be recognized
independently in the image, leading to overlapping areas and
compromising recognition accuracy. We set that the pixel
distance between each taxel in the image should be greater
than 3 to ensure the distinction between the taxels during
image processing and conduct a simulation to calculate the
suitable spacing between apertures on the EL panel.

The initial step is to obtain the camera calibration model.
This process includes obtaining a sufficient number of 3D
spatial points within a predetermined world coordinate system
and ascertaining the corresponding pixel coordinates of these
points in the image. This establishes a correlation between the
world coordinates and the image coordinates [36]. Considering
that the taxels are at a radial distance of 40mm, which is
equal to the diameter of the acrylic tube, we utilized the
camera model and calculated the pixel distance in the image
for taxels with vertical spacings of 2 mm, 4 mm, and 6 mm at
different vertical distances from the camera. Fig. 5(d) shows
that for a specific taxel distance, the pixel distance between
two adjoining taxels decreases as we move further away from
the camera. For a tactile sensor of a height of 200 mm from
the camera base, a vertical distance of 4 mm between pixels
ensures that each taxel in the image has an appropriate pixel
distance of 4. A smaller vertical distance of 2 mm will lead
to a pixel distance of 2 at 200 mm height. Thus, we fix a
vertical distance of 4 mm between taxels for our sensor design.
For horizontal spacing between taxels, there is less issue with
overlapping taxels in the image as can be seen in Fig. 5(b);
so we chose a horizontal spacing of 2 mm.

B. Fabrication of Cylindrical Piezoluminescent Skin

We developed a casting method for fabricating a seamless
laminated structure of the elastomeric skin for the cylindrical
tactile sensor. The design of the mold is shown in Fig. 5(c).
The 3D-printed base contains a cylindrical groove in which
the transparent acrylic cylinder that forms the inner part of
the sensor is inserted. Two 3D-printed semi-cylindrical molds
are aligned and inserted into the groove on the base. The
dimensions are such that a cylindrical air gap of 2 mm
is left between the 3D-printed mold and the acrylic tube.
Ecoflex 00-30 pre-cure mixture diluted with silicone thinner is
degassed and poured into the gap between the cylinder mold
and the transparent acrylic cylinder using a circular lid as a
funnel. This is left to cure for 4 hours resulting in the first
layer of the elastomer structure formed over the acrylic tube.
Next, the set of semi-cylindrical molds is replaced by another
with inner diameter increased by 2 mm and the mixture for
white reflecting layer with 1% white pigment is cured in
the chamber. Finally, the semi-cylindrical molds are replaced
by a third set with a further increased inner diameter by 2
mm and Ecoflex 00-30 mixed with 1% black pigment (Silc
Pig, Smooth-On) is cured in the chamber. After demolding,
a three-layered elastomer structure with a translucent inner
layer, a reflective white middle layer, and an opaque black

outer layer and a total thickness of 4 mm is obtained. The
three layered structure is carefully removed from the acrylic
tube and inserted over an acrylic tube with the EL panel of
dimensions 210 mm x 297 mm affixed to it. This fabrication
method enables the preservation of a small air gap between the
acrylic tube and the translucent layer, allowing the elastomer
to deform at lower pressure enhancing the sensor’s sensitivity.

VI. MODEL AND CALIBRATION

The fabricated cylindrical tactile sensing module requires
two types of calibration in order to be employed for contact
localization and pressure estimation. The first involves estab-
lishing a camera model to map each pixel in the image to its
corresponding location in the real world. The second involves
identifying the mapping between the intensity of a taxel in the
image to the normal pressure applied on it in the real world.

A. Camera model

To achieve the conversion from 2D-pixel coordinates on the
image plane to 3D world coordinates, camera calibration is
required. Camera calibration involves obtaining a sufficient
number of spatial points in a known world coordinate system,
finding the corresponding 2D-pixel coordinates of these points
in the image, and establishing the correspondence between the
world coordinates and the image coordinates (Fig.6).

To facilitate coordinate transformation, we establish a three-
dimensional coordinate system called the camera coordinate
system (X, Y., Z.) with the origin at the camera’s optical
center and the z-axis coincident with the camera’s optical axis.
The optical center is at a distance of f (the focal length of the
camera lens) from the image sensor. We also set up a plane
coordinate system called the image coordinate system (X, Y},)
in the plane of the image sensor such that The Z, axis passes
through the origin of the image coordinate system. Since the
pixel origin of the captured image is in the top-left corner,
we establish a pixel coordinate system (U, V') with the origin
at the top-left corner of the image coordinate system. The
pixel coordinate system is coplanar with the image coordinate
system.

Assuming a point P on the cylinder has coordinates (z., y.,
z¢) in the camera coordinate system, we can project point P
onto the image coordinate system along the P-Zc direction,
resulting in the coordinates Po(x,, ¥p) in image coordinate
system. Since the image coordinate system is parallel with
the pixel coordinate system, we can obtain the coordinates
Ps(u, v) from point P,. By applying the principles of similar
triangles based on geometric relationships, we can derive

Zelp = fze, RelYp = fYye ()

Converting equation (1) to matrix form, we obtain:

Zp f 0 0 T
1 0 0 1 Zc

Using equation (2), we have accomplished the transforma-
tion between the camera coordinate system and the image
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coordinate system. Additionally, considering that U is aligned
with the X, axis and V is aligned with the Y}, axis, (c;, ¢,)
represents the coordinates of the image coordinate system’s
origin, and d, and d, denote the actual horizontal and vertical
physical dimensions of each pixel, we can calculate

U =g+ Tp/ds,v =y + yp/dy 3)

Converting equation (3) to matrix form, we obtain:

u . (1) Co Tp
v = 0 dy Cy Yp 4)
1 0 0 1 1

By substituting equation (2) into equation (4), we obtain

u 1 T
v | =—K| ¥ (5)
1 Ze Ze

in which the camera’s intrinsic matrix, K is given by:

% 0 ¢
E=|0 [ ¢ (6)
0 0 1

The transformation from the pixel coordinate system to the
world coordinate system is given by:

Te U
Yo | = 2K | v (7)
Ze 1

The K can be obtained using the camera calibrator app in
MATLAB’s Computer Vision Toolbox™.

996.6227 0 965.2231
K= 0 991.0198 579.5909 (8)
0 0 1

As the piezoluminescent skin is wrapped around the acrylic
cylinder of fixed diameter, this places a constraint making the
real-world coordinates for any point on the skin, z. and y.
dependent on each other. By combining equations (7) and (8)
with the equation 22 +y2? = R?, where R represents the radius
of the cylinder (40 mm), and substituting the pixel coordinates,
we can determine the unique solution for the 3D coordinates in
the camera coordinate system, with the optical center as the
origin. From the matrix K identified for our camera, it can
be observed that f/d, and f/d, are 996.6227 and 991.0198,
respectively. Given a pixel size of 2.2 um X 2.2 um, the
calculated focal length f is approximately 2.18 mm, which
aligns closely with the 2.1 mm lens chosen for the camera.

B. Pressure calibration

In the cylindrical tactile sensor module, each taxel has
a unique coordinate relative to the optical center. Taxels
at different z-coordinates result in different viewing angles
from the camera. Furthermore, the solid angle subtended by
taxels at different z-coordinates at the camera lens are also
different. Due to these reasons, the initial light intensity of
taxels as captured in the camera image is non-uniform and
the area occupied by each taxel in the image depends on its z-
coordinate. We first study how the light intensity of the taxels
is influenced by the distance and the viewing angle of the
light receptor. For this, we took an EL panel of dimensions,
110 mm x 70 mm, and used a light meter for measuring
the light intensity at varying distances and viewing angles.
We fix the light meter probe at a specific distance from the
center of the panel with the probe directly facing it. Then,
the probe is moved around in an arc subtending different
angles from 0 to 180 degrees to the surface of the EL panel.
The experimental environment was kept dark to minimize the
influence of environmental light.

In Fig.7(a), illuminance measured by the light meter for
changing viewing angles at three different distances from the
EL panel is shown. For a fixed distance(10 cm, 20cm, or
30 cm) and varying the angle between the light meter probe
and the EL panel, the light meter always receives peak light
intensity when the probe is orthogonal to the surface. As
the angle to the surface decreases, the illuminance received
by the probe decreases. Additionally, under a fixed angle,
reducing the distance significantly increases the light intensity.
Therefore, it is essential to consider the relationship between
the light intensity and the distance of the taxels from the
camera for pressure calibration.

To calibrate the cylindrical tactile sensor, we collected data
of six taxels at different vertical distances from the camera. By
manually probing the sensor surface with a 2 mm cylindrical
indenter while observing the camera feed, we marked the
locations on the outer surface corresponding to the selected
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taxels. A 12 x 12 mm indenter was fixed to the load cell
mounted on a motorized lead screw as illustrated in Fig.
7(b). The linear actuator with a load cell attached to it was
firmly secured to the table using two table clamps. To capture
the data for each of the selected taxels, the tactile sensor’s
position was manually adjusted to align the indenter precisely
with the corresponding marked location on the sensor surface
and affixed to the table with hot melt glue. As the indenter
area is larger than that of a single taxel, it completely covers
the projected area of the target taxel on the outer surface
during data collection. The tactile sensing skin was then
indented with a displacement increment of 0.05 mm per step
For each displacement step, the force measured by the load
cell was recorded and divided by the area of the indenter to
calculate the pressure (P = F'/S). Subsequently, the sum of
grayscale values from the taxel was recorded three times and
averaged to obtain the sum of grayscale values within the taxel
corresponding to the pressure. For each compression step, the
difference in averaged sum of grayscale values within the taxel
was expressed as a percentage of its initial value before the

application of pressure. This process was continued until the
force measured by the load cell reached a maximum set value
corresponding to a pressure of 20 kPa.

In Fig. 7(c), the data from six taxels at different
heights(corresponding to different Z coordinates in the camera
coordinate system) for the range of 0 to 20 kPa are shown.
While the change in the magnitude of grayscale values to
applied pressure is lower for taxels farther from the base, the
percentage change is larger due to a lower initial brightness
of these taxels. A linear curve fit function, P(I) = cI, was
used to fit the relation between the pressure P applied and
the percentage change in grayscale value, I for each of the six
taxels tested. The average R-squared value for these six curves
representing the taxels at different Z coordinates is 0.892. The
coefficient ¢ is dependent on the Z coordinate of taxels, and
is modeled by an exponential function ¢(Z) = a - €% (Fig.
7(d)). The coefficients a and b determined from curve fitting
are 72.75 and -0.02792 respectively. By utilizing the fitted
function P(I) = ¢(z)I, We can estimate the pressure on any
taxel by substituting the percentage change in its grayscale
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value.

C. Contact localization and pressure estimation

Once the cylindrical tactile sensor is calibrated, the pro-
cedure for localizing applied pressures and estimating their
magnitude is as follows. An initial image without any appli-
cation of pressure on the sensor is captured and a grayscale
threshold is applied to obtain a 2D mask and each connected
region in the mask is initialized as a taxel. The percentage
change in the average grayscale value of each taxel between
the initial and current image is computed and the pressure
magnitude is estimated using the pressure calibration model.
Utilizing this normalized metric for calibration mitigates the
impact of minor variations in taxel areas within the image.
Given the influence of noise in low-light conditions, we set
the minimum detectable pressure as 6 kPa. The centroid
coordinates of the taxels with pressure exceeding the set
threshold are transformed into world coordinates using the
camera calibration model and plotted along with a colormap
to indicate the pressure magnitude at each point.

VII. SENSOR CHARACTERIZATION AND DEMONSTRATION

After realizing the calibration of the cylindrical tactile
sensor, we characterize its various performance metrics such

as localization accuracy, TPD distance, pressure-estimation
accuracy, and response time.

A. Localization Accuracy

To characterize the localization estimation accuracy of the
designed sensor, we used a 6 x 6 mm indenter with a square
cross-section. While we conducted sensor calibration using
an indenter with 12 x 12 mm, we used an indenter with a
smaller cross-section to avoid activating multiple taxels at the
same time. We randomly sampled 30 points on the sensor and
pressed them with the indenter, recording the probe’s central
point as the location of the pressure application. In Fig. 8(a),
the orange points represent the actual world coordinates of
the touch points we measured, the green points indicate the
world coordinates calculated and output by the sensor, and
the black lines are used to connect these two points for each
sample to indicate the distance error. The overall Root-Mean-
Square Error (RMSE) for this test is 1.92 mm indicating a
high localization accuracy of this sensor.

B. Pressure Estimation Accuracy

To assess the accuracy of pressure estimation, considering
the varying angles and distances between the taxels and the
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camera at different heights, we performed tests at seven dis-
tinct heights using a 12 mm x 12 mm indenter. At each height,
we randomly selected five points for testing. By utilizing a
linear actuator equipped with a load cell, we applied pressures
within the range of 6 kPa to 20 kPa, and the camera images
were utilized to compute the estimated pressures. The RMSE
for all 35 test points is 2.45 kPa. The estimation errors are
plotted against the height of the taxels in Fig. 8(b). We observe
that even at different heights, the resulting RMSE values are
in a similar range, indicating that our sensor exhibits good
consistency and accuracy in pressure estimation at different
heights.

C. Response Time

The response time of our tactile sensor is related to two
aspects- the viscoelastic behavior of the elastomeric skin
and the frame rate of the camera. Utilizing the experimental
platform illustrated in Fig. 3(b), we conducted experiments
to assess the maximum detectable frequency of tactile events
by the tactile skin. A square tactile skin sample was placed
on the acrylic board and the light meter was replaced by a

photodiode (Vishay, BPW20RF) with a faster sampling rate
than the light meter and the camera. This modification is
aimed at precisely evaluating the response time required for
compression deformation and recovery time for elastomer to
rebound. To isolate the signal interference from the high-
frequency driving current of the EL panel, we utilized a 3
mm core diameter (4 mm outer diameter) optical fiber to
transmit the light signal to the photodiode placed outside the
testing platform. As a high-frequency AC signal of over 800Hz
generated by the inverter is used to drive the EL panel, the
panel generates a corresponding frequency of the light signal,
resulting in the fluctuating values detected by the photodiode.
The average amplitude of the signal corresponds to the total
light intensity emitted from the taxel.

We manually apply a load to the skin sample by pressing
manually with an indenter to achieve an approximate defor-
mation of 2.5 mm. The output of the photodiode reduces close
to OV upon application of the load. After waiting for a short
time, the load is rapidly removed simulating a step signal for
unloading. The photodiode signal took approximately 33.85
ms to rise from 0% to 90% of its final output, representing



the 90% steady-state response time which we also refer to
as the recovery time (Fig. 8(c)). When the force application
matches the sensor’s recovery speed, the total time for both
application and recovery is around 67.7 ms. This indicates
that our designed tactile skin can detect tactile events with a
compression deformation of 2.5 mm approximately 15 times
within one second. This indicates that our designed tactile skin
can detect tactile events with a compression deformation of 2.5
mm approximately 15 times within one second. The camera
with a frame rate of 30 FPS used in the sensor system meets
the requirement for detecting a maximum of 15 touch events
per second. As we applied a relatively large compression of
2.5 mm manually for measuring the response time, it can be
inferred that the response time for tactile events corresponding
to deformations lower than 2.5 mm may be smaller and the
use of a camera with a higher sampling rate can improve the
bandwidth of the sensor.

D. Hysteresis and repeatability test

We utilized the experimental platform depicted in Fig. 4(b)
and employed a camera as the light intensity signal receiver
to observe the hysteresis performance of a single taxel. A 12
mm X 12 mm square-shaped indenter was affixed to the load
cell, and a strain rate of 0.5 mm/s was used to apply pressure
ranging from O to 20 kPa. The experiment was conducted for
ten cycles and the data from the last cycle was taken, with the
results shown in Fig. 8(e). We evaluated the hysteresis loss as
19.2% [37].

To evaluate the repeatability of the piezoluminescent skin,
we used the same experimental setup as for the hysteresis
measurement to observe the response drift of a single taxel
under repeated loading. We applied a total of 10,000 cycles,
with the results shown in Fig. 8(d). The difference between
the average peak values from the first 10 cycles and the last 10
cycles was calculated and divided by the average amplitude of
the first 10 cycles to express the sensor drift as a percentage.
The light intensity response shift of the taxel was evaluated to
be approximately 12.9%.

E. Two-point Discrimination Distance

As shown in Fig. 2(b), the TPD distance of our sensor is
related to the distance between two taxels. We utilized two
cylindrical indenters with a circular cross-section of 1 mm
diameter for evaluating the TPD distance. The two indenters
were first placed closely together on the sensor applying
pressure. The sensor output shows only a single detection
point as shown in Fig. 9(a). Then we gradually increased the
distance between the two indenters and recorded the separation
distance when the sensor’s feedback showed a transition from
one detection point to two points in the sensor output as seen in
Fig. 9(b)). This distance is considered to be the TPD distance.
Given the different horizontal and vertical distances between
taxels in our tactile sensor (2 mm and 4 mm respectively), the
test results showed a vertical TPD distance of approximately
5 mm, while the horizontal TPD distance is 3 mm(Fig. 9(b, c)
).To further evaluate the sensor’s performance, we conducted
experiments for regions at distances of 50 mm and 200 mm

from the camera. The results demonstrated that for the region
at 50 mm height from the camera, the vertical TPD distance
was approximately 4 mm and the horizontal TPD distance
was 3.5 mm, while at 200 mm, the vertical TPD distance
increased to 6 mm and the horizontal distance to 4 mm. These
results indicate that our sensor maintains a consistently low
TPD distance over a wide detection range.

F. Multi-point Contact Detection and Pressure Estimation
Demo

The calibrated sensor can be utilized for both single and
multi-point touch detection. Illustrated in Fig. 10(a), when an
operator simultaneously touches the sensor with five fingers,
and the distance between the fingers exceeds the TPD distance,
the sensor indicates five distinctly separate regions in the vi-
sualization of the result from the sensor. The pressure on each
taxel is depicted by a color whose magnitude is shown by the
accompanying pressure map. Due to the contact area between
the individual fingers and the skin exceeding the area of one 4
mm diameter taxel, multiple taxels within a connected region
are activated showing a detailed pressure map for each contact.
Supplementary Video 1 shows feedback of pressure in multi-
point contact scenarios. The points that experience applied
pressures over 6 kPa are depicted in different colors with
their pressure magnitude corresponding to the values shown
in the colormap. Furthermore, when a spring is compressed
against the sensor surface and released slowly, the color of
the pressure indicator changes from red to orange to blue
indicating a gradual reduction in the magnitude of pressure
at that point.

G. Robot guidance based on tactile sensing module

One of the key applications envisaged for the tactile sensor
module is to enable intuitive human-robot guidance by acting
as a sensor interface mounted on a robot for humans to interact
with. To demonstrate the potential for this application, we have
integrated the tactile sensor module as the end-effector of a
6-dof collaborative robot (Inovo Modular Robotic Arm, Inovo
Robotics Ltd., United Kingdom) and demonstrated a simple
guidance operation (Supplementary Video 2).

To realize this guidance, we first evaluate the vector sum
of the forces applied on the sensor based on the pressure
estimated by the taxels to obtain the desired direction of
motion. Let us consider that the pressure estimate of the
it" taxel is given by P(iw(.,yc,zc) and assume that uniform
pressure is applied across the taxel area, A;q.e;, including on
the rectangular boundary around the circular aperture (Smm
x6mm). As we know the pressure is applied normally to
the sensor surface pointing radially towards the cylindrical
axis, the direction of the force is given by the unit vector
(=xc, —Ye)/A/ 22 + y2. The vector sum of the force on all
taxels is given by:

n
- (—%e, —¥e)
Fom = Z e T Je)
o Vel
where 7 is the number of taxels. The pressure of all taxels
with estimated pressures less than 6 kPa are set to zero to

P Atawel (9)
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magnitude represented by the colormap. (b) Robot arm guidance using a single
finger. (c) Robot arm guidance using one hand.

avoid unintended movements due to sensor noise. The force
computed is with reference to the camera coordinate system.
This is then transformed into the wrist coordinate system. The
position of the wrist of the robot is updated based on zero-
stiffness admittance control. As a result, the robot moves in the
direction of the applied force in the plane of the image sensor
with a constant velocity until the applied force is present and
stops when the applied force is removed.

As illustrated in Fig. 10(b), and Fig. 10(c) and
Supplementary Video 2, an operator uses a single finger and
the palm to make contact with the tactile sensor mounted
on the Inovo robot arm and gently guide it to move along a
desired direction in the XY plane of the sensor coordinate
system.

VIII. DISCUSSION
A. Comparison with Other Large Area Tactile Sensors

We first discuss the pressure estimation accuracy of large
area tactile sensors in literature. The TacLINK utilizes a de-
formable elastomer structure pressurized internally and tracks
the deformation of internal markers. Due to this, the force
sensitivity and accuracy are dependent on the internal air
pressure [14], [38]. Under conditions of low internal air
pressure, such as 0 kPa, the estimated force exhibits negligible
deviation from the actual force. However, due to the low
internal air pressure, there is a limitation on the system’s

load-bearing capacity. As the internal air pressure gradually
increases, the difference between the force signal from the
probe and the force signal output from the sensing system
becomes higher. At an internal air pressure of 1.5 kPa, a force
of 1.35 N was applied with a 5.5mm diameter indenter while
TacLINK’s estimate was 0.55 N yielding an approximate pres-
sure estimation error of 33.7 kPa [14]. The force estimation
errors for ERT-based large area tactile sensors fall within the
range of 2.00 N + 1.18 N, representing approximately 20%
of the maximum detection force (10 N) [39]. In our sensor,
the RMSE for pressure estimation is approximately 2.45 kPa
over the proposed measurement range of 6-20 kPa. The rigid
platform for mounting the piezoluminescent skin coupled with
the direct correspondence between the light intensity and
pressure magnitude decreases computational complexity while
also retaining load bearing ability of the sensor structure.

Regarding spatial resolution, TacLINK has a lateral surface
area of 577.76 cm?, having a total of 240 sensing regions. The
calculated density of sensing units amounts to approximately
0.415 taxels per square centimeter. Similarly, VTacArm has a
total marker count of 250 on the skin with a lateral surface
area of 274.75 cm?. The computed sensing unit density stands
at 0.91 taxels per square centimeter [14], [26], [38]. In our
sensor design, the camera with the 2.1 mm lens captures 782
taxels within its viewing area. The overall lateral surface area
of the sensor is 502.40 cm? and the calculated taxel density
is 1.557 taxels per square centimeter. It is noteworthy that
our average taxel density is constrained due to the limitations
of the lens’s capturing angle and the potential substitution of
the lens with a broader field of view could further improve the
sensor’s effective detection area. Benefiting from a heightened
distribution density of taxels, the sensor we designed resulted
in a localization RMSE of 1.92 mm. In ERT-based methods,
spatial resolution is related to the quantity and configuration
of electrodes as well as the number of data points used to
calibrate or train the localization model. In the works with
electrodes incorporated at the sensor’s center, the localization
accuracy typically ranged from 3.9 + 2.7 mm to 28.5 + 10.2
mm [20], [33], [39]-[43].

There are electronic sensor skins that adopt modular designs
and are scalable, such as the ROBOSKIN and Hex-o-skin [29],
[44]. The shape of each flexible PCB sensor module is that of
an equilateral triangle with an area of 3.9 cm?. Each module
has 12 round pads serving as taxels and a capacitance-to-
digital converter. Intercommunication between each triangular
module is achieved through an I?C serial bus, with every 16
modules requiring a microcontroller board for communication
with the PC via the CAN bus. To achieve the same detection
area as our proposed sensing system, the ROBOSKIN would
require approximately 128 modules and 8 MCUs. Compared
to our design, the modular iCub robot skin offers a higher
taxel density and a faster sampling rate.

In practical applications, such as on a robotic arm, it
requires an additional framework layer on the existing arm
surface, along with enough space to house the analog-to-digital
converter behind the tactile sensor module [29], [44]. While
vision-based tactile sensors can be easily integrated to the wrist
of a robotic arm, serving as an extra link, replacing a robotic



TABLE I
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Reference Method Localization error Taxelzs TPD distance Sampling Measuring Hysteresis
/ cm rate range
Lee et al. [40] ERT-based 28.5 + 10.2 mm 0.5626 / 200Hz / /
Lee et al. [41] ERT-based 78.5% hit rate / / / 0to I0N 4.7%
Park et al. [20] ERT-based 5.2 £33 mm 0.9554 / 120Hz / /
Lee et al. [39] ERT-based 8.13 + 4.32 mm 0.81 35 mm to 55 mm / Oto 10N 83 +4.7%
Park et al. [33] ERT-based 39 + 2.7 mm 1.2346 / 12.5kHz / /
Park et al. [42] ERT-based 6.6 = 3.5 mm 0.6336 / 110Hz 0 kPa to 18 kPa 20%
Lee et al. [43] ERT-based 74.4 mm 0.2658 / 30Hz 49N to 981 N /
Zhang et al. [26] Marker-tracking / 0.91 / 40Hz / /
Luu et al. [38] Marker-tracking 7.19 £ 1.06 mm 0.415 140 mm 120Hz / /
Schmitz et al. [29] Capacitive / 3.0769 1 mm to 10 mm 100Hz 0 to 700 kPa /
Mittendorfer et al. [44] Optical / 0.5882 / 1kHz / /
Fu et al. [28] EL 6.63 mm 0.45 / 30Hz 31t094N 23.8 to 28.2%
panel-based
This paper pane]f_tase d 1792 + 0.997 mm | 1.557 g mﬁg‘;‘;‘;ﬂdﬁ 30Hz 6 to 20 kPa 19.2%

arm’s link is challenging. Transparency between the taxels
and the camera is essential and the camera must be able to
capture the light intensity changes in the taxels, implying that
this system might require a higher degree of customization
compared to electronic tactile sensing methods. In addition,
realizing vision-based sensing for largely curved structures is
also challenging because it is difficult to design an imaging
system to achieve coverage of all regions.

Studies involving variable stiffness links based on pres-
surized elastomeric shells as well as tactile sensing robot
links based on marker tracking methods have realized robot
manipulators with hollow internal structures [45]-[47]. These
works provide a valuable reference for incorporating tactile
sensing based on vision while retaining other components
needed for the functionality of robot arms.

In terms of TPD distance, the human forearm’s normative
TPD values in an 18-year-old typically range from 27.41
mm to 30.09 mm, while fingertips exhibit lower TPD values,
ranging from 4.76 mm to 6.55 mm [48]. In sensors based on
visual methods and using the markers tracking technique, the
achieved TPD distance is approximately 140 mm [38]. ERT-
based sensors can achieve TPD distances ranging from 35 mm
to 55 mm at the skin’s edge and center respectively [39]. For
modular design for tactile skin, when multiple receptors are
combined for tactile information detection on a larger surface
area, there are certain distances between each receptor and
different spacings between taxels. In the case of ROBOSKIN,
we consider the distance between taxels as the TPD distance,
and the result falls within the range of 1 mm to 10 mm
[29]. Our proposed tactile sensor exhibits a maximum vertical
TPD distance of 5 mm and a horizontal TPD distance of 3
mm, close to that of human fingers. Large area tactile sensors
exhibiting a low TPD distance can benefit applications in
the human-machine interaction domain, allowing machines
to more accurately and precisely perceive and comprehend
human tactile inputs across extensive surfaces. Moreover, in
virtual reality and augmented reality contexts, such sensors can
provide more authentic and precise tactile feedback, thereby
enhancing user experience.

Electronic tactile sensing systems demonstrate high sam-

pling rates ranging from 25 Hz to 12.5 kHz [20], [29],
[33], [42]. In contrast, our sensor’s sampling rate, similar to
other vision-based sensors, is limited by the camera’s frame
rate. However, Luu et al. have successfully used a high-
speed camera at 120 Hz to significantly reduce the substantial
sampling rate gap between vision-based tactile sensors and
electronic-based tactile sensors [38]. The actual sensor re-
sponse time is dependent on the viscoelastic properties of the
material as well as electronic timescales such as charging and
discharging times in the case of a capacitive sensor. In modular
pressure sensors based on capacitive sensing, algorithms to
compensate for thermal drift and viscoelastic relaxation in
the sensor were proposed [29]. With good electronics design,
electronic timescales are expected to be significantly low, and
sensor response times may be dominated by the mechanical
viscoelastic behavior. As silicones are predominantly used
in both electronic and vision-based sensors, we expect these
mechanical timescales to be of a similar range.

Vision systems are commonly employed in robot control
and the tactile sensor module based on the piezoluminescent
skin interfaces using a single USB and is easy to integrate
into existing software for robot control. The demonstration of
robot guidance through physical interaction with the tactile
sensor showcases its potential to improve intuitive physical
human-robot collaboration. The sensor currently optimized for
high sensitivity in the low pressure range enables maneuvering
the robot with a light touch. The large area tactile sensor
showcases a well-rounded performance in terms of spatial
resolution, taxel density, localization accuracy with a good
pressure estimation accuracy. By further customizing param-
eters such as sensor geometry, lens configuration, and skin
properties, other performance capabilities can be optimized,
such as expanded pressure measurement range, higher spatial
resolution, or a larger tactile sensing area.

B. Limitations

Due to the utilization of a 30 FPS camera, the response
time for tactile event detection is approximately 33 ms. For
applications demanding faster response time, a camera with a
higher FPS mode to achieve a faster image sampling frequency



needs to be utilized. We set the minimum detectable pressure
as 6 kPa to avoid false positives for contact detection due
to the presence of image noise in low-light conditions. With
advanced signal processing techniques and higher-quality im-
age sensors designed for low-light environments, the minimum
detectable pressure could be further reduced. We set the
maximum detectable pressure threshold as 20 kPa as the skin
remains in a highly sensitive range at this pressure while at
the same time ensuring that the acrylic cylinder does not
undergo significant deformation, which could compromise
pressure estimation accuracy. Additionally, since we used a
commercially available low-cost acrylic cylinder, the pressure
detection range could be further increased by using higher-
strength transparent cylindrical materials that maintain the
cylinder’s shape under higher pressure. This would help keep
the relative positions of the taxels and camera fixed, ensuring
accurate measurements and potentially expanding the pressure
detection range. The use of 3D-printed PLA material for
making the molds also introduces poor tolerances resulting
in uneven thickness in the layers of the piezoluminescent skin
produced by the casting mold. Employing metal molds can
offer more uniformly layered skin structure enhancing the
precision and accuracy of pressure estimation.

While the sensor performs well in localizing singular point
contacts, its primary application is to localize and provide
pressure estimation for distributed normal contacts in which
the contact region with an object covers at least a single taxel
completely. Additionally, the pressure estimates at the bound-
aries of contact regions may be inaccurate due to the non-
uniform pressure distribution on the boundary taxels. Although
not yet realized, marker detection methods using multiple
cameras in large area tactile sensors offer the possibility to
detect and measure shear forces. However, our method based
on the piezoluminescent skin does not offer features for shear
force sensing and is restricted to normal force sensing.

IX. CONCLUSION

In this paper, we introduced a piezoluminescent skin based
on a flexible EL panel and a deformable multilayered elas-
tomer structure whose emitted light intensity at a region is
dependent on the pressure applied to it. By monitoring the
variations in light intensity emitted by the skin using a camera,
we achieve contact localization and estimation of pressure
magnitude. This methodology provides us with a high spatial
resolution, yielding a localization estimation RMSE of 1.92
mm. Furthermore, we achieve a TPD distance of 3 mm to
5 mm, approaching the performance observed in the human
fingertip. We demonstrated the guidance of a robot through
physical interaction with the tactile sensor mounted as the end-
effector showcasing its potential for application to intuitive
human-robot collaboration.

In future works, our focus will be directed toward image
processing techniques for reducing noise in camera image sig-
nals, thus further reducing the minimum measurable pressure
and broadening the range of detectable pressures. Additionally,
we will work on enhancing the manufacturing processes for
multi-layer structured skin to achieve uniformity and aug-
ment the precision of pressure estimation. Simultaneously, we

will explore the application of this tactile sensing system to
augment a robotic arm, facilitating improved human-machine
interaction between the robot arm and the operator.
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