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Abstract— Tactile sensing plays a critical role in enabling
robots to interact safely with target objects in dynamic and
unstructured environments. While various tactile sensors based
on different sensing principles or different sensitive materials
have been proposed, the development of flexible large-area
tactile sensors for robots is still challenging. In this paper,
a novel highly sensitive piezoresistive sponge based on multi-
walled carbon nanotubes (MWCNTs) and polyurethane (PU)
sponge is fabricated for pressure sensing. The sensing behavior
of the piezoresistive sponge was experimentally evaluated,
showing high sensitivity and fast response. Based on the
piezoresistive sponge, a flexible large-area tactile sensor is
designed for distributed force detection with electrical resistance
tomography technology. The sensing performance of the sensor
is validated by touch location, sensitivity analysis, real-time
touch discrimination, and touch modality recognition. The
experimental results indicate that the sensor performs well in
detecting the position and force of contact in a large area. The
sensor’s performance shows promise in embodied tactile sensing
and human–robot interaction.

I. INTRODUCTION

Tactile perception is crucial for robot physical interaction
tasks [1] [2], primarily due to its ability to provide physical
properties information of objects they interact with, which
is not available through other sensing modalities [3] [4].
Therefore, tactile sensing has recently attracted much atten-
tion in the field of robotics [5] [6]. Various tactile sensors
based on different sensing mechanisms and different sensing
materials have been developed for robotic applications [7]
[8] [9]. Although these tactile sensors have been successfully
applied for some applications [10], most of them are limited
to small-area robotic hands or fingers [11] [12].

As robots are increasingly deployed in dynamic scenarios,
they require the ability to fully understand their surroundings
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Fig. 1. An illustration of large-area tactile sensing based on ERT.

and interact with them safely [13] [14]. To achieve this abil-
ity, large-area tactile sensors should be deployed on the robot
body to detect a wide range of potential physical contacts
throughout the sensing area [15] [16]. Therefore, there is
increasing interest in developing large-area tactile sensors
[17] [18]. While several large-area tactile sensors have been
reported, most of them are implemented using array-based
sensing methods. Specifically, these sensors consist of a
series of discrete sensing units, each unit responsible for
an area. However, the application of this type of sensor is
limited when the amount of sensing elements required is
large [19]. Therefore, the deployment of large-scale tactile
sensors on the robot surface based on array-based structures
is not realistic [20] [21].

Electrical Resistance Tomography (ERT) is a non-invasive
imaging technique that estimates the internal conductivity
distribution of a sensing medium [22]. This is achieved
by collecting measurements from boundary electrodes and
using the measurement data to reconstruct a conductivity
distribution [23]. ERT offers several benefits, including large-
area scalability and durability, making it suitable for practical
deployment in sensing applications [24]. By deploying ERT
on a stretchable conductive medium, it becomes feasible to
develop flexible sensors with arbitrary size and shape. This
characteristic of ERT holds great promise for implementing
large-scale tactile sensing [25].

Recently, ERT technology for tactile sensing has emerged
as a promising solution to overcome the limitations as-
sociated with traditional array-based sensing methods [26]
[27]. Over the past few years, there has been significant
progress in the development of ERT-based tactile sensors.
Researchers have been exploring and utilizing various con-
ductive materials to create tactile sensors that can be ap-
plied in various contexts and for diverse applications [28]
[29] [30]. Most ERT-based tactile sensors have utilized the
conductivity changes of conductive fabrics to measure the
applied pressure distribution, yielding promising results in
specific applications. However, it is important to note that
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the sensitivity of these sensors to pressure can be limited by
the inherent properties of the fabric, including its electrical
conductivity and modulus of compressive elasticity.

On the other hand, the porous polyurethane (PU) sponge
has great application potential in flexible sensors [31]. Sev-
eral existing studies have demonstrated that sponge sen-
sors with unique three-dimensional structures can exhibit
high sensitivity to pressure. Furthermore, the flexible and
lightweight nature of sponge sensors is an additional advan-
tage. However, it should be noted that most existing research
on sponge sensors has primarily focused on their piezoresis-
tive properties as individual units, rather than on large-area
tactile sensing. This significantly limits the potential appli-
cations of sponge sensors. Consequently, developing a high-
performance large-area tactile sensor remains a challenging
task.

In this study, our objective is to develop a flexible large-
area tactile sensor specifically designed for robot sensing
applications. To this end, a novel highly sensitive piezore-
sistive sponge based on MWCNTs and PU sponge is first
fabricated for pressure sensing. The sensing behavior of the
piezoresistive sponge is evaluated by experiments. Based
on the piezoresistive sponge, we develop a novel flexible
large-area tactile sensor for distributed force detection, with
electrical resistance tomography technology, as shown in
Fig.1. In order to verify the effectiveness of the proposed
sensor, a series of experiments are conducted. The main
contributions are summarized as follows.

1) A novel piezoresistive sponge has been developed
using MWCNTs and PU sponge for pressure sensing.
Compared to pressure sensors formed of conductive
fabric and conductive rubber, piezoresistive sponges
offer significant advantages including high sensitivity
and good flexibility. Moreover, it has low-cost fabrica-
tion and a simple structure, which can easily be tailored
to meet particular application requirements.

2) We develop a novel large-area tactile sensor for dis-
tributed force detection by integrating the previously
mentioned sponge with ERT technology. Compared
with existing array-based tactile sensors, our method
offers the advantage of achieving large-area tactile per-
ception without the limitations of complicated internal
wiring. This makes it particularly attractive for robot
tactile skins that cover the entire robot body.

3) The prototype of the large-area tactile sensor has
been fabricated, and its sensing performance has been
evaluated. The experimental results demonstrate that
the sensor exhibits excellent sensing capabilities.

II. HIGH-PERFORMANCE PIEZORESISTIVE SPONGE

A. Fabrication Procedure

A 2 mm thick polyurethane (PU) sponge is employed
as the flexible porous scaffold. This selection was made
due to the advantageous properties including large specific
surface area and excellent elasticity. MWCNTs is utilized as
conductive filler due to its high aspect ratio. By incorporating

MWCNTs into the PU sponge, the resulting composite
material exhibits piezoresistive properties.

The fabrication procedure of the piezoresistive sponge is
illustrated in Fig.2. Firstly, the sponge is cut into a pre-
specified shape using a laser cutter. Secondly, it is cleaned
with propanol, followed by ethanol, and then deionized water
under ultrasonication. Then, the cleaned sponge is dried
in an oven at 70 ◦C for one hour. Afterward, the sponge
that has been treated is put into an aqueous dispersion of
MWCNTs for five minutes, allowing the MWCNTs to be
dip-coated onto the inside of the sponge. Finally, the sponge
is subjected to sonication to remove the remaining liquid
and then dried on a heating platform. The two processes are
repeated several times to ensure that the MWCNTs particles
are well deposited on the sponge skeleton.

MWCNTs dispersion

Piezoresistive 

sensing unit

Polyurethane

sponge
Ethanol

Etching

Fig. 2. Fabrication procedure of the piezoresistive sponge

B. Sensing Properties of the Piezoresistive Sponge

The MWCNTs-coated PU sponge is used as the conduc-
tive layer of the tactile sensor, which plays an essential
role in the sensor. To study the sensing properties of the
sponge, a 1.5cm×1.5cm flexible pressure sensor is created by
attaching the piezoresistive sponge to two copper electrodes
and covering it with a polyethylene terephthalate film.

Control system

Digital source-meter

Force gauge

Programmable 

displacement 

platform

Digital multimeter

Fig. 3. Experiment platform for testing the sensing properties of piezore-
sistive sponges.

An experimental platform is built to test the sensing prop-
erties of the piezoresistive sponge, as shown in Fig.3. It con-
sists of a force gauge (HEMUELE, SH-50), a digital source
meter (KEITHLEY, 2450), a digital multimeter (KEITHLEY,
DAQ6510), a programmable movable platform (MVS405),
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Fig. 4. Sensing properties of the piezoresistive sponge.

and a computer control system. The force gauge is installed
on the movable platform controlled by the computer. The
flexible pressure sensor is fixed on the base of the movable
platform.

The relationship between the current response and the
input voltage under different applied pressures is shown
in Fig. 4(a). It can be seen that all the results exhibit a
good linear relationship in the voltage range of 0 − 2V
under different pressures from 2 to 80kPa, showing a stable
response. Additionally, with increasing applied pressure, the
slope of the current-voltage curve increases accordingly,
indicating that the resistance of the sensor decreases with
an increase in applied pressure. The experimental results are
consistent with the theoretical analysis.

Pressure sensitivity is a fundamental parameter for eval-
uating the performance of a pressure sensor. Fig. 4(b)
illustrates the relationship between the rate of resistance
change ∆R/R0 = (R0 − R)/R0 and the applied pressure,
where R0 and R denote resistance without and with pressure,
respectively. From Fig.4(b), it can be observed that the
curve exhibits three linear regions with different sensitivity
within the pressure range of 0-116 kPa: 0.103 kPa−1 in
the low-pressure region (0-4 kPa), 0.0109 kPa−1 in the
medium-pressure region (4-30 kPa), and 0.001 kPa−1 in the
high-pressure region (30-116 kPa). Comparing our pressure
sensitivity (0.103 kPa−1) to other nanocomposite sensors
(ranging from 0.103 kPa−1 to 0.33 kPa−1), our sensor
exhibits favorable sensitivity. Additionally, our pressure sen-

sitivity is higher than previously reported ones, which ranged
from 0.001 kPa−1 to 0.088 kPa−1 [32]. This result confirms
that our sensor demonstrates high sensitivity to compressive
pressure within a specific range.

Response and recovery time are also important parameters
to evaluate sensor performance. The response time indicates
how quickly a sensor can detect and respond to an applied
pressure, while the recovery time measures how rapidly the
sensor returns to its original state after the pressure is re-
moved. Fig.4(c) illustrates the response and recovery times of
the sensor when subjected to a pressure of 20 kPa. As shown
in Fig.4(c), the response time is approximately 75 ms, while
the recovery time is around 93 ms. These values indicate that
the sensor exhibits a good response performance, making
it suitable for real-time tactile measurements required in
robotic applications.

Fig.4(d) shows the change in resistance of the sensor
under step pressure. In this experiment, pressure is gradually
applied to the sensor from 4 kPa to 40 kPa, and then the
pressure is gradually released. From Fig.4(d), It can be seen
that the resistance change rates remain consistent under the
same pressure during the loading and unloading processes.
This indicates that the sensor maintains high stability even
after undergoing step pressure processes.

The stability experiment is conducted using the sensor,
applying pressures of 2, 4, 20, 40, and 80 kPa, respectively.
The stability experiment data is presented in Fig.4(e). The
results reveal excellent stability under all five different pres-
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sures, with the resistance change rate gradually increasing as
the pressure increases.

Long-term durability is an important aspect for practical
applications of sensors. Fig.4(f) shows the results of thou-
sands of dynamic loading and unloading tests carried out
under a specific pressure. These results demonstrate that the
sensor maintains excellent stability and durability throughout
the tests.

These experimental results confirm the sensor’s excellent
sensitivity and stability across a wide range of pressures.
Additionally, the piezoresistive sponge is low-cost and can
be easily scaled up. This makes it a promising option for
realizing large-area tactile sensing.

III. FABRICATION OF FLEXIBLE LARGE-AREA TACTILE
SENSOR

Based on the research in Section II, a large area tactile
sensor is designed and fabricated by utilizing the piezoresis-
tive sponge and employing electrical resistance tomography,
as illustrated in Fig.1.

A. Theoretical Backgrounds of ERT

To comprehend the principles of ERT for tactile sensing,
it is essential to understand the forward and inverse prob-
lems involved, which elucidate the connection between the
measured voltage and the conductivity distribution.

The ERT method relies on Maxwell’s equations, which
establish the connection between conductivity σ and voltage
potential u within a closed bounded domain Ω.

σ∇2u = 0 in Ω (1)

When a current is injected into the boundary domain ∂Ω,
the boundary condition can be expressed as follows:

σ∇u · n = jl on ∂Ω (2)

where jl is the current density at electrode el, and n is unit
vector normal to ∂Ω.

By combining equation (1) and (2), the voltage at the
boundary Vl can be calculated based on a given conductivity
distribution σ and the injection current density jl. This repre-
sents the forward problem of ERT. In practical applications,
the finite element method (FEM) is usually used to solve this
problem.

In ERT, the primary concern is how to determine the
conductivity distribution σ based on the boundary voltage
measurements V . In the context of tactile sensing, the
ultimate objective is to determine the change in conductivity
δσ based on the change in boundary voltage δV . However,
this is an ill-posed and nonlinear inverse problem. To tackle
this problem, a linear approximation can be employed to
describe the relationship between δσ and δV :

δV = Jδσ + ε (3)

where J is the Jacobian matrix, which can be calculated
from the finite element model, and ε is measurement noise.

By computing the pseudo-inverse with a regularization term,
the solution of δσ can be expressed as:

δσ = (JTJ + λ2RTR)−1JT δV (4)

where R is the regularization matrix, and λ is the regular-
ization hyperparameter. For more detailed information, you
can refer to [33].

B. Fabrication Process

Taking advantage of the benefits offered by a multilayered
structure for sensing distributed force over a large area, the
tactile sensor is designed using multiple layers as depicted
in Fig.5. The sensor comprises a base layer, which is a
20 × 20cm2 flexible printed circuit. On the boundary of
the base layer, 16 electrodes are evenly arranged. Following
our previous work [24], a sensing domain is fabricated
on the base layer by spray coating it with carbon black
(CRAMOLIN 1281411). The sprayed layer is carefully con-
trolled to achieve a conductivity of approximately 0.006 S/m.

Coating with carbon black

(Flexible) PCB board

Electrodes

Piezoresistive 

sensing layer 

Neoprene foam

Adhesive layer

(a)

(a) (b)

RLow
RContact

Pressure

Fig. 5. Schematic diagram of the structure of the tactile sensor

To effectively detect multiple simultaneous touches, the
piezoresistive sensing layer is constructed using discrete
sponge sensing units instead of a monolithic piezoresistive
sponge. This design is primarily motivated by the ability
of the lattice structure to prevent current flow between
different touch points through the sensing layer. The sensing
units are designed to have dimensions of 7.5 × 7.5mm2

and fabricated using the production process described in
section II-A. Subsequently, an array of these sensing units,
measuring 24×24, is attached to the neoprene foam using an
adhesive to create the upper layer of the sensor. Finally, the
upper layer is placed on top of the base layer and secured
with adhesive tape, resulting in the complete assembly of the
sensor. The fabrication process described above ensures that
the sensor is inherently soft and flexible. This characteristic
makes it highly suitable for deployment on robot surfaces.

C. Data Acquisition System

A data acquisition system is developed for the sensor
using a combination of a commercial data acquisition card
(NET6024-S) and a customized multiplexing board. The
electrodes of the sensor are connected to two multiplexers
(MAX306) integrated into the multiplexer board. At the same
time, these multiplexers are connected to a current driver
and the data acquisition unit. During sensor operation, the
selection of electrodes is performed by the multiplexers,
which are controlled by a microcontroller STM32F107.
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Fig. 6. Performance evaluation of the tactile sensor.

A pairwise injection pattern is employed for the ERT
sensor. To enable easy integration of the sensor into robotic
applications, a battery and a voltage-current module are
utilized to provide current excitation for the sensor. For
voltage measurement, the parallel acquisition method is
adopted, which not only effectively improves the acquisition
efficiency, but also reduces the time difference between the
data of all channels.

IV. PERFORMANCE EVALUATION

To evaluate the sensing performance of the sensor, ex-
periments are conducted. Given the focus of our work on
studying the novel sensor for large-area tactile sensing,
the traditional reconstruction algorithm Newton’s one-step
error reconsruction (NOSER) is employed to reconstruct
conductivity images from the acquired data.

A. Location Performance Analysis

For large-area tactile sensing, location performance is
crucial in practical applications. To evaluate the sensor’s
location accuracy, experiments are conducted at 81 different
locations on the sensor surface, applying pressure through
point contact. To mitigate the influence of noise, the con-
ductivity images are processed by applying a threshold of
25% of the maximum value. The contact position is then
determined using a weighted centroid calculation.

The location error is quantified by calculating the Eu-
clidean distance between the actual indentation point and the
calculated centroid. The experimental results of location error
are shown in Fig. 6(a). In the figure, black dots represent
the centroids of the target positions, while blue asterisks
represent the centroids of the contact locations measured by
the sensor. The results indicate that although there is some
location error, the sensor is capable of accurately measuring
the contact location.

B. Sensitivity Analysis

To further assess the performance of the sensor, the
sensitivity of the sensor is analyzed. Considering the location

dependence of the ERT-based tactile sensor, the entire sens-
ing area is divided into a virtual array of dimensions 5× 5.
Taking into account the sensor’s symmetry, these 25 sensing
areas are further categorized into six regions, as depicted in
Fig.6(b). Regions with the same color represent areas with
similar tactile sensitivity.

The relationship between the peak value of the recon-
structed conductivity image and contact force is shown in
Fig. 6(c). In this figure, the peak values of conductivity are
averaged across the entire sensing area. From Fig. 6(c), it can
be seen that within the range of 1-10N, the conductivity value
increases with the increase of pressure. This demonstrates
that the sensor is sensitive to variations in pressure and can
effectively detect and quantify the magnitude of the contact
force.

C. Pressure Distribution Imaging

To validate the sensor’s ability to effectively detect touch
contact and achieve multi-target detection, a series of single-
target and multi-target detection experiments are performed.
In these experiments, a 100g weight was used to apply
contact force to the sensor. The experiment results are shown
in Fig.7.

Target

Raw 

Image

Post-

processing

Fig. 7. Single-target and multiple-target touch image.

In the case of single-target pressure, the raw image clearly
indicates the position of the applied pressure, demonstrating
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the effectiveness of the tactile sensor in detecting pressure.
In multi-target scenarios, although the initially reconstructed
images may contain some artifacts or imperfections, effective
recognition of contact points is still achievable through post-
processing.

For ERT-based sensors, implementing multi-point detec-
tion is challenging as applying pressure at multiple points can
often lead to error collapse. However, despite the challenge,
the experimental results demonstrate that the developed
sensor is still capable of effectively detecting multiple-target
contacts. The effectiveness of the developed sensor is further
verified.

D. Real-time Touch Discrimination

To evaluate the sensor’s real-time performance in real
applications, we conducted experiments to detect hand-touch
contacts, which are commonly encountered in human-robot
interaction scenarios. When a fingertip applies force to the
sensor, a 3D image can be generated, as illustrated in Fig.8.
By analyzing the touch image, some quantitative information
about touch can be obtained, including touch positions,
contact intensity, and contact area. From Fig. 8, it can be
seen that the height of the image increases the applied contact
force, indicating that our sensor can accurately measure the
distribution of forces in real-time.

Weak 

touch

Strong

touch

Fig. 8. Real-time touch discrimination.

E. Touch Modality Recognition

In order to demonstrate the sensor’s applicability in the
field of human-robot interaction, a touch modality discrim-
ination experiment is conducted. This experiment aimed to
classify eight different types of touch that commonly occur
in real-world human-robot interaction scenarios. It is shown
in Fig. 9.

To evaluate the recognition accuracy, we conducted an
experiment using actual measurement data, where a Deep
Neural Network (DNN) model was applied. In Fig.10, we
present the confusion matrix results obtained from the touch
modality discrimination experiment. The results demonstrate
a high recognition accuracy of 97.9% for the testing dataset.
This indicates that the sensor, when coupled with the DNN
model, can effectively identify and discriminate between
various touch modalities. This confirms the feasibility of the
sensor in touch interaction.

(a) 1-point touch (b) 2-point touch (c) 3-point touch (d) 4-point touch

(e) Finger-pressing(f) Hand pressing(g) L-shaped touch(h) Palm pressing

Fig. 9. Eight different types of touch.

Fig. 10. Confusion matrix results of touch modality recognition.

V. CONCLUSIONS

A fabrication method is proposed for a highly sensitive
piezoresistive sponge based on MWCNTs and PU sponge.
By combining the custom-made piezoresistive sponge and
ERT, a novel large-area flexible tactile sensor is developed
for robotic perception. Experimental results demonstrate the
effectiveness of the proposed sensor in large-area tactile
sensing. Due to its low cost and easy fabrication, the sensor
has promising potential for practical applications in the field
of tactile sensing.

Since this work primarily focuses on investigating a
novel large-area tactile sensor, the traditional algorithm is
employed to solve the inverse problem. In the future, we
will explore and develop imaging reconstruction methods
specifically tailored for tactile sensing to further enhance the
performance of the sensor.
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