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Abstract—Haptics plays a crucial role in enabling robots to
achieve safe and coordinated interactions with their surround-
ings. Among the diverse range of tactile sensors, visuotactile
sensors have emerged as leading candidates for sophisticated
fingertip sensing applications due to their high resolution and
capability to perceive multimodal tactile information. However,
current visuotactile sensors face limitations in durability and the
ability to rapidly measure multiple tactile information simultane-
ously during brief contact, similar to human touch. We propose
a visuotactile sensor guided by contact models, through our
investigation of Hertzian contact and planar contact. Specifically,
the contact model has revealed the relationship between contact
force, depth, area, and the hardness of the contacting objects
under contact objects of varying shapes. By embedding these
physical priors into a fitting framework, our method avoids data-
intensive learning, enabling real-time, simultaneous estimation of
3-axis force, deformation depth, and Shore A hardness. For three
tests on the same object, the average error in normal force is
around 1.3 N, and the root-mean-square error in hardness is
7.656 on the Shore A scale. At the same time, we have enhanced
the material and processing methods of the visuotactile sensor’s
functional layer to improve its stability and durability, so that it
can be adapted to objects of various hardness.

Index Terms—Hardness measurement, simultaneously sensing,
visuotactile sensor.
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I. INTRODUCTION

TACTILE sensing is one of the primary modalities used
by humans in coordinated interactions [1], [2]. Research

has shown that tactile perception is superior to vision and
hearing in processing material features and detailed shapes of
objects [3], [4], [5]. In addition, the human sense of touch is
an irreplaceable and important sense that can simultaneously
perceive a variety of physical information, including force,
hardness, and temperature, when in contact with an object. To
give robots the same or even superior tactile ability as humans,
researchers have developed a large number of tactile sensors
with different principles. Among them, visuotactile sensors
have become an important choice for robot fingertip sensors in
recent years due to their high resolution, multimodal sensing,
and simple structure.

The visuotactile sensors represented by the GelSight series
realize high-precision 3-D reconstruction of contact surfaces
based on the photometric stereo method. Multiaxis force
estimation and sliding detection are also achieved by adding
markers to the gel [6], [7], [8]. However, such sensors require
complex optical path arrangements and are computationally
intensive for multimodal sensing, making it difficult to mea-
sure multiple physical quantities simultaneously. Sensors such
as GelStereo and DelTact supplement the missing Z-axis infor-
mation of monocular vision with binocular stereo vision or
randomized pixel dots, sacrificing reconstruction accuracy for
faster operation, simpler light arrangement, and the potential
of simultaneous measurement [9], [10], [11].

Although tactile sensors have been able to measure physical
information such as depth, force, and temperature and can
realize dynamic sensing such as slide detection and proximity
sensing, there is less research on measuring the hardness of
objects. Kimoto and Matsue [12] used piezoelectric ceramic
transducers and a parallel plate condenser to measure the
hardness with four grades. However, the sensor can only
measure a narrow range of hardness, and experiments on
objects of different shapes were not performed. Yuan et al.
[13] used Gelsight to measure the deformation of the gel’s
surface and proposed a hardness estimation model with the
combination of the brightness function, marker displacement,
and normal force field. They also proposed the methods with
machine learning [14]. The LSTM and CNN were used in
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this work, and hardness ranging from 8 to 87 on the Shore
00 scale can be measured with different shapes through a
relatively loose operating method. Di et al. [15] took advantage
of fiber-optic bundles to miniaturize the visuotactile sensor
named DIGIT Pinki. Under conditions of Hertzian contact,
they found that the radius of contact is proportional to the cube
root of the positive pressure, which can be used to train the
network to predict the hardness of the object. Prediction results
on spherical silicone hardness samples show that the sensor
differentiates hardness from 0.5 to 45 on the Shore A scale.
Although these methods offer greater flexibility and more
information than traditional sensors, they still face limitations,
such as being restricted to objects with specific shapes and
exhibiting low accuracy when applied to objects outside the
training dataset. The introduction of deep learning also makes
the algorithm time-consuming and can only accomplish the
measurement of one tactile property at a time.

Considering the problems mentioned above, we propose
a stable and durable visuotactile sensor coupled with an
algorithm for rapid acquisition of tactile information based
on elasticity theory. Our approach enables depth and 3-axis
force measurement while simultaneously performing hardness
assessment, all while maintaining shape invariance. The con-
tributions of this study are as follows.

1) We propose a stable and durable functional layer for the
visuotactile sensors based on optical flow, fabricated by
a simple and cost-effective process.

2) A contact model-guided visuotactile sensor is proposed.
Our model distinguishes between Hertzian contact and
planar contact, revealing the relationship between con-
tact force, depth, area, and the hardness of the contacting
objects. Through data fitting based on the physical pri-
ors, we have achieved simultaneous measurement of the
3-axis force, deformation depth, and Shore A hardness
of the contact object.

II. HARDWARE DESIGN

A. Selection of the Framework

The support frame is 3-D printed in white photosensitive
resin, as shown in Fig. 1(a). To reduce the cost of the
visuotactile sensor and simplify the design of the optical
path, we use a combination of a monocular camera and
a monochromatic light source. The white light is diffusely
reflected in the cylindrical cavity to create a uniform and stable
light field. LED strips are wrapped around the sensor with a
soft strip, and the light source distance can be adjusted as
needed.

The functional layer consists of a reflective layer and a
protective layer. For the design of the reflective layer, we
replaced the random pixel dots used in previous optical flow-
based visuotactile sensors with tricolor glitters, while the
protective layer uses silver gel instead of spray paint [6], [16].

B. Manufacture of the Function Layer

Water transferring or ink printing is often used to create
coatings on gels to measure forces. However, this method can
easily result in missing patterns that affect the performance

Fig. 1. Schematic of the fast visuotactile sensor. (a) Detailed components of
the hardware. (b) Materials for functional layers and fabrication process.

of the sensor. The protective layer of the sensor is typically
deposited with a layer of silver metal, and then an additional
layer of protective gel is cured on top. An ion sputtering
machine is required to deposit the uniform metal, leading to
increased fabrication time and cost. In addition, the deposited
metal can easily shift or fall off after repeated contact and
pressing, rendering the sensor’s functional layer ineffective.
To solve this problem, we adopted an integrated reflection-
protection layer fabrication process, as shown in Fig. 1(b). We
fixed the mold on a single-crystal silicon wafer to improve
the surface flatness of the contact surface. A polydimethyl-
siloxane(PDMS)/curing agent mixture with a mass ratio of
10:0.4 is poured into the mold. After 60 ◦C vacuum curing
for 2 h, PDMS mixed with red, green, and blue color glitters
is uniformly scraped onto the surface, and the vacuum curing
step is repeated. Finally, A 200-µm nanosilver paste-PDMS
film is cured on the transparent gel by spin-coating to protect
the reflective layer. We used the same material for the entire
functional layer, increasing the consistency of the sensor gel
deformation. At the same time, its stability has been improved.
The proof of the improvement will be given in Section V.

III. CONTACT MODEL-GUIDED TACTILE
MEASUREMENT METHOD

A. Contact Model

To achieve simultaneous measurement, we need to model
the sensor–object contact to simplify the computation. In this
article, the sensor operating situation can be divided into
two cases: Hertzian contact and planar contact. The Hertzian
contact theory describes the elastic contact behavior between
two curved bodies (or a curved body and a plane) under load.
It provides analytical solutions for key contact parameters such
as contact radius r, indentation depth d, and normal force Fn,
based on material properties and geometry. The left part of
Fig. 2(a) illustrates the classical Hertzian contact between a
curved indenter and a curved elastic body. In our case, since
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Fig. 2. Illustration of different contact situations. (a) Model of the Hertzian
contact. (b) Model of the planar contact.

the gel is fabricated with a planar surface, the radius of curva-
ture of the gel can be taken as R1 → ∞, which is illustrated on
the right part of Fig. 2(a). Under the assumption of small defor-
mation, the Hertzian contact theory yields the relationship as
follows [17]:

Fn =
4E∗rd

3
(1)

where E∗ is the combined Young’s modulus, which can be
expressed as

1
E∗

=
1 − ν2

1

E1
+

1 − ν2
2

E2
. (2)

In the above equation, E1 and ν1 denote Young’s modulus and
Poisson’s ratio of the sensor gel, respectively, while E2 and
ν2 refer to the same parameters for the contacting object. The
effective modulus E∗ considers the elastic contributions from
both contacting materials and the sensor gel. In our case, E2
is usually significantly greater than E1. As a result, the term
(1− ν2

2/E2) becomes negligible compared to (1− ν2
1/E1). Thus,

the effective modulus can be approximated as

1
E∗
≈

1 − ν2
1

E1
. (3)

When the radius of curvature of the contacting object R1 → ∞,
it becomes the planar contact in Fig. 2(b). In this circumstance,
the deformation of the gel can be solved by approximating the
press as a load distribution in the plane [17]

d =
Fn
�
1 − ν2

1

�
2rE1

. (4)

Equations (1) and (4) show that for different contact models,
the sensor should use different calculations to measure tac-
tile information even under ideal conditions. The method of
mixing two models to reduce measurement error also needs
to be used with caution. However, the functional layers of
visuotactile sensors are generally nonlinear elastic materials,
so E1 varies with the deformation of pressing, and it is
still not possible to solve for the analytical solution directly.
Nevertheless, during sensor calibration, these equations reveal
that the normal force Fn is functionally related to the contact

area and indentation depth. By employing the calibration
methods proposed in Section III-C, the effects of variations
in E1 can be eliminated.

B. Depth Measurement

It is necessary to distinguish between two concepts: the
depth of pressing and the depth of gel deformation. As shown
in Fig. 2(b), if the contact area like S1 is far smaller than the
area of gel, the deformation depth of the gel is equal to the
pressing depth of the indenter because the pressure acting on
a small portion of the deformable material at a neighboring
contact will cause only localized stresses that produce local-
ized deformation, which is proved by St. Venant’s principle
and the law of conservation of energy [17], [18]. However,
if the contact area, like S2, is large, for both compressible
and incompressible elastic materials, the deformation depth
of the elastic gel will be less than the pressing depth. The
difference between the depth of pressing and gel deformation
is δ. This is because a uniform pressure perpendicular to the
plane of the gel causes an overall displacement of the gel in
compressible materials and a lateral expansion of the gel in
incompressible materials. For visuotactile sensors, most of the
gels, including this article, can be regarded as incompressible
materials. Therefore, the smaller the area of the indenter during
pressing, the closer the depth of pressing will be to the depth
of gel deformation.

The above analysis shows that, taking the average value of
the compression depth collected under different areas as the
real value to fit the gel deformation depth will rather increase
the error of depth measurement. Thus, a standard indenter with
a small area and a high degree of rigidity was created for
the calibration of the sensor’s pressing depth. Details of the
calibration process will be given in Section IV-B.

C. 3-Axis Force

Force measurement based on the optical flow field is gener-
ally done by the natural-Helmholtz decomposition [19], [20],
[21], which means optical flow f can be decomposed into

f = d + r + h (5)

where d, r,h ∈ Rn×n×2 denotes the curl-free field, the
divergence-free field, and the harmonic field, respectively.
The decomposition of the original optical flow field and the
solution of relevant vector equations yield the variables S n,
S t, and S τ related to the normal force Fn, tangential force Ft,
and in-plane moment Fτ, respectively.

However, the relationship between the normal force Fn and
the Helmholtz decomposition S n is strongly influenced by the
area. This is because, as we analyzed in Section III-A, gels are
nonlinear elastic objects. The optical flow is greatly affected
by the shape of the indenter, and so is the Helmholtz quantity
S n. Moreover, the relationship between Fn and the Helmholtz
quantity S n does not clearly correlate with area. In addition,
the use of the Helmholtz decomposition to calculate S n and S τ

involves a large number of calculations concerning the vector
field, which can lead to an increase in the algorithm’s time
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complexity. After using this force estimation algorithm, the
frequency of the sensor decreases from 30 to 5 Hz.

So, we go back to the theory of elasticity and combine it
with quantitative analysis. In a semi-infinite plane, the normal
force Fn can be calculated from the following equation:

Fn = m
Erd

1 − ν2

= λ
E
√

S d
1 − ν2 (6)

where S is the contact area and m and λ = (m/
√
π) are both the

size factor. The equation shows that model-based S m
n =

√
S d

should be an indicator of the normal force Fn. The effects of
λ and Young’s modulus E can be quantified via calibration
using compression tests on indenters of identical hardness but
varying contact areas.

As for the shear force Ft, we compute S t according to (7),
since S t is computed based on the initial optical flow field and
no additional matrix calculations are performed [20]

S t =

ˇ̌̌̌
ˇ̌ N−1X
i=0, ~fi∈f

~fi

ˇ̌̌̌
ˇ̌ . (7)

Theoretically, in-plane moments Fτ generated by a dis-
tributed tangential force over a contact area A in the xy plane
can be calculated from

Fτ =

Z Z
A

�
x fy−y fx

�
dA (8)

where fx and fy are the components of the tangential force.
When there is a tangential force in the plane, there are only
two cases to make the moment zero: the tangential force on the
surface is symmetrically distributed in a certain direction, or in
a circular contact surface, and all the tangential force directions
are radially distributed. However, in practice, perfectly radial
and symmetric distributions of tangential force over the contact
surface are rare, due to geometric imperfections, surface
roughness, and nonuniform loading. Therefore, any significant
tangential force is potentially associated with a nonzero torque
around the z-axis. Through the simplification, we approximate
Fτ as Fτ ≈ kτ · S t, where kτ can be estimated through data
fitting, and the very time-consuming Helmholtz decomposition
algorithm can be avoided. These equations hold for both
Hertzian and planar contacts, but the change in the contact
area during Hertzian contact would make the area factor λ not
a constant, leading to computational difficulties. Therefore, we
only collected data from planar indenters with different areas
when performing force fitting.

D. Shape-Independent Hardness Measurement Strategy

Hardness measurement is a complex task, not only because
of the various classifications of hardness (Shore, Mohs, etc.)
but also because the hardness value is affected by the contact
area, the depth of contact, and the contact force [22], [23].
Inspired by the definition of contact hardness, in the task
of hardness measurement for visuotactile sensors, we have
[24], [25]

P =
Fn

S ec
(9)

Fig. 3. Sensor data acquisition platform and the details of our visuotactile
sensor.

where S ec is the effective contact area. Its physical meaning
is the ability of a contacting object to generate force on the
sensor gel per unit area and thus can be used as an indicator
for hardness. It is worth mentioning that although P is defined
as the fraction of force and area, treating it as pressure is
wrong because S ec is the effective area due to the skin-in and
pile-up [26]. As the depth of press increases, Fn increases
rapidly, while the effective contact area hardly changes under
planar contact and increases slowly under Hertzian contact.
Therefore, P is a function of pressing depth instead of a
constant, and it is not the same in planar contact as in Hertzian
contact. After plotting the measured values against the depth
of gel deformation under planar contact, we observed a linear
relationship between these two variables. Thus, we derived an
expression for contact hardness with respect to the depth of
gel deformation, yielding

Hm =
∂P
∂d
. (10)

Hm is the Shore A hardness measurement factor, which should
be related to the hardness and has shape invariance. Sec-
tion IV-D will demonstrate that using our proposed hardness
factor Hm to predict hardness is more accurate than using other
quantities alone.

IV. IMPLEMENTATION METHOD AND
SENSOR CALIBRATION

A. Experimental Setup

To accurately implement our method and calibrate our
sensor, we use a linear motor-driven three-axis slide table
for data acquisition, as shown in Fig. 3. The equipment was
purchased from Fortune Technology, model FSK40XYZ-L.
The repeatability of the three-axis slide is ±0.05 mm with an
uncertainty of 0.05 (the above data is based on scale calibration
by the manufacturer), and the x- and y-axes are only used to
move the sensors to the specified position in the xy plane.
Therefore, they are not involved in the calculation of the
error and uncertainty. The six-axis force and torque sensor
(M4313M2R) purchased from Sunrise Instrument was fixed
to an aluminum plate in the xy plane directly below the slide.
The full scale range (FSR) of the sensor force and torque is
100 N and 8 N·m, respectively. Its accuracy is represented by
three parameters: nonlinearity less than 0.5% FSR, hysteresis
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Fig. 4. Methods of depth measurement based on Gaussian density estimation. (a) Indenters with different shapes and areas for depth measurement with related
optical flow and Gaussian density. (b) Relationship between depth and density in planar contact. (c) Relationship between depth and density in Hertzian contact.
(d) Relationship between area and density in Hertzian contact.

less than 0.5% FSR, and crosstalk less than 2% FSR. The
resolution of the force for each channel is 0.033 N, and the
resolution of the torque for each channel is 0.003 N·m, with an
uncertainty of 0.2% of the measured value. The camera used
for the visuotactile sensor is a common monocular camera
module with 8 million pixels, and the camera was aberration-
corrected before the experiment using the monocular camera
calibration function in the MATLAB toolbox. The visuotactile
sensor was fixed to the z-end of the slide via an adapter flange.
The indenters were affixed to the adapter flange, which is
fixedly connected to the force transducer.

All calibration indenters used in this article were fabricated
via 3-D printing and include four shapes: triangular, circular,
and square flat indenters, as well as hemispherical curved
indenters. Each shape was produced in three different sizes:
10, 15, and 20 mm. For circular and hemispherical indenters,
the size refers to the diameter, while for triangular and square
indenters, it refers to the side length. Each size and shape
was further produced with seven different Shore A hardness
levels, ranging from 30 to 90 in increments of 10. Since 3-D
printing receives a large error due to the influence of materials
and processes, all indenters are recalibrated using a Shore A
hardness tester before subsequent experiments.

The sensor data acquisition process is as follows. After the
z-axis reaches the specified position in the xy plane, it moves
downward at a speed of 10 mm/s. When the z-axis force of
the 6-axis force transducer is greater than 0.09 N, the system
determines that contact occurs and lifts the braking distance

upward to make sure that the plane of the visuotactile sensor is
just in contact with the indenter without generating force and
deformation. Then, the z-axis continues to move downward at
a speed of 1 mm/s, and for every 0.1 mm, the visuotactile
sensor and the force sensor record the data at the same time
until it moves downward by 2.5 mm. The hardness of the
indenter for each press is recorded manually after recalibration.

B. Depth Measurement

To demonstrate our theory, we performed Gaussian density
tests using indenters shown in the first line of Fig. 4(a).
These dimensions are as described in Section IV-A. The
relationship between the Gaussian density and depth should
both be linear if there is no difference between Hertzian and
planar contacts [16]. The second and third lines in Fig. 4(a)
show the optical flow and 2-D Gaussian density distributions,
respectively, based on the indenter with a hardness of 85, and
the compression depth is 2.5 mm. Fig. 4(c) and (d) presents
the relationship between depth and Gaussian density under
planar and Hertzian contact, respectively. Different colors of
the lines indicate different hardness of the indenters. We
can see that the Gaussian density is linear with depth only
in planar contact because the contact area is a constant in
planar contact, but changes in Hertzian contact. As shown in
Fig. 4(d), it can be found that at the same pressing depth,
different areas of the indenters have a huge effect on the depth
of gel deformation, and the maximum Gaussian density tends
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Fig. 5. Methods of 3-axis force measurement based on the contact model.
(a) Relationship between normal force and Helmholtz decomposition quan-
tities S n. (b) Relationship between Fn and S m

n in different shapes.
(c) Relationship between the slope of each line and its contact area in (a).
(d) Relationship between Ft and S t . (e) Relationship between Fτ and S t .

to decrease rapidly with the increase of the area. Therefore,
we no longer use the average value of compressing depth of
several indenters with different areas as the ground truth, but
use a circle indenter with 98 hardness and 10-mm diameter
as the nominal indenter. The gel deformation depth is linearly
related to the Gaussian density value in the case of planar con-
tact, with the degree of linearity R2 reaching 99.25. Therefore,
a linear fit is performed between the Gaussian density and the
actual deformation depth.

C. 3-Axis Force

Fig. 5(a) shows the true values of Fn versus S n obtained
from our visuotactile sensor for all shapes of the indenter with
a hardness of 90. Different colors indicate different contact
areas of indenters. It can be seen that the value of S n varies
greatly depending on the area at the same force. It proves our
theory presented in Section III. Fig. 5(b) shows the proposed
parameter S m

n versus Fn under exactly the same conditions.

Fig. 6. Analysis of influencing factors related to hardness measurements.
(a) Relationship between hardness and normal force. (b) Relationship between
hardness and gel deformation depth. (c) Relationship between hardness
and contact area. (d) Relationship between hardness and proposed hardness
indicator Hm.

During the change of pressing from 0 to 2.5 mm with the
same indenter, Fn and S m

n show a nearly linear relationship.
Moreover, the slope of the pressing curve varies for different
sizes of indenters due to the variation of λ and E, as shown
in Fig. 5(c). Thus, we plot the slope k of the loading curve
versus the contact area for different indenters, and find that k
also shows a nearly linear relationship with the contact area.
This implies that we can set an area excitation to boost the
force of those areas that are too large. The relationship between
Ft and S t as well as Fτ and S t is shown in Fig. 5(d) and (e),
respectively. We can find that the relationships are not affected
by the contact area. Finally, the 3-axis force F = [Fn, Ft, Fτ]T

can be obtained by fitting the above three variables with linear
regression or a multilayer perceptron (MLP)

F = Γ ·
�
g (A) · S n, S t, S t

�T (11)

where g(A) is the incentive function calculated in Fig. 5(b),
which is related to the contact area A. Γ is the fitting function
vector, [γ1(x), γ2(x), γ3(x)].

D. Shape-Independent Hardness Measurement

From Fig. 6(a)–(c), we can find that using any single factor
of depth, area, or force does not predict hardness. In contrast,
Fig. 6(d) shows that Hm is much more correlated with hardness
than the other three factors, although it does not completely
eliminate the effect from the area. This is because we take the
cut-line modulus to approximate Young’s modulus, treating
it as a linear elastomer. Nevertheless, our method can still
measure an object’s hardness within an error.

We use linear regression to predict the hardness of planar
contact based on Hm. In addition, as mentioned in the above
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Fig. 7. Experiments for the proposed stable and durable functional layer. (a) Normal force and depth tracking during ten thousand presses. (b) Normal force
and depth tracking during the large deformation press.

analysis, the relationship between Hm and Shore A hardness
in Hertzian contact is different from that in planar contact,
and it is necessary to calculate the two separately in hardness
measurement. Considering the complex relationship between
force, area, and depth during Hertzian contact, we use a mul-
tilayer perceptron to predict the hardness of Hertzian contact.
It contains an input layer, a hidden layer with ten neural units,
and an output layer. For the hardness measurement, we only
need to preinput the contact model, which can be achieved by
adding an additional camera.

V. EXPERIMENTS AND RESULTS

A. Durability and Stability

To prove the proposed functional layer’s stability and dura-
bility, we first conducted a 10 000-cycle compression fatigue
test, during which the normal force and depth output from the
visuotactile sensor are continuously recorded and compared
with the true value. As shown in the first figure of Fig. 7(a), the
peak force measured by the sensor stays within a stable range
during the test. Comparing the force measurement curves from
the first ten presses with the true value as shown in the second
picture of Fig. 7(a), we can see that the sensor measures (blue
line) and tracks the true contact force (red line) very well. In
addition, the press depth output from the sensor is consistently
close to the true value. After that, we complete the sensor gel
limit pressing test. Since the total thickness of the functional
layer of our sensor is 5 mm, we control the three-axis table
to press down a depth of 4 mm, concerning the safe operation
of the instrumentation. As shown in Fig. 7(b), the gel does
not show any breakage and shape change before and after the
extreme pressing test, and the sensor still outputs the depth of
gel deformation and contact force normally during the test, but
when the depth is greater than 2.5 mm, the measured normal
force has a large error with the real value.

B. Measurement of Hardness and Tactile Information

The results of simultaneous measurement of tactile infor-
mation are shown in Fig. 8. We have realized the 3-D

TABLE I
RMSE OF FORCES FOR DIFFERENT INDENTERS

reconstruction of the indenter surface based on the sensor-
measured depth map, as shown in Fig. 8(a). For various shapes
of the indenter with different contact models, our proposed
method can more accurately restore the real situation of the gel
deformation. The resolution of depth can reach 0.1 mm. The
standard uncertainty of depth measurement, evaluated from
multiple repetitions of indentation by the smallest and hardest
triangular indenter, is determined to be 0.2 mm. Fig. 8(b)
proves the difference between the depth of indenter pressing
and the depth of gel deformation during pressing, and the
larger the contact area, the larger the difference between the
two.

Fig. 8(c) shows the measurement and tracking of the
3-axis force of a triangular indenter with a side length of
10 mm and a hardness of 40 during a 2.5-mm press test,
demonstrating the accuracy and tracking performance of force
measurement. Fig. 8(d) and (e) shows the normal force of
nine hemispherical indenters with different hardnesses and
nine flat indenters with different shapes during pressing,
respectively. The results indicate that the sensor can measure
the pressing normal force accurately except for the indenter
with a hardness of 5. The resolution of force and torque is
0.5 N and 0.1 N·m, respectively. The measurement errors
for different indenters are shown in Table I, which is also
the uncertainty of force and torque measurement. Considering
that the proposed visuotactile sensor can measure forces up
to 70 N, these errors are within acceptable limits. Using
our proposed hardness measurement factor, the hardness of
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Fig. 8. Results of simultaneous measurement of tactile information. (a) Reconstruction of indenters through the depth map. (b) Depth of gel deformation
measured by the visuotactile sensor is different from the depth of compression. (c) 3-axis force tracking during contact. (d) Prediction of normal force under
Hertzian contact. (e) Prediction of normal force under planar contact. (f) Prediction of hardness for all indenters. (g) Hardness measurement for indenters with
different sizes. (h) Hardness measurement during pressing.

objects with different areas and shapes can be measured
more accurately within the Shore A hardness range of 20–80,
as shown in Fig. 8(f). It also shows that the resolution of
hardness is 5, and the uncertainty is around 8 based on the
root-mean-square error obtained from the test dataset. The
accuracy of measurements decreases for hardness values above
80. However, objects with hardness values exceeding 80 are
less likely to be damaged during actual grasping, making
our method particularly suitable for soft object manipulation
using dexterous robotic hands. In addition, Fig. 8(g) shows the
variation of hardness measurements when the sensor is pressed
by indenters of different areas but the same hardness value
(26, 45, and 60). Although we have not completely eliminated
the effect of size on hardness measurements, the sensor can
measure objects with different shapes to an approximate range
that is sufficient to differentiate between hardnesses at various

levels. From Fig. 8(h), we can also find that as long as the
pressing depth is greater than the sensor’s minimum response
depth of 0.4 mm and less than 1.8 mm, that is, the deformation
of the sensor gel is kept within a small deformation range, the
sensor can output a stable hardness value.

In addition, to better demonstrate the versatility of our
approach, we collect data from seven objects with differ-
ent materials, shapes, and hardness levels. Each object is
calibrated using a Shore A hardness tester, and none of
these objects are included in our training set. As shown in
Fig. 9, our method successfully distinguishes the hardness
of cylindrical indenters made from different materials. Even
when the indenters are of the same size and material but have
different contact models, our sensor still achieves accurate
measurements. The error bars in the figure also reflect the
uncertainty in the measurement of the object’s hardness.
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Fig. 9. Hardness measurement for a wide range of objects.

Moreover, we tested the hardness of irregularly shaped inden-
ters, including those shaped like “H” and “T,” as well as a
nut. These tests validate the robustness and versatility of our
approach in handling objects of diverse geometries. Although
the sensor can still differentiate between hard and soft objects,
it fails to provide accurate hardness values. This issue is
particularly evident when testing everyday objects such as
nuts. The measured hardness values can vary significantly
when tested from different angles. The reason is that the
contact surfaces on the edges of the nut are extremely small
and can be considered discontinuous. As a result, our contact
model becomes inapplicable in such scenarios.

VI. CONCLUSION AND FUTURE WORK

In this article, we propose a visuotactile sensor that incorpo-
rates a new functional layer material, significantly improving
the durability and load capacity of the sensor. This makes
it more suitable for long-term use in robotic applications.
In addition, based on the elasticity theory, we propose the
contact model of the visuotactile sensor gel with the objects
and propose a contact depth measuring method guided by
modeling, so that the depth estimation will hardly be affected
by the area of the object. Building on this foundation, we
also present a new 3-axis force and a hardness measurement
method independent of the shape. All tactile information can
be measured simultaneously in the short time that contact
occurs. We believe that this work can facilitate the practical
application of visuotactile sensors in robotic dexterous hands.
In the future, we will reduce the size of the sensor and further
optimize the accuracy of the sensor so that it can be fully
adapted to the feedback grasping task of dexterous hands.
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