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Abstract— This paper proposes a novel approach to conduct
routine calibration for the changing mechanical parameters
over time of a vision-based tactile sensor, without disassembling
its overall structure, i.e., in-situ mechanical calibration.

Calibration for mechanical parameters, Young’s modulus
and Poisson’s ratio, of a tactile sensor’s sensing elastomer,
is crucial for its force perception capabilities. However, there
are few methods that can retrieve values of these parameters
both accurately and conveniently. To address this problem, we
propose an in-situ approach to calibrate mechanical parameters
other than the verbose traditional evaluation process. This
method incorporates the deformation sensing capability of the
sensor, the accurate force sensing capability of a force/torque
sensor, and most importantly, the deformation-force relation-
ship for an indentation with embedded mechanical parameters
of the elastomers. We also present the indentation test setup and
the complete pipeline to extract Young’s modulus and Poisson’s
ratio from experimental results.

We validate the method by comparing the indentation depths
simulated through finite element analysis (FEA) using the cali-
brated parameters with the indentation depths measured in real
experiments. Furthermore, superior contact force distribution
can be achieved with the accurate mechanical parameters.

The proposed method provides the theoretical basis for
accurate, lifelong routine calibration, whether weekly or even
daily, which can enhance the applications of tactile sensors in
real manipulation scenarios.

I. INTRODUCTION
In this work, we address the problem of routinely calibrat-

ing the mechanical parameters of a tactile sensor’s sensing
elastomer without ripping it off from the sensor, which we
refer to as in-situ mechanical calibration.

Vision-based tactile sensors have been receiving greater
attention for their high spatial resolution and multi-modal
sensing capabilities [1]–[3]. Typically, these sensors com-
prise of a sensing elastomer and an inbuilt camera, which
estimate the contact deformation through observing the color
change of the elastomer surface. Accurate force distribution
can be reconstructed when mechanical parameters of the
elastomer are known. Young’s modulus and Poisson’s ratio,
which are independent of each other, are the two critical
mechanical parameters of soft material. Here, (1) Young’s
modulus (E) describes the stiffness of elastomers, and
characterizes the relationship between the axial strain in the
linear elastic domain and the tensile/compressive stress. (2)
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Fig. 1. In-situ Indentation calibration vs standard Tensile calibration.

Poisson’s ratio (ν) measures the Poisson effect, reflecting
how much the flexible sensing elastomers deform in the plane
perpendicular to the applied force.

Therefore, reliable mechanical parameters of sensing elas-
tomers are critical for vision-based tactile sensors. Accu-
rate contact force estimation and various force-based tactile
perceptions can only be achieved when precise mechanical
parameters are available [4], [5]. However, it has been var-
ified that the mechanical behavior of elastomers is strongly
affected by aging, typically leading to a stiffer and more
brittle behavior [6]. For example, Placet and Delobelle’s
study [7] suggests that the Young’s modulus for small strain
behavior may increase by up to 50% with sample age,
while R. Hopf et al. [8] demonstrate that the time span
between sample preparation and testing affects the large
strain nonlinear behavior, even within a four-week period.
Therefore, regular mechanical calibration of tactile sensors
using elastomers is crucial for practical applications.

Traditionally, there exists the standard procedure for cali-
brating soft materials, namely tensile test. This method relies
on using an accurate force gauge to measure the tensile force,
while digital image correlation technology (DIC) is used to
measure the planar strain field. Using these measurements,
E and ν can be calculated. However, this method can be
cumbersome, as it requires the preparation of standalone dog-
bone-shaped elastomer samples that are specially painted,
making it impractical for calibrating elastomers that are
already assembled on the sensor, as shown in Fig.1.

To address this issue, we present In-situ calibration, a
novel approach to calibrate the mechanical parameters of
soft sensing elastomers for vision-based tactile sensors both
accurately and conveniently with a series of indentation tests.
This approach leverages the sensor’s built-in deformation
measurement capability with the accurate force measurement
capability of an off-the-shelf force sensor, and core to this
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method is to untangle (E) and (ν) since the two are intri-
cately embedded in the force and deformation measurements
for indentations.

The proposed approach can be employed for life-long
calibration and doesn’t necessitate tearing apart the sensor’s
overall structure. The on-demand calibration liberates the
sensor from a tedious calibration process. Therefore, we
summarize contributions as follows:

• Convenient: Delicate measuring process is designed to
routinely calibrate the sensing elastomer’s mechanical
parameters. It allows for weekly or daily calibration of
time-dependent parameters without disassembling the
sensor at all.

• Generalizable: We propose a practical mechanical pa-
rameters calibration method for elastomers of vision-
based tactile sensors, which also suits for a wide range
of tactile sensors that incorporate built-in deformation
measurement capability for their sensing elastomers,
thus exhibiting high generalization and broad applica-
bility.

• Precise: With the aid of rigorous contact mechanics
theory, a standardized experimental process, and a spe-
cially customized calibration gauge block, our proposed
calibration pipeline can provide accurate estimation of
the elastomer’s mechanical parameters. This has been
validated with both real experiments and simulations.

The rest of this paper is organized as follows: related work
on mechanical parameter calibration methods for flexible
materials is reviewed in Section II, especially the indentation
test. Section III establishes the contact model between the
sensing elastomer of the tactile sensor and a flat-ended
cylinder indenter, and presents the principle and pipeline
of the proposed in-situ calibration. Section IV describes
the experimental setup and testing procedure for retrieving
precise mechanical parameters of the vision-based tactile
sensors, taking GelSlim3.0 [9] as an example. The calibrated
parameters are further validated via widely-accepted FEA
simulation, and contact force distribution reconstruction us-
ing the calibrated parameters is shown in Section V. Finally,
we discuss in Section VI and summarize in Section VII.

II. RELATED WORK

In this section, we review different methods that allow
calibration of mechanical parameters for elastomers, mainly
the indentation test.

A. Standard Calibration Tests

The approaches for determining the elastic modulus and
Poisson’s ratio of soft material can be mainly divided into
dynamic methods and static methods. Dynamic methods
obtain mechanical parameters of the sample by measuring its
natural vibration frequencies with known shape and density
[10]. Static methods, such as the tensile test, compression
test, and shear test, measure the stress-strain relationship and
the axial strain-transverse strain relationship of the sample in
the elastic deformation zone to calculate the elastic modulus
and Poisson’s ratio.

Nevertheless, the experimental setups and testing pro-
cedures of these methods are known to be tedious and
time-consuming. For instance, the widely used benchmark
for mechanical characteristics calibration, namely the ten-
sile testing, necessitates cutting the tested elastomer into a
unique dog-bone-shaped specimen and mounting it onto the
corresponding tensile testing machine. Additionally, routine
calibration via these techniques is exceedingly challenging
when the sensing elastomer is already attached to the vision-
based tactile sensor.

B. Indentation Tests

In recent years, indentation tests have been proposed as
an alternative to traditional tests for calibrating mechanical
properties, due to their convenience [11], [12]. While early
theoretical modeling of indentation tests assume that the
elastic medium is semi-infinite [13], recent studies have
shown that this assumption is not valid in practice. Hayes
et al. derive a mathematical solution for Young’s modulus of
a thin elastic layer with infinite lateral dimensions using a
flat-ended cylinder indenter, but their solution only applies
to frictionless interfaces and small deformations [14]. Zhang
et al. later evaluate the effects of large deformations and
friction on indentation tests through simulation, but their
method is limited to testing the Young’s modulus of soft
materials [15]. Jin et al. overcome this limitation by using
two different sizes of indenters to simultaneously acquire
Young’s modulus and Poisson’s ratio for the first time [16].
However, the main drawback of these indentation methods
is that they require a combination of displacement feedback
systems, force transducers, and fixed samples to obtain ac-
curate force-displacement curves, which greatly complicate
the preparation process and limit mobility.

Here, we present a novel mechanical parameter calibration
method for vision-based tactile sensors that employs flat-end
cylindrical indenters and considers appropriate theoretical
assumptions. Our approach leverages the deformation mea-
surement capability of the vision-based tactile sensor itself
and utilizes a high-precision calibration block, eliminating
the need for a bulky displacement feedback system. This
leads to a simplified calibration process and significantly
improves the accuracy of the results.

Fig. 2. GelSlim3.0 sensor. (a) Perception mechanism. (b) Tactile images
captured by GelSlim3.0.
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III. IN-SITU CALIBRATION

To achieve in-situ indentation calibration for vision-based
tactile sensors, the contact model between the sensor and
indenter is crucial. To this end, we propose some assump-
tions based on the sensor’s structure. The methodology for
calculating mechanical parameters using indentation tests is
then explained, and the entire pipeline for in-situ calibration
of vision-based tactile sensors is demonstrated.

A. Contact Model for Calibration

GelSlim3.0 is a vision-based tactile sensor featuring high
resolution, high sensitivity, low cost, durability, convenience
and compactness [9]. Its sensing elastomer is a piece of
silica gel pad attached to an acrylic prism. Upon contact
with objects, the soft gel pad undergoes deformation, while
the embedded camera captures tactile images in real-time, as
depicted in Fig.2. Although we have chosen GelSlim3.0 as
a model for calibration, it is worth noting that our proposed
method also works for other tactile sensors equipped with
surface sensing elastomers.

Cylindrical indenters are chosen for indentation tests in
this work due to their well-defined contact area and more uni-
form stress distribution, making it easier to derive accurate
mechanical properties from the indentation data. Compared
to other indenter geometries, such as hemispherical or coni-
cal indenters [11], [12], cylindrical indenters offer improved
reproducibility and accuracy of results.

By analyzing the structure of GelSlim3.0 and indenters, we
can make following assumptions and construct the contact
model illustrated in Fig.3.

• The bottom surface of gel pad and the acrylic prism are
tightly bonded together, and the stiffness of gel pad is
much smaller than that of the acrylic prism, allowing
the prism to be simplified as a rigid foundation.

• The boundary conditions of the specimen at lateral
boundary can be disregarded during calibration because
the radius of the gel pad (15 mm) is 6 times that of
indenters (2.5 mm) [17].

• Moreover, unlike the Herzian model’s strong assump-
tion of a semi-infinite elastic body, our model takes into
account the thickness and deformation of the gel pad.

B. In-situ Calibration Principle

To enable in-situ calibration for vision-based tactile sen-
sors, the indentation test with flat-ended cylindrical inden-
ters—originally employed to access the mechanical prop-
erties of biological tissues—is improved in this study. The
proposed method is easily accessible and effective with a
wide variety of sensing elastomers.

According to Zhang et al. [15], Young’s modulus E can
be calculated using the formula.

E =
1− ν2

2aκn(ν, a/h,w/h)
· P
w

(1)

where E is the Young’s modulus, ν the Poisson’s ratio,
P the indentation force, w the indentation depth, a the

Fig. 3. Simplified contact model of in-situ calibration between the vision-
based tactile sensor and the flat-ended cylinder indenter, where P is the
indentation force, w the indentation depth, h the thickness of the silicone
gel pad, a the radius of the cylindrical indenter.

indenter’s radius, h the tested material’s thickness, κn a
factor that depends on aspect ratio a/h, Poisson’s ratio ν, and
deformation ratio w/h. From κn(ν, a/h), the dependence of
κn(ν, a/h,w/h) on w/h is approximately linear:

κn(ν, a/h,w/h) = κ(ν, a/h) · (1 + β
w

h
) (2)

where β is a factor depends on the aspect ratio and Poisson’s
ratio (i.e., β = β(ν, a/h)) and describes the dependency
of κn(ν, a/h,w/h) on w/h. The β table can be built by
corresponding the κn(ν, a/h,w/h) values from [15] with
different a/h and ν.

Substituting (2) into (1) yields:

P

w
=

2aEκ(ν, a/h)

1− ν2
· (1 + β

w

h
) (3)

Define

c =
2aEκ(ν, a/h)

1− ν2
(4)

So (3) can be rewritten as:

P

w
= cβ · w

h
+ c (5)

where the slope cβ and the y-intercept c can be obtained by
data fitting, allowing for the determination of Poisson’s ratio
by looking up the β table. The Young’s modulus can then
be calculated using (4). The specific calculation process will
be shown in section IV later.

C. In-situ Calibration Pipeline

Fig. 4 presents an overview of the comprehensive pipeline
for conducting in-situ calibration. The experimental setup
comprises a vision-based tactile sensor, force/torque sen-
sor, robot arm, and flat-ended cylindrical indenters. The
force/torque sensor facilitates the acquisition of precise force
data while the vision-based tactile sensor ensures consistent
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Fig. 4. In-situ calibration pipeline. Standardized experimental procedures, rigorous contact mechanics theory, and sufficient data ensure that this pipeline
can provide accurate estimation of mechanical parameters for vision-based tactile sensors.

indentation depths in line with the predetermined CNC-
ed thickness of the indenters. Finally, the acquired data is
fitted to a force-deformation curve, enabling the accurate
decoupling of Young’s modulus and Poisson’s ratio based
on the relevant contact model and indentation principles.

IV. EXPERIMENT VALIDATION

We validate the proposed framework of in-situ calibration
with specific experiments. Here, a customized calibration
gauge block ensures the accuracy of experimental results.

1) Experiment Setup: The platform shown in Fig.4 (left) is
set up to calibrate mechanical parameters of the vision-based
tactile sensor.

A high-precision force/torque sensor (ATI-IA) with a
measurement precision of 1/160 N in the x/y direction and
1/80 N in the z direction is employed in this study. To ensure
accurate and reliable measurements, a CNC-machined gauge
block with five flat-ended cylindrical indenters, specially
customized with a machining error of less than 10 µm, is
utilized. All indenters have a 2.5 mm radius and a depth
range of 0 to 0.6 mm, which is within 20% of the tested
elastomer thickness. The bevel incision adjacent to each
indenter is utilized to ensure that the indentation depth is
accurately reached, and the absolute height of the gauge
block is measured with a contact profiler, as shown in Fig.5.
To facilitate repeated pressings during calibration, the Franka
Emika robot arm is employed. Nevertheless, this cobot’s
displacement accuracy only marginally meets the calibration
requirements. As a result, a precise motion stage is actually
used to impose indentation with a higher degree of accuracy,
and we advise using more precise displacement-controlled
robotic arms for subsequent indentation tests.

2) Calibration procedure: First, fix the GelSlim3.0 sensor
on the robot’s end effector with screws, and tightly adhere the
block with the testing indenter to the ATI force/torque sensor

to avoid the indenter’s rigid displacement. After determining
the distance between the indenter and the GelSlim3.0 sensor,
control the robot’s motion to guarantee consistent displace-
ment at each test. Simultaneously, watch the tactile images
of the sensor and the resultant force values detected by the
ATI sensor. When the beveled incision next to the cylindrical
indenter just shows up in the tactile image, and the tangential
resulting force values Fx, Fy are greatly lower than the
pressure value Fz , record the normal force that corresponds
to the pre-defined accurate indentation depth (i.e., w = w0),
as shown in Fig.4 (center).

To reduce random errors in sampling, we drive the robot to
repeat the operation ten times for the same indentation depth,
sample 200 sets of force data for each operation, and take the
average result finally. When pressing repeatedly, the indenter
should preferably be in contact with different positions on
the surface of the gel pad, so as to eliminate the influence
of local uneven composition of the elastomer.

3) Data processing: Paired indentation force P and in-
dentation depth w can be obtained by experiments, and
the parameters used in data processing also include: the
thickness of the gel pad h = 3.0 mm, the radius of cylindrical

Fig. 5. A precise CNC machining calibration gauge block, including 5
flat-ended cylinder indenters and adjacent bevel incisions, which thickness
are 0.15, 0.3, 0.4, 0.5, 0.6 mm.
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indenters a = 2.5 mm, the standard indentation depth w0 ∈
{0.15, 0.3, 0.4, 0.5, 0.6} mm. According to the relationship
curve between indentation force P and deformation w in
Fig.6 (a), a linear relationship between P/w and w/h can
be fitted as follows:

P

w
= 5.2662 · w

h
+ 3.4943

(
R2 = 0.9999

)
(6)

Since c is the y-intercept, cβ is the slope, c = 3.4943
and β = 1.5071 can be obtained from (5). In this work, the
β table is plotted as a series of relational curves with data
from Zhang et al.’s research [15], as shown in Fig.6 (b).
Substitute the aspect ratio (a/h = 0.8) in this experiment,
the relationship curve between the factor β and Poisson’s
ratio ν under this aspect ratio is:

ν = 0.0813 lnβ + 0.4464
(
R2 = 0.9842

)
(7)

Substituting β = 1.5071 into (7) yields ν = 0.4797. From
(4), the elastic modulus can also be calculated using the
measured c, ν, a, h data and the κ(ν, a/h) data published
by Hayes [14], where c can be regarded as the indentation
hardness P/w when w/h → 0, we get E = 0.1981 MPa.

Therefore, mechanical parameters of the GelSlim3.0 sen-
sor are obtained through in-situ calibration, where the Pois-
son’s ratio ν = 0.4797, and the Young’s modulus E =
0.1981 MPa.

Fig. 6. (a) Indentation force P and deformation w relationship curve. (b)
Poisson’s ratio ν and factor β relationship curve series, with data from [15].

V. FURTHER VALIDATION

A. Simulation Validation

The Abaqus/Standard FEA simulation is used in this
section to validate the accuracy of mechanical parameters
obtained from in-situ calibration. The reason we rely on
simulation here that it’s challenging to actually acquire the

Fig. 7. Initial FEA simulation configuration (meshed).

calibration results with the traditional experiments since the
GelSlim3.0 sensor has been fully assembled, peeling off the
attached gel pad will damage the sensor, and the same batch
of silica gel as the current gel pad is not accessible now.
On the other hand, the real experiment is time-consuming,
which we’ll leave to the next phase [18].

The core idea is to compare the deformations of the
sensing elastomer in the simulation, using the calibrated E
and ν for the material properties, to that of actual tests while
applying the same amount of force onto the indenter. In this
study, we use the Neo-Hookean hyperelastic model, which
is widely used to model elastomers. Furthermore, the usage
of linear elastic or hyperelastic constitutive models has little
impact on the finite element analysis of elastomers within
the small deformation range of vision-based tactile sensors.
This means that the theory of linear elasticity can also be
effectively applied to the principle of in-situ calibration.

As illustrated in Fig.7, the silicone gel pad is modeled
as a thin cylinder, 30 mm in diameter and 3 mm in height.
To improve computational efficiency without compromising
accuracy, a simplified 2D model is subsequently utilized in
the simulation, given that all objects are central-symmetric.

a) Material properties: Based on the experimental
measurement results, the mechanical parameters of silica
gel are determined as E = 0.1981 MPa, ν = 0.4797, and
the Neo-Hookean hyperelastic model provided by Abaqus
is assigned to silica gel here. The model parameters are
converted to C10 = 0.0335, D1 = 1.2297. Additionally, the
linear elastic model parameters for the cylindrical indenter
and acrylic plate are set as E = 210 Gpa, ν = 0.3 and
E = 3 Gpa, ν = 0.32, respectively.

b) Interaction and loading: The contact between gel
pad and cylindrical indenter is modeled as a hard contact with
a friction coefficient of 0.3, and discretized with a surface-
to-surface method. The gel pad and acrylic are directly tied
together. The designed amount of force is loaded downward
from top surface of cylindrical indenter.

c) Mesh: The element type used here is the simplified
integration hexahedral 8-node element (C3D8R), and the
mesh of sensing elastomer is refined.

Here, Fig.8 (a) and (c) reveal that the Abaqus simulation
results for normal deformation match well with the experi-
mental indentation depths at both qualitative and quantitative
levels, with a relative error of less than 6%. In addition, the
force-deformation curves obtained from 20 frames of force
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Fig. 8. Simulation results. (a) 3D and 2D displacement deformation
contours. (b) Experimental results (orange dots) and FEA simulation re-
sults (blue dots and curve) of the relationship.(c) Quantitative comparison
between actual indentation depths and simulation deformations.

and displacement data in simulation are compared with the
actual experimental results in Fig.8 (b), and good agreement
is observed. These results indicate that the in-situ calibration
method for the mechanical parameters of the vision-based
sensor is accurate.

B. Force Reconstruction Validation

Reliable mechanical properties of soft sensing elastomers
are essential for numerous fundamental research and prac-
tical applications. To highlight the contribution of the me-
chanical parameters acquired through calibration, we modify
and utilize the inverse finite element method described in
[4] to precisely estimate the three-dimensional contact force
distribution, as shown in Fig.9.

VI. DISCUSSIONS

We discuss several precautions for carrying out the in-situ
calibration.

1) Deformation control: It is recommended to limit the de-
formation of the sensing elastomer to within twenty percent
during the calibration process. If the elastomer’s deformation
is too large, the initially apparent linear relationship between
the mechanical parameters and the deformation may not hold
(e.g., κn(v, a/h,w/h) = κ(v, a/h) · (1 + βw/h), and the
sensor may be damaged as well.

Fig. 9. 3D contact force distribution reconstructed by calibrated mechanical
parameters. (a) Deformation and (b) force distribution in the central area.

2) Repeating and waiting: For this calibration procedure,
it is recommended to average several measurements and
to wait between each measurement. Sufficient waiting time
between two indentation experiments is necessary to allow
the elastomer surface to fully recover to its initial state.
Otherwise, the measured stiffness of the second trial may
be slightly larger.

3) Sensors with non-flat surface: The proposed in-situ
calibration is also applicable for tactile sensors with non-
planar surfaces (e.g., the TacTip family [19]). The only
additional step is to measure and calculate the equivalent
thickness of the elastomer.

VII. CONCLUSIONS

Since Young’s modulus and Poisson’s ratio, which may
change with time, are the two vital mechanical parameters
that describe a soft material’s deformation under external or
internal loads, and routinely estimating the two parameters
is essential for force reconstruction in tactile sensors. In
this paper, we propose an in-situ calibration, with which
people can retrieve the mechanical parameters of the elas-
tomer for vision-based tactile sensors, both accurately and
conveniently. This approach lays the groundwork for the
tactile sensors’ force-related perception.

Any calibration method for mechanical parameters would
require three components: deformation measurement, force
measurement, and models to retrieve E and ν from the
measurements. Core to the proposed in-situ mechanical
calibration method is that: (1) Deformation is accurately
measured using the sensor’s sensing capability with the help
of precise CNC machined indentation blocks; (2) Force is
accurately measured using an external force/torque sensor;
(3) E and ν can be untangled by a two-step ”fitting-
calculating” procedure built with solid contact mechanics
foundation.

The simulation results and contact force distribution re-
construction demonstrate the accuracy and potential of the
proposed in-situ calibration method.
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