
  

  

Abstract—For elastomer-based tactile sensors, represented 
by vision-based tactile sensors, routine calibration of 
mechanical parameters (Young’s modulus and Poisson’s ratio) 
has been shown to be important for force reconstruction. 
However, the reliance on existing in-situ calibration methods for 
accurate force measurements limits their cost-effective and 
flexible applications. This article proposes a new in-situ 
calibration scheme that relies only on comparing contact 
deformation. Based on the detailed derivations of the normal 
contact and torsional contact theories, we designed a simple and 
low-cost calibration device, EasyCalib, and validated its 
effectiveness through extensive finite element analysis. We also 
explored the accuracy of EasyCalib in the practical application 
and demonstrated that accurate contact distributed force 
reconstruction can be realized based on the mechanical 
parameters obtained. EasyCalib balances low hardware cost, 
ease of operation, and low dependence on technical expertise 
and is expected to provide the necessary accuracy guarantees 
for wide applications of visuotactile sensors. 

I. INTRODUCTION 

Tactile perception can help robots obtain the properties, 
contact status, and motion trends of current interacting objects, 
which is crucial for in-hand manipulation and tool usage [1], 
[2]. In recent years, visuotactile sensors [3], [4] (or 
vision-based tactile sensors) have received widespread 
attention from the robot community. Such sensors can 
measure the deformation of the contact elastomer through 
visual methods, and convert tactile features into 
high-resolution and multimodal tactile images. Due to its 
ability to provide accurate information on the contact force 
and its distribution on the robot’s fingertips, such sensors have 
been applied in various tasks, including grasping force control 
[5], dexterous operation [6], and swing-up control [7]. 

For visuotactile sensors, obtaining reliable mechanical 
parameters of the contact elastomer (including Young’s 
modulus 𝐸𝐸  and Poisson’s ratio 𝜈𝜈 ) has been proven to be 
crucial for measuring contact force distribution [8]-[11]. 
However, due to manufacturing errors, it is difficult to ensure 
that each sensor’s elastomer has the same mechanical 
parameters. Meanwhile, relevant studies have shown that the 
mechanical parameters of elastomers undergo significant 
changes under long-term use [12]. Such issues require the user 
to perform mechanical calibration on the elastomer regularly. 
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Zhao et al. first proposed an in-situ calibration method 
suitable for visuotactile sensors [8]. This method applies 
indentation testing with a cylindrical indenter to obtain 
force/deformation curves, and then calculates Young’s 
modulus and Poisson’s ratio based on the referenced contact 
model. Compared to traditional calibration methods based on 
uniaxial tensile testing, in-situ calibration can utilize the 
built-in deformation measurement function in visuotactile 
sensors, simplifying the equipment and process. Meanwhile, 
such processes do not require dismantling the sensor or 
breaking the elastomer, making it suitable for routine in-situ 
mechanical calibration of encapsulated sensor products. 

The principle of existing in-situ calibration methods is to 
measure the relationship between the normal contact force and 
the indentation depth (maximum normal displacement) and fit 
the mechanical parameters of the elastomer. The visuotactile 
sensor can replace the displacement feedback system, while 
acquiring accurate contact force still relies on 
high-performance force/torque sensors. However, commercial 
force sensors are expensive and fragile. For example, the 
common-used ATI force/torque sensor can cost tens of 
thousands of dollars. They rely on fragile strain gauges and 
additional accessories (e.g., data acquisition board) that must 
be wrapped in bulky packages [13]. In addition, in-situ 
calibration based on force sensors usually employs a robotic 
arm to control the pressing action. Since vision-based tactile 
sensors have been widely used in different areas [14]-[16] 
other than grasping and manipulation, the requirement to 
calibrate sensors without self-contained displacement 
adjustment devices should also be considered. 

Due to these issues, we actively consider low-cost and 
easy-to-use calibration to promote the application of 
visuotactile sensors in the robotics community. Such 
calibration methods should avoid the use of expensive 
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Fig. 1. EasyCalib: In-situ mechanical calibration device and method. 
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force/torque sensors, and have precise displacement 
adjustment capabilities. Meanwhile, since visuotactile sensors 
are used in different scenarios with different forms, the 
realized calibration approach should be as simple as operating 
a micrometer or an angle scale with minimal expertise. 

This article proposes a simple and low-cost method and the 
related device, EasyCalib, for rough in-situ calibration of 
visuotactile sensors [see Fig.1]. Experiments showed that 
EasyCalib could effectively measure the mechanical 
parameters and benefit the optimization of contact distributed 
force reconstruction. The main contributions are as follows: 

1) We propose a new contact model for in-situ calibration 
without measuring force/torque-related information. 

2) We simplify the in-situ calibration process of 
vision-based tactile sensors eliminating the need for 
other electronics like force/torque sensors. 

3) The cost of calibration devices is reduced, and the elastic 
indenters used are simple to manufacture and replace. 

II. THEORY 

A. Deformation-based calibration 
For two elastomers in normal contact, the external loads on 

them satisfy the same distribution. Let the deformation fields 
of them be 𝑫𝑫𝟏𝟏 and 𝑫𝑫𝟐𝟐, respectively. Once the structure and 
material of them are determined, the mapping relations can be 
constructed with an appropriate force reconstruction mode as 

𝑭𝑭 = 𝒈𝒈1(𝐸𝐸1, 𝜈𝜈1,𝑫𝑫𝟏𝟏) = 𝒈𝒈2(𝐸𝐸2, 𝜈𝜈2,𝑫𝑫𝟐𝟐). (1) 

We denote that the first is the sensor’s elastomer while the 
second is a standard elastic calibration indenter (𝐸𝐸2 and 𝜈𝜈2 are 
known). Therefore, the mechanical parameters 𝐸𝐸1  and 𝜈𝜈1  of 
the elastomer can be solved by measuring 𝑫𝑫𝟏𝟏 and 𝑫𝑫𝟐𝟐. In this 
article, two contact scenarios are considered to construct the 
calibration maneuver similar to the traditional indentation test. 

B. Normal Contact Model 
As shown in Fig. 2(a), we consider a soft elastomer with 

mechanical parameters of 𝐸𝐸1, 𝜈𝜈1, and an effective radius of 𝑅𝑅1 
in pure normal contact with a hemispherical elastic indenter 
with parameters of 𝐸𝐸2, 𝜈𝜈2, and 𝑅𝑅2. By using the assumption of 
elastic half-space, frictionless, and small contact radius (given 
by a), the contact normal force 𝐹𝐹 can be expressed as 

𝐹𝐹 =
4𝐸𝐸∗

3𝑅𝑅∗
𝑎𝑎3, (2) 

and the maximum displacements 𝛾𝛾1, 𝛾𝛾2 on the surfaces are 

𝛾𝛾𝑖𝑖 =
1 − 𝜈𝜈𝑖𝑖2

𝐸𝐸𝑖𝑖
∙
𝐸𝐸∗

𝑅𝑅∗
𝑎𝑎2,      𝑖𝑖 ∈ {1, 2}, (3) 

where   
1
𝑅𝑅∗

=
1
𝑅𝑅1

+
1
𝑅𝑅2

,   
1
𝐸𝐸∗

=
1
𝐸𝐸1∗

+
1
𝐸𝐸2∗

,   
1
𝐸𝐸𝑖𝑖∗

=
1 − 𝜈𝜈𝑖𝑖2

𝐸𝐸𝑖𝑖
, (4) 

Here, we consider Hertz’s contact theory [17], [18]. Hertz’s 
theory can be effectively extended to cases even if the relevant 
assumptions do not strictly hold [19], [20]. According to Finan 
et al., regardless of the indenter’s geometry, Poisson’s ratio, or 
interfacial friction, the error of the load is less than 4.4% even 

if the indentation ratio is up to 20% of the indenter radius [21]. 
Therefore, the violation of the small strain assumption still 
fulfills the requirements. However, the above result has some 
quantitative constraints regarding the assumption of large 
sample thickness (100 times the indenter radius). Therefore, 
Hertz’s theory is still sensitive to the violation of the elastic 
half-space assumption, and can be affected by the ratio of the 
indenter radius to sample thickness [17], [21], unless the soft 
elastomer is thick enough. 

To solve this problem, we introduce Tatara’s theories 
[22]-[24] to correct the results. The modified displacement 
field is expressed as: 

𝑢𝑢𝑖𝑖 = (𝑢𝑢𝑖𝑖)𝐻𝐻 − (𝑢𝑢𝑖𝑖)𝑊𝑊 ,   𝑖𝑖 ∈ {1, 2}, (5) 

where (𝑢𝑢𝑖𝑖)𝐻𝐻 denotes the result of Hertz’s theory, and (𝑢𝑢𝑖𝑖)𝑊𝑊 
denotes the displacement of the contact surface expansion 
caused by the displacement of the medium in the range 
𝑧𝑧＞2𝑅𝑅𝑖𝑖  (𝑧𝑧  is the normal distance from the contact point), 
which should be deducted from the total displacement. 
According to Eqs. (9), (14) and (16) in [22], we have: 

𝛾𝛾𝑖𝑖 =
3

4𝐸𝐸𝑖𝑖∗
∙
𝐹𝐹
𝑎𝑎
−

(1 + 𝜈𝜈𝑖𝑖)(3 − 2𝜈𝜈𝑖𝑖)
4𝜋𝜋𝐸𝐸𝑖𝑖𝑅𝑅𝑖𝑖

𝐹𝐹, (6) 

while Eq. (2) still stands. According to Eq. (2) and Eq. (6), 

�𝛾𝛾1 = 𝐴𝐴1𝑎𝑎2 − 𝐵𝐵1𝑎𝑎3

𝛾𝛾2 = 𝐴𝐴2𝑎𝑎2 − 𝐵𝐵2𝑎𝑎3
, (7) 

and as a result, we have 

�𝐶𝐶(𝐵𝐵2𝛾𝛾1 − 𝐵𝐵1𝛾𝛾2)2 = �𝐶𝐶(𝐴𝐴2𝛾𝛾1 − 𝐴𝐴1𝛾𝛾2)3 , (8) 

where  𝐴𝐴𝑖𝑖 =
𝐸𝐸∗

𝐸𝐸𝑖𝑖∗𝑅𝑅∗
,   𝐵𝐵𝑖𝑖 =

(1 + 𝜈𝜈𝑖𝑖)(3 − 2𝜈𝜈𝑖𝑖)
3𝜋𝜋𝐸𝐸𝑖𝑖𝑅𝑅𝑖𝑖

𝐸𝐸∗

𝑅𝑅∗
,

𝐶𝐶 = (𝐴𝐴1𝐵𝐵2 − 𝐴𝐴2𝐵𝐵1)−1. (9)
 

Since the elastomer of a visuotactile sensor can be modeled 
as a cylinder with the equivalent thickness [8], it should be 
satisfied that 𝑅𝑅1 ≫ 𝑅𝑅2. Besides, the indenter is artificially set 
to be stiffer than the soft elastomer, i.e., 𝐸𝐸2∗ > 𝐸𝐸1∗. Thus, 

𝐴𝐴1 > 𝐴𝐴2,   𝐵𝐵1 ≪ 𝐵𝐵2,   𝐶𝐶 > 0, (10) 

and Eq. (8) can be expressed as 

𝐶𝐶(𝐵𝐵2𝛾𝛾1 − 𝐵𝐵1𝛾𝛾2)3 = (𝐴𝐴2𝛾𝛾1 − 𝐴𝐴1𝛾𝛾2)2. (11) 

Considering that Tatara’s correction term is a small quantity 
compared to Hertz’s contact term, and the size of the 
elastomer is larger than that of the indenter, we have 

 
Fig. 2. Normal contact model. (b) Torsion contact model. 



  

𝐴𝐴1 > 𝐴𝐴2 ≫ 𝐵𝐵2 ≫ 𝐵𝐵1. (12) 

Therefore, the higher order terms of 𝐵𝐵1  in Eq. (9) can be 
neglected, and Eq. (11) can be rewritten as 

𝛾𝛾2 =
𝐶𝐶𝐵𝐵1𝐵𝐵22

𝐴𝐴12
�
𝐵𝐵2
𝐵𝐵1
𝛽𝛽 − 3� ∙ 𝛾𝛾12 +

𝐴𝐴2
𝐴𝐴1
�2 −

𝐴𝐴2
𝐴𝐴1
𝛽𝛽� ∙ 𝛾𝛾1, (13) 

where 𝛽𝛽 = 𝛾𝛾2 𝛾𝛾1⁄ . Based on Eq. (13), we introduce the 
function 𝜑𝜑(𝛾𝛾1,𝛽𝛽) to make the following equation holds: 

𝛾𝛾2 = 𝐾𝐾2 ∙ 𝛾𝛾12 + 𝐾𝐾1 ∙ 𝛾𝛾1 + 𝜑𝜑(𝛾𝛾1,𝛽𝛽), (14) 

where 𝜑𝜑(𝛾𝛾1,𝛽𝛽) = (1 − 𝐾𝐾1𝛽𝛽)(𝐾𝐾1𝛾𝛾1 − 𝐾𝐾3𝛾𝛾12). (15) 

and   𝐾𝐾1 =
𝐴𝐴2
𝐴𝐴1

,   𝐾𝐾2 =
𝐵𝐵22(𝐴𝐴1𝐵𝐵2 − 3𝐴𝐴2𝐵𝐵1)
𝐴𝐴12𝐴𝐴2(𝐴𝐴1𝐵𝐵2 − 𝐴𝐴2𝐵𝐵1)

,

𝐾𝐾3 =
𝐵𝐵23

𝐴𝐴1𝐴𝐴2(𝐴𝐴1𝐵𝐵2 − 𝐴𝐴2𝐵𝐵1) . (16)
 

Substituting 𝛽𝛽 = 𝛾𝛾1 𝛾𝛾2⁄ = 𝛾𝛾1
𝐾𝐾2∙𝛾𝛾12+𝐾𝐾1∙𝛾𝛾1+𝜑𝜑

 into Eq. (15) yields 

𝜑𝜑2 + (𝐾𝐾2 + 𝐾𝐾3)𝛾𝛾12𝜑𝜑 + 𝐾𝐾2𝛾𝛾13(𝐾𝐾3𝛾𝛾1 − 𝐾𝐾1) = 0. (17) 

According to Eq. (15), 𝜑𝜑 is positive. Also, according to Eq. 
(12), 𝐾𝐾1 ≫ 𝐾𝐾3 > 𝐾𝐾2 stands. Therefore, solving Eq. (17) yields 
(Λ denotes the high-order minors) 

𝛾𝛾2 = 𝐾𝐾1 ∙ 𝛾𝛾1 + �𝐾𝐾1𝐾𝐾2 ∙ 𝛾𝛾11.5

−𝐾𝐾4 ∙ 𝛾𝛾12 +
𝐾𝐾42

2�𝐾𝐾1𝐾𝐾2
∙ 𝛾𝛾12.5 + Λ, (18)

 

where   𝐾𝐾4 =
𝐾𝐾3 − 𝐾𝐾2

2
=

3𝐵𝐵1𝐵𝐵22

2𝐴𝐴12(𝐴𝐴1𝐵𝐵2 − 𝐴𝐴2𝐵𝐵1)
. (19) 

Consider a suitable set of parameters: 𝐸𝐸1 = 0.1MPa, 𝐸𝐸2 =
0.2MPa , 𝜈𝜈1 = 𝜈𝜈2 = 0.4 , 𝑅𝑅1 = 50cm , 𝑅𝑅2 = 5cm . Then we 
have (dimensionless): 𝐴𝐴1 = 0.1232 , 𝐴𝐴2 = 0.0616 , 𝐵𝐵1 =
7.5319 × 10−4 , 𝐵𝐵2 = 3.7760 × 10−3 , and it supports the 
approximate relationship in Eq. (12). In this case, 

𝛾𝛾2 = 0.5 ∙ 𝛾𝛾1 + 0.0847 ∙ 𝛾𝛾11.5 − 0.0025 ∙ 𝛾𝛾12

+3.776 × 10−5 ∙ 𝛾𝛾12.5 + Λ. (20) 

The above derivation assumes that the contact forces satisfy 
the Hertz’s pressure distribution, and calculate the 
displacement form based on this assumption. Yoffe pointed 
out that extrusion-induced transverse displacements would 
result in surface displacements slightly deeper than the 
indentation given by Hertz’s theory [25]. Since the size of 
indenter is much closer to the radius of the contact region than 
that of the elastomer, the influence of transverse displacement 
on 𝐴𝐴2  is significant and cannot be ignored. According to 
Yoffe’s theory, 𝐴𝐴2 should be corrected as 

𝐴𝐴2′ =
32
9𝜋𝜋

𝐸𝐸∗

𝐸𝐸2∗𝑅𝑅∗
=

32
9𝜋𝜋

𝐴𝐴2. (21) 

Also, according to Eq. (20), the last two items are small and 
can be omitted. Therefore, Eq. (18) can be approximated as 

𝛾𝛾2 =
32
9𝜋𝜋

𝐾𝐾1 ∙ 𝛾𝛾1 + �𝐾𝐾1𝐾𝐾2′ ∙ 𝛾𝛾11.5 + Λ, (22) 

In summary, in order to obtain the first relationship of 𝐸𝐸1 
and 𝜈𝜈1, we can fit the maximum normal displacement values 
of the elastomer and the indenter using 

𝛾𝛾2 = 𝐻𝐻1 ∙ 𝛾𝛾1 + 𝐻𝐻2 ∙ 𝛾𝛾11.5,   𝐻𝐻1 =
32
9𝜋𝜋

∙
1 − 𝜈𝜈22

1 − 𝜈𝜈12
∙
𝐸𝐸1
𝐸𝐸2

. (23) 

Considering that 𝐾𝐾2 is related to the shape of the contact and 
has a large signal-to-noise ratio in practical applications, 𝐻𝐻2 is 
not regarded as useful information. 

The above derivation improves the tolerance of violating 
elastic half-space assumption, but the elastomer’s thickness 
can still affect this theory’s accuracy. For Eq. (11), if the 
higher-order term of 𝐵𝐵1 is retained, 𝛾𝛾2 should be corrected as 

𝛾𝛾2′ = (1 − 𝐾𝐾5 ∙ 𝛾𝛾1)−1 ∙ 𝛾𝛾2,   𝐾𝐾5 =
3𝐵𝐵2𝐵𝐵12

𝐴𝐴12(𝐴𝐴1𝐵𝐵2 − 𝐴𝐴2𝐵𝐵1)
. (24) 

For the parameters of Eq. (20), 𝐾𝐾 = 0.0014, which can be 
ignored. But if 𝑅𝑅1 = 10cm, 𝐾𝐾 = 0.0523, and the error of 𝛾𝛾2 
reaches 10% when 𝛾𝛾1 = 2𝑚𝑚𝑚𝑚 . Since vision-based tactile 
sensors used for force reconstruction usually need thicker 
elastomers [11], this theory still applies to typical situations. 

C. Torsion Contact Model 
As shown in Fig. 2(b), we take points 𝐴𝐴(𝜀𝜀, 𝜂𝜂) on the contact 

region S and 𝐵𝐵(𝑥𝑥,𝑦𝑦, 𝑧𝑧)  in the elastomer. According to the 
Boussinesq-Cerritti integral equation [26], the action of forces 
𝑓𝑓𝑥𝑥(𝜀𝜀, 𝜂𝜂), 𝑓𝑓𝑦𝑦(𝜀𝜀, 𝜂𝜂), and 𝑓𝑓𝑧𝑧(𝜀𝜀, 𝜂𝜂) at point 𝐴𝐴 can be described by a 
potential function that satisfies the Laplace equation: 

𝐹𝐹𝑚𝑚 = −� 𝑓𝑓𝑚𝑚(𝜀𝜀, 𝜂𝜂)[𝑧𝑧 ln(𝜌𝜌 + 𝑧𝑧) − 𝜌𝜌]
⬚

𝑆𝑆
,   𝑚𝑚 ∈ {𝑥𝑥, 𝑦𝑦, 𝑧𝑧}, (25) 

where   𝜌𝜌 = �(𝜀𝜀 − 𝑥𝑥)2 + (𝜂𝜂 − 𝑦𝑦)2 + 𝑧𝑧2. (26) 

According to Love’s method [26], the displacements at any 
point on the contact surface (𝑧𝑧 = 0) can be expressed as 

⎩
⎪
⎨

⎪
⎧𝑢𝑢𝑥𝑥 =

1
4𝜋𝜋𝐺𝐺

��2
𝜕𝜕2𝐹𝐹𝑥𝑥
𝜕𝜕𝑧𝑧2

−
𝜕𝜕2𝐹𝐹𝑧𝑧
𝜕𝜕𝑥𝑥𝜕𝜕𝑧𝑧

� + 2𝜈𝜈
𝜕𝜕𝜓𝜓
𝜕𝜕𝜕𝜕
�

𝑢𝑢𝑦𝑦 =
1

4𝜋𝜋𝐺𝐺
��2

𝜕𝜕2𝐹𝐹𝑦𝑦
𝜕𝜕𝑧𝑧2

−
𝜕𝜕2𝐹𝐹𝑧𝑧
𝜕𝜕𝑦𝑦𝜕𝜕𝑧𝑧

� + 2𝜈𝜈
𝜕𝜕𝜓𝜓
𝜕𝜕𝑦𝑦
�

, (27) 

where   𝜓𝜓 =
𝜕𝜕𝐹𝐹𝑥𝑥
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝐹𝐹𝑦𝑦
𝜕𝜕𝑦𝑦

+
𝜕𝜕𝐹𝐹𝑧𝑧
𝜕𝜕𝑧𝑧

, (28) 

and 𝐺𝐺 = 𝐸𝐸 2(1 + 𝜈𝜈)⁄  represents the shear modulus. 
Under normal contact, we consider a hemispherical elastic 

indenter relative to an elastomer that then undergoes a torsion 
with the angle of 𝜃𝜃total, perpendicular to the normal direction. 
The curl of the elastomer’s deformation field satisfies 

rot(𝒖𝒖1) =
𝜕𝜕𝑢𝑢1,𝑦𝑦

𝜕𝜕𝜕𝜕
−
𝜕𝜕𝑢𝑢1,𝑥𝑥

𝜕𝜕𝜕𝜕

=
1

4𝜋𝜋𝐺𝐺1
�
𝜕𝜕𝐻𝐻𝑦𝑦
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐻𝐻𝑥𝑥
𝜕𝜕𝜕𝜕

� +
𝜈𝜈1

2𝜋𝜋𝐺𝐺1
�
𝜕𝜕2𝜓𝜓
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

−
𝜕𝜕2𝜓𝜓
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

� , (29)
 



  

where   𝐻𝐻𝑥𝑥 = 2
𝜕𝜕2𝐹𝐹𝑥𝑥
𝜕𝜕𝑧𝑧2

−
𝜕𝜕2𝐹𝐹𝑧𝑧
𝜕𝜕𝑥𝑥𝜕𝜕𝑧𝑧

,   𝐻𝐻𝑦𝑦 = 2
𝜕𝜕2𝐹𝐹𝑦𝑦
𝜕𝜕𝑧𝑧2

−
𝜕𝜕2𝐹𝐹𝑧𝑧
𝜕𝜕𝑦𝑦𝜕𝜕𝑧𝑧

. (30) 

The forces and the potential functions of two objects at the 
same contact position should be equal in value and opposite in 
sign. Thus, the curl of the elastomer’s deformation satisfies 

rot(𝒖𝒖2) =
𝜕𝜕𝑢𝑢2,𝑦𝑦

𝜕𝜕𝜕𝜕
−
𝜕𝜕𝑢𝑢2,𝑥𝑥

𝜕𝜕𝜕𝜕

= −
1

4𝜋𝜋𝐺𝐺2
�
𝜕𝜕𝐻𝐻𝑦𝑦
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐻𝐻𝑥𝑥
𝜕𝜕𝜕𝜕

� +
𝜈𝜈2

2𝜋𝜋𝐺𝐺2
�
𝜕𝜕2𝜓𝜓
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

−
𝜕𝜕2𝜓𝜓
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

� , (31)
 

According to our previous work [27], the relative rotation 
angle 𝜃𝜃total of the sticking region with respect to the relative 
rotation angle  𝜃𝜃stick of the elastomer can be expressed as 

𝜃𝜃total = −�
𝐺𝐺1
𝐺𝐺2

+ 1� 𝜃𝜃stick +
𝐿𝐿𝑥𝑥𝑥𝑥 − 𝐿𝐿𝑦𝑦𝑦𝑦

2
. (32) 

Previously, we did not give specific expressions for 𝐿𝐿𝑥𝑥𝑥𝑥  and 
𝐿𝐿𝑦𝑦𝑦𝑦. By combining Eqs. (29) and (31), we can obtain 

𝐿𝐿𝑥𝑥𝑥𝑥 − 𝐿𝐿𝑦𝑦𝑦𝑦 = �
𝜈𝜈1 − 𝜈𝜈2
8𝜋𝜋𝐺𝐺2

�
𝜕𝜕2𝜓𝜓
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

−
𝜕𝜕2𝜓𝜓
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

� 𝑑𝑑𝑑𝑑 , (33) 

The partial derivatives of a potential function should satisfy 
continuity. Thus, 𝐿𝐿𝑥𝑥𝑥𝑥 − 𝐿𝐿𝑦𝑦𝑦𝑦 = 0 stands, and 

�
𝜃𝜃total
𝜃𝜃stick

� =
𝜃𝜃2 + 𝜃𝜃1
𝜃𝜃1

=
𝐺𝐺1
𝐺𝐺2

+ 1, (34) 

where 𝜃𝜃1  and 𝜃𝜃2  denote the rotation angles of the contact 
surface with respect to the elastomer and the indenter. 

The potential theory relies on strict elastic half-space 
assumptions. Due to the small size of the elastic indenter and 
violation of the large thickness assumption, its rotation angle 
should be corrected. According to the Jäger theory [28], the 
rotation angle 𝜃𝜃2 satisfies the relationship with the torque 𝑀𝑀 
concerning the neutral axis (small angle approximation): 

𝑀𝑀 =
16𝐺𝐺𝑖𝑖𝑎𝑎3

3
𝜃𝜃𝑖𝑖,   𝑖𝑖 ∈ {1, 2}, (35) 

where 𝑎𝑎 denotes the contact radius. It is generalized to the 
case we discussed due to the fulfillment of Eq. (34). However, 
a sphere’s deformation occurs near the contact region and 
involves deeper layers. This issue cannot be neglected for 
elastic indenters with small dimensions. Therefore, we attempt 
to generalize the idea of rod model [29] to the torsion contact 
case. Let the indentation depth be ∆ℎ, and the indenter can be 
equated to a cylinder of thickness ℎ∗ = 𝑅𝑅 − ∆ℎ. Based on the 
material mechanics analysis, the additional angle ∆𝜃𝜃2 satisfies 

𝑀𝑀 =
𝜋𝜋𝐺𝐺2𝑅𝑅24

2(𝑅𝑅2 − ∆ℎ)
∆𝜃𝜃2. (36) 

Due to the adjoint transverse displacement, the equivalent 
contact radius can be approximated as 

𝑎𝑎 = �1 +
∆ℎ
𝑅𝑅2
� ∙ �𝑅𝑅22 − (𝑅𝑅2 − ∆ℎ)2, (37) 

Substituting Eq. (37) into Eqs (35) and (36) yields 

∆𝜃𝜃2∗

𝜃𝜃2
=

32
3𝜋𝜋

(1 − 𝛽𝛽)(2𝛽𝛽 − 𝛽𝛽2)1.5(1 + 𝛽𝛽)3,   𝛽𝛽 =
∆ℎ
𝑅𝑅2

. (38) 

During the calibration, we artificially select that 𝛽𝛽 = 0.2 (i.e., 
the indentation depth is 0.2 times the radius). Therefore, 

𝜃𝜃2∗

𝜃𝜃2
=
𝜃𝜃2 + ∆𝜃𝜃2∗

𝜃𝜃2
≈ 2.014,   and 

𝜃𝜃2∗

𝜃𝜃1
= 2.014 ∙

𝐺𝐺1
𝐺𝐺2

(39) 

In summary, in order to obtain the second relationship of 
𝐸𝐸1 and 𝜈𝜈1, we can fit the maximum torsion angle values of the 
elastomer and the indenter using the following relationship 

𝜃𝜃2 = 𝐻𝐻3 ∙ 𝜃𝜃1,   𝐻𝐻3 = 2.014 ∙
1 + 𝜈𝜈2
1 + 𝜈𝜈1

∙
𝐸𝐸1
𝐸𝐸2

, (40) 

Thus, 𝐸𝐸1 and 𝜈𝜈1 can be calculated from Eqs. (24) and (40): 

𝐸𝐸1 = �0.993 − 0.279 ∙
𝐻𝐻3
𝐻𝐻1

(1 − 𝜈𝜈2)� ∙
𝐻𝐻3𝐸𝐸2

1 + 𝜈𝜈2
, (41) 

𝜈𝜈1 = 1 − 0.562 ∙
𝐻𝐻3
𝐻𝐻1

(1 − 𝜈𝜈2). (42) 

III. SIMULATION VALIDATION 

We used the standard FEA simulations (Abaqus) to verify 
the described contact theories, as shown in Fig. 3(a). The 
elastomer was modeled as a cylinder with a radius of 15 mm 
and a thickness of 5 mm, and the elastic indenter as a 
hemisphere with a radius of 5 mm. Based on the parameters of 
the Tac3D sensor [30], the Young’s modulus of the elastomer 
was selected as 𝐸𝐸1 = 1MPa and Poisson’s ratio as 𝜈𝜈1 = 0.48. 
The friction coefficient of the two parts was set to be 0.4 
(penalty friction model). The linear-elastic model, geometrical 
nonlinearities, and finite slip were considered. The bottom of 
the elastomer and the indenter were constrained to simulate 
that both were fixed on two mutually parallel platforms. 

The contact process was divided into two stages. In the first 
stage, the normal force 𝐹𝐹𝑁𝑁 was set to be 20𝑁𝑁, and the normal 
contact theory was verified by comparing the maximum 
normal displacements (𝛾𝛾1 and 𝛾𝛾2), as shown in Fig. 3(b). In 
the second stage, the indentation depth was adjusted to 1 mm 
(i.e., 𝛽𝛽 = 0.2), the torque 𝑀𝑀 = 15𝑁𝑁 ∙ 𝑚𝑚𝑚𝑚 was set at the same 
position [see Fig. 3(c)], and the torsion contact theory was 
verified by comparing the maximum rotation angles (𝜃𝜃1 and 
𝜃𝜃2). The rotation angles were obtained by fitting the point 
cloud attached to the model at the contact position. 

 
Fig. 3. FEA simulation validation. (a) Initial configuration. (b) Normal 
pressure. (c) Torsion. 



  

As shown in Fig. 5, 𝐸𝐸2  and 𝜈𝜈2  of the indenter are varied 
respectively to compare the theoretical and simulation results 
of normal and torsional contact. Results indicate that the 
proposed theory can effectively estimate displacement and 
rotation. The 𝛾𝛾1-𝛾𝛾2 curves obtained by Eq. (23) and the 𝜃𝜃1-𝜃𝜃2 

curves obtained by Eq. (40) show good agreement with the 
simulation results, and the best results are obtained in the case 
of 𝐸𝐸2 = 2MPa and 𝜈𝜈2 = 0.4. For normal contact, the errors 
decrease and then increase with the increase of contact 
displacement (or rotation): when the deformation is small, the 

 
Fig. 4. Simulation results. (a) Validation of normal contact model. (b) Validation of torsion contact model. For each subgraph, the upper half is the comparison 
between theoretical and simulated values, and the lower half is the error curve. 

TABLE  I 
CALIBRATION ERRORS OF DIFFERENT TEST CASES 

Relative 
error 

𝐸𝐸2 = 1MPa, 
𝜈𝜈2 = 0.4 

𝐸𝐸2 = 2MPa, 
𝜈𝜈2 = 0.4 

𝐸𝐸2 = 3MPa, 
𝜈𝜈2 = 0.4 

𝐸𝐸2 = 4MPa, 
𝜈𝜈2 = 0.4 

𝐸𝐸2 = 2MPa, 
𝜈𝜈2 = 0.45 

𝐸𝐸2 = 2MPa, 
𝜈𝜈2 = 0.35 

𝐻𝐻1 14.13% 5.05% 1.24% 0.13% 8.27% 1.86% 

𝐻𝐻3 7.22% 0.89% 3.46% 6.28% 1.16% 0.75% 

𝐸𝐸1 9.50% 1.07% 1.89% 4.26% 1.87% 3.22% 

𝜈𝜈1 6.55% 6.11% 5.03% 6.65% 9.42% 8.56% 

 



  

system noise leads to large relative errors; when the shape 
variable is large, the influence of the nonlinear effect increases 
and exceeds the applicability of the proposed theory. The 
results above indicate that the mid-range displacement value 
(0.2-0.8 mm) should be selected in real calibration. In addition, 
the variations of 𝛾𝛾1-𝛾𝛾2  curves and 𝜃𝜃1-𝜃𝜃2  curves exhibit the 
same characteristics with the changes of 𝐸𝐸2and 𝜈𝜈2: 

1) As 𝐸𝐸2  increases, the errors first decrease and then 
increase, and the optimal result is taken when 𝐸𝐸2 =
2𝐸𝐸1 = 2MPa  [see Figs. 4(a1)-4(a4) and 4(b1)-4(b4)]. 
The reasons are that when 𝐸𝐸2 is close to 𝐸𝐸1, it violates 
the modeling premise that the indenter is harder than the 
soft elastomer; when 𝐸𝐸2  is much larger than 𝐸𝐸1 , the 
influence of the higher-order nonlinear terms increases. 

2) The variation of 𝜈𝜈2 has a smaller contribution to fitting 
[see Figs. 4(a1), 4(a5)-4(a6), and 4(b1), 4(b5)-4(b6)]. As 
𝜈𝜈2 increases (or decreases), the theoretical curve exhibits 
the same downward (or upward) shift as the simulation 
curve with a small error. Since the silicone’s material 
properties, the range of values for 𝜈𝜈2 is usually small. 
Therefore, compared to 𝐸𝐸2, 𝜈𝜈2 has a relatively smaller 
contribution to fitting, and the main factor affecting 
calibration performance is indenter’s Young’s modulus. 

Table I demonstrates the deviation of the parameters 
obtained by fitting from the theoretical values. 𝐻𝐻1 depends on 
both 𝐸𝐸2  and 𝜈𝜈2, and the relative error of 𝐻𝐻1 is smaller when 
𝐸𝐸2 is larger; and 𝐻𝐻3 is mainly affected by 𝐸𝐸2, and it is more 
accurate the closer 𝐸𝐸2 is to 2𝐸𝐸1. Under both influences, the 
calibration of 𝐸𝐸1 and  𝜈𝜈1 achieves the best results in the second 
and third test cases, respectively. Also, Table I shows the 
model’s applicability to different 𝜈𝜈1 (selecting 𝐸𝐸2 = 2𝐸𝐸1). For 
the reasonable range of Poisson’s ratio values of silicone 
materials, the model does not show significant failure, and the 
smaller the Poisson’s ratios (if their values are similar), the 
higher the accuracy. However, since 𝜈𝜈1 is unpredictable and 
the results in Table I indicate that 𝜈𝜈1 and 𝜈𝜈2 should not differ 
significantly, the value of 𝜈𝜈2  should not be too small. In 
conclusion, the proposed theory has the best validity and 
accuracy when the selected mechanical parameters are 𝐸𝐸2 =
2𝐸𝐸1~3𝐸𝐸1 and 𝜈𝜈2 is near 0.4. 

IV. DEVICE AND EXPERIMENT 

A. Design and usage of EasyCalib 
Based on the above theories and verifications, we propose 

EasyCalib, a deformation-based calibration device, and the 
related method. As shown in Fig. 5 (a), EasyCalib consisted of 
four main components: elastic indenter, translation mount, 

rotation mount, and mounting bracket [see Table III]. Except 
for translation and rotation mounts that could be purchased 
from instrument manufacturers and standard components such 
as screws, all other components could be 3D printed on 
consumer-grade equipment and completed within half an hour. 
Compared to commercial F/T sensors, EasyCalib was several 
orders of magnitude cheaper (the part cost is only $110), 
providing an affordable and user-friendly calibration solution. 
More details of EasyCalib can be found on the website1. 

A characteristic of this scheme lies in balancing operational 
simplicity and usage standardization. In application, the tactile 
sensor can be fixed to EasyCalib through the mounting bracket, 
while the contact between the indenter and the elastomer can 
be controlled through translation and rotation mounts [see Fig. 
5(b)]: the micrometer that controls the translation mount can 
adjust the normal contact by rotating, while torsional contact 
can be achieved by rotating the handle that controls the 
rotation mount. The calibration process is as follows: 

1) Adjust the micrometer, and record a series of total 
displacement 𝛾𝛾1 + 𝛾𝛾2  measured by the translation 
mount and the maximum indentation 𝛾𝛾1  measured by 
the sensor, and fit 𝐻𝐻1 according to Eq. (23). 

2) Set 𝛾𝛾2 = 1𝑚𝑚𝑚𝑚, adjust the handle, and record a series of 
total rotational angle 𝜃𝜃1 + 𝜃𝜃2 measured by the rotation 
mount and the rotational angle 𝜃𝜃1  measured by the 
sensor. Then, fit 𝐻𝐻3 according to Eq. (40). 

3) 𝐸𝐸1 and 𝜈𝜈1 can be calculated according to Eqs. (41), (42). 
Vision-based tactile sensors (VBTS) provide the function 

of measuring contact deformation using the marker 
displacement method. Based on this, 𝛾𝛾1 can be obtained by 

 
1 https://mingxuan-li.com/attach/EasyCalib.pdf 

TABLE  III 
COMPONENT AND APPROXIMATE COST LIST 

Component Cost 
Translation mount (resolution of 0.001mm) $50 

Rotation mount (resolution of 2°) $37 
4 construction rods (6mm) $9 

2 mounting brackets $9 
3D printed pieces (photopolymer) $2 

Elastic indenter (PDMS) $2 
Screws (M4) $1 

Total $110 
 

TABLE  II 
APPLICABILITY OF THE MODEL TO POISSON’S RATIO 

Poisson’s ratio Relative error in 𝐻𝐻1 Relative error in 𝐻𝐻3 
𝜈𝜈1 = 𝜈𝜈2 = 0.45 6.75% 6.61% 
𝜈𝜈1 = 𝜈𝜈2 = 0.4 4.21% 6.75% 
𝜈𝜈1 = 𝜈𝜈2 = 0.35 2.73% 5.78% 

 
 

Fig. 5. (a) Design and structure of EasyCalib1. (b) Usage of EasyCalib. 



  

interpolating the normal displacement and calculating the 
maximum indentation (for different types of VBTS, refer to [4] 
to select the appropriate approach). Also, we suggest using our 
previous algorithm [27] to implement the measurement of 𝜃𝜃1 
in such sensors. It is worth noticing that the impact of 
measurement accuracy on calibration cannot be ignored. 
Based on our experience, the measurement error is of the same 
magnitude as the theoretical error. In this paper, we used the 
Tac3D sensor with an error of less than 0.02mm [30] to meet 
the requirements. In conclusion, we recommend ensuring the 
high displacement measurement accuracy of the sensor when 
preparing for the calibration. 

B. In-situ Calibration Evaluation 
We chose the Tac3D sensor [30] as the calibration model. 

The productized Tac3D, as shown in Fig. 6(a), has accurate 
and reliable visuotactile measurements, and its internal 
structure is the same as the previously proposed OneTip [31]. 
Based on experience, the Young’s modulus of the Tac3D 
product is about 0.22~0.38 MPa, and the Poisson’s ratio is 
about 0.38~0.42. Therefore, we try to change the stiffness of 
the elastic indenter to comply with the parameter values 
suggested in Section III. Considering that the elastic indenter 
is not a standard test sample, we made an elastic indenter and a 
cylindrical sample (as a standard part) from the same batch of 
poly-di-methyl-siloxane (PDMS) using the same process, As 
shown in Fig. 6(b). Therefore, we can indirectly measure the 
parameters of the elastic indenter by performing standard 
compression experiments [33] on the cylindrical sample. 
According to Fuard et al. [32], the mechanical parameters of 
PDMS can be adjusted by varying the cross-linker 
concentration and baking condition. We explored different 
preparation processes and measured the mechanical 
parameters of cylindrical samples based on the platform 
shown in Fig. 6(c). The contact between the calibrator and the 
test object (cylindrical sample) can be controlled using the 
slide tables and rotating platform, and quantified by reading 
the force measured by a F/T sensor (with a resolution of 0.01N) 
with the displacement provided by the slide tables. Finally, we 
selected the cross-linker ratio of 1:10 and the baking condition 

of 70°𝐶𝐶 and 12 hours to prepare the indenter, which gave 𝐸𝐸2 =
1.1035𝑀𝑀𝑀𝑀𝑀𝑀 and 𝜈𝜈2 = 0.3883. 

The calibration procedure was also applied on the platform 
shown in Fig. 6(c) by replacing the test object with a Tac3D 
sensor. We used the pipeline introduced in Section IV to 
perform the normal and torsion contacts. To reduce the 
random error, we repeated the sampling ten times and 
averaged the results. The results are shown in Fig. 7. Based on 
the obtained 𝛾𝛾1-𝛾𝛾2 and 𝜃𝜃1-𝜃𝜃2 curves, the fitted values of 𝐻𝐻1 
and 𝐻𝐻3 are 0.3397 and 0.6023, respectively. Among these, the 
displacement curves’ errors are larger than the angular curves. 
The main reason is that the contact surface of Tac3D has a 
certain degree of curvature (i.e., 𝑅𝑅2 ≠ 0), which contributes to 
the nonlinear term factor. Finally, the in-situ calibration of 
Tac3D according to Eqs. (41) and (42) resulted in 𝐸𝐸1 =
0.3305𝑀𝑀𝑀𝑀𝑀𝑀 and 𝜈𝜈1 = 0.3905. 

C. Force Reconstruction Evaluation 
Due to the difficulty of comparing with real mechanical 

parameters (with the same reason introduced in [8]), we 
evaluated the accuracy of EasyCalib by comparing the 
reconstructed obtained distributed forces [34]. Following our 
previous approach [11], we imported the measured 𝐸𝐸1 and 𝜈𝜈1 
into the elastomer model built in Abaqus, and obtained the 
stiffness matrices of the 3D displacements to the 3D 
distributed forces through finite element simulation. This 
process typically takes only ten minutes or so. Also, the 
centralized force can be obtained by integrating the distributed 
force. Using the platform above, we compared the ground 

 
Fig. 6. (a) Tac3D sensor. (b) Elastic indenter and cylinder sample. (c) 
Experiment setup for normal contact and torsion contact calibration. 

 
Fig. 7. In-situ calibration evaluation. (a) Results of normal contact. (b) 
Results of torsion contact. 

 
Fig. 8. Force reconstruction evaluation. (a), (b) 𝐹𝐹𝑥𝑥.and 𝐹𝐹𝑦𝑦 (𝐹𝐹𝑧𝑧 = 10𝑁𝑁). (c) 𝐹𝐹𝑧𝑧. 



  

truth measured by the F/T sensor with the normal force 
reconstructed by Tac3D based on this stiffness matrix, as 
shown in Fig. 8(a). The quantitative evaluation shows that the 
results of force estimation in the three directions are very close 
to the ground truth in the half range, and the maximum error is 
not more than 0.2 N. As the absolute value of 𝐹𝐹𝑧𝑧 approaches 
the range, the error gradually increases. This issue is mainly 
because, in the theoretical derivation, we have omitted the 
higher terms of r, whose value increases with increasing 
indentation. Overall, the proposed method can be applied to 
reconstruct normal and tangential forces (for Tac3D: in the 
ranges of 1~10 𝑁𝑁 and −3~3 𝑁𝑁, respectively). 

V. CONCLUSION 

This article describes an in-situ calibration device, 
EasyCalib, for the routine measurement of mechanical 
parameters (Young’s modulus and Poisson’s ratio) of 
visuotactile sensors. Based on the derived theories of normal 
and torsion contact, EasyCalib relies on contact deformation 
measurements to obtain the relational equations to fit the 
mechanical parameters, eliminating the need for costly F/T 
sensors and data processing. With its low-cost design (about 
$110) and simple calibration process, users can implement it 
as easily as operating a micrometer or an angle scale. 
Simulations and experiments demonstrated the validity and 
accuracy of the method, and showed its application in 
optimizing distributed force reconstruction. However, the 
limitation of the current scheme is the reliance on theories 
with approximate assumptions, which limits the operational 
flexibility and accuracy. The future research will actively 
explore the contribution of data from finite element simulation, 
a priori information, and end-to-end training to the in-situ 
calibration process, and provide more powerful alternatives as 
well as new usage cases. 
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