
SCIENCE CHINA
Information Sciences

November 2019, Vol. 62 214201:1–214201:3

https://doi.org/10.1007/s11432-018-9699-7

c© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 info.scichina.com link.springer.com

. MOOP .

A novel multi-modal tactile sensor design using

thermochromic material

Fuchun SUN1, Bin FANG1*, Hongxiang XUE2, Huaping LIU1 & Haiming HUANG3

1Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China;
2Key Lab of Industrial Computer Control Engineering of Hebei Province, Yanshan University, Qinhuangdao 066000, China;

3College of Information Engineering, Shenzhen University, Shenzhen 518060, China

Received 8 November 2018/Accepted 10 December 2018/Published online 24 September 2019

Citation Sun F C, Fang B, Xue H X, et al. A novel multi-modal tactile sensor design using thermochromic

material. Sci China Inf Sci, 2019, 62(11): 214201, https://doi.org/10.1007/s11432-018-9699-7

Tactile sensors are important for ensuring robotic
perception [1], and their performance directly af-
fects a robot’s capability for performing dexter-
ous operations. These sensors mimic the tactile
sensing capability of human hands. This is be-
cause the skin of human hands is involved in con-
siderably meticulous works and can provide multi-
modal perceptions of various factors, including the
thermal conductivity, weight, surface texture, and
stiffness. Therefore, the investigation of multi-
modal tactile sensors has recently become increas-
ingly popular.

BioTAC [2] is a remarkable example of a multi-
modal tactile sensor, which is a highly integrated
and finger-like tactile sensor that can be used
to measure the temperature, vibration and ex-
erted pressure. In [3], a biomimetic tactile sensor
was used to successfully identify various materials.
Furthermore, BioTac is installed on the Shadow
robotic hand and is employed to recognize the ob-
jects based on their surface textures with a high
recognition accuracy [4]. However, BioTAC can
be easily damaged, and its conformation is not
customized for achieving garment manipulation.
Hence, it is ineffective if it is applied to indus-
trial grippers having limited manipulation capabil-
ities. Because vision-based tactile sensing exhibits
a higher value of performance than that exhibited
by other multi-modal tactile sensors, majority of
the recent studies are focused in this direction.
GelSight [5] is a typical vision-based multi-modal

tactile sensor comprising a piece of clear elastomer,
which is coated with a reflective membrane and
black markers, a camera, and light sources. Yuan
et al. [6] introduced a method for sensing slipping
and for measuring the normal, shear and torsional
load on the contact surface using the GelSight tac-
tile sensor. Recently, Pestell et al. [7] presented a
cheap, compliant, dual-modal tactile sensor, which
is capable of high-speed sensing (analogous to pain
reception in humans) and high-resolution sensing
(analogous to the sensing provided by the Merkel
cell complexes of human fingertips). However, the
thermal modal is not considered in the current
vision-based tactile sensor. Furthermore, thermal
conductivity is considered to be important tactile
information. Hence, the novel multi-modal tactile
sensor is developed using thermochromic material
for achieving robotic perception.

In this study, a novel vision-based multi-modal
tactile sensor is partially developed, and its fabri-
cation is proposed. The multi-modal tactile per-
ception method is finally described and the results
are presented for proving the effectiveness of the
proposed sensor.

Sensor design. The vision-based tactile sensor
consists of camera, transparent elastomer, light
sources and supporting structure. The structure
design of the proposed sensor is shown as Fig-
ure 1(a). The camera should be considered to
be important in the design because its size and
focal length directly affect the structure of a tac-
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Figure 1 (Color online) Multi-modal tactile sensor. (a) The sensor structure and (b) the sensor prototype.

tile sensor and the range of images that can be
captured. This tactile sensor aims to provide the
robot with information related to the objects dur-
ing manipulation. It is generally mounted on the
robot’s hand, and its size should also be consid-
ered. Therefore, the size, focal length and vi-
sual range of the camera should be appropriately
selected. A custom miniature ultra-short focal
length camera with a focal length of 1/6 inch and
with 300000 high-definition pixels is used in the
proposed tactile sensor.

Meanwhile, the softness of the elastomer and
the attachment of the surface layer on the elas-
tomer can be used to determine the information
quality obtained using the sensor. As previously
described, the sensor acquires multi-modal infor-
mation by capturing the images of the upper sur-
face of the elastic body that is in contact with
the objects. Further, the sensor obtains the infor-
mation related to multiple modalities of the ob-
ject through the deformation of the elastic body
and the surface attachments. The elastomer defor-
mation is related to the softness of the elastomer.
Meanwhile, the surface attachments determine the
modal of perception. The thermochromic material
was used to construct the markers and the reflec-
tive membrane. A thermochromic material is a
reversible colored material that transforms from
dark to colorless in the presence of heat and re-
turns to its original color in a cold environment.
This material exhibits superior adaptability, and
several thermochromic materials can be mixed ac-
cording to the individual preferences that are re-
quired for sensing multiple temperature intervals.
When the mixture material is exposed to different
temperatures, it becomes sensitive, rapidly discol-
ors, and exhibits a strong stability. This material
is extensively used in daily necessities, including
color-changing cups and t-shirts. However, this
material has not been applied in the tactile sen-
sors. In the proposed design, the thermochromic
material is used to sense various temperature inter-
vals to construct reflective membranes. Further,
the high-temperature thermochromic material is
employed to develop markers that maintain the
invariance at a low temperature.

Fabrication. In the vision-based tactile sensor,

an elastomer is considered to be a medium that
transforms the tactile information into image in-
formation. Hence the elastomer material must be
transparent and flexible. First, polydimethylsilox-
ane (PDMS) was selected. The softness of the elas-
tomer is dependent on the ratio of the two com-
ponents contained in PDMS. The elastomer mold
is designed in a cuboid shape. Further, the mold
of aluminum alloy should be polished to prevent
the prepared elastomer from contacting with the
rough surfaces, thereby affecting the image qual-
ity obtained using the sensor. Additionally, the
two components were mixed in a certain propor-
tion, and the mixture was poured into the mold.
Thereafter, the mixture in the mold was placed
in a vacuum- incubator to extract the air bubbles
from PDMS and to obtain a consistent tempera-
ture for curing. After approximately half an hour,
the cured PDMS can be eliminated from the mold.

Further, the elastomer’s surface attachment
that resists light transmission and renders the tex-
ture was constructed. The elastomer is optically
transparent, and the camera is highly susceptible
to external light sources while capturing the im-
ages of an elastomer surface. Hence, the surface at-
tachment must exhibit the characteristics of reflec-
tion, adhesion, and ductility as well as the presence
of fine particles. The existing attachments of such
sensors include silver powder or copper that can-
not be used to sense temperatures. Thus, the ther-
mochromic material is employed as an attachment
to simultaneously sense the temperatures and tex-
tures. Two thermochromic materials were individ-
ually coated on the surface of the elastomer to form
two layers. The first layer was coated with the
first thermochromic material to form a 7×6 marker
array. After the marker array was shaped, the
second thermochromic material with a 0.15 mm
thickness was applied to the second layer. Fur-
thermore, the color difference observed between
the two materials in an equal temperature con-
dition should be evident. The first thermochromic
material becomes red when the temperature is
lower than 65◦C, whereas the color of the ther-
mochromic material becomes white when the tem-
perature becomes greater than 65◦C. Meanwhile,
the second thermochromic material exhibits four
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color-changing intervals. It becomes dark purple
when the temperature is lower than 5◦C, purple
when the temperature is between 5◦C and 22◦C,
blue when the temperature is between 22◦C and
45◦C, and white when the temperature is greater
than 45◦C. Further, the colors are observed to vary
in different temperature ranges. Therefore, the de-
vice can achieve the required contact force, texture
and temperature value ranges when it contacts an
object at a temperature lower than 65◦C. The pro-
totype of the sensor is depicted in Figure 1(b).

Multi-modal tactile perception. The tempera-
ture perception of a multi-modal tactile sensor is
reflected in terms of color. The response color of
the sensor to the four temperature states can be
given as follows: ice: black; cool: purple; normal
temperature: blue; and hot: white. The color dif-
ference between the temperature states is observed
to be significant, and the sensor’s transition be-
tween the two states is considerably sensitive. Fur-
thermore, a warm tone matching method is pro-
posed for determining the object’s temperature.
Further, the standard templates of the color his-
togram obtained by considering the warm tones of
the images in the four states were constructed, and
the nearest neighbor method was used to match
the temperatures of the objects’ surface.

The multi-modal tactile sensor’s force percep-
tion was computed based on the marker move-
ments. To detect and localize the markers, we pro-
pose an algorithm that distinguishes the markers
from the background based on their colors. The
basic concept of this method is to preprocess the
image and to perform binarization, identify the
connected domain, and eliminate the connected
domain that does not satisfy the requirements.
The remaining connected domain corresponds to
the marked point and subsequently locates the
centroid of the connected domain. Further, the
centroid position is located at the center of the
marker. The back propagation (BP) neural net-
work is designed to fit the three-dimensional con-
tact force using the displacements of the markers.
Hence, the forces can be estimated using the tac-
tile sensor. The details of the force sensing method
are presented in [8].

Texture indicates the smoothness or roughness
of an object and is considered to be an impor-
tant feature for obtaining robotic perception. A
total of 43 materials were utilized for developing
a dataset. During data collection, we switched
the status of the Robotiq hand and fixed the UR5
arm to accelerate this process. Further, we manu-
ally placed our sample objects between the fingers.
The robotic hand grasped the objects 100 times
with varying forces. In our dataset, the value of

the grasping force ranges from 0.5 to 50 N with a
step of 0.5 N. Thus, we can obtain 200 (i.e., 100×2
fingers) different texture images for one sample ob-
ject. Further, we verified both the traditional tex-
ture and deep features extracted using NNs for
identifying the texture. Notably, deep features ex-
hibit a better performance than that exhibited by
other traditional features, such as Gabor response
and Fisher vectors, based on the SIFT features.
The texture recognition accuracy is higher than
98%.

The advantage of the proposed tactile sensor
is that the force, the surface texture and thermal
sensing use the same principle of vision-based. It
entails a simpler and more compact integration in
robotic hand for perception and manipulation.
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