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Abstract— Thermal sense plays an important role in object
recognition. The idea to identify materials by heat flow from the
skin to the touched materials have been introduced to artificial
thermal sensors and proved effective. Moreover, the addition of
tactile sensors is found to improve the performance of material
identification by obtaining further properties of objects such
as roughness and stiffness. However, the application of these
sensors to autonomous recognition by a robot is not a well
investigated topic. Contact with the objects will vary in such
cases, but no previous sensor has shown the ability of material
recognition robust to change in contact conditions with the
required size and softness. The limitation is partly due to the
design of current thermal sensors where the skin and the
sensing devices are separated. This paper introduces a soft
anthropomorphic finger with both thermal and tactile sensing
elements embedded in soft polyurethane material. Experimental
results show the ability to discriminate materials robust to
variety in contact condition by virtue of the deformable tissue
and compensation by the tactile sensors. Recognition robust to
change of temperature is also realized by an additional thermal
sensor.

I. INTRODUCTION

Recent robots are expected to perform robust object
recognition in constantly changing environments such as
human houses, hospitals, and disaster sites. Multimodality is
considered to be effective for this issue from the high ability
of humans utilizing not only vision but also other modalities
such as tactile sense. Consequently, various tactile sensors
are developed [1] to resolve the imbalance of vision and
tactile sensing. Among various sense of touch, thermal sense
is found to be highly important for material discrimination.
The idea to identify materials by heat flow from the skin
to the touched materials are found in the very early studies
on tactile sensing [2]. Temperatures of objects without any
heat source do not vary among each other, but heat flows
to the object depends on the materials and can be used for
recognition. Such ideas are now introduced to the artificial
thermal sensors and proved to be efficient [3] [4] [5] [6]
[7] [8] [9] [10]. Russell developed a thermal sensor with
heat source and a thin layer of silicone with miniature
thermistors embedded in its surface. The sensor was capable
of detecting materials in contact [3]. Then, Siegel et al. [4]
developed a sensor with arrays of force sensitive capacitor
cells and thermistors covered with smooth heat conducting
silicone rubber. There sensors showed the ability of detecting
both tactile and thermal sensing. Quicker thermal sensing
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was realized by introduction of new techniques such as
Peltier heat pumps [5], and application to tactile feedback
was made [6] [7]. Integration of tactile and thermal sense
was investigated by Taddeucci et al. [8], modeling human
object recognition from textures and thermal charactertics
by introducing neural network learning. In spite of such
rich history of thermal sensing research, the application of
these sensors to autonomous recognition by robot hands is
not a well investigated topic. Such sensors should be small
enough to be mounted on the fingers and soft enough to
obtain stability in manipulation [11], but the most important
ability is that it should be robust to the variety of contact
condition. The last problem is critical since the amount of
heat flow depends on the contact conditions [12], and thermal
recognition may fail by lack of contact space or insensitivity
of contact conditions. In fact, no previous thermal sensor has
shown the ability of material recognition robust to change
in contact conditions with the required size and softness.
Conventional sensors like the case of Siegel et al. [4] are
designed with stiff sheets of sensor array covered with
soft silicon layers. Such designs separating the sensors and
the soft layer suffers to obtain both rich contact and high
sensitivity. Furthermore, layers of sensors are difficult to be
embedded in a small area on the fingertip. One plausible
solution may be the pressure sensitive conductive rubbers
introduced by Yuji et al. [10]. However, the noisy nature
and the mixture of tactile and thermal information remain to
be difficult issues.

This paper introduces a soft anthropomorphic finger with
both thermal and tactile sensing elements embedded in soft
polyurethane skin. The sensor is developed by embedding
miniature thermistors into the anthropomorphic fingertip
previously developed by our group [13] and introducing
soft materials for the tissue. Experimental results show the
ability to discriminate materials robust to variety in contact
condition by virtue of the deformable tissue and compensa-
tion by the tactile sensors. Recognition robust to change of
temperature is also realized by an additional thermal sensor
put apart from the contact point.

The paper is organized as follows. First, a theory of
thermal recognition is revisited. Secondly, the design of
our anthropomorphic finger capable robust material discrim-
ination is described. Then, experimental results of material
discrimination under constant condition, differing air temper-
ature, and contact conditions are shown. Finally, conclusions
and discussions are given.



II. THEORY OF THERMAL RECOGNITION

Thermal object recognition robust to change in temper-
atures was already discussed in detail in the early studies
of psychophysics [2]. Temperatures of objects without any
heat source do not vary among each other, but heat flows
to the object depends on the materials and can be used for
recognition. The model of object recognition based on heat
flow can be formulated as follows (Fig. 1(a)). Suppose two
semi-infinite objects come into contact with differing initial
temperatures T1,0 and T2,0, the converging temperature of
the surface in contact Tend will be

Tend =

√
(ρcλ)1T1,0 +

√
(ρcλ)2T2,0√

(ρcλ)1 +
√

(ρcλ)2
(1)

where ρcλ1 and ρcλ2 is the heat coefficient of each material.
Since the heat property of the touching sensor and the tem-
perature of the environment is relatively constant, material
of the touched object can be discriminated by measuring the
converging temperature. However, in realistic cases where
robot hands touch the objects in natural environments, both
the temperature of the environment and contact conditions
will change (Fig. 1(b)). The most basic rule of heat conduc-
tion is the Fourlier’s law

q = λ(
∂T

∂x
) (2)

where q is the amount of heat flow per unit area, (∂T
∂x )

being the gradient of temperature, and λ is property of a
material, known as coefficient of the thermal conductivity.
Consequently, the heat flow Q from one object to another
with contact area A would be,

Q =
∫

A

λ(
∂T

∂x
)dA (3)

Note that decrease of contact space will also decrease the
amount of heat flow. Skin deformation by touch also involves
the change in density of the tissue which is another cause of
change in heat flow. In fact, it is found that the temperature
of the human finger changes by contact pressure [12]. In
traditional cases, the contact conditions were controlled into
proper ones by the experimenter. However, in robot applica-
tions, these changes should also be taken into consideration.
Furthermore, the robot should have the ability to detect these
changes autonomously to compensate for the recognition.

III. DESIGN OF ANTHROPOMORPHIC FINGER

A. Introduction of the human skin structure

The structure of the human skin is found to obtain suit-
able design for our purpose. Receptors in the skin include
mechanoreceptors such as Meissner’s corpuscle, Merkel cell,
Pacinian corpuscle, and Ruffini endings, as well as thermal
receptors of warm/cool receptors and heat/cold nociceptors.
Blood vessels carry heat to keep the body temperature. In
abstraction, receptors responding to skin deformation and
temperature are placed in different depth of a multi-layered
soft material with body temperature. The mechanoreceptors

(a) Traditional model: be-
tween two semi-infinite
objects

(b) Realistic model: be-
tween a finger and an ob-
ject

Fig. 1. Conduction of heat within the traditional and realistic models.
The contact condition should be taken into consideration for practical
thermal sensing.

provide information to compensate for the difference of tem-
perature changes by contact conditions. The deformability
of the skin should be beneficial for obtaining more contact
with the objects especially when they are hit by edges.
Putting sensing devices into different depth will result in
taking different frequency components of the stimulus on the
surface; i.e., sensors near the surface will detect high spatial
frequency components, whereas sensors in the deeper parts
will detect low spatial frequency components.

Fig. 2. Model of the human skin structure. Mechanoreceptors and
thermal receptors are embedded in multiple layers of soft tissue with heat
from the blood vessels.

B. Design of our artificial skin

Inspired by the structure the human skin, Hosoda et
al. [13] designed an anthropomorphic finger where sensing
devices of strain gauges and PVDF(polyvinylidene fluoride)
films mounted randomly in multi-layered silicon structure.
The hand was sensitive to strain and its velocity by virtue
of the mounted two types of sensing device, and showed the
ability to distinguish textures such as wood, paper, and steel.
In this paper, we introduce our new anthropomorphic finger
with another modality also essential for object recognition;



thermal sense. The ability is obtained by adding miniature
thermistors into the skin, and also a heat source to make
difference in temperature between the object and the hand.
The skin in the current finger has three layers; inner layer,
middle layer, and the outer layer. All layers are produced
by polyurethane materials, but there stiffnesses are differed.
The structure of our skin is put on Fig. 3. Nichrome
wires are put in the middle of the skin to obtain constant
temperature as reference. Then, the a polyurethane stiff
material corresponding to the inner layer is attached. On this
material, the set of sensing devices in depth are attached; one
thermistor on the very fingertip to detect air temperature, and
a thermistor and two strain gauges on the finger pad to sense
the object. The two strain gauges are put in different direction
to obtain multi-directional strain. These sensors are then
covered with another polyurethane layer with relatively soft
material corresponding to the middle layer. Finally, another
set of sensing elements attached on the surface of the middle
layer to be covered with the outer layer of relatively soft
polyurethane material. This set includes sensing elements of
two thermistors and a strain gauge. The two thermistors are
placed in different depth; one near the surface and another
closer to the middle layer. All layers have stiffness around
compressive elasticity of 1.0-2.5 [kgf/cm2]. The thicknesses
of the layers are 4.0, 3.0, 2.0 [mm] for the inner, middle,
and outer layer respectively. Finally, the overall construction
process is given in Fig. 4.

(a) A structure of inner and middle layer

(b) A structure of middle and outer layer

Fig. 3. Inner structure of finger skin.

(a) Process 1

(b) Process 2

(c) Process 3

Fig. 4. Construction process of the skin. Molds with slightly different
size is used to make the multi-layer structure of the skin.

C. Finger mechanism

We attached our skin on to the finger of the robot hand
developed by Yokoi et al. [14]. The mechanism is shown
in Fig. 5. The finger is wire-driven by four actuators. Distal
interphalangeal (DIP) joint and the proximal interphalangeal
(PIP) joints are coupled as the case of humans. This coupling,
which is an underactuation by two actuators instead of four,
enables the finger to adapt to object shape by contact [15].
The Metacarpophalangeal (MP) joint is actuated with all four
actuators to obtain enough power. We utilize air cylinders
(SMC CJ2B10-45T) for moving the hand. Skin attached
finger is shown in Fig. 6.



Fig. 5. Wire-driven mechanism of the finger [14]. DIP and PIP joints
are under-actuated to adapt to object shape.

Fig. 6. An overview of robot finger. The finger is actuated with air
cylinders.

D. Control architecture

The overview of the control system is shown in Fig. 7.
The finger is controlled by digital outputs from a desktop
computer into ON/OFF valves (SMC VQZ1320-6L-C4) to
supply/stop/exhaust air into the air cylinders by 10Hz. The
pressured air from a compressor is controlled into stable
pressure with a regulator to be transmitted into the actuators
through the valves. Sensor information from the tactile and
thermal sensors are amplified and put into the computer
through ADC cards by 10Hz. The computer runs RTAI
realtime linux.

IV. DISCRIMINATION EXPERIMENT

A. Experimental setup

The objects utilized in the experiment is shown in Table I.
Not all objects are used in all the following experiments for
simplicity. The average temperature of the room was around
20 degree Celsius. The finger was heated to have 36 degree
Celsius temperature before each trial in each experiment.
Constant air pressure of P = 0.3 [MPa] was put to a cylinder
to actuate the DIP joint with constant force.

Fig. 7. System for robot finger control.

TABLE I
PHYSICAL PROPERTIES OF MATERIALS

material specific of heat conductivity density ρcλ
[kJ/kgK] [W/mK] [kg/m3]

aluminum 0.905 237 2688 576535
iron 0.442 80.3 7870 279326
magnesium 1.02 156 1737 276391
acrylic 1.4 0.21 1190 349
wood 1.3 0.069 300 26

B. Discrimination under constant condition

We first conducted a simple experiment of having the fin-
ger squeeze on the constant contact condition of flat surface
and constant air temperature. Fig. 8 shows the output from
the thermistor4, which is placed near the contact surface.
The temperature decline is larger for objects with higher ρcλ
and consistent with the model described previously. Under
relatively constant air temperature and condition of contact,
the robot is able to distinguish the objects from only the
converging thermistor output.
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Fig. 8. Material discrimination under constant contact condition and
air temperature. The materials can be distinguished from the converging
temperature.



C. Discrimination under different air temperature

We run material discrimination experiment under different
air temperature to show the robustness to such change. In
this case, the output of the thermistor1 placed close to the
fingertip is utilized to obtain information of air temperature to
compensate for its change. We run five trials for each object
(magnesium,iron,aluminum) and each air temperature (18 or
20 degree Celsius). Fig. 9 shows a graph where the x-axis is
the output of thermistor1 corresponding to air temperature
and y-axis is converged output of thermistor4 measuring
temperature of the skin near to the contact surface. The
converged output corresponds to the converged temperature
of the skin surface, which relates to material properties but
also the air pressure. The graph shows that when the air
temperature is not taken into consideration, the materials can
not be distinguished 1. However, by utilizing information of
converging contact temperature (thermistor4) and air temper-
ature (thermistor1) the objects could be distinguished.
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Fig. 9. Material discrimination under different air temperatures by
compensating thermistors. The materials can only be distinguished when
the output of the thermistor measuring air temperature is considered.

D. Discrimination by multiple contact condition

Finally, we run an experiment of material discrimination
under varying contact condition. We tried four types of
contact condition; flat surface contact and edge contact, both
with weak or strong pressure on the contact surface. The
different contact types are shown in Fig. 10. The contact
pressure was changed by putting air pressure of P = 0.1
and P = 0.3 [MPa] at the cylinder. The position of the edge
was controlled so that it will hit close to Thermistor4. Acrylic
and Aluminum were used in the experiment.

Since materials with low heat conduction touched at flat
surface and materials with high heat conduction touched at
the edge both produce similar heat flows, it is expected
that material distinction requires the distinction of contact
conditions. Outputs from strain gauge 1 and strain gauge

1For example, magnesium and aluminums has almost the same converging
thermistor output.

(a) Flat contact

(b) Edge contact

Fig. 10. A photograph of the contact conditions. We had four conditions
of contact with two types of contact shown above and two patterns of
pressure on the surface.

3 are plotted for all the trials with different materials and
contact conditions in Fig. 11. The two materials for each
plot is indicated by the shape of the point. Different contact
conditions are shown by the circles on the plots. The figure
shows that the different contact conditions can successfully
be distinguished from the sensory outputs of the strain
gauges. Finally, the combination of outputs from thermistor
4 and strain gauge 1 are plotted in Fig. 12. Here, the x-
axis shows the output of the strain gauge 3 and y-axis
shows the converged output of thermistor 4. Materials are
again indicated by the shape of the points. Acrylic with
flat contact and aluminum with edge contact has very sim-
ilar outputs from thermistor 4. Consequently, the materials
cannot be distinguished under differing contact conditions
without measuring the contact conditions. The materials can
be distinguished only if the outputs from both the strain
gauges and the thermistors are combined.
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Fig. 11. Discrimination of contact conditions by strain gauge outputs.
The four conditions of contact can be distinguished by the two strain gauge
outputs. P represents the pressure at the cylinder.

Fig. 12. Material discrimination under different contact conditions
by a compensating strain gauge. The materials can only be distinguished
when the strain gauge output is considered.

V. CONCLUSION, DISCUSSION, AND FUTURE WORK

A design of a soft anthropomorphic fingertip with both
tactile and thermal sensing abilities was introduced. Experi-
mental results were given showing its ability to distinguish
materials under different air temperatures and contact con-
ditions. While relatively small numbers of different contact
conditions were tried in the experiment, the possibility of our
design is clear. By putting more strain gauges into the skin,
the hand should be able to distinguish more types of contacts
than shown. The sensor was able to distinguish materials
even with edge contact. The result might be due to the soft
skin, which can obtain more contact with the objects by
deformation.

A large set of future works remain to be investigated.
The benefit from the multi-layer structuring was left to be
investigated in the future. One possible benefit would be that
the thermistors in the deep part is more robust to the position
where the object hits. In other words, the sensors in the depth
has large and uniform receptive fields. Another point is the
use of PVDF films which is effective for detecting textures
when put into different layers. As textures of objects change
the thermal contact resistance, it should also be effective
for improving the thermal sensing ability. Finally, the new
skin was attached to a finger with special mechanism for
adaptation to various shapes in the current work. In the near
future, we plan to introduce our skin to the whole hand
with adaptive grasps. The hand designed by Yokoi et al. [14]
can grasp objects with various shape with rough control. By
putting the skin to this hand, our method of thermal sensing
can be extended to daily objects. The skin will hit various
parts during such whole hand grasping, but our sensors will
be able to extract plausible informations of thermal property
of the objects by compensation with the tactile sensors.
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