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MATERIAL SURFACE THERMAL PROPERTY
IDENTIFICATION USING HEAT FLUX TACTILE SENSOR
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Abstract: Based on the mechanism of temperature tactile sensing of human finger,a heat flux tactile sensor com-
posed of a thermostat module and a heat flux sensor is designed to identify material thermal properties. The ther-
mostat module maintains the sensor temperature invariable, and the heat flux sensor (Peltier device) detects the
heat flux temperature difference between the thermostat module and the object surface. Two different modes of
the heat flux tactile sensor are proposed, and they are simulated and experimented for different material objects.
The results indicate that the heat flux tactile sensor can effectively identify different thermal properties.
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INTRODUCTION

Previous researches show that human finger
skin is sensitive to temperature changel?!. The
finger structure is shown in Fig. 1 (a), its sensi-
tivity is mainly due to lots of thermo receptors
within the skin of finger. When the finger touch-
es an object, its surface temperature rapidly
changes to the object surface temperature, so a
changing temperature field is formed in the finger
in a short time, as shown in Fig. 1(b). When the
various temperature fields act on the thermo re-
ceptors, different sensations are formed. In
them, cold receptors (Krause's end-bulbs) re-
ceive the cold sensation, and hot ones (Ruffini’s
corpuscles) receive the hot sensation®*). As the
distribution density of Krause’s end-bulbs is larg-
er than that of Ruffini’s corpuscles, human finger
is more sensitive to the cold sensation than the
hot sensation. The change process of temperature
field in finger is related to the initial temperature

difference between the object and the finger, and
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(a) Finger thermal sense structure
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(b) Finger thermal sense simulation model

Fig. 1 Finger thermal sense structure and simulation

model
the material and surface morphology of objects.

Temperature tactile sensor is used to evalu-

[3-4]

ate the human sensory nerve fibers”**", and to

identify the surface thermal properties®*. Com-

bined with other tactile sensors, such as pressure
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tactile sensor'?!, the sensor can constitute a mul-
ti-function tactile sensor similar to human skin.
In this paper, a heat flux tactile sensor is de-
signed based on heat flux sensor, and it is used to
identify different thermal properties of the object.
Experimental results show that the heat flux tac-

tile sensor has good performance.

1 HEAT FLUX TACTILE SENSOR

The structure of heat flux tactile sensor is
shown in Fig. 2. It is composed of a thermostat
module, a heat flux sensor and its measurement
and control unit. In the sensor, the thermostat
module integrates temperature sensing unit and
heating unit. The temperature control unit main-
tains thermostat module temperature invariable,
and heat flux sensor detects heat flux temperature
difference between the sensor and the measured
object when they contact. Heat flux voltage is de-
tected by the voltage measurement unit. Heat
flux sensor causes a thermal resistance between
the thermostat module and the measured object,
and the resistance value depends on thickness and
material of the the heat flux sensor. For objects
with different materials, their thermal conductivi-
ties, densities and specific heat capacities are also
different. So voltages output curves of heat flux

sensor in the contact process are different. Heat
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(b) Heat flux sensor on object surface

Fig. 2 Heat {lux tactile sensor on different surfaces

flux sensor can be affixed on the thermostat mod-
ule (T mode) or on the measured object (O
mode). For two various affixing methods, heat
flux sensor responses are different.

In the heat flux tactile sensor, a Peltier de-
vice is adopted as heat flux sensor. Its voltage
output is related to temperature difference be-
tween its top and bottom surfaces. From the
Thomson effect, the temperature difference elec-
tromotive force of the Peltier device mainly comes
from its volume electromotive force, and its See-
beck coefficient can reach 1 000 uV/K"™, There
fore, a small temperature difference between top
and bottom surfaces of the Peltier device can pro-

duce a large voltage output.

2 IDENTIFICATION MECHA-
NISM USING HEAT FLUX
TACTILE

According to the classical heat conduction
theory'"”, when heat flux tactile sensor contacts
with measured objects and the surface contact
thermal resistance is ignored, the surface has con-
tinuous boundary conditions and same heat flux
density. From the contact moment, heat flux oc-
curs between the heat flux tactile sensor and the
measured object for temperature difference be-
tween them.

Different from T mode or O mode, the heat
flux sensor has different voltage outputs for the
different heat fluxes.

In the O mode, the initial temperature of
heat flux sensor is the same with that of object.
When the thermostat module contacts with the
heat flux sensor, the top surface temperature of
heat flux sensor reaches the temperature of the
thermostat in a short time, and a changing tem-
perature field is rapidly formed in the heat flux
sensor. Assuming T'sy» T'wo are the initial temper-
ature of the thermostat and the measured object,
temperature difference between the top and bot-

tom surfaces is
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where Y= (Bs—fu)/(Bs+Bu) s L is the thickness
of heat flux sensor, By = (Aypmcn)?and Bs =
(Apc)V? are the thermal absorption coefficients
of object and sensor,a=21/(poc) is the thermal dif-
fusivity, A, p, ¢ are the thermal conductivity,
density, and specific heat capacity,and erfc («) =

1— zjue ~da.
S

0

At the initial of O mode, the heat flux be-
tween the heat flux sensor and the thermostat
module is maximal, while the heat flux from sen-
sor to objects is zero.

In the T mode, the initial temperature of
heat flux sensor is the same with that of the ther-
mostat. When the sensor contacts with the ob-
ject, the bottom surface temperature of the heat
flux sensor reaches the temperature of the object
in a short time. And a changing temperature field
is rapidly formed in the heat flux sensor. The
temperature difference between the top and bot-
tom surfaces is
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At the initial state of this mode, the heat
flux between the heat flux sensor and the thermo-
stat is zero, while the heat flux from sensor to
object is maximal.

When the tactile sensor contacts with objects
with different thermal properties, with the heat-
absorbing coefficient 8 decreasing, the main tem-
perature distribution in the heat flux sensor is
transferred to the measured object in two modes.
Their different distributions are shown in Fig. 3
(at 4 s).

As shown in Fig. 3, the heat flux sensor has
different output curves when contacting with dif-
ferent objects, so the various thermal properties

can be effectively identified.
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Fig. 3 Heat flux change between sensor and objects

3 ANSYS FINITE ELEMENT
METHOD SIMULATION
3.1 ANSYS FEM Model

The thermal tactical perception is simulated
in thermal model of ANSYS. When the sensor
contacts with the object, thermal conduction
mainly occurs in the direction vertical to contact
surface. In simulating,the thermostat element can
be idealized as constant temperature surface.
Within a limited time, the temperature perturba-
tion does not penetrate through the measured ob-
ject. The outside part of the penetration depth
maintains the original temperature. Therefore the
size of the measured object is small™. As shown
in Fig. 4, ANSYS FEM model of the thermostat
module is a thin plate. Its length and width are
both 20 mm,and its thickness is 1. 74 mm.

The Peltier device has ANSYS FEM model
with the ceramics surface and the semiconductor
interior. The thickness of the model is 3 mm, and
its length and width are both 9 mm. The ANSYS
FEM model of measured object is a thick plate.
Its length and width are both 40 mm, and its

thickness is 10 mm. Because of symmetry, only
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Fig.4 ANSYS FEM model

1/4 model is displayed. SOLID70 hexahedral u-
nits are used for dividing thermostat board, the
semiconductor interior of Peltier device and ob-
jects. SOLID70 tetrahedral units are used for di-
viding the ceramics surface of Peltier device. Set
the temperature of the thermostat module to
36°C. The initial temperature of sensor is set
according to the contact mode. In the O mode, it
is set to 24 °C. In the T mode, it is set to 36 °C,
the initial temperature of measured object is
24°C.

3.2 Thermal tactile sensing simulation for dif-

ferent material objects

Different material objects with smooth sur-
face are simulated, and the results are shown in

Fig. 5.

Simulation results in the O mode are shown
in Fig. 5(a). When the thermostat contacts with
the heat flux sensor, at the initial stage (less than
2 s), for all kinds of materials, temperature dif-
ference between top and bottom surfaces of the
heat flux sensor increases at a similar rate, and
their temperature difference curves are so similar
that they are difficult to distinguish. After that,
the increase rates of temperature difference of
various materials begin to decrease. For the ob-
jects with smaller (3, their temperature differ-
ence tends to maximum value, and for the objects
differ-

ence increases slowly. Eventually, temperature

with larger [, their temperature
difference curves of objects with larger 8 directly
tend to their final temperature difference, and
those with smaller 3 begin to decline and then
tend to their final temperature difference. Objects
with smaller 8 have apparent peaks, objects with
similar S to flux sensor have unapparent peaks,
while objects with larger 8 have no peak.

Simulation results in the T mode are shown
in Fig. 5 (b), when the thermostat contacts with
objects through heat flux sensor, at the initial
stage, temperature difference between top and
bottom surfaces of the heat flux sensor increases
at a quite different rate for the materials with var-
ious thermal properties. After a short time (less
than 2 s), temperature difference curves of differ-
ent materials can be distinguished easily. Then
the increase rates of temperature difference of
various materials begin to decrease, and all the
curves have peaks. For objects with larger j3,
their peaks are apparent. For the objects with
smaller [3, their peaks are unapparent compara-
tively. Eventually, all curves tend to a flat final
temperature difference. Other simulations show
that the time when peak value occurs have no ap-
parent definite relationship with 8,so 3 cannot be
judged by the time when peak value occurs.

The simulations of two modes both show
that, the final temperature difference of various
objects is related to 8. The larger (8 is, the larger
the final temperature differenceis. The objects

cannot be identified in a short time in the O
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Fig. 5 Simulation results of different materials

mode, but the objects with smaller 8 can be more
easily distinguished by the peak of temperature
difference. In the T mode, objects with various 8
can be identified by different temperature differ-
ence curves in a short time, but objects with
smaller 3 are difficult to identify for their small

peaks of temperature difference curves.

4 EXPERIMENTAL RESULTS
AND DISCUSSIONS

Heat flux tactile sensor is applied to tactile
conduct experiment for the different material ob-
jects. The temperature of thermostat module is

36 °C, and ambient temperature is 24 °C.
4.1 Experimental results

Different material objects are tested using
heat flux tactile sensor in O mode and T mode.

the results are shown in Fig. 6.
4.2 Discussions

Experimental results in two modes show that
the final temperature difference of various objects
is related to 3. The larger B is, the larger its final

temperature difference is.
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Fig. 6 Experimental results of different materials

The results also show that, in the O mode,
the temperature difference curves of various ob-
jects are similar and difficult to be distinguished
in a short time. And apparent voltage peaks occur
for the objects with smaller 8. But for the objects
with larger 8, their peaks are unobvious and even
there is no peak at all. In the T mode, tempera-
ture difference curves of various objects are appar-
ently different. Therefore objects can be identi-
fied easily and rapidly. In this mode, the voltage
peaks of temperature difference curves are more
apparent for the object with larger 3, so the T
mode is more suitable for identifying objects.

The change rate of temperature difference in
the experiment is slower than that of simulation,
and it needs longer time to tend to the final tem-
perature difference. The possible reasons are that
in simulation the surfaces of sensor and measured
objects are completely smooth, while a certain
surface roughness and corrugation cannot be
avoid in the contact with real objects. This causes
a flowing air gap between the sensor and the mea-

sured objects. The gap forms a certain thermal
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resistance, which makes the change rate of tem-

perature difference slow down.

5 CONCLUSION

In this paper, the mechanism of temperature
tactile sensing of human finger is studied. Then,
a heat flux tactile sensor is designed to identify
material thermal properties, and its mechanism is
analyzed. The results indicate that FEM simula-
tion and experimental results have a good accor-
dance, and the sensor can effectively identify ob-
jects with different thermal properties. Under a
good contact condition, the curves of different
material objects separate early and the biggest
temperature difference of various materials occurs

at about 4 s.
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