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ABSTRACT

Using thermal tactile sensing mechanism based on semi-infinite body model, and combining with the 
advantages of maximum proportional controller, fuzzy and PID controller, a thermal tactile perception 
and reproduction experiment device (TTPRED) was designed based on the composite control strategy 
of threshold switching. The finger difference threshold measurement experiment of thermal tactile 
was carried out, and the finger thermal tactile difference threshold was measured. The relationship 
between thermal tactile sensation and emotion based on temperature cues has been explored. The 
experiment results show that the temperature control range of TTPRED is from -10°C to 130°C, the 
temperature resolution and precision are 0.01°C and ±0.1°C respectively, the maximum heating or 
cooling rate is greater than 12°C, and the TTPRED can realize the temperature output of the specific 
waveform quickly and accurately. The experiment results of psychophysical experiment will provide 
the experimental foundations and technical support for the further study of thermal tactile perception 
and reproduction.
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1. INTRoDUCTIoN

Touch is the fifth sense, the most complex and important sense of human beings. Nerve cells distributed 
on the skin of the whole body receive the sensation of temperature, vibration, humidity, texture, 
shape, pressure and other aspects from the outside world, so as to perceive the external environment 
(Maclean, & Hayward, 2008).
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Psychophysicists believe that tactile sense can effectively transmit information, perceive and 
reproduce common artistic behaviors, which is no less than auditory sense and visual sense, and has 
irreplaceable advantages in some aspects, but this ability has been ignored for a long time (Lederman, 
&JONES, 2011; Shockley, Carello, & Turvey, 2004).

Since 2000, as the means of acquiring data has become more complex and the amount of data 
has increased, touch has been needed to aid visual and auditory sense. In addition, strong sense of 
immersion and human-computer interaction need to be embedded into the virtual environment. 
Tactile perception and reproduction technologies have been rapidly developed (Choi, &Kuchenbecker, 
2013; Karam, Russo, & Fels, 2009; Marshall, 2008; Giordano, & Wanderley, 2013; Yao, Shi, Chi, 
& Ji, 2010; Hwang, Lee, & Choi, 2013; Yu, Song, Chen, & Zhang, 2017). At present, domestic and 
foreign scholars have carried out many fruitful works on the research of force tactile perception and 
reproduction devices (Giordano, & Wanderley, 2013; Yao, Shi, Chi, & Ji, 2010; Hwang, Lee, & Choi, 
2013; Yu, Song, Chen, & Zhang, 2017). Many force tactile reproducing devices also combine thermal 
touch, force touch and muscle motion perception, showing a kind of compound sense reproducing 
device. Thermal tactile perception and reproduction technology is relatively rare, and related researches 
have been carried out on thermal tactile perception mechanism, thermal tactile reproducing device 
and material identification (Yang, Jones, & Kwon,2008; Wu, Zhou, Li, wu, & Chen, 2010; Zhou, Li, 
& Chen, 2010; Bai, Li, Chen, Wu, & Cai, 2011; Hirai, & Miki, 2019; Chen, Wang, & Wang, 2016). 
However, the performance of the thermal tactile perception and reproduction experimental device 
needs to be further improved and functionally diversified, and more thermal tactile psychophysical 
experiments should be carried out according to actual application requirements.

In this paper, a composite device of thermal tactile perception and reappearance was designed 
by using composite control technology, and psychophysical experiments were carried out on the 
thermal tactile perception.

2. FINGER THERMAL TACTILE PERCEPTIoN MECHANISM

The mechanism of thermal tactile perception is the research basis for the development of thermal 
tactile perception and reproduction. The tactile perception and reproduction device must be designed 
according to the characteristics of human receptors.

If the contact time of two objects is short enough, it is effective to use a semi-infinite body model 
to solve the heat transfer problem between them. The heat transfer theories of finger-object contact 
has been explored based on the model, and analyzed the mechanism of thermal tactile perception 
(Jones, & Berris, 2003; Yang, Kwon, & Jones, 2009; HO, & Jones, 2008). As shown in Figure 1 
(Bai, Li, Chen, Wu, & Cai, 2011), based on the semi-infinite body model, the heat transfer control 
equations between the finger and the object are as shown in equations (1) and (2) in a short time 
when the finger and the object are in contact.
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Boundary conditions on the contact surface of the finger and the object is shown as equation (3).
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In Equations (1) to (3), Ts and Tj respectively represent the skin temperature of fingers and the 
temperature of objects at the contact surface. Ts,i and To,i respectively represent the initial temperature 
of finger skin and object before contact, qs,s and qo,s respectively represent the heat flow from the finger 
skin at the contact surface and the heat flow into the object, αs and αo represent the thermal diffusivity 
of the skin and the object, respectively, and x1 and x2 represent the distance from the contact surface, t 
represents the contact time of the finger and the object, and R is the thermal resistance on the contact 
surface. According to equations (1) to (3), the functional relationship between the skin temperature 
of fingers at the contact position and the contact time can be derived, that is:
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Figure 1. Schematic diagram of finger-object contact heat transfer
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In equations, Ks represents the thermal conductivity of finger skin, es and eo respectively represent 
the thermal storage coefficient of finger skin and object.

As can be seen from equations (4), if the temperature of the finger is higher than that of the 
contact object, the change of skin temperature on the contact surface of finger after contact with the 
object is decayed exponentially. On the contrary, the change in finger skin temperature is exponentially 
increased and eventually reaches a relatively stable temperature.

Thermal tactile perception and reproduction can be realized by changing the skin temperature 
of fingers on the contact surface.

3. THERMAL TACTILE PERCEPTIoN AND RECoNSTRUCTIoN 
DEVICE BASED oN CoMPoUND CoNTRoL

The thermal tactile sensing and reproducing devices reported in the current literature are mainly 
based on the semiconductor refrigerator, the semiconductor refrigerator can raise and lower the 
temperature quickly, human hands touch the surface of one end of the semiconductor refrigerator 
to perceive thermal tactile sensation, and PID algorithm is used to control the temperature change 
to achieve thermal tactile reappearance (Yang, Jones, & Kwon,2008; Wu, Zhou, Li, wu, & Chen, 
2010; Zhou, Li, & Chen, 2010; Bai, Li, Chen, Wu, & Cai, 2011; Hirai, & Miki, 2019; Chen, Wang, 
& Wang, 2016; Jones, & Berris, 2003).

3.1. Hardware Design of the System
In this paper, the semiconductor refrigerator is selected as temperature generating devices with 
maximum working current of 6A, maximum working voltage of 18V and maximum cooling capacity 
of 57.6 KJ. In the ambient temperature of 23±1°C, 1 KHZ ac test conditions, stick Pal device internal 
resistance value is 2.5-3.0 Ω. The internal resistance of the semiconductor refrigerator is nonlinear 
under different ambient temperatures and operating currents. The cooling or heating power is also 
non-linear with the operating current or voltage. Therefore, the compound control strategy composed 
of maximum proportional control, fuzzy control and PID control and PWM control scheme were used 
to design the experimental device for thermal tactile perception and reproduction, the temperature of 
the thermal tactile contact surface (the surface of the semiconductor refrigerator) can be controlled 
accurately and rapidly.

The design scheme and prototype of the experimental device for thermal tactile perception and 
reproduction are shown in Figure 2. Thermal tactile perception and repetition experiment device 
is mainly composed by NI company ELVISII+ experiment platform as the core, ELVIS II+ to 
communicate with PC through USB interface, ELVIS II + by high sensitivity linear thermistor (R25 
= 3 k ± 1% Ω, linear positive temperature coefficient of 12 Ω/°C) testing semiconductor refrigerator 
surface temperature. The surface temperature of the semiconductor refrigerator is controlled by PWM 
output, and the start and stop of the water-cooling system is controlled by digital I/O port. Based on 
LabVIEW, a virtual instrument for thermal tactile perception and reproduction is designed in the 
computer. NI ELVIS II integrates 16-bit data acquisition card (1.25 MS/s single channel), 2 channel 
16 bit analog output (2.8 MS/s biggest update rate) and 24 digital I/O port.

The driver module of the semiconductor refrigerator was controlled by PWM (Pulse-Width 
Modulation), which can make the semiconductor refrigerator work under the continuously adjustable 
voltage of 0-12v.The direction control terminal controls the operating current direction of the 
semiconductor cooler through the H-bridge, thereby quickly and accurately controlling the temperature 
of the semiconductor refrigerator. The drive module circuit of the semiconductor refrigerator is 
shown in Figure 3. The H bridge is composed of two P channel enhanced field effect tubes (IRF9540, 
55V/110A) and two N channel enhanced field effect tubes (IFR3205, 100V/19A). The chip CD4011 
integrates four NAND gate gates with two inputs to control the current direction of the H bridge through 
the semiconductor refrigerator. The working voltage range of CD4011 is -0.5v-18v.The function of 
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the driving module circuit of the semiconductor refrigerator is shown in Table 1. By adjusting the 
duty cycle output of PWM, the heating/cooling power and the working surface temperature of the 
semiconductor refrigerator can be precisely controlled.

3.2. Software Design of the System
In the paper, combined with the advantages and disadvantages of fuzzy control and PID control, 
a composite control algorithm based on threshold switching is designed. The algorithm combines 
the advantages of proportional control, fuzzy control and classical PID control to make up for the 
pure fuzzy control system. There is no integral effect and can’t eliminate the shortage of static error, 
which makes up for the shortcoming of the classical PID parameter can’t be adaptively adjusted. 
The structure of the control algorithm is shown in Figure 4. Input error e is equal to the difference 
between the set temperature value and the actual temperature value of the thermal tactile contact 
surface. When e is greater than the set threshold value, the maximum proportion control can improve 
the response speed of the system. When the deviation e is less than the set threshold value, switch 
to fuzzy control and adjust the system adaptably based on fuzzy rules to improve the damping 
characteristics of the system and reduce overshoot in the response process. When the error e is close 
to the set temperature, then switch to the classical PID control, the integral function can eliminate 

Figure 2. Experimental device of thermal tactile perception and reproduction
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the steady-state error. This combined control algorithm based on threshold switching can make the 
system have fast response speed, high precision and adaptive control of anti-interference change. The 
compound control switching decision adopted in the thermal tactile experiment device designed in 
this paper is shown in equation (6) .

When |e|>6°C, the maximum proportional control will be executed, and the control ratio of the 
PWM control is 100%, and the temperature of the refrigerator is controlled to decrease or increase at 
full speed. When 1£|e|£6°C, it will be switched to the fuzzy controller and the Mamdani-type fuzzy 
controller is select for design. The structure is shown in Figure 5. Kec is the quantization factor. By 
adjusting Kec, the actual theoretical domain of the rate of change of error is mapped to the interval 
[-1,1]. Ku is a scaling factor. By adjusting Ku, the output variable is scaled to a certain scale, and Ku 
is equivalent to the total magnification of the system.

In the fuzzy controller, the domain of the error e is set to [-6, 6], and when the actual temperature 
error e is 1 £ |e| £ 6 °C, the fuzzy controller plays a controlling role. By adjusting Kec, the rate of 
change of error is mapped to the domain [-1, 1]. The domain of the output variable u is [-1,1]. 
According to the actual situation of the control system, the output variable can be scaled according to 
a certain scale by adjusting the scaling factor Ku, and the response speed and control precision of the 
temperature control system can be better adjusted. Seven fuzzy subsets were selected: negative large 
(NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS), positive median 
(PM) and positive large (PB), covering the theoretical domains of variables e, ec and u respectively. 
Their membership degrees are shown in Figure 6 and Figure 7 respectively.

Figure 3. Drive circuit for semiconductor chiller

Table 1. Function Table for Drive Circuit

PWM Dir Working Current Direction 
of Semiconductor Refrigerator

High period High level Out2 to Out1

High period Low level Out1 to Out2

Low period High level No current

Low period Low level No current
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According to the actual requirements of the control system, 49 control rules are developed, as 
shown in Table 2. Each fuzzy rule gives an implication relation Ri (i =1, 2, …). The union of these 
49 implication relations Ri constitutes the total fuzzy implication relation R of the system.

The total output of approximate reasoning is shown as equation (7) and (8).
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Fuzzy reasoning is carried out by 49 control rules. The clear method of output is the area center 
method, and the output surface of the fuzzy reasoning system is shown in Figure 8.

Figure 4. Composite control algorithm based on threshold switching

Figure 5. Structure of the fuzzy controller
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3.3. Experimental Results
The temperature control range of the device is from -10°C to 130°C, the temperature resolution and 
accuracy were 0.01°C and ±0.1°C. At 20°C and 40°C temperature control range, heating or cooling 

Figure 6. Fuzzy subsets distribution of the input variable

Figure 7. Fuzzy subsets distribution of the output variable

Table 2. Fuzzy Control Rules

Error

Rate of Error Change ec

NB NM NS ZO PS PM PB

Output u of Fuzzy Controller

NB NB NB NB NB NB NB NB

NM NM NM NM NM NM NM NM

NS NM NS ZO ZO ZO NS NM

ZO PS PS ZO ZO ZO NS NS

PS PM PS ZO ZO ZO PS PM

PM PM PM PM PM PM PM PM

PB PB PB PB PB PB PB PB
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rate is greater than 12°C/s. Temperature output of any waveform can be realized by the experimental 
device for thermal tactile perception and reproduction. Temperature limit tests on system were 
carried out. As shown in Figure 9, the refrigerator temperature was raised from - 10 °C to 100 °C 
in 20 s, and was lowered from 130 °C to 0 °C. Figure 10. is warming waveform from 0 °C to 60 °C 
and cooling waveform from 60 °C to 0 °C. Figure 11. shows a sinusoidal tracking waveform with a 
1°C fluctuation at 10°C of which cycle is 100 seconds, and a sinusoidal tracking waveform with a 
1°C fluctuation at 15°C of which cycle is 100 seconds. It can be seen from these waveform that the 
temperature control system based on the composite switching algorithm of threshold switching has 
fast response speed, small overshoot, strong adaptability and good robustness. In the follow-up work 
of this paper, the device was applied to conduct thermal tactile perception characteristics experiment. 
The man-machine interface of the system is flexible, convenient and reliable.

There is a very nonlinear between the temperature of semiconductor refrigerator and the current or 
voltage flowing through it. As can be seen from the above experimental results, the composite control 
algorithm based on threshold switching (as shown in Figure 4) achieves a good effect in temperature 

Figure 8. The output surface of the fuzzy inference system

Figure 9. Limit test waveform of temperature control system
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control of the semiconductor refrigerator, with fast temperature control speed and high temperature 
control accuracy, which is difficult to achieve with the classical PID algorithm.

4. THERMAL TACTILE DIFFERENCE THRESHoLD 
MEASUREMENT EXPERIMENT oF FINGERS

Psychophysics is a discipline that studies the relationship between psychological quantity and physical 
quantity, and its research scope includes sensation, perception, emotion, behavior and attention, and 
so on (Zhu, 2016). Physical quantity refers to the stimulation of various senses of the body, such 
as force, heat, light and electricity. Psychological quantity refers to various feelings or subjective 
impressions, such as hot and cold, weight, comfort and discomfort, cheerful and sad, etc. In this paper, 
the experiment of thermal tactile difference threshold measurement was carried out, which lays a 
foundation for future studies on thermal tactile sensation and reproduction.

Absolute threshold and differential threshold are two concepts in psychophysics. The absolute 
threshold is the intensity of a physical stimulus that has 50% probability of causing sensation and 
50% probability of not causing sensation. The difference threshold is that there is 50% probability of 
being able to detect the difference, and 50% probability of not being able to detect the difference in the 
intensity of other stimuli. The difference threshold is also called the minimum perceptible difference, 
and the difference threshold changes with the change of the original physical stimulus value (Zhu, 
2016). Three are three methods to measure threshold, including minimum change method, constant 

Figure 10. The warming waveform from 0°C to 60°C and cooling waveform from 60°C to 0°C

Figure 11. Sine Tracking Waveform Fluctuating Up And Down 1°C From 10°C Or 15°C
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stimulation method and average error method. The measurement experiments of the thermal tactile 
temperature difference threshold of fingers were carried out respectively on standard stimulus of 15 
°C, 33 °C and 47 °C.

4.1. Experimental objective, Subjects and Equipment
The experimental objective is to measure the thermal tactile temperature difference threshold of fingers.

25 college students (15 boys and 10 girls) were randomly selected from the college students who 
volunteered to take part in the test. All of them were healthy and had no thermal tactile dysfunction. 
Their emotions were calm and normal during the experiment.

Experimental equipment for thermal tactile perception and reproduction is as shown in Figure 2(b).

4.2. Experimental Procedure
In order to ensure the effectiveness of the experiment, the following experimental procedures should 
be followed.

(1)  Indoor temperature is set to 26±1°C.
(2)  before the experiment, subjects should wash their hands with hand sanitizer.
(3)  In each experiment, before the subjects touched the contact surface of the thermal tactile apparatus, 

the temperature of the index finger was measured by the infrared temperature detector and the 
temperature of the index finger should be controlled at 30±1°C before each experiment. The 
pressure of touching the contact surface of the experimental device is basically the same in each 
experiment.

(4)  In order to prevent the adaptability of finger thermal tactile perception and avoid tactile fatigue, 
the time interval of two consecutive experiments is 3-5 minutes.

4.3. Experimental Methods
According to the experimental purpose, the experimental method is as follows.

(1)  15°C was elected as the standard stimulus. 9°C, 11°C, 13°C, 15°C, 17°C, 19°C and 21°C were 
selected as comparison stimulus. standard and to stimulate the stimulation of pair of stimulation. 
The combination of standard stimulus and comparative stimulus is a pair of stimuli.

(2)  Each pair of stimuli was presented randomly, and participants were asked to compare the 
comparison stimulus with the standard stimulus. Only subjects were allowed to answer “high” 
or “low”. If the subjects felt that the stimulus temperature was higher than the standard stimulus 
temperature, they would answer “high”, otherwise, they would answer “low”.

(3)  For each subject, each stimulus was compared with the standard stimulus for 4 times (100 times 
in total), and the standard stimulus and the comparison stimulus were presented successively, in 
which 2 times of the standard stimulus were before the comparison stimulus and 2 times of the 
standard stimulus were after the comparison stimulus;

(4)  Through the statistics and analysis of experiment data, the standard stimulus for 15 °C temperature 
difference threshold was calculated.

(5)  When 33°C was selected as the standard stimulus, 27°C, 29°C, 31°C, 33°C, 35°C, 37°C, and 
39°C were selected as comparison stimulus. By repeating steps (2) and (3), the standard stimulus 
for 33°C temperature difference threshold was calculated.

(6)  When 47°C was selected as the standard stimulus, 41°C, 43°C, 45°C, 47°C, 49°C, 51°C, and 
53°C were selected as comparison stimulus. By repeating steps (2) and (3), the standard stimulus 
for 47°C temperature difference threshold was calculated.
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4.4. Experimental Data and Results
When standard stimulus were 47 °C, 15 °C, 33 °C and47°C,the experiment data of temperature 
difference threshold measurement are shown as in Table 3. The method for calculating the temperature 
difference threshold is 75% difference threshold method.

To calculate the temperature difference threshold, 75% difference threshold method is adopted 
as follows:

(1)  Based on the linear interpolation method, the comparison stimulus of 75% times of feeling 
higher than the standard stimulus was calculated as the upper limit δ1of the equal area, which 
is between the comparison stimulus of 50% times of feeling higher than the standard stimulus 
and the comparison stimulus of 100% times of feeling higher than the standard stimulus.

(2)  Take 25% of the sensation that is higher than the standard stimuli as the lower limit δ2 of the 
equal zone, which is at the midpoint between 0 and 50% of the stimuli above the standard stimuli.

(3)  Calculate the temperature difference threshold δ, δ = (δ1-δ2)/2.

According to the above method, the temperature difference threshold calculation results is 
as shown in Table 4. When the standard stimuluses are 15°C, 33°C and 47°C respectively, the 
temperature difference thresholds are 3.78°C, 1.51°C and 3.67°C respectively, which shows that the 
finger temperature difference threshold is small and high temperature resolution when the standard 
stimulus temperature close to normal skin temperature 33°C. When the temperature of the standard 
stimulus is relatively low or high temperature (15 °C and 47 °C), temperature difference threshold 
of a finger will increase, and the temperature resolution of a finger will be lower. It can also be seen 
from the experimental data that when the difference between the comparison stimulus temperature and 
the standard stimulus temperature is greater, the thermal tactile sensation of fingers will be stronger, 
and the temperature recognition rate will be higher. Under the stimulation of different temperatures, 
Weber ratio of thermal haptics is not constant[20], the thermal haptic stimulus of 15°C corresponds 
to the largest value of K (K=0.252), the thermal haptic stimulus of 47°C corresponds to a smaller 
value of K. (K = 0.078), and the thermal tactile stimulus of 33°C corresponds to the smallest K 
value (K = 0.046).

5. EMoTIoN RECoGNITIoN EXPERIMENTS BASED 
oN THERMAL TACTILE SENSATIoN

Embodied cognition science is a new research field in psychology and a new direction in cognitive 
psychology. Embodied cognition theories mainly refer to the strong connection between physical 

Table 3. Experimental Data of Temperature Difference Threshold of Finger Thermal Tactile

Experiment 1
comparison stimulus(°C) 9 11 13 15 17 19 21

The proportion above the 
standard stimulus 15 °C 4% 14% 43% 53% 63% 72% 91%

Experiment 2
Comparison stimulus(°C) 27 29 31 33 35 37 39

The proportion above the 
standard stimulus33°C 1% 7% 16% 49% 71% 92% 99%

Experiment3

Comparison 
Stimulus(°C) 41 43 45 47 49 51 53

The proportion above the 
standard stimulus 47°C 7% 19% 47% 56% 67% 76% 94%
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experience and mental state (Landau, Meier, & Keefer, 2010). Physical experiences activate 
psychological feelings, and vice versa.

In recent years, with the rise of embodied cognition science, the relationship between temperature 
and social cognition has been paid more attention to. A large number of studies have shown that 
changes in environmental temperature and exposure to cold or hot objects affect social behavior, 
especially those related to emotions. For example, imagining of social rejection would lead to an 
underestimate of room temperature, people tend to overestimate the room temperature under the 
stimulus of anger, and the experience of physical warmth can promote the generation of psychological 
warmth (such as closeness, trust, etc.). Therefore, physical temperature can serve as a situational clue 
to guide people’s interpersonal judgment and behavior, so that temperature can make a psychological 
substitution with social emotion.

At present, the research results of cognitive neuroscience show that the processing of physical 
temperature and social emotion information activates the same brain regions, which are shared on the 
same insula; that insula is a shared neural matrix that regulates the mapping of physical temperature 
to social emotion; and that, since the intensity of temperature perception induced by warm and cold 
stimuli is significantly correlated with the activities in the insula, this brain region is also thought to 
be involved in processing emotional information (Craig, Chen, & Bandy, 2007; Sung, Yoo, & Yoon, 
2007; Eisenberger, Lieberman, & Williams, 2003).

In this section, the relationship between thermal tactile sensation and emotion based on 
temperature cues will be studied through experiments, including the mapping experiment of emotion 
and temperature, and the emotion recognition experiment induced by thermal tactile sensation.

5.1. The Mapping Experiment of Emotion and Temperature
5.1.1. Experimental Objective, Subjects, Equipment and Procedure
Experiment objective is to study the mapping relationship between psychological emotion and physical 
temperature, based on the emotion priming paradigm of psychology, using facial expression pictures 
as priming stimuli and using temperatures as target stimuli.

20 college students (10 boys and 10 girls) were randomly selected from the college students who 
volunteered to take part in the test. All of them were healthy and had no thermal tactile dysfunction. 
Their emotions were calm and normal during the experiment.

The experimental equipment for thermal tactile perception and reproduction and the experimental 
procedure are the same as section 4 of this paper.

5.1.2. Experimental Methods
According to the experimental purpose, the experimental method is as follows.

Table 4. Calculation Results of Temperature Differential Threshold

The experimental project Upper limit, 
δ1

Lower limit, 
δ2

Temperature difference 
threshold δ

Weber 
ratio, K

Temperature difference threshold 
measurement for standard stimulus 
15 °C

19.32 °C 11.76 °C 3.78 °C 0.252

Temperature difference threshold 
measurement for standard stimulus 
33 °C

34.57 °C 31.55 °C 1.51 °C 0.046

Temperature difference threshold 
measurement for standard stimulus 
47 °C

50.78 °C 43.43 °C 3.67 °C 0.078
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(1)  First of all, using the Chinese face emotion picture system produced by Yuejia Luo (Gong, Huang, 
Wang, & Luo, 2011), 16 pictures of representative and significantly different facial expressions 
were selected by 4 graduate students, including 4 calm, 4 happy, 4 sad and 4 angry pictures. 
Moreover, according to the emotional categories of faces, the pictures were divided into four 
groups and each group pictures included two pictures of male and two pictures of female, as 
shown in Figure 12.

(2)  Each subject’s emotions (calm, happy, sad, and angry) were aroused through pictures of facial 
expressions used as priming stimulus. After the corresponding emotion were stable for a period 
of time, the index finger of the right hand contacted the thermal tactile perception surface of the 
experimental device. The subjects independently adjusted the temperature of the tactile perception 
surface, found the temperature range consistent with the corresponding emotion, and filled in 
the representative temperature used as target stimulus corresponding to the emotion on the test 
form.

5.1.3. Experimental Results
The results of the emotion and temperature mapping experiment are shown in Figure 12. The physical 
temperature corresponding to calm emotion is 25 to 35°C, and the average temperature is 30.5°C.The 
physical temperature corresponding to happy emotion is 36 to 45°C, and the average temperature is 
40.9°C. The physical temperature corresponding to sadness emotion is 12 to 18°C, and the average 
temperature is 14.7°C. The physical temperature corresponding to anger emotion is 47 °C to 52°C 
and the average temperature is 49.55°C. The experimental results are shown in Table 5.

5.2. The Emotion Recognition Experiment Induced by Thermal Tactile Sensation
5.2.1. Experimental Objective, Subjects, Equipment and Procedure
Sad expressions and angry expressions are indistinguishable from each other in certain features, such 
as the unpleasant expression of facial expression and the frown state. Therefore, when using intuition 
to quickly identify the type of expression, the recognition results are often wrong. Based on the Stroop 
experimental paradigm of psychology [216], the experiment objective is to study the role of thermal 
tactile perception in emotion recognition,, using temperature as priming stimulus and using sad and 
angry facial pictures as the target stimulus.

The subjects and the experimental equipment and the experimental procedure are the same as 
section 5.1 of this paper.

5.2.2. Experimental Methods
According to the experimental purpose, the experimental method is as follows.

(1)  First of all, using the Chinese face emotion picture system produced by Yuejia Luo (Gong, Huang, 
Wang, & Luo, 2011), four graduate students selected 4 sad and 4 angry facial pictures with no 

Table 5. The Mapping Relationship Between Psychological Emotion and Physical Temperature

Emotional categories The temperature range 
corresponding to emotion

The average temperature corresponding 
to emotion

Calm 25-35 °C 30.5 °C

Happy 36-45 °C 40.9 °C

Sad 14-21 °C 14.7 °C

Angry 47-52 °C 49.55 °C
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Figure 12. Pictures of calm, happy, sad and angry facial expressions
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significant difference (4 male and 4 female), as shown in Figure 13. Before the experiment, the 
subjects were told in advance that there were only two emotional types of sadness and anger in 
the pictures presented to them, and they were asked to make a choice. Moreover, the emotional 
types of the pictures should be determined as quickly as possible according to their intuition in 
10 seconds.

(2)  The experiment was divided into three batches: recognizing image emotion without thermal tactile 
excitation, recognizing image emotion by thermal tactile excitation at 15°C, and recognizing 
image emotion by thermal tactile excitation at 50°C.

(3)  Each batch experiment operation is as follows. The experimenter randomly distributed sad and 
angry face images to the 20 subjects, and asked the subjects to judge the image emotion type. 
The subjects orally reported the judgment results to the experimenter. The subject’s response 
time to identify the emotional type of each picture was recorded by a stopwatch.

(4)  During the experiment of image emotion recognition under thermal tactile excitation at 15°C or 
50°C, the subjects were asked to touch the thermal tactile perception surface of the experimental 
device with their index fingers. At the temperature of 15°C or 50°C, the emotional effect of 
the subjects was activated, and then the subjects were asked to identify the emotion type of 
the pictures. As soon as the subjects saw the picture, the experimenter started stopwatch. The 
experimenter stopped stopwatch when the subjects orally reported the emotional type of the 
picture.

5.2.3. Experimental Results
Through the above experiments, the experimental results are as follows. The average response time 
and error rate of facial emotion recognition are shown in Table 6. There is a significant interaction 
between thermal tactile excitation and picture emotion type. For the sad emotion, under the “cold” 

Figure 13. Sad and angry facial emotion pictures used in the experiment
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thermal tactile excitation with a temperature of 15°C, the reaction time is significantly less than that 
under the “hot” thermal tactile excitation with a temperature of 50°C,and the recognition error rate 
is significantly reduced to 4.375%. For the angry emotion, under the “hot” thermal tactile excitation 
with a temperature of 50°C, the reaction time is significantly less than that under the “cold” thermal 
tactile excitation with a temperature of 15°C,and the recognition error rate is significantly reduced 
to 3.125%.

The experimental results shown in Table 6 also further verify that, in the emotional Stroop 
experimental paradigm, when the valence of the priming stimulus is consistent with that of the 
target stimulus, the recognition accuracy of the target stimulus is significantly higher than that of the 
incongruent stimulus, and the response time is relatively shorter. Individuals are more sensitive to 
target stimulus that are consistent with priming stimuli in emotional potency, mainly in processing 
speed and attention selection.

6. CoNCLUSIoN AND FUTURE woRK

In this paper, the thermal tactile perception and reproduction experiment device was designed by 
virtual instrument technology and a composite control algorithm. The experimental device has 
excellent performance, good reliability, flexible human-computer interaction, faster and more accurate 
temperature control, and can meet the experimental requirements of thermal tactile perception and 
reproduction. Based on the experimental device, the temperature difference threshold of thermal 
tactile of the finger was measured according to the psychophysical experimental specifications, and 
the relationship between thermal tactile sensation and emotion based on temperature cues has been 
explored, which provides experimental basis and technical support for the future research, such as 
force tactile reproduction based on thermal tactile auxiliary, thermal tactile navigation, perceiving 
music by thermal tactile, and so on.
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Table 6. The Average Response Time and Error Rate of Facial Emotion Recognition Based on Thermal Tactile Stimulation

Type of thermal tactile stimulus 
loaded on the index finger

Sad facial pictures Angry facial pictures

Response time Error rate Response time Error rate

Without thermal stimulation 4.19 s 6.875% 3.98 s 5.0%

Under thermal tactile stimulation 
at 15°C 3.67 s 4.375% 4.26 s 9.375%

Under thermal tactile stimulation 
at 50°C 4.52 s 10.625% 2.49 s 3.125%
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