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 We demonstrate a wearable temperature sensor based on a Peltier thermoelectric device.  
The wearable temperature sensor is attached to the wrist using a bracelet, which can monitor, 
control, and change the human body temperature using a local temperature change.  The 
body temperature was changed by transferring the heat from one side to the other side of the 
Peltier semiconductor or vice versa.  The feedback control system was used to maintain the 
human body temperature during increases and decreases in the temperature of the surrounding 
environment.  The results showed the changes in body temperature over 300 s in 100 trials with 
different rates of increase and decrease in the temperature.  The highest relative increase in 
temperature was 86.1% with a change from 18.7 to 34.8 °C, while the lowest relative increase 
was 1.2% with a change from 24.6 to 24.9 °C.  The average change was 33.5% with a standard 
deviation of 25.5%.  This technology provides a basis for next-generation wearable temperature 
sensors to control and change the temperature of the human body.

1. Introduction

1.1 Body temperature

 The body temperature of a human or animal is maintained by the heat energy provided 
by burning nutrients during cellular oxidative metabolism.  To maintain the temperature of 
the human body at 36−37 °C, the heat generated and lost should be balanced.(1)  Therefore, 
thermoregulation plays a key role in maintaining the body temperature.  
 The body temperature includes core and skin temperatures.  The core temperature is 
defined as the body temperature in daily life.  There are several ways to measure the core 
temperature, including esophageal, tympanic, oral, and rectal measurement, where rectal 
measurement is the most accurate.  Environmental conditions and blood temperature affect the 
measurement of oral and esophageal temperatures, respectively.  The tympanic temperature is 
equal to the temperature of the hypothalamus, and it reflects the concentration of blood going 



2960 Sensors and Materials, Vol. 32, No. 9 (2020)

to the thermoregulatory center.  The skin temperature is typically 5–8 °C less than the core 
temperature and depends on the location of the skin.  The lowest temperature of the skin is at 
the fingers, toes, ears, and the tip of the nose, while the highest temperature is at the forehead 
and trunk.  Two factors significantly affect the skin temperature: the environment and the 
type of skin.  The skin temperature increases or decreases during sweating owing to water 
evaporation.  
 There are several factors affecting the body temperature, including age, hormones, stress, 
surgery, and body movement.  The body temperature also varies with the outside temperature 
via the thermoregulatory center, which develops within six months of birth.  The level of 
thermoregulation at the age of 10 is similar to that of an adult and decreases with age.  The 
stimulation of nerves and hormones by stress increases the metabolic rate, which may increase 
the body temperature.  In addition, movement increases the metabolic rate and heat production.  
The total amount of heat produced by the body depends on the intensity and length of the 
movement, as well as the ambient temperature.  Figure 1 illustrates the balance between heat 
generation and loss in the human body.  

1.2 Importance of body temperature

 Maintaining the body temperature at 37 °C is vital for the human body and it boosts the 
immune system as well as the circulation of blood flow to cope with any diseases.  When the 
body temperature decreases by 1 °C, the immunity decreases by 30%.  Therefore, a decrease 
in body temperature can increase the risk of developing viral diseases.  Moreover, hypothermia 
occurs as the body temperature drops below 35 °C, which can cause cardiac arrest and reduced 
hormone secretion, overall muscle movement, and metabolic ability.  Figure 2 shows the 
physiological effect of different body temperatures.  If there is abnormal thermoregulation 
of the human body, it can be controlled by wearable devices such as a wearable temperature 
sensor.  Regulation of the local body temperature is used to control the whole-body temperature.  
When the local temperature rises via a local thermal effect, the metabolism increases energy 
consumption and generates heat.  The temperature is increased by 10 °C when the metabolism 

Fig. 1. (Color online) Balance between heat generation and heat loss in the human body.



Sensors and Materials, Vol. 32, No. 9 (2020) 2961

is increased 2.5-fold according to van’t Hoff’s law.(2)  When the local body temperature 
increases the temperature of the tissue, the blood vessels expand and the capillary blood 
flows.  Consequently, the body temperature is increased via blood circulation.  In contrast, 
when the local temperature of the human body decreases due to the cold, the peripheral blood 
vessels shrink owing to the excitement of sympathetic nerves and reduced vascular movement.  
Moreover, the blood flow and the temperature of the skin decrease and the metabolic activity of 
the body drops.

1.3 Trends in temperature sensors

 Wearable sensors are fast becoming a key instrument among temperature sensors.  In 
recent years, there has been an increasing amount of literature on flexible and wearable 
temperature sensors.  Different materials, such as stretchable graphene thermistors,(3) organic 
semiconductors,(4) stretchable polyaniline nanofibers,(5) graphene nanowalls,(6) organic flexible 
arrays,(7) polyethylene terephthalate,(8) silicon Fabry-Pérot cavities,(9) Er3+-doped calcium 
aluminate glass,(10) and dual-functional nitrogen- and sulfur-codoped carbon dots (C-dots),(11) 
have been used as temperature sensors.  They can be attached to the human skin(12) to consider 
the effect of temperature on the mechanical properties of skin or can be added to wireless ECG 
sensors(13) to transfer data on the temperature of the human body with ECG data.  However, 
major problems with this type of temperature sensor are the strain limitation during mechanical 
deformation, the need of a prestrained substrate for the fabricated layers, and opacity.  In 
addition, their manufacturing processes are very complex and expensive.
 Different technologies for indicating thermal comfort such as air temperature sensors, wrist-
worn devices, and thermal cameras have been compared.(14)  A high-tech temperature sensor to 
measure the temperature of exhaled breath and detect pathogenic progression has been proposed.(15)  
A flexible wearable thermoelectric nanogenerator made from Bi2Te3 was proposed for use 

Fig. 2. (Color online) Physiological effects of different body temperatures.
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in next-generation wearable temperature sensors; this material can be easily incorporated 
into textiles.(16)  A stretchable temperature sensor that removes strain was developed for use 
in smart healthcare devices.(17)  A portable hypothermia device can be used for hypothermia 
therapy to maintain a low body temperature in pigs and decrease the body temperature via a 
thermoelectric element included in the pad part.(18)  
 As mentioned before, the stability and control of temperature are closely associated with 
certain diseases.  The thermoregulation mechanism has been used in many devices to suppress 
viral disease and maintain the quality of life.  A wearable thermoregulation device maintains 
the body temperature.  Thermoregulation was utilized in the thermoelectric devices to decrease 
the human body temperature.(19)  A feedback circuit based on the thermoregulation mechanism 
to break fever has been proposed.(20)  A cold pad device for thermoregulation was used as 
a body temperature sensor to measure the temperature, and increase and decrease the body 
temperature using water via a thermoelectric module.  This water circulates through the pad 
and controls the body temperature.  Most of these devices were designed to artificially control 
the whole-body temperature.  However, cooling technology has largely remained unchanged 
for more than a century and it still relies on the cooling of the entire space regardless of the 
number of occupants.  Development of a wearable temperature sensor based on local heating 
and cooling of the human body is required and still remains a challenge.  
 In this study, a wearable temperature sensor based on the thermoregulation mechanism that 
uses a Peltier thermoelectric device was developed to change the human body temperature.  The 
wearable temperature sensor was attached to the wrist using a bracelet, which can monitor, 
control, and change the temperature of the human body using a local temperature change.  
The body temperature was changed by transferring the heat from one side to the other side of 
the Peltier semiconductor or vice versa.  The feedback control system was used to maintain 
the human body temperature during increases and decreases in the surrounding environment 
temperature.  This technology provides a basis for the next generation of wearable temperature 
sensors to control and change the temperature of the human body.

2. Materials and Methods

2.1 Peltier component

 A Peltier component is a thin plate-shaped device with each side used as a heat source or 
sink.  In a Peltier component, a direct current voltage is applied across two different devices 
using the thermocouple principle, and the heat is absorbed on one side and generated on 
the other side according to the direction of the current (Peltier effect).  Table 1 provides the 
electrical properties of the Peltier device used in this study.  
 Furthermore, the heat is absorbed by the low-temperature side and released on the high-
temperature side.  Thus, the Peltier component acts as a heat pump that pushes heat from the 
low-temperature side to the high-temperature side.  The heat pump direction and current are 
changed with the heat.  Therefore, the Peltier component acts as a semiconductor element that 
changes the amount of heat pumped to enable free cooling, heating, and temperature control.  
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The Peltier component was utilized in our experiment because of its small size, light weight, 
the possibility of fabrication to the desired shape, lifetime, and reliability.  It responds to 
temperature changes instantly and includes no parts that cause mechanical fatigue or damage.
 We investigated the temperature change of the heat source and heat sink of the Peltier 
component.  The electrodes of the Peltier component were connected to a 12 V power supply.  A 
FLIR thermal imaging camera and FLIR ResearchIR software were used to measure the rise or 
fall in temperature owing to the applied voltage.  Then, the Peltier component was photographed 
via the FLIR thermal imaging camera.  We used the FLIR ResearchIR program connected to 
the camera to observe the temperature change of the Peltier component in real time via images, 
data, and graphs.  Figure 3 illustrates the measurement of temperature in the Peltier device 
using the FLIR thermal imaging camera.
 Figures 4(a) and 4(b) show the heat sink of the Peltier component, Fig. 4(c) illustrates the 
Peltier component without an applied current, and Figs. 4(d) and 4(e) show the heat sources 
of the Peltier component measured using the infrared camera.  When a voltage was applied 
to the Peltier component, the heat sink temperature dropped from 26–27 °C to 23.8 °C and 
then to 21.9 °C.  Meanwhile, the heat source temperature increased  from 45.3 to 60.1 °C.  The 
classification algorithm(21) can be utilized to classify increasing and decreasing temperatures.  
 As shown in Fig. 5, when the voltage was applied, the heat sink absorbed the ambient heat 
and its temperature dropped below room temperature.  In contrast, the heat from the heat 
sink and the lost electrical energy were dissipated from the heat sink.  If the heat in the Peltier 
component cannot be dissipated, the component will begin to heat up regardless of whether it is 
a heat source or heat sink.  As shown in Fig. 5, even if the temperature of the heat sink initially 
decreases, the heat sink of a Peltier component without a heat dissipation device gradually 
increases in temperature owing to the heat source.  
 Thus, as shown in Fig. 6(b), a heat sink (plate) and fan are attached to dissipate the heat 
source to the surroundings and to dissipate the heat of the Peltier element and decrease the 
temperature of the heat sink to below 15 ℃.

Table 1
Electrical properties of Peltier device.
Model name DMPE-12709
Size (mm3) 40 × 40 × 3.5
Voltage (V) 12
Maximum voltage (V) 15
Maximum current (A) 9 
Maximum power consumption (W) 83.16
∆Tmax (°C) ≥66

Fig. 3. (Color online) Measurement of temperature 
in Peltier element.
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Fig. 5. Temperature of area heated using Peltier element plotted against time.

Fig. 6. (a) Heat absorption and (b) heat generation of the Peltier device.

(a) (b)

Fig. 4. (Color online) Heat absorption and generation of Peltier component photographed through FLIR thermal 
imaging camera. (a) and (b) Heat sinks of the Peltier component, (c) Peltier component without an applied current, (d) 
and (e) heat source of the Peltier component measured using an infrared camera. 

(a) (b) (c)

(d) (e)
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2.2 Additive liquid silicone (Dow Corning SYLGARD™ 184)

 SYLGARD™ 184 can be used for quick and adaptive cure processing owing to its good 
dielectric properties, flowability, and high transparency.  It can be used as a coating and 
a molding agent, a lubricant, and a softener.  In our experiment, we weighed and mixed 
SYLGARD™ 184 to coat the Peltier component via a curing agent (ratio of 10:1), and we stirred 
the mixture for 20 min to form sufficient bubbles and make the mixture uniform.  Then, we 
fixed the Peltier component in a slightly floating position in a rectangular plastic container that 
could be fit to the element, and finally poured the SYLGARD™ 184 into the container.  We 
removed the bubbles and placed the container in a PURIVEN drying oven for 20 min at 125 °C.  
The silicon was placed on the Peltier component as shown in Fig. 7.

2.3 Feedback control system

 The feedback control or closed-loop control system refers to the reference input, which is 
compared with the output using a feedback control system to reach a desired value.  The output 
of the system Y(s) is returned to the summing point and compared with the reference input X(s).  
The feedback control system is illustrated in Fig. 8.  Y(s) is found by multiplying the transfer 
function G(s) by the input to the system E(s).  The output is converted and modified using the 
feedback element H(s) then compared with the input signal.  The closed-loop transfer function 
relating X(s) to Y(s) is calculated using 

 Y(s) = G(s)/(1 + G(s)H(s))X(s).   (1)

 One of the feedback control systems in nature is the human body.  The feedback control 
system is used to maintain the human body temperature during increases and decreases in the 
temperature of the environment.  By measuring the real body temperature and comparing it 
with a constant human body temperature as a desirable temperature, the Peltier device changes 
the current direction and the heating or cooling sides in such a way as to guarantee that the 
body temperature remains at a desirable level regardless of the environmental temperature.  

Fig. 7. (Color online) Peltier component coated with 
SYLGARD™ 184.

Fig. 8. Feedback control system of the Peltier 
element.
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 To control the body temperature, the output signal is the constant body temperature.  The 
output temperature is converted to a voltage and compared with the desirable temperature.  Y(s) 
and H(s) are the body and sensor temperatures, respectively.  When the body temperature starts 
to rise, it is detected by the temperature sensor, and the desired temperature X(s) is continuously 
input while the wearable thermoregulation device is controlled by the temperature sensor until 
the body temperature reaches X(s).  

2.4 Wearable thermoregulation device

 In this study, a wearable sensor was developed as a bracelet-type wearable device.  A Peltier 
component was used to artificially control the local temperature to induce changes in the 
human body temperature.  Then the temperature sensor was directly attached to the human 
body to measure the current body temperature, and the data were transferred to a motherboard 
to compare the reference temperature with the Peltier device temperature.  A TMP 102 digital 
temperature sensor was used to measure the body temperature, which has an accuracy of 
0.5 °C from −25 to 85 °C.  Furthermore, a lithium battery was used for the power supply and a 
motherboard was attached to either side of the Peltier component.  A small Arduino Mini was 
used to attach the motherboard to the wrist.

2.4.1 Control of Peltier component using Arduino

  An Arduino Uno board and an n-channel MOSFET were connected to a 10 kΩ resistance 
using a breadboard.  The Peltier device requires a 15.4 V, 7 A power supply.  While a PWM 
port with pin Nos. 3, 5, 6, 9, 10, and 11 can be used to control the current, pin No. 3 was used 
in this experiment.  We connected it to the breadboard and input it to the Arduino. We opened 
the serial monitor and defined the letter “a” for an increment of the power supply to 5 V.  By 
defining “a” again, the power was increased to 10 V.  By entering “z”, it was decreased to 5 V.  

2.4.2 Control of Pelt ier component using Arduino conceptual d iagram of 
thermoregulation devices

 The wearable thermoregulation device increases or decreases the body temperature 
according to temperature changes to maintain it at a fixed level.  The thermoregulation device 
consists of a sensor for measuring the human body temperature, cooling and heating parts that 
contain a thermoelectric module that switches between cooling and heating according to the 
polarity of the applied power supply, a control part for controlling the operation of the cooling 
and heating parts according to the desired body temperature, and a sensor that measures the 
body temperature.  If the body temperature measured by the sensor is greater than the desired 
body temperature, then the designed device on the research participant’s wrist operates in the 
temperature-lowering mode and attempts to reduce the body temperature to the desired level.  If 
the body temperature is less than the desired level, then the device operates in the temperature-
raising mode, and it begins its heating operation to increase the body temperature to the desired 
level.  
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3. Results and Discussion

 The wearable sensor was used to induce an increase or decrease in the local body 
temperature, resulting in a change in the overall body temperature.  We performed experiments 
on humans with informed consent, and the wearable sensor was composed of commercial 
components that can be used for humans.  First, the initial human body temperature was 
measured to be 37.5 ℃ (which is the normal human body temperature) before using the 
wearable sensor.  Then, the body temperature was raised by the surrounding environment, 
and the wearable sensor responded by displaying a ‘cold’ sign, which was used to induce a 
decrease in body temperature.  In contrast, when the body temperature was decreased by the 
surrounding environment, the wearable sensor responded by displaying a ‘hot’ sign, which 
was used to induce an increase in body temperature.  The average change was 0.4–0.6 ℃ from 
32.1 to 32.6 ℃.  By comparing the temperature change with and without wearing the wearable 
sensor, it was confirmed that the Peltier device can increase and decrease the body temperature.  
Figure 9 shows changes in the body temperature over 300 s in 100 trials as relative increases 
and decreases.  The highest increase was 86.1% with a change from 18.7 to 34.8 °C, the lowest 
increase was 1.2% with a change from 24.6 to 24.9 °C, and the average increase was 33.5% 
with a standard deviation of 25.5%.  The highest decrease was 3.75% with a change from 34.1 
to 32.9 °C, the lowest decrease was 0.6% with a change from 34.7 to 34.5 °C, and the average 
decrease was 1.6% with a standard deviation of 0.7%.  The data shows that when the body 

Fig. 9. (Color online) Changes in body temperature over 300 s in 100 trials: (a) relative temperature increase and (b) 
relative temperature decrease.

(a)

(b)
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temperature was abnormally low, there was a large relative change due to heating of a local area 
by the Peltier device, which quickly returned the temperature to normal.  
 The large standard deviation of the relative increase shown in Fig. 10(a) is considered to 
be due to the large difference between the initial body temperature and the subject’s ability to 
produce thermoregulatory heat.  On the other hand, the low relative change in the test where 
the body temperature was decreased appears to have been initiated at a temperature close to the 
average normal body temperature because the subjects did not abnormally increase their starting 
temperature before the test.  The wearable sensor was operated to drop the body temperature to 
a normal value; it would not have dropped significantly owing to the nature of heat generation 
in a body to maintain the body temperature.  As shown in Fig. 10(b), the standard deviation of 
the relative increase was not large owing to the similar starting temperature, and although the 
relative change was small, it can be seen that the temperature dropped in each case owing to the 
wearable sensor.
  The abnormally elevated body temperature confirmed that the subject’s body temperature 
was less than the temperature controlled by the hypothalamus.  The difference in the subject’s 
perceived temperature due to the heat generated by the wearable sensor needs attention.  Some 
subjects felt lukewarm when they heated their wrists in the first experiment, whereas others felt 
hot.  Many subjects felt cold in the second experiment.  Depending on the subject’s perceived 
temperature, the user may need to manually change the temperature.

4. Conclusions

 A wearable temperature sensor based on a Peltier thermoelectric device was proposed.  
The sensor was attached to the wrist using a bracelet and can monitor, control, and change the 
human body temperature using a local temperature change.  The body temperature was changed 
by transferring the heat from one side to the other side of the Peltier semiconductor.  The 

Fig. 10. (Color online) Distributions of (a) relative increase and (b) relative decrease in temperature.

(a) (b)
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experimental results indicated that the changes in the body temperature were small, although a 
change did occur.  The highest relative increase in temperature was 86.1% with a change from 
18.7 to 34.8 °C, while the lowest relative increase was 1.2% with a change from 24.6 to 24.9 °C, 
with an average change of 33.5% and a standard deviation of 25.5%.  This technology provides 
a basis for next-generation wearable temperature sensors to control and change the temperature 
of the human body.  Also, these sensors can be used to help elderly patients change and control 
their body temperature.  
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