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ABSTRACT

Electronic skin (e-skin) has broad application scenarios, including wearable technology,
human-computer interfaces, smart prosthetics, and medical diagnosis, due to its ability
to mimic human skin and offer versatile sensing capabilities. However, the state-of-art
thermosensation is insufficient for comprehensive environmental perception.
Furthermore, traditional e-skins cannot regulate temperature, like the human body with
the isothermal function. This thesis conducts a systematic investigation of thermo-e-

skin with both thermoregulation and thermosensation functions.

Two types of thermoregulation have been proposed, i.e. single-mode thermoregulation
e-skin (S-thermo-e-skin) and dual-mode thermoregulation e-skin (D-thermo-e-skin).
The S-thermo-e-skin involved a flexible thermoelectric device and a heat sink made of
a phase change material, enabling the e-skin to maintain the isothermal function in both
hot and chilly environments. The S-thermo-e-skin has a good isothermal function,
maintaining a surface temperature of 35 °C in a broad environment with a temperature
range of 10-45 °C. The effective time in the isothermal state of 35 °C could be over 2
hours in the mild environment with 10-30 °C, while decreased to 1.5 h and 0.75 h under
the ambient temperature of 40 and 45 °C, respectively. The energy cost to maintain the
isothermal state is a careful measurement, showing the lowest value of 14.22 mW/cm?
within the thermoneutral zone of 35 °C. Furthermore, the D-thermo-e-skin is
functionalized with the active mode of flexible thermoelectric thermoregulation layers
and the passive mode of ionic hydrogel’s evaporation/regeneration layer. The ionic

hydrogel mimics the function of the bionic sweat gland. The D-thermo-e-skin

II



significantly increased the effective time of 35 °C -isothermal-state, e.g. increased from
2h to 4.2 h under ambient temperature 40 °C. Furthermore, the e-skin's hygroscopic
properties allowed it to return to its initial state within 4 hours when exposed to 90%
humidity, enabling reusability. Both the S-thermo-e-skin and D-thermo-e-skin have a

quick response as the e-skin as the environment changes.

A new heat-source-identification sensor was designed by using the capacitance
response behavior of the methoxy poly (ethylene glycol) acrylate ionic gel. The ionic-
gel sensor exhibits an impressive ultra-wide temperature range of -20 °C to 180 °C and
displays a highly linear response to temperature stimuli (R? = 0.993), and a temperature
measurement accuracy of better than 0.005 °C. Moreover, the ionic-gel sensor has
temperature-sensitive ion relaxation time and pressure-sensitive capacitance, which
provides an effective to decouple the temperature and pressure signals. Furthermore,
the ionic-gel sensor also shows proximity sense with a negative capacitance response.
It was experimentally verified that the ionic sensor could identify the heat exchange
modes, encompassing thermal radiation, thermal convection, and thermal conduction,
by using the ion relaxation time and capacitance response. The heat-source-
identification well mimics the thermosensation of human skin. Moreover, the
integration of thermoregulation and thermosensation was conducted. The integrated
thermo-e-skin successfully combines thermosensation, heat-source-identification,
signal feedback, and thermoregulation, demonstrating a bionic thermo-sensory
capability. This thesis provides a systematic solution to mimic the thermoregulation and
thermosensation of human skin, which would has significant impact on the field of

thermo-e-skin.

III



LIST OF PUBLICATIONS

Published papers:

1. Pengxiang Zhang, Zhigian Li, Yupeng Wang, Wenting Sun, Kang Zhu, Qikai Li,
Bo Li, Zeru Wang, Ke Wang, Zijian Zheng*, Weishu Liu*. Electronic skin with
biomimetic structures realizes excellent isothermal regulation. Nano Energy,

2023, 121: 109189.

2. Pengxiang Zhang, Biao Deng, Kang Zhu, Qing Zhou, Shuangmeng Zhang,
Wenting Sun, Zijian Zheng, Weishu Liu*. Wide-temperature range
thermoregulating e-skin design through a hybrid structure of flexible
thermoelectric devices and phase change materials heat sink. EcoMat, 2022, 4(6):

el2253.

3. Pengxiang Zhang, Biao Deng, Wenting Sun, Zijian Zheng*, Weishu Liu*. Fiber-
based thermoelectric materials and devices for wearable electronics.

Micromachines, 2021, 12(8): 869.

4. Bo Li*, Chuanyang Cai, Yang Liu, Fang Wang, Bin Yang, Qikai Li, Pengxiang
Zhang, Biao Deng, Pengfei Hou*, Weishu Liu*. Ultrasensitive
mechanical/thermal response of a P (VDF-TrFE) sensor with a tailored network

interconnection interface. Nature Communications, 2023, 14(1): 4000.

1Y%



5. Xinzhi Wu, Yangjian Lin, Zhijia Han, Huan Li, Chengyan Liu, Yupeng Wang,
Pengxiang Zhang, Kang Zhu, Feng Jiang, Jian Huang, Haohan Fan, Feng Cheng,
Binghui Ge*, Weishu Liu*. Interface and Surface Engineering Realized High
Efficiency of 13% and Improved Thermal Stability in Mg3Sbi. sBio. s-Based
Thermoelectric Generation Devices. Advanced Energy Materials, 2022, 12(48):

2203039.

6. Qian Xu*, Biao Deng, Lenan Zhang, Shaoting Lin, Zhijia Han, Qing Zhou, Jun
Li, Yongbin Zhu, Feng Jiang, Qikai Li, Pengxiang Zhang, Xinbo Zhang, Gang
Chen*, and Weishu Liu*. High-performance, flexible thermoelectric generator

based on bulk materials. Cell Reports Physical Science, 2022, 3(3):100780.



ACKNOWLEDGEMENTS

This project is in process under the supervision of Prof. Zijian Zheng and Prof. Weishu
Liu. Firstly, I acknowledge my supervisors, Prof. Zheng and Prof. Liu for their
instructive advice. Prof. Zheng and Prof. Liu's meticulous attitude towards academics
and rigorous treatment made me more strict with myself and made great progress in

three years.

Secondly, I would like to thank the other members of the subject group. I received help
from them when I encountered problems in the experiment or in life. I want to express
my appreciation to Dr. Qiyao Huang, Ms. Qiuna Zhuang, Ms. Leni Zhong, Mr. Wancheng
Yu, Mr. Zijian Chen, Mr. Fan Chen, Mr. Zhenyao Wei in PolyU and Prof. Bo Li, Dr. Qin
Zhou, Dr. Jiajia Zhang, Dr. Kang Zhu, Dr. Qikai Li, Dr. Feng Jiang, Dr. Zhijia Han, Mr.
Biao Deng, Mr. Xinbo Zhang, Mr. Shuangmeng Zhang, Mr. Jizhen Hu, Mr. Xinzhi Wu, Mr.
Yupeng Wang, Mr. Shuaihua Wang, Mr. Huan Li, Ms. Wenting Sun, Mr. Bin Yang in

SUSTech for their help.

Thirdly, I would like to thank all the technicians who helped me with school affairs and
instrument characterization. I would also like to thank the Southern University of
Science and Technology and the Hong Kong Polytechnic University for their financial

support.

Finally, I am grateful to my family. I thank them for their continued support and

encouragement throughout my years of study.

VI



TABLE OF CONTENTS

CERTIFICATE OF ORIGINALITY ..uutevicriericsensensussenssssansssssssssssessesssssassassassnsssssssons I
ABSTRACT ......cccvvurrecnrrnnreccsnnns I
ACKNOWLEDGEMENTS ....uuciiiiniirensinsnissensesssnsssssssssissssssessssssssssssssssssssssssssssss VI
LIST OF FIGURES ......ccccevvvnericcscnneecsens XI
LIST OF TABLES .....cuooiitiiiiinninensaesssissesssnsssissssssssssissssssssssssssssssssssssssssssssssssssss XX
LIST OF ABBREVIATIONS......ccvcetieicvnneicccsnnnnees XXI
CHAPTER 1 INTRODUCTION ....ccovinuirruisensaicsenssesssessasssessssssssssessssssssssssssssssssssssass 1
1.1 Background and Challenges ............cccoecueeiiiiiiiiienieeieeee et 1
1.2 ReSCAICh ODBJECHIVES ....uviiiiiieeeiie ettt et e ettt ete et e e tee e e e beeeenneeennee s 3
1.3 Research Significance and Values ...........cccooiieiiieniiiiienieeiieeeeeee e 5
1.4 Outline of the thesIS .....coouiiiiiiiiiieee e 7

CHAPTER 2 REVIEW OF THERMOSENSATION AND

THERMOREGULATION ....ucinieniirensinsacssensaesssnssesssessasssessasssssens 9
2.1 Thermosensation and thermoregulation of human skin.............cccooceeviieniennnnne. 9
2.1.1 Thermosensation of human sKin...........cccccooiiiiiiiiiiiiinicceee 10
2.1.2 Thermoregulation of human body ..........ccccecuveviiiiiiiiiiiiieieeee e 11
2.1.3 Temperature comfort zone and energy expenditure...........cccceeeeveeereveeennee. 16

2.2 Electronic thermoSenSatiON.........ccueveerterieriienieeienieeie st sie ettt s 17
2.2.1 ResSiStance-TeSPONSIVE SETISOT ...eeuvvreerreerrreearreesrreesseeenseeessseeesssesssssessnsees 18
2.2.2 VOltage-r€SPONSIVE SEINSOT .......eerurierieeiieeieeeiieeieeareenseesaeesseessseesseesseesseeans 20
2.2.2 Capacitance-TeSPONSIVE SENISOT ......eeevrrerureeerreenreeenseeesseeesseeesssesesssesensees 22

VI



2.3 Artificial thermoregulation............c.cccieriiiiiiiieeiieee e 24

2.3.1 Active heating and COOIING...........cccueeriiiiiiiniieieeeeee e 25
2.3.2 PaSSIVE COOIIMNE.....uiiieiiieeiiieeiieeeiie ettt e etee et e e eeaee e e e eeeenes 29
2.4 Conclusions and Summary of Research Gaps .........ccoeceevieiiiieniiniiieniecieee 35
CHAPTER 3 SINGLE-MODE THERMOREGULATING E-SKIN ......cccceeeeueene 37
3.1 INEOAUCHION ...ttt ettt s 37
3.2 CONCEPE AESIZM.eeiuiriieiiieeiiieeiieeeriteeerteeesiteeeteestaeesaeeessaeessseeessseeensseeensseeensnes 38
3.3 Fabrication of S-thermo-e-SKin .........ccccovieiiiiiiniiiiiiinieeeeen 41
3.3.1 Fabrication of flexible TE device ........c.cccoviiiiiiiiiniiiiiiiiiiccecee 41
3.3.2 Fabrication of PCM heat SInK ........c..ccoceeviviiniiiiniiniieiceceneneeeen 45
3.3.3 Encapsulation of S-thermo-e-sKin............cccccuveeiiieniiieniiiecieeeee e 49
3.3.4 The establishment of environment simulator.............cccceeveevieniiienienenne. 49
3.4 Flexibility of S-thermo-e-sKin..........cccooiieeiiiiiiiiieieeeeee e 50
3.5 Thermoregulation performance of S-thermo-e-skin ............ccoeceeviiiiieniinnenne. 52
3.5.1 Cold adaptation of the S-thermo-e-skin............cccceevvieniiienciieneeee e 53
3.5.2 Thermal adaptation of the S-thermo-e-skin...........cccevvieviininniiiniieenne, 55
3.5.3 Isothermal regulation of S-thermo-e-skin............ccccceeevvieeiiiieniieiiieeen 58
3.6 Heat dissipation challenges...........ccoceeiieiiiiiieniieiieeeeeieee e 65
3.7 SUIMNIMATY ...viieiiieeeiie ettt e et e e stte e et eeeeaeeetaeesssaeesaseeesssaeessseaessseesnssesenssesensses 66
CHAPTER 4 DUAL-MODE THERMOREGULATING E-SKIN......cceceeveesureene 68
4.1 INErOAUCTION ...ttt ettt st ettt e e s abe e b ea 68
4.2 CONCEPE AESIZN....eeiiieiieeiiieiieeit et ettt ettt e et eesttesbeesteesabeebeeenbeenseesnseenneeens 69
4.3 Fabrication of D-thermo-e-sKin ..........ccccooiiiiiiiiiiiiiiceceee e 71

VIII



4.3.1 Fabrication of active TE regulation layer ............ccccoevveeviienienciienieeieenes 71

4.3.2 Fabrication of the Silicone/CNT foam..........cccceeevveeviieeeiieeeiie e 71
4.3.3 Encapsulation of D-thermo-e-sKin...........ccccceveeviiiieniieeniieeiie e, 72
4.4 D-thermo-e-skin with excellent flexibility..........cccooceeriiiiniiiniiiniiiiee e 73
4.5 Thermoregulation Performance of D-thermo-e-skin ...........cccccoeevvieriiiennnenee. 74
4.5.1 Thermoregulation of Active regulation layer..........ccccoeeieviiniiinieniiennene 75
4.5.2 Thermoregulation of passive regulation layer ..........ccccoeevveeeiieerieeenveennnee. 76
4.5.3 Isothermal regulation of D-thermo-e-skin ............ccoeeoeeriiieniiniiienieiiieee 82
4.5.4 Environmental stability of D-thermo-e-skin..........ccccccoeveiieiiieiniieinieennee, 86
4.5.5 Transient thermoregulation of D-thermo-e-skin .........cccceeeveviininiincncnne 89
4.6 Correlation between sweathole and water evaporation ............ccccceeeevveerveeenee. 92
AT SUITIMNATY ..ottt ettt et e et e st e e et e e eatteesabteesabaeesabeeennseeenans 94

CHAPTER S5 HEAT-SOURCE-IDENTIFICATION OF TEMPERATURE

SENSOR....uiitiinicennninsnicnnsaecssicsesssessaccsssseesseens 96
T B 6013 (0T L1 To1 5 10 ) o H PSR 96
5.2 CONCEPEL AESIZN...eeueiieniiiiiieiieeiie ettt ettt ettt ettt e et e s e e b e e ssaeenteenaeesnseennes 97

5.3 Fabrication and characterization equipment of multimodal temperature sensor

................................................................................................................................ 100
5.4 Multimodal temperature sensor realizes basic thermosensation...................... 101
5.5 Sensing mechanisms for multimodal temperature sensor...............ccccueevueennee. 108
5.5.1 Ion relaxation time for temperature-SensSitive ..........ceecvveeeeveeeeveeerveeennneenn 109
5.5.2 Capacitance change for pressure-sensitive ...........ceccveeeveereeereeeneeseieeneenns 111
5.5.3 Capacitance change for proximity SeNSINg ..........ccceeevvveeeevreencreeeriveeennnenns 113

IX



5.5.4 Temperature and pressure decoupling of multimodal temperature sensor 115

5.6 Heat-source-identification for multimodal temperature sensor ....................... 117
5.6.1 Identification of thermal radiation ...........ccccceeiiiiiiniiiniiiniiecceee 117
5.6.2 Identification of thermal cONVECtiON.........cocuevieriiriiiniinieiccicecceieee 119
5.6.3 Identification of thermal conduction............cccceeeveiniiiiiiniiiiieniceeee 121

5.7 Outlook Of SENSOT SENSILIVILY ....eevuvieiieriiieiierit ettt 123

5.8 SUMMATY ....viiiiiieeeiie ettt ettt e et e et e e et e e sstaeesasaeessseeensseeensseeennseennns 125

CHAPTER 6 INTEGRATION OF THERMOREGULATION AND

THERMOSENSATION ...ccouinviiruicsensessanssensesssnssesssesssssessasssssens 126
6.1 INTrOAUCTION.......otiiiiiiiiiiiee ettt 126
6.2 INEEGTALION ...eeiiiieeiiieeeiieeeeiee et e et e e rte e et eeeateeestaeeesbaeessseeessseeessseeensseesnsseennns 127
6.3 Environment response Performance ...........cooceereereeeneenieeneesieeieeseeeseee e 130

6.3.1 Internal regulation within the rObot .........ccccviiviiiiriiieeee e, 130
6.3.2 External regulation of the outside environment.............cccceevveerierieennnnns 132
6.5 Challenge in thinner thermo-e-sKin ..........cccoeoviiiiiiieniieecieceeecee e 135
6.5 SUIMMATY ...eiiiiiieeiiie ettt e st e e st eesabeeesabee e abeeenaeeeennseeenns 137

CHAPTER 7 CONCLUSIONS AND SUGGESTIONS FOR FUTURE

RESEARCH .......ucoveevuecversuecnnens 138
7.1 CONCIUSIONS ...ttt ettt ettt ettt ettt e bt e st ebeesanean 138
7.2 Suggestions for future research..........ccoccoeviieiiiiiiiiiie 141

| 2S5 ) 11 OO OO 143



LIST OF FIGURES

Figure 1.1 Characteristics of e-skin and its application in many fields. >%................ 2

Figure 1.2 The human body can sense temperature and perform isothermal regulation.

........................................................................................................................................ 3
Figure 2.1 Diversity of somatosensory neurons in the skin.*? ................c.ccccooevevennnnn. 10
Figure 2.2 The form of heat exchange between the body and the environment. ........ 13
Figure 2.3 The relationship between body temperature and energy.®....................... 17

Figure 2.4 Resistance-responsive temperature sensors. a) Working mechanism of
resistance temperature sensor. b) Resistive temperature sensor matrix network.>® c)
Carbon nanotube-based temperature SENSOr.>*...............cccvovevvvevevevereeereeeeeeeeeeeseseseneneas 19
Figure 2.5 Voltage-responsive temperature sensors. a) Working mechanism of voltage
temperature sensor. b) Microstructure-frame-supported organic TE device.®! c)
poly(vinylidene fluoride) (PVDF) pyroelectric generator.%...............cccoovveeeeeurecnnne. 21
Figure 2.6 Capacitance-responsive temperature sensors. a) Working mechanism of
capacitive temperature sensor. b) Flexible hydrogel-based capacitive sensor device.®’ c)
Flexible PVDF-based capacitive temperature Sensor.”............cccocovvvvveveeeeereeererinenennn. 23
Figure 2.7 Different types of flexible heaters based on Joule effect. a) Stretchable heater
using ligand-exchanged silver nanowire nanocomposite.”! b) Ultrathin, washable, and
large-area graphene papers.” c) Highly stretchable and transparent metal nanowire
heater.”? d) metallic nanowire-coated textile.””...........ccoovvvvveeeeeeeeeeeeeee e, 26
Figure 2.8 Different types of TE thermoregulation devices based on Peltier effect. a)

TE cooling device for patients.® b) Wearable TE device for personalized

XI



thermoregulation.” ¢) Lightweight wearable TE cooler.”! d) Ultra-high performance
Wearable TE COOLEL.?2...........ooovivieeeeeeeeeeeeeeeeeeee e 28
Figure 2. 9 Different types of heat sinks with high thermal conductivity. a) Chip cooling
with integrated carbon nanotube microfin architectures.”> b) A complete carbon-
nanotube-based heat sink.”* c¢) High thermal conductivity in soft elastomers with
elongated liquid metal inclusions.”? d) Highly thermal conductivity of cellulose
nanofibrils/AIN hybrid fiImsS.?0 ...........cccooviiiiieeeeeeeeeeeeeeeee e 30
Figure 2.10 Different types of PCM devices for overheating protection. a) Functional
soft composites as thermal protecting substrates.!?’ b) An intrinsically flexible phase
change film.'"! ¢) PDMS-PDMS micro channels filled with phase-change material.” d)
Flexible PCM fIIM.?% ........coouiiiiieiieeiceec et 32
Figure 2.11 Different types of evaporation cooling devices. a) A thermal management
strategy based on moisture sorption-desorption processes.!® b) A transparent

95 ¢) Evaporative cooling hydrogel packaging.'® d)

evaporation-insulation bilayer.!
Artificial perspiration membrane.!® ..o, 34
Figure 3.1 The design concept and application mechanism of S-thermo-e-skin. a) Basic
structure of S-thermo-e-skin. b) The mechanism of S-thermo-e-skin in cold
environments. ¢) The mechanism of S-thermo-e-skin in hot environments................. 39

Figure 3.2 Island-bridge structure of flexible TE device. .......cc.ccceoeiniiiiiniinicnnens 42

Figure 3.3 The design of flexible electrodes. a) lower electrode b) Upper electrode. 43

Figure 3.4 Reflow soldering process for flexible TE device. ..........cccceeieenieniinnecns 44
Figure 3.5 Enthalpy distribution of paraffin. ............coccooviiininine, 45
Figure 3.6 The fabrication process of PCM heat sink...........ccocceiiiiniininnicniennenns 47

XII



Figure 3.7 Structure of silicone foam. a) Physical photo of silicone foam. b) SEM
1mage of SIICONE FOAM. .......ccuiiiiiiiiiii e e 48
Figure 3.8 Physical photo of S-thermo-e-skin. ..........cccccovvveeriiiiiiiiiiieeieee e, 49
Figure 3.9 The establishment of environment simulator. a) Test schematic of wind
channel. b) Photos of simulation test platform. .............cccceeviiieiiiiiniiie e, 50
Figure 3.10 Two different configurations of flexible TE devices.. a) Traditional flexible
configuration; b) Island-bridge configuration............ccceeecveeeiiieniiieniie e 51
Figure 3.11 Mechanical simulation results of flexible TE devices. ..........cccceveruuennee. 52
Figure 3.12 Mechanical properties testing of S-thermo-e-skin. a) Bending test; b)
Resistance changes after cyclic bending. ..........ccocveviieiiiniiiiieniceeee e 52
Figure 3.13 Cold adaptation of S-thermo-e-skin. a) The surface temperature of the S-
thermo-e-skin under different input power densities. b) The surface temperature of the
S-thermo-e-skin under different wind speeds. ¢) The surface temperature of the S-
thermo-e-skin under different wind temperatures..............ccoeveevieeiieniieenienie e 54
Figure 3.14 Energy cost of S-thermo-e-skin for cold adaptation. a) Energy cost under
different input power densities. b) Energy cost under different wind speeds. c) Energy
cost under different wind temperature Conditions. ..........cceeevveeecieeeriieeniiieeree e 55
Figure 3.15 Thermal adaptation of S-thermo-e-skin. a) The surface temperature of the
S-thermo-e-skin under different input power densities. b) The surface temperature of
the S-thermo-e-skin under different wind speeds. ¢) The surface temperature of the S-
thermo-e-skin under different wind temperatures. ..........cccvveerveeerieeeieeesie e 56
Figure 3.16 Energy cost of S-thermo-e-skin for thermal adaptation. a) Energy cost

under different input power densities. b) Energy cost under different wind speeds. c)

XIII



Energy cost under different wind temperature conditions. .............cceecveerreerveeireennnnns 57
Figure 3.17 Isothermal regulation of the S-thermo-e-skin. a) Isothermal regulation of
e-skin at 10 °C wind temperature. b) Isothermal regulation of e-skin at 25 °C wind
temperature. c) Isothermal regulation of e-skin at 40 °C wind temperature................ 60
Figure 3.18 Isothermal regulation performance of S-thermo-e-skin and its effective
time. a) Effects of isothermal regulation on S-thermo-e-skin. b) The effective time of
isothermal regulation under different ambient temperatures. ..........ccccveeveveeerreeenneenns 62
Figure 3.19 The energy cost of S-thermo-e-skin under different temperatures. ......... 63
Figure 3.20 The isothermal regulation performance of e-skin in a windless environment.

a) Isothermal regulation of e-skin at 20 °C. b) Isothermal regulation of e-skin at 45°C.

Figure 3.21 The S-thermo-e-skin maintained agile isothermal regulation in a test of
cycling low- and high-temperature environments. ...........ccceeeveeervieeniieeenieeesreeerveeenns 64
Figure 4.1 The design concept and application mechanism of D-thermo-e-skin. a) Basic

structure of D-thermo-e-skin. b) The mechanism of D-thermo-e-skin in cold

environments. ¢) The mechanism of D-thermo-e-skin in hot environments. .............. 70
Figure 4.2 The fabrication process of D-thermo-e-skin..........cc.cccoceiiiiiininnnnenn. 73
Figure 4.3 D-thermo-e-skin consisting of active and passive regulation layers. ........ 74

Figure 4.4 Mechanical properties of D-thermo-e-skin. a) D-thermo-e-skin has good
flexibility. b) The resistance of the e-skin hardly changes after cyclic bending.......... 74
Figure 4.5 Schematic illustration of the active regulation layer. ............cccceeevveenenennns 75
Figure 4.6 Characterization of active regulation layer. a) Heating effect of the active

regulation layer. b) IR image of the active regulation layer in the heating mode. c)

X1V



Cooling effect of the active regulation layer. d) IR image of the active regulation layer
1N the COOINE MOAE. ......iiiiiiiieie et s 76
Figure 4.7 Schematic illustration of the passive regulation layer. ..........c.ccccceeernenn. 77
Figure 4.8 Li-PAAm hydrogel has water recycling capability. a) Water cycle processes
of Li-PAAm hydrogel. b) Photograph of fresh Li-PAAm hydrogel. c) Photograph of
Li-PAAm hydrogel after regeneration. ...........c.ceveevieriineenienieneeeeeeeeeseeseeee e 78
Figure 4.9 Characterization of Li-PAAm hydrogel. a) Thermogravimetric analysis of
the Li-PAAm hydrogel. b) Normalized weight variation of Li-PAAm hydrogel and
PAAm hydrogel in the ambient air for 8 h. The ambient temperature and relative
humidity were 25 °C and 65 %, reSpectiVely.........ccoceeiiiriiiiieniiiieieeee e, 79
Figure 4.10 Thermal conductivity of Li-PAAm hydrogel and silicone....................... 80
Figure 4.11 Microstructure of silicone foam. a) SEM image and water contact angle of
silicone foam. b) SEM image and water contact angle of silicone/CNT foam............ 81
Figure 4.12 Characterization of passive regulation layer. a) Infrared images of Li-
PAAm hydrogel and Li-PAAm hydrogel/silicone composite. b) Mass change of the Li-
PAAm hydrogel and Li-PAAm hydrogel composite at 50 °C and RH =50 % and
subsequent mass recovery at 25 °C and RH =70 %, respectively........c.ccceecvveerveennee. 82
Figure 4.13 Surface temperatures of e-skin and its counterpart under the same
conditions. a) Simulated environmental conditions with different temperatures. b) The
surface temperature of the without D-thermo-e-skin at different environment
temperatures. ¢) isothermal regulation of the D-thermo-e-skin at different environment
LEIMIPETATULES. .e.vtteeiiieeiiee et ee et ee ettt e ettt e st e e st e e e st e e e sbeeeateessteesabeeesaseeesaseeenaseeennneennns 83

Figure 4.14 Isothermal regulation performance of the D-thermo-e-skin. a) Effects of

XV



isothermal regulation on artificial limbs. b) The energy cost of the D-thermo-e-skin to
maintain the surface temperature at 35°C at different ambient temperatures. c) The
effective time of isothermal regulation under different ambient temperatures............ 85
Figure 4.15 Isothermal regulation of D-thermo-e-skin at different wind speeds. a) At
40°C, the effective time of D-thermo-e-skin thermoregulation under different wind
speeds. b) At 40°C, the energy cost of D-thermo-e-skin for temperature control under
different Wind SPEEAS. .....cccveieiiieeiiie ettt e 86
Figure 4.16 Circulatory properties of the D-thermo-e-skin. a) Water evaporation curves
of the D-thermo-e-skin in the environments of different temperatures, varying from 20
to 45°C. b) The water regeneration of D-thermo-e-skin at 25 °C, and in various relative
humidity from 60 %6 £0 90 Y0...cc..eeriiiiiieieee e 88
Figure 4.17 Reusability of the D-thermo-e-skin. a) Cyclic performances of water
evaporation—regeneration of D-thermo-e-skin. b) Effective time of D-thermo-e-skin at
40 °C varying from 150 day t0 301 day. ........ocooveveeieeeieeeeeceeeeee e 89
Figure 4.18 Transient thermoregulation of D-thermo-e-skin. Schematics of a) human
skin touch object. b) D-thermo-e-skin touch object. ¢) transient thermoregulation. ...90
Figure 4.19 Temperature variations of human skin and D-thermo-e-skin. a) Schematic
of human skin touching objects. b) Schematic of D-thermo-e-skin touch objects. c)
Energy cost when the D-thermo-e-skin touches objects. ........cccceevvveeiiiencieeniieeieens 91
Figure 4.20 Sweatholes regulate water evaporation. ...........cecevceeveereeneereneeneennennnes 93
Figure 5.1 The design concept and application mechanism of multimodal temperature
sensor. a) Basic structure of the multimodal temperature sensor. b) The mechanisms of

multimodal sensing. c¢) The heat-source-identification mechanism of multimodal

XVI



LEIMPETATUIE SETISOT. ..eeeuvvreeereeeireeeiieeetreestreessreesnseesssseeensseesnsseessseesseesssseesnsseesnsseesns 99
Figure 5.2 Fabrication and characterization equipment of multimodal temperature
sensor. a) Molecular structure and composition of ionic gel precursors. b) Ion gel
structure and ion transport mechanism. ¢) Image of the multimodal temperature sensor.
d) Agilent 4298A Precision Impedance Analyzer. .........ccocceeveeniiiiiniieinicnicenienenn 101
Figure 5.3 Ionic relaxation time that can be used for temperature sensing............... 102
Figure 5.4 Electrochemical parameter responses of multimodal temperature sensor in
the range of -20 °C to 180 °C. a) Bulk resistance Rs. b) Bulk capacitance Cs.......... 104
Figure 5.5 Linear response of ion relaxation time to reversed temperature in the range
of -20 °C -180 °C for multimodal temperature SEeNSOT. ........cceeeveereeriieenieeeieerieeeneeen 105
Figure 5.6 Detection limits of multimodal temperature sensor. a) Temperature change
of the heat source. b) Response of multimodal temperature sensor...............cccocuee... 106

Figure 5.7 Response time of multimodal temperature sensor under a wind stimulus.

Figure 5.8 Stability of multimodal temperature sensor under temperature cycling. a)
Temperature change of the heat source. b) lon relaxation time response of multimodal
115110 01 11D L oS4 0 SRR 108
Figure 5.9 Analysis of temperature-pressure decoupling mechanism for multimodal
temperature sensor. a) Response at different temperatures. b) Response at different
PIESSULES. ..t euvtteeuiteeeueteestteesutteesteeesuseeeauseeesseeesteesaneeesaseeesnsaeesnsseesaseeennseeennseesnnseesnnnes 110
Figure 5.10 Temperature linear response of multimodal temperature sensor at constant
PIESSULE. «.eeeuetteeniteeetteestteestteesuteeesuseeesuteeesseeesteessneeesaseeesnsaeesasseessseeennseeennseesnnseesnnnes 111

Figure 5.11 The capacitance of multimodal temperature sensor is affected by pressure.

XVII



Figure 5.12 The capacitance of a multimodal temperature sensor is affected by pressure.
a) AC/Co at a pressure stimuli of 600 Pa. b) AC/Co at different pressures. ................. 113

Figure 5.13 The capacitance of multimodal temperature sensor is affected by proximity.

Figure 5.14 The capacitance of a multimodal temperature sensor is affected by
approach. a) AC/Co at an approaching excitement of lcm. b) AC/Co at different
APPToaAChING AISTANCES. ..eouviieiiiiiieiii ettt ettt st ebeeeeb e s eaeeas 114
Figure 5.15 Signal response of multimodal temperature sensor under temperature
stimulation. a) The temperature of the heat source. b) In(t) and AC/Co at different
105001 0153 21101 (USSR 116
Figure 5.16 Signal response of multimodal temperature sensor under pressure
stimulation. a) The pressure of the pressure source. b) In(t) and AC/Co at different
PIESSULE. ..eeeuetieeniieeetteestteestteesuteeesusteesuteeeaaseeesteesanseesaseeesnseeesasteesnseeenaseeennseesnnseesnnnes 117
Figure 5.17 Multimodal temperature sensor stimulated by thermal radiation. a) The
schematic diagram when stimulated by thermal radiation. b) In(t) and AC/Co at a
radiation intensity 0f 600 W/M2. ..........ccoomiuiiiieeeeeeeeeeeeeee e 118
Figure 5.18 AT of multimodal temperature sensor stimulated by different radiation
TEETISTEIES. ..eeutieiteette ettt ettt ettt ettt et e sat e e b e e et e e bt e sab e e bt e esbe e bt e sabe e bt e eabeenbeesanean 119
Figure 5.19 Multimodal temperature sensor stimulated by thermal convection. a) The
schematic diagram when stimulated by thermal convection. b) {n(t) and AC/Co at a wind
SPEEA OF 8 TN/S. .ttt ettt ettt et ssee et naeaens 120

Figure 5.20 AC/Co of multimodal temperature sensor stimulated by different wind

XVIII



SPEEAS. .veeeiieiie ettt ettt ettt et e e b et e e b e e eaae e b e eetaeebeeetaeenbe e taeenbeenseeensaenraeans 121
Figure 5.21 Multimodal temperature sensor stimulated by thermal conduction. a) The
schematic diagram when stimulated by thermal conduction. b) In(t) and AC/Co at a
pressure stimulation of fINEET.........cc.eiiiiiiiiiiiie e 122

Figure 5.22 AC/Co of multimodal temperature sensor stimulated by different pressures.

Figure 5.23 Microstructures improve the sensitivity of pressure sensor................... 124
Figure 6.1 Thermo-sensory system of human and e-skin. a) The body's thermo-sensory
system. b) The e-skin's thermo-sensory system.. ........cccccveevieeriiieniieencieeeiie e 128
Figure 6.2 Establishment of the thermo-sensory system for e-skin. Schematic a) and
photo b) of the e-skin thermo-sensory system. ¢) Multidimensional thermo-sensory

systems for prosthesis. d) Recognition basis for a multidimensional thermosensory

Figure 6.3 Internal regulation within the prosthesis. a) The temperature of the e-skin

detected by the temperature sensor of the PID. b) The temperature of the e-skin detected

by the multimodal temperature SENSOT. ........c.cevvvieriieriieiieiie et 132
Figure 6.4 Energy cost of the e-skin to maintain a constant temperature. ................ 132
Figure 6.5 The thermo-sensory system of e-skin in different scenarios. .................. 133
Figure 6.6 The thermo-sensory of prosthesis in different scenarios. .........c.ccceueee.e. 135

Figure 6.7 Energy cost of the e-skin to maintain a constant temperature in different
SCEIATIOS . . eevteuteeuterttete ettt et et e sae et e e et e e bt et eatesbe et eateebe et e eatesbe e bt easenbeeteeanenbeenneeanen 135

Figure 6.8 Excessive thickness affects the flexibility of the thermo-e-skin. ............ 136

XIX



LIST OF TABLES

Table 3.1 Relevant properties of the Bi1.95Te2.85€0.2.....cceecveriiniiviiniiniiiiiiniiiicicne 43

Table 3.2 Relevant properties of the Bi0.30Sb1.61T€3.03..c..cocveviiniriiiniiniiiiiiciiicnee 44

XX



E-skin

TE

S-thermo-e-skin

PCM

D-thermo-e-skin

PID

TRP

ADP

ATP

PVDF

PEDOT:PSS

CNT

7T

LM

PDMS

PNIPAM

Li-PAAm

LCST

MPEG-DA

Li-PFSI

Li-O

LIST OF ABBREVIATIONS

electronic skin

thermoelectric

single-mode thermoregulating e-skin

phase change material

dual-mode thermoregulating e-skin
proportional-integral-derivative

transient receptor potential

adenosine diphosphate

adenosine triphosphate

poly(vinylidene fluoride)
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
carbon nanotube

thermoelectric figure of merit

liquid metal

polydimethylsiloxane

Poly(N-isopropyl acrylamide)

lithium- and bromine-enriched polyacrylamide

lower critical solution temperature

methoxy poly(ethylene glycol) acrylate

lithium bis(pentafluoroethylsulfonyl) imino-ammonium

lithium-oxygen

XXI



CEepL

Rs

Cs

AC/Co

constant phase angle element
bulk resistance

bulk capacitance

ion relaxation time

normalized capacitance

XXII



CHAPTER 1 INTRODUCTION

1.1 Background and Challenges

Skin is the largest organ of the human body, showing remarkable physical and chemical
attributes including extensibility, mechanical robustness, and regenerative capacity. In
addition to its intrinsic properties, the skin holds a pivotal role as a receptive site for
vital biological cues emanating from both the internal organs and external
environment.! Various sensory nerve receptors embedded within the skin's layers
enable individuals to perceive and interpret environmental factors like pressure,
temperature, and humidity.” These external stimuli provoke vibrations or deformations
in the skin, instigating the generation of action potentials in the skin receptors.
Ultimately, these electrical signals propagate through neural tissues, reaching the brain

and subsequently evoking corresponding sensory experiences.

Electronic skin (e-skin) has gained significant attention as it mimics the properties of
human skin.>® E-skin is as soft and thin as skin, which can be molded into various
shapes and attached to the surface of human or robotic body like a garment, and can
also sense various external stimuli such as strain, pressure, temperature and humidity
(Figure 1.1). Consequently, e-skin finds promising applications in wearable technology,
human-machine interfaces, smart prosthetics, medical diagnosis, and other fields.””
Recently, researchers have particularly focused on achieving a high level of biomimicry

in e-skin, aiming to replicate realistic sensations such as touch and thermo-sensory.



Remarkable developments have been made by extensively investigating materials,
device structures, and signal transmission, resulting in e-skin that is comparable to or

even surpasses, human skin in terms of functionality.®!!

Figure 1.1 Characteristics of e-skin and its application in many fields. 21

Temperature plays a crucial role in maintaining a stable internal environment and
normal physiological functions in mammals, including humans. The human body
possesses a comprehensive thermo-sensory system that involves perceiving and
regulating temperature. This system not only reacts to temperature stimuli from the
surroundings or internal factors but also maintains a constant body temperature by
balancing heat generation and dissipation in response to the actual temperature (Figure
1.2). 222 However, current e-skin technology has only achieved basic thermosensation
capabilities, lacking the ability to sense the external environment comprehensively.'®
1, 23-28 Byrthermore, traditional e-skin is limited in terms of material and structure,

preventing it from regulating temperature and exhibiting isothermal properties like the



human body. An isothermal skin temperature plays a critical role in achieving the
comfort and emotional interaction between the human body and e-skin, rendering it
unfavorable for practical use in prosthetics and robotics. Therefore, to enhance the
bionic nature of prosthetics and robots, it is essential to mimic the thermo-sensory
system of organisms, such as the human body, and design an e-skin that can detect

temperature and adjust to ambient temperature conditions.

Figure 1.2 The human body can sense temperature and perform isothermal regulation.

1.2 Research Objectives

To address the above challenges, this thesis aims to develop the thermo-e-skin with
thermoregulation capability and heat-source identification function. The thermoelectric
(TE) technology and other thermal management strategy will be employed to realize
the thermoregulation mechanism of human body. A multimodal temperature sensor
capable of heat-source-identification is also developed to realize deep thermosensation
based on the ion relaxation phenomenon. Finally, the thermoregulating e-skin,
multimodal temperature sensor, and control system are integrated to form a thermo-

sensory system to provide a closed-loop bionic thermoregulatory for the e-skin. The



following are the objectives of the project:

1) Single-mode thermoregulating e-skin (S-thermo-e-skin) with flexible TE device and
phase change material (PCM) heat sink
a) To fabricate the TE device with good flexibility and thermoregulation
performance
b) To fabricate the PCM heat sink with good thermal storage capacity
c) To fabricate and characterize the thermoregulating e-skin with thermoregulation

properties

2) Dual-mode thermoregulating e-skin (D-thermo-e-skin) with active and passive
regulation layers
a) To fabricate the active regulation layer consisting of a flexible TE device
b) To fabricate the passive regulation layer consisting of hygroscopic hydrogel and
silicone foam

c) To fabricate and characterize the dual-mode thermoregulating e-skin

3) Multimodal temperature sensor with heat-source-identification
a) To fabricate the multimodal temperature sensor
b) To characterize the basic thermosensation capability

c¢) To decouple pressure and temperature signals for heat-source-identification

4) E-skin with bionic thermo-sensory system
a) To integrate thermoregulating e-skin, multimodal temperature sensor, and control

systems into a bionic thermo-sensory system



b) To characterize the bionic thermo-sensory system under different stimulus

1.3 Research Significance and Values

This research project focused on developing a bionic thermo-sensory system and three
corresponding devices to implement thermo-sensory capabilities in e-skins. The three
devices include a S-thermo-e-skin equipped with a flexible TE device and a PCM heat
sink, a D-thermo-e-skin with both active and passive regulation layers, and a
multimodal temperature sensor featuring heat-source-identification functionality.
Through this investigation, we systematically examined the performance of the e-skin
in terms of thermoregulation and thermosensation, successfully achieving thermo-
sensory mimicry in the e-skin. These e-skin prototypes demonstrate human-like
thermo-sensory capabilities, offering valuable insights into imitating human
thermoregulation and providing potential solutions for integrating thermo-sensory

capabilities into robotic systems.

Firstly, the S-thermo-e-skin, designed with a flexible TE device and a PCM heat sink,
exhibits remarkable temperature adaptation similar to that of the human body. It
effectively heats up in low-temperature environments and cools down in high-
temperature environments, enabling exceptional thermoregulation. The e-skin
maintains a surface temperature of 35 °C, regardless of ambient temperature variations
within the range of 10 to 45 °C. This isothermal regulation feature ensures that the
surface of the prosthesis remains at a constant temperature, offering thermostability.

Consequently, the prosthetic user experiences heightened sensory feedback, fostering



emotional interaction between human and machine, and enhancing the user's

acceptance and affinity towards the prosthetic device.

Secondly, this study incorporates a simulation of the human body's thermoregulation
mechanism and combines it with the bionic sweat gland structure within the D-thermo-
e-skin, resulting in its dual-mode thermoregulation capabilities. The active regulation
layer, comprised of a flexible TE device, serves as a heat generation structure, actively
regulating the e-skin's surface temperature even in complex environmental conditions.
Conversely, the passive regulation layer, consisting of hygroscopic hydrogel and
silicone foam, acts as a heat dissipation structure, significantly extending the e-skin's
effective thermoregulation duration within high-temperature environments. The D-
thermo-e-skin presents a technological pathway for designing thermosensitive skin
with a bionic structure through the seamless integration of heat generation and
dissipation. Moreover, it provides fresh insights into the development of e-skins with

heightened environmental sensitivity.

Thirdly, our multimodal temperature sensor, developed utilizing the ion relaxation
phenomenon, not only enables the fundamental thermosensation but also simultaneous
detection of force. The sensor successfully identifies three distinct heat sources: thermal
conduction, thermal convection, and thermal radiation through the decoupling of
temperature and pressure signals. This research offers a significant contribution to the
understanding of temperature perception and broadens the scope of thermosensation
investigations. Furthermore, it holds immense practical value in achieving a heightened

level of robot-environment interaction, enhancing the field of robotics.



Finally, we successfully integrate the thermoregulating e-skin, multimodal temperature
sensor, and proportional-integral-derivative (PID) control system into a cohesive bionic
thermo-sensory system. This advanced system encompasses thermosensation, heat-
source-identification, signal feedback, and isothermal regulation, imparting a closed-
loop bionic thermo-sensory experience akin to that of humans onto the e-skin. This
research proposes an innovative approach for future designs of comprehensive bionic
thermo-sensory systems for e-skin applications by merging thermosensation and

regulation capabilities.

1.4 Outline of the thesis

This thesis is organized as follows:

Chapter 1: Introduction. In this chapter, a brief background of e-skin is presented,
followed by the current challenges and necessity in preparing e-skin with human-like
thermo-sensory functions. Then the objectives and originality of this study are

described.

Chapter 2: Review of thermosensation and thermoregulation. In this chapter, a
comprehensive overview of the human thermo-sensory system and current techniques
for implementing e-skin thermo-sensory is presented, and a comparison of these

techniques in terms of materials, methods, and application scenarios is discussed.

Chapter 3: Single-mode thermoregulating e-skin. This chapter shows the preparation

of a flexible TE device and phase change heat sink and the encapsulation of



thermoregulating e-skin. Then, the heating/cooling performance, thermostability, and
actual thermoregulation performance of the thermoregulating e-skin under simulated

environmental changes are systematically discussed.

Chapter 4: Dual-mode thermoregulating e-skin. This chapter shows the preparation of
the dual-mode thermoregulating e-skin. Then, the isothermal regulation performance,
moisture circulation performance, and transient thermoregulation capability of the dual-

mode thermoregulating e-skin are thoroughly tested.

Chapter 5: Heat-source-identification of temperature sensor. This chapter shows the
sensing principle and preparation method of multimodal temperature sensor and then
characterizes the basic thermosensation performance, temperature/pressure decoupling,
heat-source-identification performance, and practical applications of multimodal

temperature sensor.

Chapter 6: Integration of thermoregulation and thermosensation. In this chapter,
thermoregulating e-skin, multimodal temperature sensor, and the PID control system
are integrated to form a bionic thermo-sensory system. The response of this bionic

thermo-sensory system to different environmental stimuli is measured.

Chapter 7: Conclusions and suggestions for future research. In this chapter, the results
of the whole thesis are summarized and the prospects of bionic temperature-sensitive

e-skin are given.



CHAPTER 2 REVIEW OF THERMOSENSATION
AND THERMOREGULATION

This chapter provides an overview of the human thermo-sensory system and the
progress of the temperature sensors, which is divided into three main sections. Firstly,
a comprehensive introduction to the human thermo-sensory system, encompassing
thermosensation and thermoregulation, will be presented. Secondly, a detailed
examination of flexible temperature sensors utilized in e-skin will be provided,
highlighting their sensing properties and underlying mechanisms. Special attention will
be given to their basic principles and classification. Lastly, thermal management
techniques employed for thermoregulation in e-skin will be explored. This section will

include an analysis of their advantages and limitations.

2.1 Thermosensation and thermoregulation of human skin

Thermosensation and thermoregulation represent integral components of the human
thermo-sensory system.” Temperature receptors in the human skin elicit diverse
bioelectrical signals that are subsequently relayed to the thermoregulatory center
through the detection of thermal gradients within internal and external environments.
The thermoregulatory center then integrates the resultant temperature information at
different temperatures and sends command signals to activities such as skeletal muscles,
endocrine glands, and vascular changes in the skin to enable the body's ability to

produce heat and cool down to maintain a relatively stable body temperature.



2.1.1 Thermosensation of human skin

Temperature receptors in the human body are responsible for detecting fluctuations in
both internal and external environmental temperatures.®® The process of
thermosensation within the skin not only provides vital input signals for regulating body
temperature but also serves to identify potential damage caused by extreme temperature
stimuli. These incoming impulses enable the sense of touch to discern the temperature
of diverse objects and materials, such as metals and wood, by perceiving their
temperature properties. Remarkably, temperature receptors possess distinct structures
that allow them to sense temperature variations across different regions of the body,
typically encompassing the temperature range of -10 °C to 60 °C.*! On the surface of
the skin, specialized receptors for cold pain, cold, heat, and thermal pain exist. Each
type of temperature receptor specifically responds to particular stimuli, leading to

sensations of cold, heat, pain, and other related perceptions.

Figure 2.1 Diversity of somatosensory neurons in the skin.’”

Thermosensation relies on temperature-activated ion channels, predominantly

belonging to the transient receptor potential (TRP) channel family, as depicted in
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Figure 2.1.¥ TRP channels exhibit diverse biophysical and physiological
characteristics, playing critical roles in sensory transduction.>* TRPV3/4 and TRPMS
genes encode heat and cold sensations, while TRPV1/2 and TRPA1 genes facilitate the
transduction of thermal and cold pain stimuli, respectively. In mammals, heat-sensitive
TRPs are primarily expressed in cutaneous sensory neurons or other cell types, finely
tuned to specific temperature ranges. These cutaneous sensory afferent neurons encode
thermo-sensory information, wherein heat and cold sensations are conveyed through
dedicated afferent fibers known as heat fibers and cold fibers, respectively. In contrast,

heat and cold pain stimuli are detected by As and C fibers.

2.1.2 Thermoregulation of the human body

The human body faces a complex and fluctuating external environment, but it possesses
a remarkable regulatory mechanism to maintain a constant body temperature.®> The
concept of body heat balance arises from the intricate interplay between heat generation
and heat dissipation. Approximately 50% of the chemical energy derived from
nutritional metabolism is utilized to sustain the isothermal body.*® The surplus energy
is eventually transformed into heat energy after undergoing energy conversion and
utilization. The body maintains an isothermal state by effectively balancing the
processes of heat generation and heat dissipation through the meticulous control exerted
by the thermoregulatory mechanisms. In a comfortable environment, our body
dissipates the heat to the environment through convection, conduction, and radiation.

In other words, the human body is a thermodynamic desperation system.
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Heat generation by the human body

In addition to the mechanical work performed by muscles, the energy released through
the catabolism of substances within the body is ultimately converted into thermal energy,
crucial for maintaining body temperature.>” The majority of body heat stems from the
fundamental metabolic processes, while there are other contributing factors to heat
production. Heat generation is a result of metabolic activities occurring in all cells.
Essential physiological organs such as the viscera and brain contribute significantly to
heat production in the resting state, accounting for over 70% of the basal organism's
heat generation. The liver and brain exhibit heightened metabolic rates, resulting in

increased heat production, with temperatures reaching approximately 38 °C.

Basal metabolism is responsible for generating the necessary heat energy to maintain
the body temperature within the thermoneutral zone. Mitochondria, consuming
approximately 90% of the oxygen, play a significant role in this process.*® Energy
derived from adenosine diphosphate (ADP) conversion to adenosine triphosphate (ATP)
is produced through mitochondrial oxidative phosphorylation. However, this chemical
reaction is typically only 50% efficient, with the remaining energy resulting in heat
production. The production of ATP enables various cellular functions, such as active
ion pump transport, synthesis of biological macromolecules, and muscular contraction.
Consequently, biological tasks generate heat, which contributes to regulating body

temperature within a comfortable range and facilitating normal physiological functions.

Heat dissipation of the human body

In the absence of an efficient cooling mechanism that preserves the equilibrium of
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normal body temperature, the continuous production of heat energy through
metabolism and the absorption of external heat will lead to a progressive increase in
body temperature. The human metabolism employs two main processes to dissipate
heat during daily activities: internal heat transfer and body surface heat dissipation.
Internal heat transfer primarily relies on heat conduction and blood circulation to reach
the skin, facilitating the subsequent transfer of heat from the skin to the external
environment. Heat is conveyed to the body surface through various cooling modes,
including radiation, conduction, convection, and water evaporation. In addition to
excretion and breathing to take away some of the heat, the skin is the most important
way for the body to lose heat.* Governed by the body's thermoregulation mechanism,
skin heat dissipation plays a vital role in maintaining body temperature stability (Figure

2.2).

Figure 2.2 The form of heat exchange between the body and the environment.

It emits heat in the form of thermal radiation when an object's temperature surpasses
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absolute zero. The process of radiation is influenced by various parameters such as the
temperature disparity between the skin and the object's surface, the surface area
involved in radiation, and the object's color. There is a corresponding increase in radiant
heat loss as the temperature difference increases, while a decrease in temperature
difference leads to a decrease in radiant heat loss. The sun's energy is absorbed and
transformed into heat. The body receives heat from the radiating object when the
ambient temperature exceeds the body surface temperature. Some skin surfaces interact
with other skin surface areas during the exchange of radiative heat in the environment.
The effective radiation area of the human body is approximately 75% of the total
radiation area when a person stands with their arms by their sides.* However, the
effective radiation area can reach 85% of the total area when the arms and legs are
extended. At normal temperatures, and in a calm state, radiation accounts for

approximately 60% of body heat emission.

Conduction is a heat transfer mechanism wherein thermal energy is transmitted directly
from a hotter body to a cooler body.*! It involves the molecular interaction between two
objects in contact, without any material transfer. The direction of heat flow is
determined by the temperature gradient between the bodies. When the skin comes into
contact with a colder object, heat is conducted and dissipated to the cooler object. The
effectiveness of conduction heat dissipation is influenced by factors such as the
temperature difference between the skin and the contact surface, the thermal
conductivity of the objects, and the contact area. In static conditions, solid conduction
plays a minimal role in heat dissipation, and clothing creates a layer of stagnant air that

acts as insulation by reducing heat exchange. Conduction occurs when the body's
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surface interacts with substances of varying temperatures, such as air or water, resulting

in heat absorption or loss.

Convection refers to the process by which heat is transferred through a gas or liquid
medium. This occurs when the gas or liquid in contact with the body's surface gains
heat through conduction, leading to increased movement and allowing cold gas or liquid
to replace it. As a result, the body dissipates heat through the convection process
facilitated by the exchange of hot and cold air.** The natural convection of air,
influenced by outdoor wind speed, plays a significant role in heat dissipation. Generally,
higher wind speeds enhance heat loss, while lower speeds reduce it. The convective
heat transfer and its characteristics are affected by the medium between hot and cold
objects, as well as the rate of exchange of heat between their surfaces. Natural
convection takes place when warm air rises from the skin and enters a cooler
environment, while forced convection employs an electric fan to cool the skin. Before
convecting through the skin, heat must first pass through a thin layer of air that is tightly
bonded to the skin's surface. This air layer's thickness is determined by the skin

temperature and the rate at which air flows over the surface.

Evaporation serves as a mechanism to absorb body heat through the vaporization of
water from the body's surface.** Body heat loss occurs through two distinct channels:
sensible heat and latent heat. Sensible heat encompasses the transfer of heat through
convection, conduction, and radiation, while latent heat involves the transfer of heat
through the mass transport of sweat evaporation and exhalation from the skin's surface.

Sensible perspiration refers to the increase in latent heat of evaporation resulting from
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active perspiration during instances where the ambient temperature is high and sensible
heat exchange is inadequate to maintain the body's thermal equilibrium. This represents
the primary means by which the human body dissipates heat in a thermal environment.
Evaporative heat dissipation is influenced by various factors such as environmental
temperature, wind speed, and air humidity. Evaporative cooling can occur at any
temperature experienced by humans due to the higher humidity of a moist surface
relative to the surrounding air. Particularly when the ambient temperature is equal to or
surpasses the skin temperature, radiation, and conduction no longer contribute
significantly to heat dissipation, making evaporative heat dissipation the sole pathway

for the human body to dissipate heat.

2.1.3 Temperature comfort zone and energy expenditure

Humans instinctively seek out the optimal ambient temperature, known as the
comfortable temperature, to ensure proper physiological functioning.** Maintaining a
stable metabolic rate necessitates a suitable environmental temperature, while the body
temperature must remain within a predefined range, as illustrated in Figure 2.3.%° Any
sudden increase or decrease in body core temperature beyond the physiological limit
can jeopardize life. Choosing an appropriate temperature in cold environments involves
a complex behavioral process that aims to minimize the temperature difference between
the body and the environment, thereby reducing heat dissipation and conserving body
heat. Conversely, in thermal environments, it is desirable for the body to facilitate heat
dissipation and prevent excessive body temperature, thereby increasing the temperature

gradient between the body and the environment when selecting the optimal temperature.
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Figure 2.3 The relationship between body temperature and energy.*’

This physiological process enables the body to sustain an isothermal temperature while
minimizing energy expenditure. The optimal range of ambient temperatures aligns with
the state of minimal energy consumption, known as the thermoneutral temperature
comfort zone. Deviation from this zone, either falling below the lower critical ambient
temperature or exceeding the upper critical ambient temperature, leads to a significant
rise in energy expenditure and triggers vigorous bodily responses to counteract
overheating or cooling. Behavioral thermoregulation measures are employed to prevent

hypothermia or hyperthermia and mitigate the impact on the body.

2.2 Electronic thermosensation

The conventional electronic thermosensation usually involves a temperature
measurement.*>® According to the zeroth law of thermodynamics, any physical

quantity of the temperature measuring element can indicate the temperature value of
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the object under examination as thermal equilibrium is reached between the two objects.
The flexible temperature sensor consists of a sensitive element integrated into a flexible
substrate, enabling its application in intricate curved environments. Based on the
sensing mechanism of the sensitive element, electronic temperature sensors are usually
categorized into three groups: resistance sensing, voltage sensing, and capacitive
sensing. Although these sensors exhibit remarkable performance in temperature

measurement for flexible e-skin, they are not without their limitations.

2.2.1 Resistance-responsive sensor

Resistance-response temperature sensation material includes precious metals (platinum,
gold, copper), carbon materials (carbon nanotubes (CNTs), graphite, graphene), and
conductive polymers (poly(3-butylthiophene), polyaniline, poly(3.4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS)  ).2% 3052 These
conductors exhibit a change in resistance as a function of temperature (Figure 2.4). The
relationship between resistance and temperature is defined by the resistance's rate of
change per degree Celsius. Resistance thermometers demonstrate exceptional accuracy,
operate effectively across a wide temperature range, and exhibit the most stable
resistance-temperature correlation within this range, with errors as negligible as one
part in ten-thousandths of a degree. Consequently, they are employed in diverse

configurations as highly reliable flexible temperature sensors.
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Figure 2.4 Resistance-responsive temperature sensors. a) Working mechanism of
resistance temperature sensor. b) Resistive temperature sensor matrix network.>® c)

Carbon nanotube-based temperature sensor.>*

In 2013, Rogers' group achieved the development of a snake-like temperature sensor
array using Cr/Au on polyimide thin film through photolithography and metal
deposition techniques.®® This innovative approach capitalizes on the thermal resistance
effect of metals to enable thermosensation. The resulting temperature sensor array
exhibits exceptional conformity to human skin, enduring mechanical integrity post-
bending and twisting. Moreover, it demonstrates a comparable level of accuracy to
infrared temperature sensors, facilitating non-invasive real-time temperature
measurements that hold significant implications for human health monitoring. Wang et
al. conducted a study in 2018 to explore an integrated matrix network with exceptional
stretchability, thereby expanding the capabilities of e-skin sensing.>> This matrix
network enabled signal sensing across various domains including temperature, strain

within the plane, humidity, light, magnetic field, pressure, and proximity. Employing
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Pt as the material for the thermosensation array, the resultant sensor not only exhibited
remarkable flexibility but also demonstrated linear resistance alterations relative to
temperature within the range of 0 °C to 70 °C. The accuracy achieved by this sensor

was found to be similar to that of commercially available products.

The advantages of resistance thermometer are that is more sensitive, has high accuracy,
easy processing, and stability, from the point of view of the use of performance.
Although the resistance thermometer has a good linear relationship with temperature,
but also by the pressure of the impact, is not suitable for the measurement of
temperature in complex environments. Resistance thermometers need to undergo
specific patterning to achieve the flexibility of the device when applied to curved

environments, which is challenging for achieving large-area use.

2.2.2 Voltage-responsive sensor

Voltage-responsive temperature sensor materials comprise two main kinds of
thermoelectric type and pyroelectric type, possessing the remarkable ability to convert
external stimuli into voltage signal. % Thermoelectric sensor utilizes an element called
a thermocouple, composed of two dissimilar metals or semiconductors interconnected
to form a closed loop. An electric potential is generated within the loop when there is a
temperature difference at the two junctions of the thermocouple. On the other hand, the
pyroelectric effect is a charge release phenomenon exhibited by the change in
polarization intensity with temperature, macroscopically the change in temperature

causes a voltage or current to appear at the two ends of the material. Figure 2.5

20



demonstrates the wide utilization of voltage-sensing mechanisms in temperature
measurement. Flexible voltage temperature sensors possess several advantages, such as
compact size, rapid response time, cost-effectiveness, versatile design options, and

adaptable materials.

Figure 2.5 Voltage-responsive temperature sensors. a) Working mechanism of voltage
temperature sensor. b) Microstructure-frame-supported organic TE device.®! c¢)

poly(vinylidene fluoride) (PVDF) pyroelectric generator.%?

In 2018, Aniello et al. prepared a planar translucent thin-film thermocouple from silver
nanowires and PEDOT:PSS on a flexible substrate by spray deposition method.%® The
thermocouple has a Seebeck coefficient of up to 54 uV/K, possesses a linear response
of voltage and temperature, and is ideal for self-supplied thermosensation as it is
capable of not only thermosensation but also energy harvesting. In 2022, Kang et al.
expanded the applicability of tosylate-doped poly(3,4-ethylenedioxythiophene) as an

effective electrode material for PVDF-based pyroelectric devices and electronic sensors
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operated by thermal radiation sources used as an effective electrode material for PVDF-
based pyroelectric devices.®? This electrode material enables stronger absorption of
thermal radiation and converts electrical energy more than an order of magnitude more
efficiently than other metals. This pyroelectric device is highly sensitive to thermal
radiation, generates high voltages to thermal energy, and is used to charge commercial

capacitors to demonstrate thermal energy harvesting capabilities.

The flexible temperature sensor employing voltage response for real-time, rapid, and
dynamic temperature detection offers distinct advantages such as two-dimensional
characteristics, low heat capacity, and swift response, which are unmatched by other
types of temperature sensors. Furthermore, its ability to be processed into an ultra-thin
profile, endure bending and flexing, and compatibility with straightforward
manufacturing methods contribute to its widespread application in e-skin surface
thermosensation. However, it is important to note that thermocouples exhibit low
sensitivity, thereby complicating the measurement process. Similarly, pyroelectric
temperature sensors only allow for transient temperature measurements and are
susceptible to pressure, rendering them inadequate for continuous temperature

measurement in complex environments.

2.2.2 Capacitance-responsive sensor

In capacitive temperature sensors, fluctuations in temperature induce modifications in
the active material's geometric volume or internal structure, leading to alterations in

capacitance (Figure 2.6).54%® Concurrently, temperature variations impact the transport
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capacity of material carriers, causing shifts in the relative dielectric constant and
capacitance. The critical aspect in the design of capacitive temperature sensors lies in
the sensitivity of sensors equipped with parallel plate electrode structures to conductive
area alterations. As a result, these sensors convert changes in area due to temperature
stimuli into capacitive signals. Additionally, the utilization of micro-structuring
techniques in the conductive layer allows for the amplification of relative area changes

in response to temperature stimuli.

Figure 2.6 Capacitance-responsive temperature sensors. a) Working mechanism of
capacitive temperature sensor. b) Flexible hydrogel-based capacitive sensor device.*’ c)

Flexible PVDF-based capacitive temperature sensor.”

A thermally sensitive hydrogel with a dual network for a temperature sensor for e-skin
was created in 2017 by Wu.®’ At a high temperature, the hydrogel in this sensor can go
through a phase change that causes physical cross-linking to unravel, lowering the

viscosity of the microstructure in the sensor. Additionally, the change in geometric area
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intensifies the expansion behavior at high temperatures, resulting in a change in
capacitance. The resultant skin-like hydrogel sensors demonstrate remarkable
sensitivity to temperature or pressure stimuli as a result of this logical design. In 2020,
Pan et al. used chitosan to produce a capacitive response to temperature stimulation.®*
High temperatures improve the degree of ionic aggregate dissociation and
redissociation, resulting in an increase in molecular spacing, which in turn increases the
amount and mobility of free ions. Chitosan materials can provide steady resolution of
temperature-stimulated signals via capacitance changes because of the proton
conductivity's temperature sensitivity and the material's high dielectric constant. The
capacitance increases with temperature in the temperature interval of 25-50 °C with a

linear sensitivity of ~2.56 pF/°C.

Capacitive temperature sensors demonstrate remarkable sensitivity and linearity,
rendering them suitable for temperature measurement across a wide array of surfaces.
Nonetheless, meticulous consideration must be given to shielding electromagnetic
interference, as this is crucial in minimizing signal noise. Additionally, it is important
to address the temperature hysteresis and sluggish response speed that arise due to the
inherent measurement principle of capacitive temperature sensors, particularly during

transient measurements.

2.3 Artificial thermoregulation

Currently, artificial thermoregulation in a single scenario is reported in the literature,

which could classified into two types, i.e. active and passive modes. For the active move
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mode, both the TE cooling devices and joule heating devices have been investigated.
On the contrary, passive thermoregulation impacts the amount and direction of heat
movement through the qualities of its material and structure. Heat conduction and
insulation materials, for example, can alter the temperature of an item by speeding up
or slowing down heat dissipation. These systems' thermoregulation mechanisms will be

discussed in depth further down.

2.3.1 Active heating and cooling

The active mode of thermoregulation by connecting external energy, its heat change
can make a significant change in the temperature of the target object. Active

thermoregulation mainly includes joule heating, TE cooling, and so on.

Joule heating

The utilization of the Joule effect to induce temperature changes in objects represents a
widely adopted mechanism for thermoregulation (Figure 2.7).""” The underlying
principle of this approach lies in the generation of heat on a conductor when an electric
current passes through it, arising from the Joule effect resulting from resistance.
Conventional electric heaters typically employ bulky metal components or wires as
functional elements, facilitating rapid heat generation. However, the usage of metals
for thermal management in e-skin can introduce challenges in terms of weight, hardness,
and tactile properties, thereby impeding practical application. Consequently, alternative
materials like conductive polymers, graphene, or metal nanowires have emerged as

successful substitutes for thermoregulation in e-skin. These substitutes exhibit
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commendable flexibility and exceptional heating performance, constituting effective

strategies for bionic thermoregulation in e-skin.

Figure 2.7 Different types of flexible heaters based on the Joule effect. a) Stretchable
heater using ligand-exchanged silver nanowire nanocomposite.”! b) Ultrathin, washable,
and large-area graphene papers.”® ¢) Highly stretchable and transparent metal nanowire

heater.”? d) metallic nanowire-coated textile.”’

In 2015, Kim's group prepared a stretchable heater using silver nanowires and SBS
elastomers.”! Due to its soft properties, the conductive elastomer is well conformal to
the skin, providing long-term, continuous thermal treatment for human joints. In 2017,
Wang et al. prepared a large areas of graphene paper.”” The graphene paper has good
flexibility and conductivity, realizing the function of active heating. The surface
temperature of graphene paper can be raised from 18 °C to around 37 °C when the
current voltage is 2.5V. Although the preparation of joule heaters is simple and

thermoregulation is convenient, these heaters only have the function of one-way heating
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and have great limitations. The temperature of the human living environment is
complex and changeable, so the heater does not have the application in a high-

temperature environment.

TE cooling

Thermoregulation based on the Peltier effect is one of the most widely used directions
in the field of TE.3%-34 It has the advantages of small volume, adjustable cooling power,
and no noise, but the TE system has many rigid structures due to its traditional
configuration.®>* The Peltier effect was first discovered by French scientist Jean C. A.
Peltier in 1834 and is a type of TE effect. This phenomenon manifests when an electric
current traverses a circuit composed of dissimilar conductors, resulting in the
absorption or release of heat at the interface of conductors. Fundamentally, the Peltier
effect is rooted in the disparities in Fermi energy levels among charge carriers within
distinct materials. As these carriers traverse from a material of high energy level to one
of low energy level, they liberate excess energy. Conversely, when carriers migrate from
a low-energy-level material to a high-energy-level one, they absorb heat from the
surroundings. The occurrence of heat absorption at the junction undergoes a
thermodynamic transformation from endothermic to exothermic when the material type

or the current direction is altered.

The effective dissipation of heat generated at the hot side into the surrounding
environment is of utmost significance when utilizing TE devices for thermoregulation.
Wearable TE coolers operate within environments characterized by substantial thermal

resistance due to the inherent poor thermal conductivity of human skin and the
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surrounding air. This external thermal resistance significantly influences the
performance of TE materials, device design, and overall efficiency, thereby posing a
fundamental challenge in achieving effective on-body applications. Figure 2.8
illustrates various TE devices presently employed in the realm of temperature

management.

Figure 2.8 Different types of TE thermoregulation devices based on the Peltier effect.
a) TE cooling device for patients.® b) Wearable TE device for personalized
thermoregulation.” ¢) Lightweight wearable TE cooler.”" d) Ultra-high performance

wearable TE cooler.”?

In 2014, Elsayed et al proposed to use TE devices to relieve the symptoms of multiple
sclerosis patients.®” The study developed a compact lightweight wearable upper limb
cooling device that combines the heat extraction capability of TE devices with the heat
storage capability of PCM to reduce skin temperature to 10 °C for a duration of 20 min.
In 2019, Chen et al. designed and demonstrated the first model with long-term and

flexible wearable TE devices with large active cooling effects.”® The TE device uses an
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innovative design of rigid inorganic high TE value (ZT) legs sandwiching between
stretchable elastomer plates to produce a huge cooling effect of over 10 °C on the skin

without the use of any heat sink.

TE devices exhibit commendable refrigeration capabilities and are indeed suitable for
e-skin  thermoregulation. However, their widespread implementation in
thermoregulation is hindered by the inherent conflicts between structure and
performance. Consequently, TE devices are rarely employed at a large scale. To
facilitate the practical application of e-skin, the current dominant research paradigm
primarily focuses on enhancing the performance of organic TE materials through
material design or improving the flexibility of inorganic TE devices via innovative

structural designs.

2.3.2 Passive cooling

Heat sink

The advancement of multifunctional e-skin and integration has brought forth two major
challenges: high power consumption and consequential heat dissipation. These factors
severely impede the rapid progress of e-skin technology. Ineffective cooling not only
hampers the performance of electronic devices but also diminishes their lifespan. Hence,
there exists a pressing demand for the development of high-performance cooling
solutions. Passive thermal regulation stands at the forefront of e-skin temperature
control research. It primarily focuses on the exploration of flexible materials with

exceptional thermal conductivity and extensibility, such as liquid metal and carbon
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nanotubes, employing the principles of heat transfer.”>® These high thermal
conductivity materials, aided by specific material or structural designs, facilitate even
and swift heat conduction within the e-skin (Figure 2.9). This process ensures that the
e-skin remains within a designated temperature range, thereby safeguarding it against

overheating.

Figure 2. 9 Different types of heat sinks with high thermal conductivity. a) Chip cooling
with integrated carbon nanotube microfin architectures.”> b) A complete carbon-
nanotube-based heat sink.”* c¢) High thermal conductivity in soft elastomers with
elongated liquid metal inclusions.”®> d) Highly thermal conductivity of cellulose

nanofibrils/AIN hybrid films.”®

In 2007, Ajyan et al. demonstrated a simple and effective cooling method.” In this
method, a patterned carbon nanotube fin is transferred on the back of the chip by micro-
nano technology for thermal management of the chip, in which flexible and high

thermal conductivity carbon nanotubes are used to replace the heat dissipation
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components on the silicon chip. In 2016, Majidi's group designed an elastomer
composite containing an elongated inclusion of liquid metal (LM) that performs heat
conduction.”> This study demonstrates the potential of liquid metal inclusions to
significantly improve thermal conditions in applications requiring electrical insulation

materials with rapid thermal conductivity and soft elastic functions.

Extensive research has substantiated the suitability of high thermal conductivity
materials for efficient thermoregulation in e-skin, as they facilitate rapid dissipation of
heat in various directions. Nevertheless, the process of fabricating heat dissipation
structures using such materials is intricate and financially burdensome, impeding
widespread implementation. Moreover, the primary role of high thermal conductivity
materials within the e-skin is to conduct heat, primarily safeguarding against

overheating in high-temperature environments.

Phase change material

The heat absorption method uses the phase change properties of materials to absorb the
heat inside or outside the e-skin, to keep the e-skin within a certain temperature range,
to widen the use range of the e-skin, and to improve the comfort of the e-skin. Thermal
management of e-skin by means of thermal absorption of PCM is considered to be an
effective way, which mainly utilizes latent heat properties of PCM.”7!%! For instance,
the solid material undergoes a phase transition when the temperature reaches the
melting point of the PCM, transforming into a liquid state and absorbing a significant
amount of latent heat. Similarly, the PCM transitions from a liquid to a solid state when

the temperature drops to the solidification point, releasing a considerable amount of
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stored heat. The PCM absorbs or releases substantial latent heat throughout these phase
transformations, while its temperature remains nearly constant. This property holds
tremendous potential for achieving efficient thermal management in electronic systems.
As a passive cooling technology, PCM has been widely used in transient electronic
cooling due to its advantages of large latent heat of melting, high specific heat,
controllable temperature stability, and small volume change during phase

transformation, as shown in Figure 2.10.

Figure 2.10 Different types of PCM devices for overheating protection. a) Functional
soft composites as thermal protecting substrates.!?’ b) An intrinsically flexible phase
change film.'"! ¢) PDMS-PDMS micro channels filled with phase-change material.” d)

Flexible PCM film.”®

In 2018, Wang and his team reported a chip cooling scheme for a polydimethylsiloxane
(PDMS) microfluidic device filled with n-octadecane.” Experimental results show that
the temperature of a microfluidic chip with n-octadecane can be reduced by about 16 °C

compared with that without n-octadecane under the same experimental conditions. In
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2019, Li et al reported a functional soft composite material as a thermal protection
substrate for wearable electronic devices, which has the ability to control heat flow and
effectively absorb heat without compromising the flexibility of the substrate.!%
Compared with traditional substrates, thermal protection substrates can reduce skin

temperature peaks by more than 85% with appropriate parameters.

Superior because of its unique characteristics of PCM have been proven its broad
application prospect of thermal management in e-skin, however, PCM in the melting
and solidification process of the changes in physical form will cause volume change,
plus the possible balance will lead to its shape changes, the use of e-skin will produce
very big effect. How to solve the deformation problem of PCM is the key to realize the

large-scale application of PCM in e-skin.

Evaporative cooling

As previously mentioned, mammals regulate body temperature through perspiration in
high-temperature environments, so passive biological perspiration cooling strategies
are used in thermal management, such as cooling of electronic devices, cooling of
buildings, or refrigeration of biological products (Figure 2.11).!92-1% Because the heat
of vaporization of water is up to 2400 J/g, the limited mass can take away a lot of heat,
so evaporative refrigeration has good cooling ability. Hydrogel contains a lot of water
and is an ideal evaporative heat dissipating matrix. Thermally responsive hydrogel
materials have a critical temperature, and when the ambient temperature exceeds this
critical temperature, the hydrogel undergoes a process similar to phase transition,

releasing water and taking heat away.
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In 2019, Wang et al. demonstrated an evaporative cooling strategy through the
desorption process of water inside the adsorbent.!? The desorption agent is coated on
the metal substrate, and as the temperature of the metal substrate rises, the water in the
desorption agent vaporizes and evaporates, achieving a maximum cooling of 8.6 °C at
1.5 W heating power. In 2021, Lee et al. prepared a composite material with poly(N-
isopropyl acrylamide) (PNIPAM) and PDMS that provided a novel cooling strategy.!*
The composite has good water evaporation switch control ability and has different

evaporation rates in low-temperature environment and high-temperature environments.

Figure 2.11 Different types of evaporation cooling devices. a) A thermal management
strategy based on moisture sorption-desorption processes.'®® b) A transparent

05

evaporation-insulation bilayer.!® ¢) Evaporative cooling hydrogel packaging.!®? d)

Artificial perspiration membrane.'®

The evaporative cooling method of the simulated sweat gland has attracted wide
attention because of its high efficiency and no energy consumption. It has the

advantages of simple preparation and low cost and is an ideal method for e-skin
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thermoregulation.

2.4 Conclusions and Summary of Research Gaps

The isothermal skin is critical for the human being, enabling the sensitive response to
the tiny environment change. However, the functional bionic engineering to achieve

thermoregulation and thermosensation for elect is still lacking.

In the area of thermoregulation of e-skin, there have been studies to achieve the
management of e-skin temperature. Its realization can be divided into active
thermoregulation and passive thermoregulation. Active thermoregulation uses the Joule
effect and Peltier effect to convert electrical energy into thermal energy, but there are
problems such as unidirectional regulation and limited regulation time. Passive
thermoregulation uses thermally related materials such as heat absorbing and heat
dissipating materials to provide overheating protection for e-skin, but there are
problems such as limited heat capacity and uneven heat absorption or dissipation in the
process of heat absorption or heat dissipation, and passive thermal regulation only
focuses on the application of e-skin in hot environment, which has certain limitations.
In this work, we will improve the flexibility of the TE device through structural design
and combine PCM and hygroscopic hydrogel to realize the unification of active and
passive thermoregulation, which expands the application of e-skin in a low-temperature
environment and high-temperature environment and has kind of significance for the
promotion and application of human prosthesis and intelligent robot field of e-skin in

the future.
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In the context of thermosensation in e-skin, the bionic replication of thermosensation
can be achieved through the utilization of temperature sensors. As previously
mentioned, the temperature sensors can be further classified as resistance-responsive
sensors, voltage-responsive sensors, and capacitive-responsive sensors based on their
corresponding signal outputs. However, all variations of temperature sensors face
certain challenges when applied in the process of thermosensation for e-skin. For
instance, resistive temperature sensors are susceptible to pressure interference during
temperature measurement, voltage temperature sensors exhibit lower sensitivity, and
capacitive temperature sensors require increased energy consumption and present other
issues. Moreover, these sensors solely provide a simplistic representation of the
temperature value of an object, thus lacking the capacity to deeply analyze the
thermosensation of the object. In this study, a multimodal temperature sensor will be
developed based on the principles of ion relaxation time. This sensor will not only
facilitate the realization of fundamental temperature responses but also enable the
identification and differentiation of different heat source types such as conduction,
convection, and radiation by effectively decoupling the temperature and pressure
signals. This innovative approach provides a novel technical solution for achieving

comprehensive and insightful thermosensation capabilities in e-skin applications.

In this thesis, we are admins to applying thermo-e-skin and multimodal temperature
sensors to the bionics of e-skin, to realize the e-skin has or even exceeds the temperature

sensation function of human skin.
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CHAPTER 3 SINGLE-MODE
THERMOREGULATING E-SKIN

3.1 Introduction

Achieving and maintaining a suitable body temperature range through
thermoregulation is of utmost importance for humans. Traditional e-skin, unfortunately,
faces limitations in terms of materials and structure that prevent it from maintaining a
consistent temperature as the environment changes. This absence of thermoregulation
not only leads to physical discomfort but also has negative psychological effects.
Consequently, the integration of a thermoregulatory design in e-skin is crucial in
improving comfort and enhancing the self-confidence of individuals who rely on

assistive prostheses.

The primary objective of e-skin thermal management is to optimize the overall thermal
environment of an object by modulating the heat transfer mechanism.!?”-!'® However,
current thermal management practices, as discussed in Chapter 2, primarily focus on a
singular purpose of either heating or cooling.!'""!'* Active approaches need to be
implemented to control temperatures in diverse thermal environments to achieve
effective thermoregulation. For instance, harnessing the Joule effect inherent in
conductors offers efficient heating capabilities.!!>!!7 Moreover, TE devices can be
utilized to both heat and cool by creating a temperature gradient across the device using
the Peltier effect.!®12% Nevertheless, there is currently a lack of research on achieving

human-like isothermal regulation in e-skin within a variable thermal environment.
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To address this challenge, the chapter introduces a novel solution in the form of a single-
mode thermoregulating e-skin (S-thermo-e-skin). This innovative approach utilizes a
hybrid structure consisting of a flexible BiTe-based TE device and a paraffin-based
PCM heat sink. Our investigation aims to comprehensively evaluate the
thermoregulatory capabilities of this hybrid e-skin in both hot and cold environments,
while also considering the energy consumption required to maintain a comfortable
temperature within the e-skin. Remarkably, our proposed design successfully achieves
a consistent surface temperature of 35°C across a broad temperature range spanning

from 10°C to 45°C.

3.2 Concept design

It is crucial for the e-skin to have the ability to heat at low temperatures and cool at high
temperatures in order to achieve thermoregulation capabilities comparable to the human
body. A TE device was selected as the central component for the thermoregulatory
system to fulfill this requirement. It is possible to establish a hot side and a cold side by
connecting the TE device to an external heat source, similar to the thermoregulation
mechanisms observed in the human body, allowing for heating or cooling of the e-skin.
However, there are several challenges associated with using TE devices for
thermoregulation. Firstly, traditional TE devices are typically rigid or semi-rigid,
necessitating structural optimization for improved flexibility. Secondly, efficient
dissipation of accumulated heat on the hot side of the TE device is crucial during the
cooling process to prevent thermoregulation failure. Lastly, the dynamic nature of

temperature environments necessitates the implementation of real-time thermostatic

38



regulation functions.

In this chapter, a novel S-thermo-e-skin design is proposed, incorporating a flexible TE
device and a PCM heat sink, as illustrated in Figure 3.1 a. An important characteristic
of this e-skin configuration is the inclusion of a PCM layer at the bottom of the flexible
TE device, providing enhanced active thermoregulation capabilities. Specifically, in a
low-temperature environment, the flexible TE device utilizes the TE effect to convert
electrical energy into thermal energy, thereby heating the surface. This is achieved by
designating the upper side of the TE device as the hot side, resulting in an effective

increase in the surface temperature of the thermoregulatory device.

Figure 3.1 The design concept and application mechanism of S-thermo-e-skin. a) Basic
structure of S-thermo-e-skin. b) The mechanism of S-thermo-e-skin in a cold

environment. ¢) The mechanism of S-thermo-e-skin in a hot environment.

The human skin exhibits remarkable thermoregulation capabilities in complex
temperature environments (Figure 3.1 b). This is achieved as cells generate significant

heat through metabolism, maintaining the body temperature around 37 °C and
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supporting vital physiological processes. In cold environments, cold receptors in the
skin detect temperature and transmit signals to the brain, causing the sensation of cold.'
The brain then orchestrates various mechanisms within the skin tissue to minimize heat
loss, including vasoconstriction, contraction of the arrector pili muscle, and minimal
sweating. Similarly, the TE unit in the S-thermo-e-skin can be analogized to a human
body cell, while the temperature sensor within the S-thermo-e-skin corresponds to a
human body temperature receptor. The temperature sensor sends a signal to the control
system upon detecting low ambient temperatures. Subsequently, the control system
instructs a TE device connected to a power supply to convert electrical power into heat.
This process, known as cold adaptation, transforms the upper surface of the TE device
into the hot side, thereby elevating the surface temperature of the e-skin through the

generated heat.

In a hot environment, however, the skin senses the temperature through warm receptors
and relays the information to the brain, resulting in the sensation of being hot. As
depicted in Figure 3.2 ¢, the brain orchestrates cooling mechanisms in the skin tissue,
including vasodilation, the dilation of the arrector pili muscles, and profuse perspiration.
Likewise, when the temperature sensor embedded in the thermoregulation e-skin
detects an excessively high external temperature, it transmits a signal to the control
system. The upper surface of the TE device functions as the cold side, actively
absorbing heat and cooling the surface of the e-skin, a process referred to as thermal
adaptation. Meanwhile, the lower surface of the TE device generates substantial heat,
limiting the device's cooling efficiency. While human skin has the capability to radiate

heat into the surrounding environment, the e-skin lacks this ability, necessitating the
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retention of heat in a heat reservoir beneath it to maintain the thermal adaptation effect

on the surface.

3.3 Fabrication of S-thermo-e-skin

The S-thermo-e-skin consists of a flexible TE device and a PCM heat sink, so its
manufacture includes the fabrication of the flexible TE device, the fabrication of the

PCM heat sink, and the encapsulation of the S-thermo-e-skin.

3.3.1 Fabrication of flexible TE device

TE devices play a pivotal role in enabling the heating and cooling functionalities of S-
thermo-e-skin. The basic structure of the TE device includes thermoelectric leg and
copper electrode. In a series arrangement, both N-type TE legs and P-type TE legs are
positioned on these electrodes. Each N-type TE leg and P-type TE leg combine to form

the essential unit, known as the © type structure, within the TE device.

The fundamental operating principle of a TE device can be described as ‘electric series,
thermal parallel’. During the conversion of electrical energy into heat energy via the TE
effect, the magnitude of heat generation and cooling is contingent upon both the
material properties and the quantity of m type structures employed. However, the
inherent contradiction between the performance and structure of the TE leg limits the
true flexibility of bulk TE devices employed for thermoregulation. To address this, a
commonly utilized approach in the design of flexible electronic devices is the ‘island-

bridge’ structure. This involves the dispersion of rigid island structures on a flexible
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substrate, followed by the integration of functional devices and subsequent connection
of these islands via stretchable and flexible interconnecting conductors. Implementing
this method effectively reduces device deformation and enhances device reliability. A
flexible TE device capable of bending is achieved by adopting this approach, thereby
exhibiting a certain degree of flexibility suitable for wearable applications. The
proposed design involves the arrangement of four TE legs to form two m-shaped

structures, which serve as the TE cooling unit, as depicted in Figure 3.2.

Figure 3.2 Island-bridge structure of flexible TE device.

Each TE unit is connected to each other by flexible circuits, and these flexible circuits
are located on one side of the TE device, so that the device can withstand bending in
multiple directions and can withstand greater bending curvature, providing sufficient
heating/cooling capacity while maximizing the flexibility of the device. The flexible
TE device is coated with a layer of copper of 100 um thickness on a polyimide film of
50 um thickness by an electroplating process, and the excess polyimide is removed
from the upper and lower electrodes by laser processing to improve the flexibility of
the substrate and reduce the thermal resistance of the polyimide. In this way, the upper

and lower electrodes required for flexible TE device are fabricated (Figure 3.3).
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Figure 3.3 The design of flexible electrodes. a) lower electrode b) Upper electrode.

The TE leg used in the experiment was purchased from Guangdong Fuxin Electronic
Technology Co., Ltd, where the N-type material is BiigsTe28Seo2and the P-type
material is Bio39Sbi.61Tes.03, whose basic properties are shown in Table 3.1 and 3.2. The
upper and lower surfaces of TE leg for welding are coated with a nickel metallization

layer, TE leg dimensions are 1.6 mm x 1.6 mm x 1.5 mm.

Table 3.1 Relevant properties of the Bii.osTe2.8Seo..

Seebeck Power Thermal
Temperature Resistance Cp K
coefficient factor diffusivity ZT
[°C] [nQm] [0V/K]  [W/mK]
[0nV/K]  [pW/mK?]  [mm?/s]
30 11.14 -237.83 5079 1.13 0.16 1.38 1.11
50 12.35 -238.48 4604 1.12 0.16 1.38 1.08
100 14.70 -233.43 3706 1.17 0.16 1.45 0.95
150 16.06 -218.87 2982 1.36 0.16 1.71 0.74
200 16.44 -194.81 2308 1.66 0.17 2.13 0.51
250 15.83 -161.24 1642 1.98 0.17 2.57 0.33
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Table 3.2 Relevant properties of the Bio39Sbi.61Tes.03.

Seebeck Power Thermal
Temperature Resistance Cp K
coefficient factor diffusivity T
[°C] [nQm] [0V/K] [W/mK]
[nV/K]  [pW/mK?]  [mm?/s]
30 7.86 189.36 4564 1.20 0.18 1.46 0.95
50 8.86 197.37 4399 1.16 0.19 1.45 0.98
100 11.51 207.40 3736 1.11 0.18 1.38 1.01
150 14.21 202.99 2900 1.18 0.19 1.49 0.82
200 16.70 183.94 2027 1.37 0.19 1.77 0.54
250 18.74 150.05 1202 1.64 0.20 2.16 0.29

The entire flexible TE device uses 36 TE units with an overall dimension of

approximately 67 mm x 48 mm, which allows enough space to facilitate the bending of

the TE units while maintaining performance. The P and N TE legs were arranged

alternately on the copper electrode and bonded to the electrode with solder. Finally, it

was placed in a reflow machine for soldering to obtain a flexible TE device (Figure

3.4).

Figure 3.4 Reflow soldering process for flexible TE device.
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3.3.2 Fabrication of PCM heat sink

PCM heat sink is another integral part of S-thermo-e-skin. Paraffin, a white translucent
solid mixture of advanced alkanes, is employed as the PCM for overheating protection
in the S-thermo-e-skin. Serving as an organic PCM, paraffin demonstrates the ability to
absorb or release significant amounts of latent heat during phase change, while
maintaining a relatively constant temperature. The transformative properties of paraffin
come into play when the ambient temperature exceeds its own. In such instances, it acts
as a medium to absorb heat from the surroundings, transitioning from a solid to a liquid
state. Notably, the surface temperature remains relatively stable or shows minimal
fluctuations. The specific paraffin wax utilized in the S-thermo-e-skin was purchased

from Ruhr New Materials Co., Ltd.

Figure 3.5 Enthalpy distribution of paraffin.

Figure 3.5 illustrates the heat storage capacity of paraffin, which measures

approximately 240 kJ/kg. When undergoing heating, the enthalpy value of paraffin
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remains relatively low and experiences little change at temperatures below 34 °C. A
significant increase in enthalpy occurs within the temperature range of 34 °C to 36 °C,
peaking at 108 kJ/kg at 35 °C. Beyond 36 °C, the enthalpy value remains low and
relatively constant. This change in enthalpy corresponds to the melting point. During
the cooling process, the enthalpy of paraffin maintains a low and stable value until the
temperature drops below 35 °C. There is a substantial rise in enthalpy as the temperature
decreases from 35 °C to 33 °C, reaching a peak of 94 klJ/kg at 35 °C. Below 33 °C, the
enthalpy value remains low and relatively unchanged. These findings demonstrate that
paraffin, a paraffin wax material, possesses excellent heat storage capacity, with a phase
change temperature close to that of the body. Consequently, it is an ideal heat storage

material for thermoregulation purposes.

However, the transition of paraffin from a solid to a liquid state poses a significant
concern when the temperature increases. This phase change causes the underlying layer
of the S-thermo-e-skin to soften, impacting the structural integrity of the e-skin.
Additionally, the solidification rate of the paraffin wax is not consistent due to uneven
heat dissipation during the cooling process from a liquid to a solid state. As a result,
this disparity affects the structure of the surface paraffin wax and consequently

influences the performance and reusability of the S-thermo-e-skin.

Therefore, it is crucial to incorporate a porous framework capable of containing and
supporting the PCM. In this study, porous foams were prepared using an inverted mold
method.'?!"1>* The foams obtained through this method have an open-cell structure,

which facilitates the infiltration of PCM and improves the thermal conductivity of the
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phase change modules. To create these foams, two specific materials were required: a
water-soluble material to establish the pore structure and a non-water-soluble material
for structural support. White sugar is the ideal porous material because of its high
solubility in water and insolubility in lipids. The white sugar was mixed with a small
amount of water in a beaker to form the porous foam. The resulting mixture was then
poured into a mold and compacted. The molds were placed in an oven set at 80 °C for

1 hour to remove moisture and dry the foams (Figure 3.6).

Figure 3.6 The fabrication process of the PCM heat sink.

A high thermal conductivity silicone material is utilized as the framework material to
enhance the heat conduction of the S-thermo-e-skin and achieve uniform heat
absorption by the PCM within the porous foam. This silicone material, obtained from
Huiwei Thermal Management Co., Ltd., exhibits a remarkable thermal conductivity
value of 2 W/mK. To ensure proper mixing, the silicone was blended in a 1:1 ratio and

stirred thoroughly to prevent incomplete curing. Subsequently, the stirred silicone was
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applied onto the surface of the pre-made sugar cube using brushes, promoting capillary
action for its penetration throughout the sugar cubes. The adequately coated sugar cube
was then dried in an oven at 80 °C for one hour. Finally, the dried silicone-sugar cube
was immersed in a beaker containing an appropriate quantity of water, resulting in the
dissolution of the sugar and the formation of the desired silicone-based porous foam

(Figure 3.7).

Figure 3.7 Structure of silicone foam. a) Physical photo of silicone foam. b) SEM

image of silicone foam.

Finally, paraftin was melted at high temperature and filled by penetrating the silicone
foam through the dropper, and after cooling, a PCM heat sink with silicone foam as the
frame and paraffin wax as the filler was obtained. The silicone foam is made by the
inverted mold method with a porosity of about 65%. The microstructure of the
organosilicon foam was also characterized by electron microscopy. The thermally
conductive adhesive foam had an open pore structure with a pore size of about 200 um,

which matches the particle size of the sugar.
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3.3.3 Encapsulation of S-thermo-e-skin

Following the fabrication process, the flexible TE device and PCM heat sink underwent
encapsulation (Figure 3.8). The flexible TE device was filled with low thermal
conductivity aerogels/PDMS composites, which prevented the undesired heat
transmission from the hot side to the cold side during TE device operation. To facilitate
faster heat transfer, the flexible TE device and PCM heat sink were then enclosed using
a high thermal conductivity potting adhesive. Once these stages were completed, the
thermoregulation e-skin was successfully manufactured. The resulting S-thermo-e-skin

typically measured approximately 67x48x4 mm in effective size.

Figure 3.8 Physical photo of S-thermo-e-skin.

3.3.4 The establishment of an environment simulator

The encapsulated S-thermo-e-skin is attached to the prosthesis. It is crucial to evaluate
prosthetics under realistic environmental conditions in order to investigate the practical

application of the S-thermo-e-skin as human environments exhibit significant diversity.
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A home-built wind channel was used to imitate the genuine environment,

Figure 3.9 The establishment of environment simulator. a) Test schematic of wind

channel. b) Photos of simulation test platform.

Figure 3.9 a and b are the schematic and photo of the simulation test platform
respectively. The air temperature as well as the speed can be precisely controlled using
the ancillary water-cooling equipment and the fan mounted at the end of the channel.
Consequently, the environmental parameters can be achieved as required. The
prosthesis was coupled to a S-thermo-e-skin before being put in the wind channel.
Several thermocouples were inserted into the channel to monitor the temperatures of
the wind, the e-skin’s surface, and the silicone prosthesis. By altering the input electric
power density (Power input of the power supply divided by the effective area of the S-
thermo-e-skin), the S-thermo-e-skin can regulate the temperature of the e-skin’s surface.
The thermoregulation capacity of the e-skin was investigated by varying the input

power density of the TE device under various environmental conditions.

3.4 Flexibility of S-thermo-e-skin
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The traditional flexible TE device and the design of flexible TE device are analyzed by
the finite element method. The structure of the two flexible TE devices is shown in

Figure 3.10, and the deformation and stress distribution of the two devices are analyzed.

Figure 3.10 Two different configurations of flexible TE devices.. a) Traditional flexible

configuration; b) Island-bridge configuration.

Figure 3.11 shows the results of a simulation of the mechanical characteristics of the
flexible TE device in traditional and island-bridge configurations. The equivalent stress
peak of the traditional and island-bridge configurations was 210 MPa and 152 MPa,
respectively, when a negative z-axis displacement of 0.5 mm was applied to the right
side of the device. The stress peak of the island-bridge configuration was 85 MPa after
eliminating the local stress concentration locations, which was around 60% lower than
the traditional configuration. The traditional flexible device bent in the x-z plane when
a negative z-axis force of 0.02 N is applied to the right side of the device, with a
maximum displacement of around 74 pm. The maximum displacement of the island-
bridge configuration under the same force was 0.89 mm, which was an order of
magnitude greater than the traditional configuration, suggesting that the island-bridge
arrangement’s overall flexibility was substantially superior to the traditional

configuration.
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Figure 3.11 Mechanical simulation results of flexible TE devices.

The mechanical flexibility and durability of the thermoregulation e-skin were also put
to the test, as these were the most important requirements for real-world applications.
For cyclic bending and resistance testing, the e-skin was fastened on a stretcher. The
results reveal that the e-skin was highly reliable, with resistance barely changing after

200 bending cycles (Figure 3.12).

Figure 3.12 Mechanical properties testing of S-thermo-e-skin. a) Bending test; b)

Resistance changes after cyclic bending.

3.5 Thermoregulation performance of S-thermo-e-skin
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3.5.1 Cold adaptation of the S-thermo-e-skin

Figure 3.13 shows the performance of the S-thermo-e-skin for cold adaptation in a cold
environment. Under the ambient temperature of 20 °C and the wind speed of 0.5 m/s,
the input power density of S-Thermoe-Skin directly affects the surface temperature
(Figure 3.13 a). It is evident from the graph that with an input power density of 7.8
mW/cm?, the S-thermo-e-skin 's surface temperature initially rose rapidly and then
gradually increased over time to reach 24.8 °C after 600 s. The S-thermo-e-skin 's cold
adaptation ability steadily strengthened with higher input power density, causing a
gradual rise in surface temperature to reach 33.2 °C at a power density of 31.2 mW/cm?.
The augmentation of input power enhanced the S-thermo-e-skin's heat generation,
thereby elevating its surface temperature. Figures 3.13 b and ¢ depict the measurement
of S-thermo-e-skin's surface temperature under different wind speeds and ambient
temperatures, respectively. When the wind speed was low (0.25 m/s), the final surface
temperature of the S-thermo-e-skin was 28.7 °C compared to a temperature of 25.3 °C
at a high wind speed of 1 m/s. Elevated wind speed intensified the convective heat
exchange between the S-thermo-e-skin's surface and the surroundings when subjected
to the same input power density, resulting in a decline in temperature rise on the S-
thermo-e-skin's surface. Modifying the air temperature in the wind channel impacted
the cold adaptation of the S-thermo-e-skin. By maintaining a constant input power
density and wind speed, the S-thermo-e-skin's surface temperature fluctuated by 8.2 °C
between wind temperatures of 10 °C and 25 °C. Lower temperatures facilitated better
heat convection between the S-thermo-e-skin's surface and the surroundings,

augmenting heat dissipation from the S-thermo-e-skin's surface and impairing its cold
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adaptation capabilities.

Figure 3.13 Cold adaptation of S-thermo-e-skin. a) The surface temperature of the S-
thermo-e-skin under diftferent input power densities. b) The surface temperature of the
S-thermo-e-skin under different wind speeds. c¢) The surface temperature of the S-

thermo-e-skin under different wind temperatures.

The power density requirements of S-thermo-e-skin, concerning the change in surface
temperature per degree Celsius (energy cost) across various environmental conditions,
are examined in Figure 3.14. The cold adaptation efficiency per unit of power
diminishes when the input power density was increased. For an input power density of
31.2 mW/cm?, the power necessary to elevate the surface temperature by 1 °C amounts
to approximately 2.5 mW/(cm?-°C). However, at an input power density of 7.8 mW/cm?,
the power required was only about 60% of the aforementioned scenario. Additionally,
the energy cost gradually escalated due to enhanced heat transfer as wind speed
amplifies or ambient temperature decreases. The e-skin's ability to raise the surface
temperature by 1 °C was 1.5 times greater than at a wind speed of 0.25 m/s at a wind
speed of 1 m/s. Similarly, the energy cost of the e-skin was 8.5 mW/(cm?-°C) at a wind
temperature of 10 °C, which was five times higher than at a wind temperature of 25 °C.

Consequently, greater energy was demanded to sustain the surface temperature at a
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steady level when desiring a higher e-skin temperature.

Figure 3.14 Energy cost of S-thermo-e-skin for cold adaptation. a) Energy cost under
different input power densities. b) Energy cost under different wind speeds. ¢) Energy

cost under different wind temperature conditions.

In general, S-thermo-e-skin adapted well to cold temperatures and was affected by both
internal and external heat transfer. In mild environments, similar to the human body,
the S-thermo-e-skin efficiently attained surface temperature cold adaptation with
minimal energy cost. However, the effectiveness of cold adaptation diminished, and
energy cost increased when heat generation was restricted and heat exchange became
intensified. This situation can be modified by manipulating the input power density of

the S-thermo-e-skin.

3.5.2 Thermal adaptation of the S-thermo-e-skin

Figure 3.15 shows the performance of the S-thermo-e-skin for thermal adaptation in a
hot environment. The effect of input power density on the surface temperature of S-
thermo-e-skin at an ambient temperature of 35 °C and wind speed of 0.5 m/s was
depicted in Figure 3.15 a. The surface temperature of the S-thermo-e-skin decreased

over time with an input power density of 7.8 mW/cm?, reaching a final temperature of
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32 °C. The surface temperature of the S-thermo-e-skin gradually decreased as the input
power density increased. At an input power density of 31.2 mW/cm?, the surface
temperature reached 29 °C. However, over time, the heat generation surpassed the
capacity of the PCM to store heat, leading to a progressive increase in surface
temperature. Figure 3.15 b and c illustrate the surface temperature of the S-thermo-e-
skin at different ambient temperatures and wind speeds, respectively. When the ambient
temperature was 35 °C and the wind speed is 0.25 m/s, an input power density of 15.6
mW/cm? can rapidly decrease the S-thermo-e-skin's surface temperature from 35 °C to
30 °C and maintained it within this range consistently. Similarly, the S-thermo-e-skin
can decrease from an initial temperature of 35 °C to 30 °C and effectively maintain this
temperature when exposed to a wind temperature of 30 °C at the same wind speed and
power density. The thermal adaptation function of the S-thermo-e-skin, similar to cold
adaptation, was influenced by heat transfer. High ambient temperatures and fast wind
speeds enhanced heat transfer between the S-thermo-e-skin and the environment,

thereby limiting the thermal adaptation effect of the S-thermo-e-skin.

Figure 3.15 Thermal adaptation of S-thermo-e-skin. a) The surface temperature of the
S-thermo-e-skin under different input power densities. b) The surface temperature of
the S-thermo-e-skin under different wind speeds. ¢) The surface temperature of the S-

thermo-e-skin under different wind temperatures.
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The energy cost trend aligns with that of cold adaptation at low temperatures, as
depicted in Figure 3.16. Increasing input power density leads to a decrease in energy
efficiency, as demonstrated in Figure 3.16 a. For an input power density of 7.8 mW/cm?,
the energy cost amounted to 2.6 mW/(cm?-°C). However, when the input power density
reached 31.2 mW/cm?, the energy cost became 2.7 times higher than the previous
condition. Changes in wind speed also impacted the energy cost of e-skin's thermal
adaptation, as shown in Figure 3.19 b. The energy cost for e-skin's thermal adaptation
was 3.3 mW/(cm?-°C) at a wind speed of 0.25 m/s. Conversely, when the wind speed
increased to 1 m/s, the energy cost rose to 5.2 mW/(cm?°C). Rising ambient
temperatures hindered the thermal regulation of e-skin, as depicted in Figure 3.16 c.
Under the same conditions, higher temperatures required more energy for thermal
regulation. The energy cost for thermal regulation was 7.3 mW/(cm?-°C) at a wind
temperature of 45 °C, which was twice the energy cost at a wind temperature of 30 °C.
The energy cost was determined by the extent of heat transmission between the e-skin's

surface and the environment, with greater heat transfer necessitating higher energy cost.

Figure 3.16 Energy cost of S-thermo-e-skin for thermal adaptation. a) Energy cost
under different input power densities. b) Energy cost under different wind speeds. c)

Energy cost under different wind temperature conditions.
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The efficacy of S-thermo-e-skin cooling was influenced by heat transfer mechanisms.
Elevated wind speeds and higher temperatures intensified the transmission of heat
between the e-skin and its environment, thereby diminishing the cooling impact of the
e-skin. The quantity of heat transferred between the S-thermo-e-skin surface and the
surroundings governed the associated energy cost, which escalated with higher rates of
heat transfer. In summary, the S-thermo-e-skin exhibits commendable thermal
adaptability across diverse conditions by effectively reducing surface temperatures in

high-temperature environments.

3.5.3 Isothermal regulation of S-thermo-e-skin

The S-thermo-e-skin has been shown to provide thermoregulation in various cold and
hot environments but at the cost of energy consumption. To achieve feedback
thermoregulation, we implemented a PID control system to automate the control of the
e-skin surface temperature. The desirable skin temperature for humans typically falls
between 31.5 to 35.5 °C, although this can vary depending on the season and
surroundings.'?* 12 For this study, we selected a target temperature of 35 °C for the S-
thermo-e-skin. However, humans and organisms in general have limited energy
resources and tend to seek an optimal environment based on their preferred temperature.
This behavior aims to minimize the temperature gradient between the individual and
the environment, reducing the energy required to maintain body temperature. Similarly,
its energy storage capacity for thermoregulation support is limited when the S-thermo-

e-skin is applied to a prosthetic limb or robot.

In this study, we define the isothermal regulation capacity of the e-skin as the maximum
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effective time it can maintain a surface temperature of 35 °C with a limited power
supply. This capacity is influenced by the energy cost and the effective time of the e-
skin. At low temperatures, the effective time can be indefinite. However, the e-skin
requires more energy to regulate temperature as the temperature decreases, resulting in
a shorter period of thermoregulation when energy is limited. Consequently, the
temperature adaptability of the S-thermo-e-skin gradually declines as the temperature
drops below the target temperature. On the other hand, in high-temperature
environments, the S-thermo-e-skin's temperature adaptability is restricted by the heat
storage capacity of the PCM, leading to a reduction in the effective period of
thermoregulation as the ambient temperature rises. Hence, the S-thermo-e-skin exhibits

weaker temperature adaptability at higher ambient temperatures.

Figure 3.17 shows the S-thermo-e-skin's capability to adapt to different temperature
conditions, ranging from 10 to 45 °C. Initially, the e-skin temperature was set at 20 °C,
accompanied by a wind speed of 0.5 m/s. After five minutes, the PID control system
and auxiliary water were activated simultaneously to modify the air temperature. The
PID control system was deactivated once the e-skin surface temperature exceeded the
desired setpoint. Specifically, Figure 3.17 a-c visually represent the isothermal
regulation process of the S-thermo-e-skin in response to wind temperatures of 10, 25,

and 40 °C, respectively.
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Figure 3.17 Isothermal regulation of the S-thermo-e-skin. a) Isothermal regulation of
e-skin at 10 °C wind temperature. b) Isothermal regulation of e-skin at 25 °C wind

temperature. c) Isothermal regulation of e-skin at 40 °C wind temperature.

The S-thermo-e-skin surface temperature rapidly increased to the preferred body
temperature of 35 °C when the ambient temperature was 10 °C, and it remained stable
for a significant period of time. However, with changing ambient temperatures, the
surface temperature of the prosthesis gradually decreased and eventually dropped
below the desired range, reaching a low of 12.5 °C. Similarly, the surface temperature
of the prosthesis only reached 25 °C when the wind temperature was 25 °C, while the
e-skin maintained the desired temperature. In a hot environment of 40 °C, the e-skin
endured both heating and cooling processes. Initially, the surface temperature of the e-
skin rose quickly, but once the overall temperature reached 35 °C, surface cooling began
to maintain the desired temperature. If the amount of heat generated by the hot side
exceeded the capacity of the PCM to handle, the isothermal regulation would eventually
fail. Conversely, the surface temperature of the prosthesis rapidly rose and exceeded

35 °C by the 28" minute when the ambient temperature increased (Figure 3.17 ¢).

Figure 3.18 illustrates the isothermal regulation performance and effect time of the e-
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skin with regulation. The S-thermo-e-skin demonstrated isothermal regulation
performance comparable to that of humans, maintaining a surface temperature of 35 °C
within the experimental temperature range of 10-45 °C When powered on (Figure 3.18
a). However, without power, the prosthesis exhibited inadequate isothermal regulation
capability, with a surface temperature response similar to that of the surrounding
environment. Additionally, inset images in Figure 3.18 a) show two infrared
photographs of the S-thermo-e-skin in the powered-on mode at temperatures of 20 °C
and 40 °C. This ability of isothermal regulation gives the S-thermo-e-skin human-like
temperature properties and provides emotional support to the user when interacting with

the outside world.

Figure 3.18 b presents the effective time of isothermal regulation of the S-thermo-e-
skin at varying temperatures. The S-thermo-e-skin functions solely for heating purposes
when the ambient temperature is equal to or lower than the target temperature and
excess heat can be dissipated without affecting the thermoregulation of the e-skin.
Throughout the 2-hour experimental duration, the e-skin consistently maintained an
isothermal surface temperature of 35 °C, even in low temperatures. However, the heat
generated by the S-thermo-e-skin's cooling mechanism hinders its ability to adapt to
temperature fluctuations when the ambient temperature exceeds the desired level.
Nonetheless, the S-thermo-e-skin effectively remained under control for 1.5 hours at a
wind temperature of 40 °C, demonstrating its commendable adaptability in maintaining

surface temperature.
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Figure 3.18 Isothermal regulation performance of S-thermo-e-skin and its effective
time. a) Effects of isothermal regulation on S-thermo-e-skin. b) The effective time of

isothermal regulation under different ambient temperatures.

Figure 3.19 shows the energy cost of the S-thermo-e-skin to maintain a surface
temperature of 35 °C in the presence of varying wind temperatures. The average power
density of the e-skin over a ten-minute period was used to calculate power cost once
the surface temperature reached 35 °C and stabilized. At an ambient temperature of
10°C, the e-skin consumed 71.32 mW/cm? of energy. The energy cost progressively
decreased as the ambient temperature increased, reaching a minimum of 14.22 mW/cm?
at 35 °C. However, as the external temperature continued to rise, the e-skin began to
cool, resulting in a gradual increase in energy cost to 36.91 mW/cm? at 45°C. This
pattern resembles the energy expenditure required by humans to regulate their body
temperatures in different environments.*> Homeotherms have a thermoneutral zone, a
range of ambient temperatures where the oxygen consumption is least affected.
Keeping a steady temperature becomes more costly as the ambient temperature deviates
further from this thermoneutral zone. For the S-thermo-e-skin, this thermoneutral zone

is approximately 35 °C.
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Figure 3.19 The energy cost of S-thermo-e-skin under different temperatures.

The isothermal regulation of e-skin in a windless environment with temperature of
20°C and 45°C is shown in Figure 3.20. Isothermal regulation capability was increased
since the e-skin's heat exchange with the environment is weaker in a windless
environment than it is in a windy one. It took less energy to sustain 35 °C in a room
temperature environment (33.31 mW/cm?), but it took more time (70 minutes) to do it

in a high-temperature environment.

Figure 3.20 The isothermal regulation performance of e-skin in a windless environment.

a) Isothermal regulation of e-skin at 20 °C. b) Isothermal regulation of e-skin at 45°C.
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In order to assess the effectiveness of the S-thermo-e-skin in regulating temperature, a
simulation was conducted to replicate the rapid temperature changes experienced by
individuals moving between indoor and outdoor environments on a hot summer day.
The experimental setup is depicted in Figure 3.21. Initially, the e-skin was kept at room
temperature (22 °C) for one hour. Subsequently, a hot air flow was used to elevate the
ambient temperature to the outdoor level (42 °C). Using the PID feedback circuit, the
e-skin swiftly transitioned from regulating a cool environment to regulating a hot
environment in under one minute. The surface temperature of the e-skin remained stable
at 35 °C throughout the process. After spending one hour in the outdoor temperature
(42 °C), a cold air flow was employed to return to the indoor temperature (22 °C).
Remarkably, the S-thermo-e-skin demonstrated exceptional performance in the reverse
scenario as well, adapting to the new temperature in less than a minute. These findings
suggest that the S-thermo-e-skin, which incorporates a hybrid flexible TE device and a
PCM heat sink, has promising potential for replicating the isothermal regulation

capability of human skin.

Figure 3.21 The S-thermo-e-skin maintained agile isothermal regulation in a test of

cycling low- and high-temperature environments.
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3.6 Heat dissipation challenges

As mentioned in the previous section, insufficient heat dissipation in high-temper
environments can lead to temperature regulation failure of the thermoelectric device,

thereby significantly reduce the effective time for isothermal regulation.

Heat dissipation involves the transport of heat, which can only be dissipated to the
environment or stored in a timely manner by means of thermal management. Highly
thermally conductive materials such as carbon are often used as heat sinks for passive
cooling of e-skin.'?” ' However, under prolonged natural cooling conditions, an
accumulation of insufficiently dissipated heat can occur, leading to cooling failure. In
addition, due to the superior heat transfer properties of water, it is widely used in the
cooling of electronic systems. Flow water cooling can transfer heat from the hot side to
other places by means of water circulation and has been used in some large electronic
systems.!? 130 However, the complex structure is what limits its miniaturization for e-
skin applications. The microfluidic approach is a potential means of applying water
cooling to e-skin. Another way to address the lack of heat dissipation is to perform

thermal storage.”! '3!

Paraffin is a flexible thermal storage material and has
demonstrated excellent temperature regulation properties in this chapter. In general,

increasing the amount of phase change material can enhance heat dissipation. However,

too thick a phase change material heat sink can reduce the flexibility of the e-skin.

In conclusion, there is a need to strike a balance between heat dissipation and the
flexibility of the electronic skin. In recent years, the use of hydrogels for device cooling

has gradually attracted attention.'¥?-134 The natural flexibility of hydrogels coupled with
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the high latent heat of the water evaporation process makes them ideal for application
in thermal management of e-skins, however, how to harmonize the structure and

properties of e-skins and hydrogels is the key to make them widely applicable.

3.7 Summary

This chapter introduces the concept of S-thermo-e-skin, which is designed to mimic
bionic thermoregulation. The main focus of this study is to design a flexible TE device
and investigate the mechanical and thermoregulatory properties of the assembled e-skin.
The results demonstrate that the S-thermo-e-skin exhibits remarkable flexibility and
can easily conform to curved surfaces. Additionally, the incorporation of a paraffin-
based PCM heat sink enhances the heat absorption capability of the BiTe-based TE
device, thereby extending the operational time for thermoregulation. By harnessing the
Peltier effect, the S-thermo-e-skin is able to generate heat in low-temperature
environments and provide cooling in high-temperature environments. These unique
features enable the S-thermo-e-skin to maintain a constant temperature within the range

of 10-45°C, effectively replicating the isothermal regulation properties of human skin.

The energy utilization of the e-skin device exhibited similarities to the energy usage of
the human body in specific scenarios. The energy consumption reached a minimum
level within the thermoneutral zone (measuring 14.22 mW/cm? at an ambient
temperature of 35 °C) and increased when the environmental temperature deviated from
this range (reaching 71.32 mW/cm? at an ambient temperature of 10 °C). When the

target temperature exceeded the surrounding temperature, the e-skin successfully
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maintained its surface temperature at the desired level for a duration of two hours.
However, the heat capacity of the PCM limited the duration of this effect when the
ambient temperature was higher than the target temperature. Nevertheless, even in a
temperature of 40 °C, the e-skin was able to sustain a surface temperature of 35 °C for
approximately 1.5 hours, and for a duration of 0.75 hours even when the temperature
reached 45 °C. Furthermore, when subjected to a simulation of swift transitions
between indoor and outdoor temperatures (22 °C and 42 °C, respectively) on a hot
summer day, the S-thermo-e-skin device exhibited prompt response. The e-skin's
remarkable thermoregulation capability provides a promising option for the next
generation of intelligent prosthetic temperature simulation, which plays a crucial role

in improving amputees' quality of life and advancing research on bionics in robotics.
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CHAPTER 4 DUAL-MODE
THERMOREGULATING E-SKIN

4.1 Introduction

In Chapter 3, a successful implementation of surface thermoregulation was achieved
using the S-thermo-e-skin. However, the current thermoregulation capability of the S-
thermo-e-skin is limited in high-temperature environments due to the heat storage
capacity of flexible paraffin heat sink. To broaden the potential applications of
thermoregulating e-skin, it is crucial to enhance and optimize the thermoregulatory

functionality of the e-skin through further refinement.

Evaporation of sweat is an effective form of cooling in the human body.*: 13>-137

Inspired by the human perspiration mechanism, the liquid-to-vapor phase transition of
water serves as an appealing option for thermal management in e-skin due to its high
latent heat.'*®14 Consequently, hygroscopic hydrogels have garnered considerable
attention owing to their exceptional water-recycling properties.!*!"146 These hydrogels
exploit the alteration in saturated vapor pressure within their network of salt solution to
facilitate water exchange with the environment. In high-temperature conditions, water
is released, while in low-temperature conditions, water is absorbed. This water loss
process significantly lowers the object's temperature. However, despite their
demonstrated efficacy in cooling, hygroscopic hydrogels are passive in nature,

rendering them ineffective for situations requiring active thermoregulation.
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The thermoregulation mechanism of the human body is dependent on the integration of
heat production and dissipation processes. Inspired by this mechanism, e-skin can
achieve similar temperature modulation effects by incorporating bionic structures. A
flexible TE device has the potential to generate heat in low-temperature environments
and cool in high-temperature environments, resembling the heat production mechanism
of the human body and allowing for thermoregulation in various conditions. On the
other hand, a hygroscopic hydrogel can consistently evaporate moisture over an
extended period, simulating the cooling function of human sweat glands in high-
temperature settings. Therefore, a dual-mode thermoregulating e-skin (D-thermo-e-
skin) can effectively and optimally regulate temperature over a long-term period by
combining a flexible TE device with an active regulating functionality and a

hygroscopic hydrogel with a passive regulating functionality.

4.2 Concept design

Figure 4.1 a shows the D-thermo-e-skin, comprised of both an active thermoelectric
regulation layer and a passive ionic-hydrogel regulation layer. The D-thermo-e-skin
encompasses a breathable encapsulation layer featuring the sweathole structure, a
flexible TE device, a silicone/CNT foam, and a lithium- and bromine-enriched
polyacrylamide (Li-PAAm) hydrogel endowed with hygroscopic characteristics.
Among these, the active regulation layer, consisting of the flexible TE device, operating
on the principles of the Peltier effect to establish cold and hot regions at opposite sides
of the device, faithfully replicates the heat generation structure within the human body

while effectively governing the surface temperature. Conversely, positioned beneath
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the active regulation layer, the passive regulation layer consisting of silicone/CNT foam
and Li-PAAm hydrogel mimics the architecture of human sweat glands, evaporating
water in high-temperature environments and regenerating water in low-temperature
surroundings, thus emulating of perspiration behavior to cool the active regulation layer.
Among them, the addition of CNT can improve the hydrophobicity of silicone foam

and reduce the thermal resistance between hydrogel and silicone foam.

Figure 4.1 The design concept and application mechanism of D-thermo-e-skin. a) Basic
structure of D-thermo-e-skin. b) The mechanism of D-thermo-e-skin in cold

environments. ¢) The mechanism of D-thermo-e-skin in hot environments.

The isothermal regulation of D-thermo-e-skin is achieved through the combined efforts

of active and passive regulation layers. In low-temperature environments, the active
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regulation layer generates surface heat, while the hydrogel in the passive regulation
layer efficiently absorbs moisture from the surroundings through the sweatholes
(Figure 4.1 b). On the other hand, in high-temperature conditions, the active regulation
layer facilitates surface cooling by transferring heat from the lower layers to the
hydrogel via the silicone/CNT foam (Figure 4.1 ¢). This induces water evaporation,
which is then discharged through the sweatholes. By incorporating both active and
passive regulation layers, the D-thermo-e-skin achieves a balanced combination of heat
generation and dissipation. This closely resembles the behavior of human skin and

enables effective isothermal regulation in complex environments.

4.3 Fabrication of D-thermo-e-skin

The fabrication of the D-thermo-e-skin includes the fabrication of a flexible TE device,
the fabrication of silicone/CNT foam, and the encapsulation of the D-thermo-e-skin

(Figure 4.2).

4.3.1 Fabrication of active TE regulation layer

The flexible TE device was prepared as in previous literature. The 1.5 x 1.5 X 1.6 mm
size P-type Bio39Sbis1Tes.o3 TE leg and the same size N-type BiiosTe2sSeo2 TE leg
(Guangdong Fuxin Technology Co., Ltd.) were soldered together with the prefabricated
flexible circuit by reflow soldering. In this case, two pairs of P-type and N-type TE legs
were alternately soldered to copper electrodes to form a TE unit, which is then

connected to the flexible circuit.

4.3.2 Fabrication of the Silicone/CNT foam
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An inverted mold of white sugar was used to create a foam structure from the silicone,
which resulted in a foam structure with high thermal conductivity and porosity up to
65 %. CNT ink dispersions were prepared by dispersing CNT (200 mg, Shenzhen
Guosen Pilot Technology Co., Ltd.) and 200 mg of sodium dodecylbenzene sulfonate
as a surfactant in 200 ml of deionized water. The silicone foam was soaked several
times in the configured CNT ink and then removed and dried in an oven at a temperature

of 80°C to obtain the CNT/silicone foam.

4.3.3 Encapsulation of D-thermo-e-skin

PDMS was filled between the TE units and cured into shape. Subsequently, the
CNT/silicone foam is bonded to the flexible TE device composite by silicone. A well-
mixed solution (10 % acrylamide monomer, 0.05 % N,N’-methylenebisacrylamide,
0.05 % ammonium persulfate, 0.0002 % tetramethylethylenediamine, and 90%
deionized water) was poured into the Silicone/CNT foam for free radical
polymerization cross-linking to obtain the PAAm hydrogel e-skin. The PAAm hydrogel
e-skin was completely swollen in deionized water and then dried in air at 70 °C until
the hydrogel was dehydrated. Subsequently, the dehydrated hydrogels were immersed
in LiBr solution (35 wt.%) to obtain Li-PAAm hydrogel e-skin. The hydrogel was
encapsulated into the e-skin with silicone, and finally, perspiration holes of 1 mm size

were prepared between the TE legs for water evaporation.
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Figure 4.2 The fabrication process of D-thermo-e-skin.

4.4 D-thermo-e-skin with excellent flexibility

Figure 4.3 presents a physical photograph of the D-thermo-e-skin, measuring
approximately 86 mm x 55 mm x 3.5 mm in dimensions. The figure illustrates that the
sweathole structure is uniformly distributed on the surface of the D-thermo-e-skin,
providing a pathway for moisture exchange between the Li-PAAm hydrogel and the
external environment. The joining between the active regulation layer and the passive
regulation layer is ensured by utilizing high thermal conductivity silicone. Additionally,
the integration of the Li-PAAm hydrogel within the pores of the silicone/CNT foam in
the passive layer promotes efficient and homogeneous heat transfer from the active

layer to the hydrogel, facilitating evaporation.
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Figure 4.3 D-thermo-e-skin consisting of active and passive regulation layers.

The mechanical characteristics of the D-thermo-e-skin are vital for assessing its
suitability for practical applications. Previous studies in Chapter 3 have highlighted the
impressive flexibility of the TE device used in the D-thermo-e-skin. Similarly, the
silicone/CNT foam and Li-PAAm hydrogel in the passive regulation layer also possess
inherent flexibility. Furthermore, the e-skin demonstrated excellent mechanical stability,
as evidenced by its consistent internal resistance even after undergoing 200 cycles of

bending (Figure 4.4).

Figure 4.4 Mechanical properties of D-thermo-e-skin. a) D-thermo-e-skin has good

flexibility. b) The resistance of the e-skin hardly changes after cyclic bending.

4.5 Thermoregulation Performance of D-thermo-e-skin
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4.5.1 Thermoregulation of active regulation layer

The active regulation layer of the D-thermo-e-skin, as depicted in Figure 4.5, primarily
comprises a flexible TE device. This device utilizes the Peltier effect to convert
electrical energy into thermal energy, allowing for active temperature adjustments. The
flexible TE device consists of 36 TE units that are connected to flexible circuits.
Together, these TE units and circuits provide ample heating or cooling capacity to

effectively regulate the temperature of the D-thermo-e-skin.

Figure 4.5 Schematic illustration of the active regulation layer.

Under heating conditions, applying an energy cost of 10 mW/cm? caused the surface
temperature of the active regulation layer to increase from 23 °C to 26.8 °C. Increasing
the energy cost further to 40 mW/cm? resulted in the surface temperature reaching 32 °C
(Figure 4.6 a). Conversely, when operating in the cooling mode, applying an energy
cost of 10 mW/cm? caused the surface temperature of the layer to decrease by 3 °C
(Figure 4.6 c). Similarly, achieving a higher cooling capacity for the active regulation
layer required a higher energy cost. For example, increasing the energy cost to 40
mW/cm? resulted in a surface temperature decrease of 5.7 °C. Furthermore, the
inclusion of the island-bridge structure, consisting of the TE unit and flexible circuit,

provides the active regulation layer with flexibility. This flexibility allows the active
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regulation layer to effectively conform to the curved surface of a prosthesis for heating
or cooling purposes (Figure 4.6 b and d). As a result, the active regulation layer can
dynamically adjust its temperature to meet specific environmental requirements,
facilitating the D-thermo-e-skin in achieving isothermal regulation in different

environments.

Figure 4.6 Characterization of active regulation layer. a) Heating effect of the active
regulation layer. b) IR image of the active regulation layer in the heating mode. c)
Cooling effect of the active regulation layer. d) IR image of the active regulation layer

in the cooling mode.

4.5.2 Thermoregulation of passive regulation layer

The passive regulation layer of the D-thermo-e-skin consists of Li-PAAm hydrogel and
silicone/CNT foam, mimicking the function of human sweat glands. This design
enables the absorption of heat from the active regulation layer located on the topmost

surface of the e-skin. As a result, water evaporation takes place at elevated temperatures,
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leading to passive cooling effects on the e-skin. The purpose of this mechanism is to
improve the overall regulation performance of the D-thermo-e-skin, especially in high-

temperature conditions (Figure 4.7).

Figure 4.7 Schematic illustration of the passive regulation layer.

Water evaporation is crucial for simulating the structure of sweat glands in the passive
regulation layer. Hydrogels, which are characterized by a three-dimensional network
structure, have the unique ability to absorb significant amounts of water, dissolve within
it, and maintain their original structure without dissolution. This makes hydrogels an
ideal substrate for facilitating water evaporation. However, conventional hydrogels can
only re-swell when immersed in water after losing water at high temperatures, making
them unsuitable for cyclically reusing in e-skin applications. In high-temperature
environments, human perspiration leads to water loss, which can be replenished by
drinking water. However, D-thermo-e-skin lacks an external water source and thus
relies on the unique properties of Li-PAAm hydrogel for water regeneration. Elevated
temperatures disrupt the moisture equilibrium between the Li-PAAm hydrogel and the
surrounding atmosphere, resulting in evaporation and contraction of the polymer
network (Figure 4.8 a). The withdrawal of water from the Li-PAAm hydrogel at higher

temperatures reduces the hydrogel's saturation vapor pressure due to an increase in the
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ionic concentration. In this state, the hydrogel can attract and condense water molecules
on its surface at lower temperatures. Then water molecules then diffuse into the
hydrogel network, facilitating water regeneration. Figure 4.8 b and c¢ illustrate this
phenomenon, showing photo images of the hydrogel before and after experiencing
evaporation under heat. Remarkably, it demonstrates negligible changes in both the

shape and weight of the hydrogel.

Figure 4.8 Li-PAAm hydrogel has water recycling capability. a) Water cycle processes
of Li-PAAm hydrogel. b) Photograph of fresh Li-PAAm hydrogel. ¢) Photograph of

Li-PAAm hydrogel after regeneration.

Thermogravimetric analysis was performed to evaluate the water content of the Li-
PAAm hydrogel over a temperature range of 30 to 200 °C (Figure 4.9 a). The results
showed that approximately 40 wt.% of the overall weight of the hydrogel was
evaporable water. The high water content ensures an abundant supply of water available
for evaporation within the D-thermo-e-skin. The stability of the Li-PAAm hydrogel is

crucial for ensuring the long-term functionality and durability of the D-thermo-e-skin.

78



Interestingly, Figure 4.9 b illustrates the remarkable stability of the Li-PAAm hydrogel
under ambient conditions (25 °C, 65% RH), where its weight remains constant for 8
hours. In contrast, the pure PAAm hydrogel experiences continuous water loss over

time under the same test conditions.

Figure 4.9 Characterization of Li-PAAm hydrogel. a) Thermogravimetric analysis of
the Li-PAAm hydrogel. b) Normalized weight variation of Li-PAAm hydrogel and
PAAm hydrogel in the ambient air for 8 h. The ambient temperature and relative

humidity were 25 °C and 65 %, respectively.

Furthermore, the thermal conductivity of the Li-PAAm hydrogel is another important
property needs to be considered. The as-fabricated Li-PAAm hydrogel has a thermal
conductivity of 0.6 W/(m-K), challenging a quick response. To overcome it, a
silicone/CNT porous foam frame was designed to enhance the thermal conductivity of
the Li-PAAm hydrogel. As illustrated in Figure 4.10, the composite hydrogel exhibited
a thermal conductivity of approximately 1.8 W/(m-K), which was more than three times
higher than that of the pure Li-PAAm hydrogel. Additionally, the silicone material could
establish effective contact with the encapsulation material of the active regulation layer,

reducing the contact thermal resistance between the active and passive regulation layers.
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Figure 4.10 Thermal conductivity of Li-PAAm hydrogel and silicone.

It is crucial to prepare the silicone material in the form of a porous foam to
accommodate the Li-PAAm hydrogel to ensure even heating. The silicone foam is
designed with a pore size of approximately 500 um and contains connective channels
that allow for water exchange with the hydrogel and the surrounding environment
(Figure 4.11). It is important to note that the hydrophilic or hydrophobic nature of the
internal wall of the porous silicone influences the heat transfer between the silicone
frame and the hydrogel, thus impacting the water-evaporation response. Initially, the
pristine silicone displays hydrophobic behavior with a contact angle of water
measurement at 110.8°, attributable to the presence of silyl groups. The large contact
angle causes the hydrogel does not fill the foam smoothly, which can lead to insufficient
heat dissipation from the D-thermo-e-skin. CNT, as an amphiphilic material, is ideal as
a way to improve the hydrophobicity of the foam and reduce the contact thermal
resistance.'?® After several immersions, the CNT were covered on the surface of the

silicone foam, forming a contact surface between the hydrogel and the foam (Figure
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4.11 b). Contact angle tests showed that water droplets could be completely absorbed
by the foam, confirming the efficacy of the foam as a hydrogel cross-linking scaffold

and water transport channel.

Figure 4.11 Microstructure of silicone foam. a) SEM image and water contact angle of

silicone foam. b) SEM image and water contact angle of silicone/CNT foam.

The superior thermal conductivity of the Li-PAAm hydrogel/silicone composite
compared to the Li-PAAm hydrogel alone is clearly evidenced by the IR image (Figure
4.12 a). This enhanced thermal conductivity, combined with the notable hydrophilicity
of the CNT/silicone foam, leads to accelerated evaporation within the composite
material. Consequently, the composite exhibits an impressive evaporation rate of 41 wt.%
within a 3-hour period, and it regenerates back to its initial state within 7 hours under
the same test conditions. These improved evaporation and regeneration characteristics
facilitate a faster and more uniform heat transfer from the heat source, resulting in

enhanced heat dissipation to the TE device (Figure 4.12 b).
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Figure 4.12 Characterization of the passive regulation layer. a) Infrared images of Li-
PAAm hydrogel and Li-PAAm hydrogel/silicone composite. b) Mass change of the Li-
PAAm hydrogel and Li-PAAm hydrogel composite at 50 °C and RH =50 % and

subsequent mass recovery at 25 °C and RH =70 %, respectively.

4.5.3 Isothermal regulation of D-thermo-e-skin

The D-thermo-e-skin was designed to emulate the isothermal regulation capabilities of
human skin, with a target temperature set at 35 °C, which falls within the comfortable
temperature range for human skin.*> 12> 126 To test the isothermal regulation abilities of
the D-thermo-e-skin, it was connected to a PID control system and placed on a silicone
prosthesis in a wind channel. The initial temperature of the D-thermo-e-skin was 22 °C,
and the wind channel's airspeed was set to 0.5 m/s. At the 5th minute, the auxiliary
water was activated to change the air temperature, while simultaneously activating the
PID control system. The PID control system was turned off once the surface
temperature of the D-thermo-e-skin surpassed the desired temperature. To further
evaluate its performance, the D-thermo-e-skin was tested under convective conditions
at three different ambient temperatures: cold (Tamb=10 °C), mild (Tamb=25 °C), and hot

(Tamb=40 °C) temperatures (Figure 4.13 a).
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In contrast, the reference skin, lacks isothermal regulation functionality, shows surface
temperature fluctuations that mirror changes in the ambient temperature. For example,
in cold temperature environments, the surface temperature can drop as low as 10.9 °C,
while in mild temperature environments, it can rise to 25 °C. In hot temperature
environments, the surface temperature can climb to a concerning 38.6 °C. These
extreme temperature variations deviate significantly from the human body's comfort
zone, making interactions with such surfaces uncomfortable and potentially harmful

(Figure 4.13 b).

Figure 4.13 Surface temperatures of e-skin and its counterpart under the same
conditions. a) Simulated environmental conditions with different temperatures. b) The
surface temperature of the without D-thermo-e-skin at different environment
temperatures. c) isothermal regulation of the D-thermo-e-skin at different environment

temperatures.

The top layer of the active regulation section acted as a heat-producing region when
exposed to a cold environment at 10 °C. Consequently, the surface temperature of the
D-thermo-e-skin rapidly increased from an initial temperature of 22 °C to reach the
desired temperature of 35 °C. This temperature was maintained for an extended period.

Similarly, at a mild temperature of 25 °C, the D-thermo-e-skin's surface was heated to
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maintain a consistent temperature of 35 °C. The surface of the D-thermo-e-skin required
initial heating to sustain its constant temperature as the temperature further increased
to 40 °C. During this period, the top layer of the active regulation section continued as
the heat source, leading to a rapid rise in surface temperature to 35 °C. Additionally, the
entire surface area of the skin reached 35 °C after a certain period when testing the D-
thermo-e-skin in a wind channel. At this point, the top layer of the active regulation
section became the cold side and utilized surface cooling to maintain the intended
temperature. Simultaneously, the passive regulation layer became operational, causing
the hydrogel to perspire and remove excess heat from the hot side. This mechanism
facilitated an increased duration of isothermal adaptation for the D-thermo-e-skin

(Figure 4.13 ¢).

Figure 4.14 a illustrates the variations in surface temperature of the D-thermo-e-skin
and its counterpart under different ambient temperatures. The D-thermo-e-skin
exhibited effective isothermal regulation similar to the human body, maintaining a
constant surface temperature of 35 °C within the range of 10-45 °C. In contrast, the
surface temperature of the counterpart, which lacks thermoregulation, fluctuated in
accordance with the ambient temperature. It is evident that the D-thermo-e-skin
requires additional energy cost to maintain a constant surface temperature (Figure 4.14
b). Similar to the human body, the D-thermo-e-skin also achieved its minimum energy
cost when the ambient temperature matches the set temperature, which was 25.9
mW/cm? at 35 °C. Deviating further from the thermoneutral zone, a higher energy cost
was required to maintain a constant surface temperature (69.8 mW/cm? at 10 °C and

32.28 mW/cm? at 45 °C).
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Figure 4.14 Isothermal regulation performance of the D-thermo-e-skin. a) Effects of
isothermal regulation on artificial limbs. b) The energy cost of the D-thermo-e-skin to
maintain the surface temperature at 35°C at different ambient temperatures. c) The

effective time of isothermal regulation under different ambient temperatures.

Figure 4.14 ¢ presents the duration for which the D-thermo-e-skin effectively maintains
a surface temperature of 35 °C under varying ambient temperatures. When the ambient
temperature 1s equal to or below 35 °C, the D-thermo-e-skin can sustain the desired
temperature for an extended period as the generated heat can disperse freely into the
environment (only 4.5 hours are represented in the figure). However, in situations
where the ambient temperature surpasses 35 °C, the excess heat in the D-thermo-e-skin
relies on the evaporation effect of the passive regulation layer. If heat dissipation is
inadequate, the isothermal regulation capability of the D-thermo-e-skin will be
compromised. Thanks to the design of the passive regulation layer, the effective
duration of the D-thermo-e-skin in high-temperature conditions has been considerably
prolonged to 4.2 hours at an ambient temperature of 40 °C (280 % of the S-thermo-e-

skin) and 2 hours at an ambient temperature of 45 °C (270 % of S-thermo-e-skin).

Moreover, it was subjected to testing in a controlled environment at a temperature of

40°C with varying wind speeds to investigate the practicality of implementing the D-
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thermo-e-skin in real-world scenarios (Figure 4.15). Based on the test findings, the D-
thermo-e-skin remained effective for approximately 6.3 hours when exposed to a wind
speed of 0.25 m/s. However, under higher wind speed conditions of 1 m/s, the effective
time of the e-skin decreased significantly to 1.6 hours. Specifically, at 0.25 m/s wind
speed, the energy cost for thermoregulation by the D-thermo-e-skin was merely 21.8
mW/cm?, in stark contrast to the increased energy cost of 37 mW/cm? when the wind
speed escalated to 1 m/s. The intensification of wind speed augments the heat exchange
between the D-thermo-e-skin and the environment, amplifying the required energy

input while concurrently diminishing the operational time of the D-thermo-e-skin.

Figure 4.15 Isothermal regulation of D-thermo-e-skin at different wind speeds. a) At
40°C, the effective time of D-thermo-e-skin thermoregulation under different wind
speeds. b) At 40°C, the energy cost of D-thermo-e-skin for temperature control under

different wind speeds.

4.5.4 Environmental stability of D-thermo-e-skin

The passive regulation layer of the D-thermo-e-skin has demonstrated a sweat

evaporation mechanism that offers significant advantages in maintaining isothermal
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regulation, particularly in high-temperature conditions. Figure 4.16 a provides a visual
representation of the water loss of the D-thermo-e-skin before and after subjecting it to
a surface temperature of 35 °C within an ambient temperature range of 20-45 °C. At
lower temperatures, the D-thermo-e-skin generated heat with minimal sweating,
resulting in only 2.2 wt.% water loss after 4.5 hours at 20 °C. The slight weight change
observed can mainly be attributed to natural evaporation brought about by strong
convection. As the ambient temperature increased to 40 °C, the D-thermo-e-skin
underwent cycles of heating and cooling. During this phase, the D-thermo-e-skin
initiated profuse sweating to maintain the isothermal regulation effect. This led to a
water loss of 11.54 wt.% in 4.2 hours. As the temperature continued to rise to 45 °C,
the sweating rate further increased, resulting in a water loss of 6.19 wt.% after two
hours. These findings once again highlight the remarkable similarity between the
thermoregulatory patterns of the D-thermo-e-skin and human skin. At low temperatures,
both exhibit minimal or absent sweating, whereas at high temperatures, significant
sweating occurs. The ability to replenish lost water significantly influences the self-

sustaining evaporative cooling capability of the D-thermo-e-skin.

Figure 4.16 b illustrates the results of moisture regeneration in the D-thermo-e-skin
under different humidity conditions after achieving isothermal regulation at 40 °C (with
an ambient temperature of 25 °C). When exposed to a 60% humidity environment, the
vapor pressure of the hydrogel within the D-thermo-e-skin was lower than the
surrounding vapor pressure. As a result, the hydrogel absorbed moisture from the
environment, gradually reducing water loss from 11.54 wt.% to 0.14 wt.%. Additionally,

higher humidity levels led to a shorter regeneration time for moisture in the D-thermo-
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e-skin, decreasing from 11 hours to 4 hours as the humidity increased from 60% to 90%.

Figure 4.16 Circulatory properties of the D-thermo-e-skin. a) Water evaporation curves
of the D-thermo-e-skin in the environments of different temperatures, varying from 20
to 45°C. b) The water regeneration of D-thermo-e-skin at 25 °C, and in various relative

humidity from 60 % to 90 %.

In Figure 4.17 a, we present a visual representation of the weight variation observed in
the D-thermo-e-skin during repetitive cycles of sweat evaporation and regeneration.
The weight change occurred between two distinct states: the hydrated state (0 wt.%)
and the dehydrated state (11.54 wt.%). Additionally, as shown in Figure 4.17 b, the D-
thermo-e-skin consistently performed well in adapting to temperatures in a 40 °C
environment across different days. Specifically, it maintained stable isothermal
regulation for 4.2 hours in each instance. These findings provide evidence of the
exceptional water cycling capabilities of the D-thermo-e-skin, which can be attributed
to the characteristics of hygroscopic hydrogels. As a result, the D-thermo-e-skin
demonstrates the necessary stability and reusability for effective isothermal regulation

in real-world environments.
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Figure 4.17 Reusability of the D-thermo-e-skin. a) Cyclic performances of water
evaporation—regeneration of D-thermo-e-skin. b) Effective time of D-thermo-e-skin at

40 °C varying from 1% day to 30" day.

4.5.5 Transient thermoregulation of D-thermo-e-skin

Transient thermoregulation plays a crucial role in the temperature adaptation of the D-
thermo-e-skin. The temperature receptors in their skin detect the temperature difference
between their body and the object when an individual touches an object, triggering
thermosensation in the nerve center. This process prompts the body to engage in
transient thermoregulation. However, there is a delay in this response as it takes time
for heat generation or dissipation in the core of the body to affect the surface. Prolonged
contact with hot or cold objects can result in temperature fluctuations in the skin,
causing discomfort or skin damage.'*’ To investigate these phenomena, thermocouples
were attached to both human skin and the D-thermo-e-skin. This allowed for the
monitoring of temperature changes after contact with various objects, where the
ambient temperature was 25 °C and both human skin and the D-thermo-e-skin were

initially set at 32 °C. Additionally, an estimation was made of the energy cost required
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by the D-thermo-e-skin for thermoregulation, as depicted in Figure 4.18.

Figure 4.18 Transient thermoregulation of D-thermo-e-skin. Schematics of a) human

skin touch object. b) D-thermo-e-skin touch object. c) transient thermoregulation.

The analysis focused on the temperature changes of human skin upon contact with
various objects. Initially, the human skin temperature was recorded at 32 °C (Figure
4.19 a). When the skin came into contact with a cold-water bottle at 25 °C, the skin
temperature decreased, reaching 27.9 °C, which fell below the comfortable temperature
range for the human body. Subsequently, after the removal of the cold-water bottle, the
skin temperature gradually increased and returned to its initial temperature within a
period of five minutes. Conversely, when the skin made contact with a human hand, the
skin temperature gradually increased to 34.9 °C due to reduced heat dissipation. After
the hand was removed, the skin temperature slowly decreased to 32.6 °C over a span of
five minutes. Similarly, when the skin was in contact with a hot-water bottle at 40 °C,
the surface temperature promptly rose to 37.2 °C, deviating from the initial temperature.

Following the removal of the hot-water bottle, the skin temperature gradually decreased
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and eventually reached 33.4 °C. These findings offer evidence of the efficient and
dynamic regulation of skin temperature facilitated by the active regulation layer of the

D-thermo-e-skin.

Figure 4.19 Temperature variations of human skin and D-thermo-e-skin. a) Schematic
of human skin touching objects. b) Schematic of D-thermo-e-skin touch objects. c)

Energy cost when the D-thermo-e-skin touches objects.

In comparison, the D-thermo-e-skin exhibited a rapid decrease in temperature upon
contact with the cold-water bottle, reaching 28.7 °C. The active regulation layer then
quickly heated the skin to 32 °C, which is equivalent to human skin temperature.
However, upon removal of the cold-water bottle, the surface temperature initially rose
due to the thermoregulation process, and then rapidly dropped. Despite these

fluctuations, the surface temperature of the D-thermo-e-skin remained stable at 32 °C
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with minor variations during contact and removal, as it was set to align closely with the
temperature of the human hand. In contrast, when in contact with the hot-water bottle,
the D-thermo-e-skin experienced a swift increase in temperature, reaching 35.3 °C. The
active regulation layer promptly cooled the surface, restoring the temperature to 32 °C
within a few seconds. The temperature of the D-thermo-e-skin briefly decreased and
then increased again once the hot-water bottle was removed, as the excess cooling
capacity caused fluctuations (Figure 4.19 b). As a result, by interacting with various
objects, D-thermo-e-skin exhibits instantaneous thermoregulation capabilities beyond

those of human skin, providing faster and quicker interactions for robots.

The thermoregulation process of the D-thermo-e-skin can be evaluated through its
energy cost, as shown in Figure 4.19 c. The energy cost of the D-thermo-e-skin
increased from 32 mW/cm? to 65 mW/cm? when in contact with a cold-water bottle,
indicating the need to intensify heat generation in order to maintain the desired surface
temperature. Conversely, when in contact with a human hand which generates heat and
has a similar temperature, the energy cost decreased from 32 mW/cm? to 16 mW/cm?
as the demand for heat generation decreased. The high heat emission from a hot water
bottle disrupted the surface temperature equilibrium of the D-thermo-e-skin,
necessitating substantial energy consumption for cooling in order to maintain a
temperature of 32 °C. Consequently, the energy cost increased from 31 mW/cm? to 73

mW/cm?.

4.6 Correlation between sweathole and water evaporation
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Water evaporation is a direct reflection of the heat carried away by the passive
regulation layer. However, the 11.54% water evaporation at failure at high temperatures
does not reach the upper limit of hydrogel evaporation. One of the reasons is that the
large thermal resistance between the active and passive regulation layers results in the
heat generated not being able to dissipate through water evaporation in time. Another
reason is that sweatholes affect the water exchange between the e-skin and the external

environment (Figure 4.20).

Figure 4.20 Sweatholes regulate water evaporation.

In general, sweatholes act as water exchange channels between the e-skin and the
environment and serve to regulate the amount of water evaporation. Their shape and
number affect the amount of water evaporation. Common sweathole materials are
polymers, which are usually not hydrophilic. Selective surface modification methods
are used to alter the hydrophilicity of sweatholes.!*> 148150 The bottom of the pore is
weakly hydrophilic and the top of the pore is strongly hydrophilic, resulting in a
hydrophilicity gradient of the pore. This gradient wettability facilitates unidirectional

water transport from the bottom to the top surface. On the other hand, thermostimuli-
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responsive polymers are used to fabricate smart pore switches that mimic the human
body's sweat evaporation process to change the number of sweatholes.!0 131153
PNIPAM, a commonly used thermostimuli-responsive polymer, possesses both
hydrophilic and hydrophobic transitions at a specific lower critical solution temperature
(LCST) near 32°C. Below the LCST, PNIPAM becomes hydrophilic, causing the
sweatholes to close. There is no channel for water exchange with the outside world,
resulting in less water evaporation. Above LCST, PNIPAM becomes hydrophobic,

causing the sweatholes to open. There are more channels for water exchange with the

outside world, resulting in more water evaporation.

As a result, the design of sweatholes can be carried out with full consideration of the
above two approaches when carrying out the moisture management of e-skin, so that
the amount of water evaporation can be adjusted proactively in different environments

to achieve a more bionic purpose.

4.7 Summary

In this chapter, we have successfully replicated the thermoregulation mechanism of the
human body by developing a D-thermo-e-skin. This D-thermo-e-skin incorporates both
active TE thermoregulation and passive water evaporation. It represents the first
instance of long-lasting stable thermoregulation in a D-thermo-e-skin. We achieved this
by combining a flexible TE device with a Li-PAAm hydrogel composite, which allowed
us to unify heat generation and heat dissipation, thereby altering the temperature

characteristics of conventional e-skin. Our developed D-thermo-e-skin is capable of
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maintaining a surface temperature of 35 °C across a wide temperature range of 10-45 °C.
This achievement is attributed to the design of our active and passive regulation layers,
which significantly enhance the effective time of the D-thermo-e-skin in different
environmental conditions. For instance, at an ambient temperature of 25 °C, the D-
thermo-e-skin can maintain its thermoregulation capability for 4.5 hours, while at an
ambient temperature of 40 °C, it remains effective for 4.2 hours. An important feature
of our D-thermo-e-skin is its hygroscopic hydrogel properties. These properties enable
the D-thermo-e-skin to reabsorb water from the surrounding atmosphere during
isothermal regulation. In fact, in a humidity level of 90%, the water in the D-thermo-e-
skin returns to its hydro state within a mere 4 hours. Stability is another notable
characteristic of our D-thermo-e-skin. We observed nearly constant effective time
across multiple isothermal regulation cycles in a 40 °C environment, indicating
remarkable stability. Additionally, the water evaporation-regeneration mechanism
ensures that the D-thermo-e-skin can be reused. Furthermore, the D-thermo-e-skin
demonstrates rapid thermoregulation capabilities that surpass those of human skin. Its
surface temperature can be rapidly adjusted to approximately 32 °C within seconds by
leveraging the cooling or heating function of the flexible TE device when in contact
with various objects. Overall, our bionic D-thermo-e-skin exhibits practical
thermoregulation abilities, providing valuable insights into mimicking human
thermoregulation. This development also holds promise for implementing bionic

thermal sensing in robots.
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CHAPTER 5 HEAT-SOURCE-IDENTIFICATION
OF TEMPERATURE SENSOR

5.1 Introduction

Chapters 3 and 4 aim to replicate the function of isothermal regulation, demonstrating
the ability to maintain a consistent temperature within a wide temperature range.
Conventional temperature sensors only provide a simple measurement of absolute
temperature.'>*1®! Conversely, the human body's perception of thermal comfort relies
on various factors, such as different heat sources, energy levels, and duration. By
integrating multidimensional thermal sensing capabilities, e-skin can assist humans in
identifying a more comfortable temperature environment. Moreover, e-skin can adapt
its thermal regulation methods to diverse heat sources, and respond by generating or
dissipating heat, or avoiding extreme temperatures. This proactive approach minimizes
the likelihood of performance degradation or damage caused by overheating or
overcooling, thereby improving work efficiency and extending the service life of e-skin.
Achieving successful heat source identification remains a significant challenge for

temperature sensors.

External heat sources include three types: thermal conduction, thermal convection, and
thermal radiation, based on the mode of heat exchange between the human body and
the environment. We then explain the signal characteristics of these heat sources.
Thermal conduction is characterized by temperature change, pressure change, and

proximity effect. Thermal convection is characterized by temperature change and
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pressure change. Thermal radiation is characterized by temperature change only. To
capitalize on these signal characteristics, we designed a multimodal temperature sensor
that utilizes the ionic relaxation time as a key determining factor. This sensor has the
ability to convert various environmental stimuli, such as temperature, pressure,
proximity, and wind speed, into electrical signals. This capacity allows the sensor to
effectively differentiate between heat sources that employ different heat exchange

mechanisms.

5.2 Concept design

The decomposition of heat-source signals is essential for realizing heat-source
identification. In heat exchange scenarios, the heat source and object experience
additional physical responses alongside the temperature stimulus. Thermal conduction
involves direct contact between the heat source and the object, resulting in proximity,
pressure stimuli, and temperature. Thermal convection occurs when a fluid, such as air,
interacts with an object, leading to temperature and pressure stimulation combined with
wind. Thermal radiation, on the other hand, relies on the principle of blackbody
radiation for heat exchange with an object. As there is no direct contact, only
temperature stimulus affects the object. The unique characteristics of heat source
signals allow for the implementation of heat-source identification functionality in e-

skin.

Multimodal sensing is necessary to differentiate between various physical signal types

emitted by a heat source. The efficacy of multimodal sensing relies on decoupling,
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which involves eliminating interference between different stimuli in a multi-input
scenario to ensure accurate measurement of the desired input signal. However, this
requirement often leads to complex fabrication processes and high costs due to the
utilization of heterogeneous sensing units with varying architectures, materials, and
mechanisms. To address this challenge, a promising solution entails the development
of novel materials that integrate multiple sensing mechanisms within a single sensing
unit, resulting in a solitary signal output. For instance, Bao's team has successfully
created a multimodal e-skin featuring an electrode-electrolyte-electrode sandwich
structure, utilizing the ionic conductor as the active material. This clever design exploits
the principles of ionic relaxation dynamics to achieve complete decoupling of

temperature and strain measurements within the sensor.'®?

In this chapter, the multimodal temperature sensor is introduced, which is a capacitive
type sensor designed with a sandwich structure consisting of copper electrodes and a
methoxy poly(ethylene glycol) acrylate (MPEG-DA)-based ion gel (Figure 5.1 a). The
electrochemical properties of this sensor are primarily determined by the movement of
ions near the interface of the electrode-ion gel and within the active material. Notably,
the ion gel exhibits frequency-dependent ionic properties, which are essential for
utilizing the ionic relaxation response in thermosensation. The ionic relaxation time,
denoted as 7, is an inherent material parameter that is solely affected by temperature
and remains unaffected by other signals (Figure 5.1 b). Meanwhile, the capacitance of
the sandwich structure displays variations under the influence of external pressure,
making it suitable for pressure detection. Furthermore, the capacitance can be utilized

as an external variable that is insensitive to temperature, enabling the detection of strain.
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Lastly, capacitive sensors are capable of proximity sensing since their surface charge

distribution can be influenced by external objects.

Figure 5.1 The design concept and application mechanism of multimodal temperature
sensor. a) Basic structure of the multimodal temperature sensor. b) The mechanisms of
multimodal sensing. c¢) The heat-source-identification mechanism of multimodal

temperature sensor.

The above-mentioned sensing mechanisms respond differently to temperature, pressure,
and proximity stimuli. When the heat source signals are decomposed, this mechanism
can be effectively used for identifying heat sources of objects (Figure 5.1 ¢). In the
thermal conduction model, changes in temperature-induced 7, proximity-induced
negative capacitance, and pressure-induced positive capacitance reflect this process. In
the thermal convection model, the signal can be decomposed into changes in
temperature-induced T and wind pressure-induced positive capacitance. However, in

the thermal radiation model, only temperature-induced changes are observed. The
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proposed multimodal temperature sensor combines intrinsic and extrinsic variables in
a single unit, providing a valuable alternative for designing multimodal

thermosensation in e-skin applications.

5.3 Fabrication and characterization equipment of multimodal

temperature sensor

The multimodal temperature sensor utilized a rapid photopolymerization process to
create an ion gel. Methoxy poly(ethylene glycol) acrylate (MPEG-DA) was used as the
monomer and lithium bis(pentafluoroethylsulfonyl) imino-ammonium (Li-PFSI) was
used as the electrolyte salt at a concentration of 0.1 M. Thorough mixing was performed.
In Figure 5.2 a, the molecular structures of the monomer (MPEG-DA), electrolyte salt
(Li-PFSI), cross-linker (poly(ethylene glycol) diacrylate), and photoinitiator (UV184)
are presented. Figure 5.2 b illustrates the mechanism of ion transport in ionic gels,
where Li" ions form lithium-oxygen (Li-O) bonds with the oxygen atoms in the chain
of the methoxy poly(ethylene glycol) acrylate, enabling their migration within the gel
matrix through the formation and breakage of these Li-O bonds. Intra- or inter-chain
hopping can facilitate ion transport, along with the gradual replacement of Li* solvating
ligands and the rearrangement of chain segments, enabling long-range ion transport.
Figure 5.2 ¢ showcases a photograph of the fabricated multimodal temperature sensor
device, featuring a sandwich structure with copper electrodes positioned at both ends
and an ion gel film in the middle. Figure 5.2 d shows the precision impedance analyzer
used to test the sensor. During testing, the upper and lower electrodes of the device were

connected to the fixture of the precision impedance analyzer to access the signal
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acquisition system and generate electrical output signals.

Figure 5.2 Fabrication and characterization equipment of multimodal temperature
sensor. a) Molecular structure and composition of ionic gel precursors. b) lon gel
structure and ion transport mechanism. c¢) Image of the multimodal temperature sensor.

d) Agilent 4298A Precision Impedance Analyzer.

5.4 Multimodal temperature sensor realizes basic thermosensation

The ion relaxation time of the multimodal temperature sensor is an intrinsic parameter
that is temperature-sensitive. This parameter can be represented and fitted using an
equivalent circuit, which serves as a measuring tool. In the case of this sensor, the
impedance spectrum of the electrochemical system can be effectively captured and
modeled using the equivalent circuit depicted in Figure 5.3. This circuit is composed
of several elements, namely a constant phase angle element (Cepr), a bulk resistance
(ionic resistance) (Rs), a bulk capacitance (geometrical capacitance) (Cp), and an

electrode resistor (Re) resulting from the electrically-doped double layer, abbreviated
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as R(RQ)Q thereafter.

Figure 5.3 Ion relaxation time that can be used for temperature sensing

In the electrochemical system of metal electrode-ion gel-metal electrode, the
impedance spectra of ion gels with ion relaxation time response provide clear
characterization. The electrochemical parameters of the ion gel are predominantly
influenced by ion migration at low frequencies, while molecular polarization of the
polymerized chains dominates at high frequencies. Throughout the lhigh-
frequencyquency range, the electrical response corresponds to the behavior of Cs due
to the reduction of virtual resistance and is particularly impacted by molecular
polarization at high frequencies. The discharge process in the RC parallel circuit takes
place within a specific duration known as the ion relaxation time (7), which is
determined by the product of resistance and capacitance (t = RC). This duration

represents the time required for ion polarization to dissipate and serves as a fundamental
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concept used in this chapter for implementing thermosensation. Utilizing the Porter
diagram, the ion relaxation frequency (7™') in the RC parallel circuit can be identified
as the frequency at which the real impedance (plateau) intersects the imaginary
impedance (diagonal). Notably, the relaxation time (7) of ion polarization in the system
corresponds to the critical frequency, which serves as an inherent parameter of ionic
gels and is exclusively influenced by temperature. Higher temperatures lead to an
increase in the ionic relaxation frequency, while the application of pressure has no effect

on its value.

The ability of the multimodal temperature sensor to carry out thermosensation in e-skin
is reliant on its thermosensation ability. The multimodal temperature sensor was
connected to a heat source using electrodes and linked to a precision impedance
analyzer. During this experiment, the temperature of the heat source was altered, and
the impedance spectrum of the multimodal temperature sensor was measured. Figure
5.4 provides a representation of the electrochemical parameters of the multimodal
temperature sensor within the temperature range of -20 °C to 180 °C. The Rz and Cs
values shown in the figure were obtained by fitting an equivalent circuit model and
have a temperature interval of 10 °C. As the temperature increases from -20 °C to
180 °C, the bulk resistance of the multimodal temperature sensor gradually decreased
from 11.29 MQ (/n(R) = 16.24) to 15 kQ (In(R) = 9.64) (Figure 5.4 a). This decrease
can be attributed to the increased movement of polymer chains at higher temperatures,
allowing for easier transportation of Li" ions within or between the chains and resulting
in higher conductivity. Figure 5.4 b) shows that the bulk capacitance initially increased

and then decreased as the temperature rose from -20 °C to 180 °C, with the maximum
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capacitance observed at 20 °C. The change in capacitance was smaller compared to the
change in bulk resistance. These findings demonstrated that the ionic gels used in the
multimodal temperature sensor can reliably generate electrochemical signals over a
wide temperature range, spanning from extremely low (-20 °C) to high (180 °C)

temperatures.

Figure 5.4 Electrochemical parameter responses of multimodal temperature sensor in

the range of -20 °C to 180 °C. a) Bulk resistance Rs. b) Bulk capacitance Cs.

The accuracy of a temperature sensor depends on its linearity, which represents the
relationship between the sensor's output and input values. In Figure 5.5, the
temperature response of the multimodal temperature sensor within the range of -20 °C
to 180 °C was presented based on the ionic relaxation time obtained by fitting the
measured bulk resistance and bulk capacitance using an equivalent circuit (z=RC). The
results demonstrated that the multimodal temperature sensor exhibited a high degree of
linearity in its output response to temperature variations. The value of [n(t) increased

from 8.01 at -20 °C to 16.15 at 180 °C, resulting in a linearity coefficient of 0.993.
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Figure 5.5 Linear response of ion relaxation time to reversed temperature in the range

of -20 °C -180 °C for the multimodal temperature sensor.

The detection limit of a sensor refers to the smallest detectable physical quantity or
variation, which indicates the sensor's sensitivity and accuracy. Traditional temperature
sensors typically have a minimum detection limit of 0.1 °C. However, improving the
minimum detection limit of temperature sensors allows for more precise sensing in
challenging test environments. The temperature response of its ion relaxation time was
measured to evaluate the detection limit of the multimodal temperature sensor (Figure
5.6). A commercial TEC device was used as the heat source and a multimodal
temperature sensor was attached to the heat source and placed in a draft-free
environment. The temperature of the heat source surface was controlled using a PID
control system connected to a thermistor. The heat source's temperature varied between
23.750 °C and 23.755 °C (Figure 5.6 a). Remarkably, Figure 5.6 b shows that the ion
relaxation time of the multimodal temperature sensor exhibits a noticeable response to

a mere 0.005 °C temperature change. This result demonstrates the sensor's exceptional
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sensitivity to temperature fluctuations, surpassing a detection limit of 0.005 °C and
confirming its ability to detect slight temperature changes in the surrounding

environment.

Figure 5.6 Detection limits of the multimodal temperature sensor. a) Temperature

change of the heat source. b) Response of multimodal temperature sensor.

The response time of sensors is a critical performance parameter that ensures the
accuracy and stability of measurement outcomes. It refers to the delay in the sensor's
internal processing after signal transmission caused by the physical quantity of the
actual stimulus. A prolonged response time can lead to significant hysteresis, resulting
in reduced measurement accuracy and real-time monitoring efficiency, which fails to
meet the requirements of real-time monitoring. In the structure of the multimodal
temperature sensor, high thermal conductivity copper electrodes are present at both
terminations, along with an ultra-thin (100 pm) ionic gel serving as the middle layer to
facilitate rapid heat transfer. Figure 5.7 depicts the swift response of the multimodal
temperature sensor to changes in temperature, with a response time of merely 0.3 s,

confirming its capability for real-time temperature measurement.
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Figure 5.7 Response time of multimodal temperature sensor under a wind stimulus.

Cyclic stability is a critical factor in assessing the long-term operational stability of a
sensor, as it determines the stability of the sensor's output signal under repetitive
measurements. In this study, Figure 5.7 illustrates the real-time signal of the multimodal
temperature sensor's ion relaxation time output when subjected to a continuous
temperature stimulus. The stimulus involved periodic heating and cooling cycles of a
heat source, ranging between 25 °C and 30 °C, precisely controlled using a PID system
(Figure 5.8 a). The results indicate that the multimodal temperature sensor exhibited a
consistent and uniform signal output throughout 20 temperature fluctuation cycles, with
In(t) values ranging from 11.05 to 11.33 in response to temperature variations. This

indicates the absence of signal drift during the testing process (Figure 5.8 b).
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Figure 5.8 Stability of multimodal temperature sensor under temperature cycling. a)
Temperature change of the heat source. b) lon relaxation time response of multimodal

temperature sensor.

5.5 Sensing mechanisms for multimodal temperature sensor

Following the comprehensive characterization tests mentioned above, the multimodal
temperature sensor demonstrates exceptional performance in terms of temperature
response work function, validating its fundamental thermosensation capability.
However, when it comes to identifying multi-dimensional heat sources, relying solely
on individual temperature detection signals falls short of achieving the desired
resolution. As a result, this chapter aims to separate temperature and pressure
considerations by leveraging the ion relaxation time response mechanism. The ionic
relaxation time provides an ideal pressure-insensitive variable for temperature detection.
Normalized capacitance, on the other hand, can effectively detect changes in
capacitance due to size-independent variations caused by external forces, making it
suitable for pressure sensing. Furthermore, parallel shift capacitors exhibit changes in

capacitance caused by an induced charge when in close proximity to charged objects,
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enabling proximity induction. Combined with these mechanisms, the multimodal

temperature sensor completes the identification of various excited heat sources.

5.5.1 Ion relaxation time for temperature-sensitive

The ionic relaxation time serves as a temperature-sensitive and pressure-insensitive
parameter, employed in this chapter's analysis. It is represented by the product of the
Rp and the Cp. While both Rs and Cp are influenced by the material's dimensions, the
dimensional factor entirely cancels out when multiplying them together. As a result, it
can function as a crosstalk-independent parameter for temperature measurements,

completely immune to dimensional variations.

T = RBCB (5-1)

Within the electrochemical system featuring an ionic gel as the electrolyte, the Bode
plot showcases the ionic relaxation time reaching a critical point at both mid and high
frequencies. By scrutinizing the frequency shift in this plot, it becomes possible to
visualize the temperature sensitivity. Figure 5.9 exhibits a notable downward shift in
the overall sensor resistance and a corresponding shift of T towards higher frequencies
as the temperature rises. Specifically, the impedance at 1 kHz decreased from 2.3 MQ
to 112 kQ, accompanied by an increase in the ion relaxation frequency from 3.4 kHz to
29 kHz. Additionally, under varying pressures exerted at constant temperatures, the
impedance spectrum as a whole underwent a downward shift. At 1 kHz, the impedance
diminished from 339 kQ to 303 kQ, while the ion relaxation frequency remained

consistent at 5.8 kHz.
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Figure 5.9 Analysis of temperature-pressure decoupling mechanism for multimodal
temperature sensor. a) Response at different temperatures. b) Response at different

pressures.

As shown in Figure 5.10, the change of t of the device from 20 °C to 40 °C remained
almost constant compared to not being subjected to pressure and maintained a good
linearity when pressures of 10 kPa and 50 kPa were applied to the multimodal
temperature sensor. The insensitivity of t for thermosensation to pressure and its
accuracy under large deformation were verified by testing the thermosensation linearity
of the multimodal temperature sensor when subjected to pressure. Thus, 7 responded
only to temperature and not to other stimuli such as pressure and thus can be used as a
reference variable to separate and decouple it from the mixed signal and achieve

accurate identification in multiple stimulus signals.
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Figure 5.10 Temperature linear response of multimodal temperature sensor at constant

pressure.

5.5.2 Capacitance change for pressure-sensitive

Capacitance is an external variable affected by the dimensions of the sensing region or
volume. This enables its application in monitoring the forces leading to dimensional
alterations. In the case of a multimodal temperature sensor subjected to pressure, the
ionic gel's thickness diminishes, resulting in an increase in Cs and a decrease in Ra,
while maintaining a constant value for t. The underlying principle of capacitive
pressure sensing resides in the alteration of body capacitance induced by material

deformation.

=5 (5-2)

The Cp represents a geometric capacitance, intimately linked to the dielectric constant

(¢) and the size parameters (4, d). [1lustrated in Figure 5.11, when subjected to external
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pressure, the sensor experiences a reduction in the thickness of the ionic gel, leading to
a capacitance alteration. By employing an elastic material, the device can undergo

deformation even under minimal pressure, consequently generating a signal output.

Figure 5.11 The capacitance of the multimodal temperature sensor is affected by

pressure.

The downward shift of the impedance spectrum is observed as Rp experiences a
decrease in impedance under compression. However, the ion relaxation time remains
unaffected due to the compensatory effect of the dimensional elements. Consequently,
the normalized capacitance (AC/Co) can be determined based on 7 to eliminate any
temperature-related influences. AC/Co serves as a calibrated parameter by passing Cs
through the pressure-insensitive 7, and it is independent of temperature. Hence, it can

be employed as a pressure-sensing variable, decoupled from any temperature changes.

Figure 5.12 presents the pressure response of the multimodal temperature sensor's
normalized capacitance AC/Co within the range of 200 Pa to 800 Pa. The results
demonstrated the multimodal temperature sensor's remarkable sensitivity to pressure
variations during the cyclic pressure test at 600 Pa. The AC/Co value reached 0.59%,

indicating a substantial response to the applied pressure stimulus. Moreover, the
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multimodal temperature sensor exhibited not only a strong linear response to pressure

changes but also the capability to detect pressure stimuli as low as 200 Pa.

Figure 5.12 The capacitance of a multimodal temperature sensor is affected by pressure.

a) AC/Co at a pressure stimuli of 600 Pa. b) AC/Co at different pressures.

5.5.3 Capacitance change for proximity sensing

The principle of capacitive proximity sensing, on the other hand, hinges upon
alterations in capacitance caused by induced charges stemming from the conductive
body's proximity to the device. As depicted in Figure 5.13, the conductor and the
electrode generate an induced charge when an object draws near the top electrode,
leading to an electric field redistribution and consequent increases in capacitance. The
generation of induced charges is contingent upon the conductor's charge, proximity

distance, and proximity speed.
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Figure 5.13 The capacitance of multimodal temperature sensor is affected by proximity.

In Figure 5.14 a, the multimodal temperature sensor's non-contact proximity sensing
mode was demonstrated, specifically focused on object proximity detection. In this
experiment, a finger moved closer to the electrodes positioned on the upper surface of
the multimodal temperature sensor. As this occurs, the original electric field of the
parallel-plate capacitor underwent modification, leading to the swift generation of an
induced charge on the electrode surface. This charge manifested as a rapid reduction in
electric potential, with a corresponding variation in AC/Co of -0.45% observed at a

proximity distance of 1 cm.

Figure 5.14 The capacitance of a multimodal temperature sensor is affected by
approach. a) AC/Co at an approaching excitement of lcm. b) AC/Co at different

approaching distances.
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Figure 5.14 b presents the graph depicting the normalized change in capacitance
relative to the proximity distance for the multimodal temperature sensor when in the
vicinity of a charged entity. The sensor exhibited a capacitive reaction to non-contact
approaches and departures even at finger proximity distances of up to 10 cm from the
electrodes, with a AC/Co value of -0.27%. Diminishing the proximity to 5 cm and 3 cm
led to a AC/Co response of -0.29% and -0.33%, respectively. Consequently, the sensor
demonstrates considerable sensitivity to object proximity and its rapid response aids in

the identification of heat exchange patterns.

5.5.4 Temperature and pressure decoupling of multimodal temperature

sensor

The multimodal temperature sensor effectively distinguishes external temperature and
pressure stimuli by utilizing two distinct quantities: [n(t) for temperature sensitivity
and AC/Co for pressure sensitivity, as described earlier. The performance of the
multimodal temperature sensor was evaluated by testing its In(t) and AC/Co response
to changes in the heat source temperature, as illustrated in Figure 5.15. During multiple
testing cycles, [n(r) consistently increased from 11.03 to 11.36 as the heat source
temperature increased from 25 °C to 30 °C. Furthermore, when the heat source
temperature reached 45 °C, In(r) exhibited a synchronized response, reaching 12.21.
Throughout the temperature shift range (25 °C - 45 °C) of the heat source, AC/Co, which
was sensitive to pressure, remained at 0 in the absence of any pressure stimulation,

indicating that it solely responded to changes in temperature.
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Figure 5.15 Signal response of multimodal temperature sensor under temperature
stimulation. a) The temperature of the heat source. b) In(t) and AC/Co at different

temperature.

Similarly, the response of (n(t) and AC/Co of the multimodal temperature sensor under
exclusive pressure stimuli was examined (Figure 5.16). The multimodal temperature
sensor underwent cyclic pressure evaluations in a dedicated apparatus at room
temperature. AC/Co exhibited a rise from 0 to 1.99% and maintained stability across
multiple tests as the pressure increased from 0 kPa to 5 kPa. Furthermore, AC/Co
climbed to 4.73% as the pressure source escalated to 20 kPa, aligning with the pressure
stimulus. Notably, during the pressure transition (0 kPa - 20 kPa), In(t), acting as a
temperature-sensitive parameter, hovered around 11.08, unaffected by the pressure
stimulus and constant room temperature. The complete decoupling of temperature and
pressure demonstrates that the multimodal temperature sensor has the potential to
realize multimodal sensing in a single sensing unit with only a single signal output,

laying the groundwork for subsequent heat-source-identification functions.
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Figure 5.16 Signal response of multimodal temperature sensor under pressure
stimulation. a) The pressure of the pressure source. b) In(t) and AC/Co at different

pressure.

5.6 Heat-source-identification for multimodal temperature sensor

The integumentary system of human skin plays a pivotal role in facilitating the body's
interaction with the external environment, enabling the detection of various stimuli such
as temperature, tactile sensations, and pain. The simultaneous integration of these
diverse signals enhances an individual's overall well-being. Here, by harnessing the
sensor's unique temperature, pressure, and proximity response mechanisms, it becomes
feasible to accurately discern three distinct modes of heat transfer, encompassing

thermal conduction, thermal convection, and thermal radiation.

5.6.1 Identification of thermal radiation

Thermal radiation is a heat transfer mode caused by the thermal motion of particles
within matter, and it is one of the three modes of heat transfer. In this mode, the sensor

responds solely to temperature variations originating from a heat source, without any
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external force stimulation or electrical charge induction. In order to evaluate the
response of the multimodal temperature sensor to thermal radiation, a sunlight
simulator was used as the stimulus source in the experiments conducted in this chapter.
The exposure of the multimodal temperature sensor to simulated sunlight with a light
intensity of 600 W/m? for a duration of 5 seconds is shown in Figure 5.17. The sensor
consistently demonstrated temperature changes throughout four consecutive thermal
radiation stimulations, with each radiation stimulus resulting in an approximate 0.3 °C
increase in temperature (In(7) increased from 10.915 to 10.932). Importantly, the AC/Co
of the sensor remained constant during continuous thermal radiation stimulation. These
consistent electrical responses provide evidence supporting the capability of the
multimodal temperature sensor to detect and identify thermal radiation within the

thermal sensing model.

Figure 5.17 Multimodal temperature sensor stimulated by thermal radiation. a) The
schematic diagram when stimulated by thermal radiation. b) In(t) and AC/Co at a

radiation intensity of 600 W/m?>.
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The multimodal temperature sensor was tested for temperature response by subjecting
it to a 5-second thermal radiation stimulus generated by simulated sunlight with varying
intensities (Figure 5.18). A thermal radiation stimulus of 400 W/m? caused the sensor's
temperature to increase by approximately 0.18 °C, while a radiation intensity of 1,000
W/m? resulted in a temperature increase of 0.63 °C. By measuring the temperature
changes induced by different radiation intensities, it is possible to determine the
radiation intensity of the thermal radiation stimulus on the sensor surface based on the

amplitude of the temperature increase at a specific radiation time.

Figure 5.18 AT of multimodal temperature sensor stimulated by different radiation

intensities.

5.6.2 Identification of thermal convection

Thermal convection is a heat transfer mechanism that involves the movement of liquids
or gases. In this mode, the interaction between the sensor and the surrounding hot or
cold air leads to a change in temperature. The sensor also experiences a change in

capacitance due to the pressure exerted by the moving air on its surface. Thus,
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determining the heat source in thermal convection mode requires analyzing the
variations in [n(r) and AC/Co caused by temperature and pressure stimuli. To investigate
thermal convection, an air gun is attached to the upper end of the multimodal
temperature sensor in this chapter. By controlling the rotational speed of the air gun and
the size of the generated airspeed speed, an anemometer placed on the sensor's surface
measures airspeed speed. Figure 5.19 illustrates that subjecting the sensor to an air
speed of 8 m/s for 5 seconds resulted in a rapid temperature increase of approximately
0.8 °C (leading to a shift from In(7) = 10.946 to In(z) = 10.992). Consequently, the
sensor's temperature initially increased and then decreased. At the same time, the
thermal convection stimulus caused the device to exhibit a AC/Co of approximately 0.6%
due to the pressure exerted by the airflow perpendicular to the sensor's surface. These

findings distinguish thermal convection from a thermal radiation stimulus.

Figure 5.19 Multimodal temperature sensor stimulated by thermal convection. a) The
schematic diagram when stimulated by thermal convection. b) In(t) and AC/Co at a wind

speed of 8 m/s.

In this study, a 5-second thermal stimulus was applied to the sensor using wind as the
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heat source in the thermal convection mode, as depicted in Figure 5.20. The main
objective was to investigate the relationship between the wind stimulus and the
variations in the normalized capacitance of the sensor at different wind speeds. Notably,
the experimental results reveal a positive correlation between the magnitude of the
capacitance change and the wind speed. Specifically, during thermal convective
stimulation with a wind speed of 5 m/s, the change in AC/Co was measured to be 0.38%.

In comparison, it increased to 1.08% when the wind speed was raised to 14 m/s.

Figure 5.20 AC/Co of multimodal temperature sensor stimulated by different wind

speeds.

5.6.3 Identification of thermal conduction

Thermal conduction, a common method of heat transfer in natural systems, involves
the interaction between an object and a heat source, resulting in heat transfer. To study
this process, a multimodal temperature sensor can be used, which incorporates

temperature, pressure, and proximity mechanisms. Figure 5.21 illustrates the response
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of the multimodal temperature sensor to a thermally conductive stimulus. In this
experiment, a finger was used as the heat source, applying a thermal stimulus to the
device by continuously touching it for 5 seconds each time. Upon contact with the finger,
the sensor shown a rapid increase in {n(r) and AC/Co, indicating a rise in temperature
and pressure. This resulted in a spike of approximately 6.4 °C (In(t) ranging from
10.966 to 11.298) and a 7% increase in AC/Co. Once the finger was removed, these
values quickly returned to their initial levels. Interestingly, the capacitance signal
exhibited a different behavior compared to the thermal convection stimulus, showing a
negative spike of -1% before rising. This distinct behavior helps differentiate the
negative capacitance change from the thermal convection mode. Before the finger
makes contact with the sensor, the proximity process induces an inductive charge,
affecting the surface electric field and generating a capacitance signal related to
proximity sensing. This capacitance change opposes the pressure-sensing effect,

making it easy to distinguish between the two heat source modes.

Figure 5.21 Multimodal temperature sensor stimulated by thermal conduction. a) The
schematic diagram when stimulated by thermal conduction. b) In(t) and AC/Co at a

pressure stimulation of finger.
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Figure 5.22 displays the change in AC/Co of the multimodal temperature sensor when
subjected to varying levels of finger-applied pressure. The findings demonstrated that
the flexible ionic gel composition of the sensor allowed for deformation under different
pressure intensities, resulting in an increase in capacitance. Specifically, under higher
pressure conditions, the capacitance of the sensor was observed to change by more than

10%.

Figure 5.22 AC/Co of multimodal temperature sensor stimulated by different pressures.

5.7 Outlook of sensor sensitivity

The multimodal temperature sensor, as a capacitive type of sensor, induces a change in
capacitance in response to external pressure stimuli. However, during the recognition
of the multimodal temperature sensor to the convective type of heat source, the thermal
convective stimulus with a wind speed of 5 m/s caused only 0.38% change in AC/Co.
This is due to the small relative deformation of the ionic gel and its inherent

viscoelasticity resulting in a lower pressure sensitivity of the sensor. This is insufficient
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for the multimodal temperature sensor to sense small thermal convective responses.

Figure 5.23 Microstructures improve the sensitivity of the pressure sensor.

The induction of different microstructures in the sensor aims to enhance the elastomeric
strain, thereby improving the sensing range. This increase in sensitivity can be
attributed to two main factors. Firstly, the presence of numerous voids in the
microstructure film enables a lower elastic modulus, resulting in a greater deformation
space when pressure is applied.!®-1%% As a result, the distance between the electrodes
can change more significantly under the same pressure stimulus, resulting in enhanced
sensitivity. Secondly, the nodal constant of the polymer matrix surpasses the dielectric
constant of air.'®1®8 Consequently, when pressure is exerted, the polymer matrix fills
the air volume, leading to a proportional increase in relative capacitance. Additionally,
the microstructure reduces the elastomer's modulus of elasticity and viscoelasticity,

further contributing to sensor sensitivity.!6% 170

Sensors with microstructures can produce significant large structural changes at small
strains, resulting in large changes in capacitance. Therefore, this type of highly sensitive

sensor is ideal in application scenarios where small stress changes need to be detected.
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5.8 Summary

In this chapter, signals from different heat sources are characterized by modeling.
Thermal conduction has a temperature response, a pressure response, and a proximity
response. Thermal convection has a temperature response and a pressure response.
While thermal radiation has only a temperature response. Then, by using MPEG-DA
ionogel as the active material, we developed a capacitively structured multimodal
temperature sensor. The sensor responds to temperature, pressure, and proximity at the
same time, making it a perfect fit for heat-source-identification. The multimodal
temperature sensor offers excellent temperature sensing capability, an ultra-wide
temperature range (-20 °C to 180 °C), a linear response to temperature (accuracy better
than 0.005 °C), and outstanding stability. Meanwhile, based on the capacitive structure,
the multimodal temperature sensor has significant positive capacitance change due to
external deformation caused by pressure stimulation and negative capacitance change
due to surface charge caused by proximity stimulation. Through experimental
validation, we have successfully demonstrated the sensor's ability to accurately
differentiate and recognize heat sources in all three modes of heat exchange: thermal
radiation, thermal convection, and thermal conduction. As a result, we have realized

intelligent multidimensional thermal sensing.
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CHAPTER 6 INTEGRATION OF
THERMOREGULATION AND
THERMOSENSATION

6.1 Introduction

The integration of thermoregulation and thermosensation mechanisms described above
constitutes a comprehensive thermo-sensory system. This system plays a critical role
in the human body's perception and adaptation to the environment. Through the
processes of thermosensation and thermoregulation, the human body receives
information regarding the presence of heat and cold within both internal and external
surroundings. Relying on the thermoregulatory system, the body achieves a delicate
equilibrium of heat generation and dissipation, enabling the maintenance of normal

physiological functions and ensuring a state of comfort.

Building upon the studies mentioned above, we have successfully developed an S-
thermo-e-skin integrating a TE device with a PCM heat sink and a D-thermo-e-skin
combining a flexible TE device with a Li-PAAm hydrogel. By implementing a PID
control system, we have achieved isothermal regulation of the e-skin in complex
temperature environments. To address the limitations of conventional temperature
sensors in resolving temperature, we have also fabricated a multimodal temperature
sensor utilizing the ion relaxation time. This innovative sensor not only has the
capability to identify heat sources but also replicates the multi-dimensional

thermosensation experienced by the human body.
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Within this chapter, the integration of thermo-e-skin and multimodal temperature sensor
yields a simulation of the human body's thermo-sensory system. Specifically, the
temperature sensor within the PID control system, along with the multimodal
temperature sensor, achieves multi-dimensional thermosensation for the e-skin.
Complementarily, the thermo-e-skin emulates the human body's thermoregulation
mechanism, facilitating isothermal regulation. Through experimental evaluations
conducted under various environmental conditions, the synthesized e-skin successfully
establishes a human-like thermo-sensory system that effectively combines sensing,

feedback, and regulation functions.

6.2 Integration

The thermo-sensory system is essential to ensure a healthy life for the human organism.
As shown in Figure 6.1 a, when temperature receptors in the skin are stimulated by
external temperature (cold, warm, or hot), bioelectrical signals are generated and
feedbacked to the nerve center for integration.?” The nerve center then sends command
signals to the temperature stimulus, changing the body's ability to generate or dissipate

heat, and maintaining the body temperature in a comfortable state.
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Figure 6.1 Thermo-sensory system of human and e-skin. a) The body's thermo-sensory

system. b) The e-skin's thermo-sensory system.

This chapter presents a novel approach of integrating the multimodal temperature
sensor and thermo-e-skin, inspired by the temperature sensory system in the human
body. The system is controlled by a PID control system, which creates a thermo-sensory
system that closely resembles that of a human body. As shown in Figure 6.1 b, both the
PID's temperature sensor and the multimodal temperature sensor generate electrical
signals in response to external temperature stimuli and heat sources. These signals are
then sent back to the PID control system for analysis. The PID control system adjusts
the temperature by regulating the electric current flowing through the thermoregulating
e-skin, ensuring that the surface temperature of the e-skin remains within the desired
range. In this setup, the temperature sensor of the PID system serves a dual role, acting
as both the thermosensation for the thermo-sensory system and as a feedback circuit,
reflecting the actual surface temperature of the e-skin. Furthermore, the multimodal
temperature sensor enhances the system's capabilities by analyzing information related

to the heat source.

As shown in Figure 6.2 a-c, a thermo-e-skin and a multimodal temperature sensor were
integrated in a prosthesis and then were combined with a signal processing system to
form a thermo-sensory system for a prosthesis that maintains a constant surface
temperature (35 °C) while providing information on the temperature value of the
thermal stimulus, the comfort level, and the type of heat source. The signal processing

system can directly convert the temperature value through the correspondence between
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In(7) and temperature. Meanwhile, it has been shown that the human body has different
sensations to different temperature stimuli, feeling cold when it is lower than 30 °C,
mild between 30 and 35 °C, and hot when it is higher than 35 °C. Therefore, the
prosthesis can determine the comfort level of the heat source based on the temperature
values. Finally, the multimodal temperature sensor has different signal responses to
different heat source stimuli, which can be used as a basis for the prosthesis to recognize
the type of heat source. Due to the fluctuating nature of the ambient thermal stimuli,
|IAC/Co| = 0.2, AC/Co > 0.2, AC/Co < 0.2 & AC/Co > 0.2 are used as the signal
characteristics of thermal radiation, thermal convection, and thermal conduction,

respectively (Figure 6.2 d).

Figure 6.2 Establishment of the thermo-sensory system for e-skin. Schematic a) and
photo b) of the e-skin thermo-sensory system. ¢) Multidimensional thermo-sensory
systems for prosthesis. d) Recognition basis for a multi-dimensional thermo-sensory

system.
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6.3 Environment response performance

The body's thermo-sensory system is able to regulate internal and external temperature
stimuli accordingly, thus keeping the body within a comfortable temperature range.
Here, the thermo-sensory system of the e-skin demonstrates its ability to perform both

internal and external regulation.

6.3.1 Internal regulation within the prosthesis

The thermo-sensory system of the human body is instrumental in regulating internal
temperature. Similarly, the e-skin's thermo-sensory system enables the monitoring and
regulation of internal temperature, allowing it to maintain a consistent surface
temperature in different environments. This concept is illustrated in Figure 6.2, which
depicts the e-skin transitioning from a lower temperature to a comfortable temperature
when exposed to a room temperature environment. The temperature sensor of the PID
system detected the lower temperature (25 °C) and provided feedback to the control
system. Subsequently, the control system adjusted the current level, resulting in heating
of the e-skin's surface. Consequently, the surface temperature rapidly rose from room
temperature to 35 °C and remained stable for an extended period. During this
thermoregulation process, changes in the ion relaxation time of the multimodal
temperature sensor reflected the adjustments made to maintain the desired temperature.
With a constant temperature of 35 °C, the prosthesis possessed temperature properties
akin to those of the human body, facilitating emotional interaction with the external

environment.
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Figure 6.3 Internal regulation within the prosthesis. a) The temperature of the e-skin
detected by the temperature sensor of the PID. b) The temperature of the e-skin detected

by the multimodal temperature sensor.

The e-skin underwent a temperature elevation process from ambient conditions to
achieve a comfortable temperature, mirroring the metabolic process of the human
body's thermo-sensory system. This transition necessitates a corresponding expenditure
of energy, as depicted in Figure 6.3. During the thermoregulation of the e-skin, the
energy cost experienced a swift ascent from 0 to 56 mW/cm?. This electrical energy
was promptly converted into thermal energy, leading to an increase in the e-skin's
surface temperature. Subsequently, as the surface temperature stabilized at 35°C, the

energy cost gradually diminished and settles at approximately 38 mW/cm?.
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Figure 6.4 Energy cost of the e-skin to maintain a constant temperature.

6.3.2 External regulation of the outside environment

After the e-skin's thermo-sensory system maintains the surface temperature at 35°C, we
simulated an experiment in which a prosthesis receives different temperature stimuli in
an external environment as a way to verify the effectiveness of the thermo-sensory
system. The experimental scenario consisted of the prosthesis being exposed to sunlight
outside (Scenario I), moving from outside to inside to receive convective winds
(Scenario II), and finally indoors to shake hands with other people (Scenario III)

(Figure 6.4).

Figure 6.5 The thermo-sensory system of e-skin in different scenarios.

132



In Scenario I, the prosthesis was exposed to the sun and the heat from the sun affects
the surface temperature of the prosthesis by means of radiation. At this time, the
multimodal temperature sensor detects the temperature stimulus and transmits the
signal to the signal processing system. The prosthesis can then determine a temperature
value of 35.42 °C, with a body sensation of hot, and the heat source type of thermal
radiation. At the same time, the e-skin would cause the surface temperature to oscillate
because of the heat, and this oscillation would be quickly corrected by the thermo-

sensory system to maintain a constant temperature (Figure 6.5).

Figure 6.6 The thermo-sensory of prosthesis in different scenarios.

In Scenario 11, the prosthesis was in a convective environment where the e-skin was
able to utilize its thermo-sensory system for sensation and regulation purposes. The

prosthesis relied on the multimodal temperature sensor and the signal processing
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system to determine that the temperature value was 28.86 °C, with the body sensation
of cold, and the heat source type of thermal convection. When the electronic skin is
exposed to cold air, the surface temperature decreases. In order to quickly restore the

surface temperature to 35 °C, the control system initiates the heating process.

In Scenario III, the prosthesis shaked hands with other people, a process that involved
direct heat transfer. According to the In(t) and AC/Co values of the multimodal
temperature sensor, the prosthesis was simultaneously subjected to temperature
stimulus, proximity stimulus, and pressure stimulus, and determined that the
temperature at this time was 34.58 °C, with a mild body sensation, and the type of heat
source was thermal conduction. At the moment of contact, heat was rapidly conducted,
resulting in a decrease in the surface temperature of the e-skin. In response, the control

system swiftly initiated heat generation to elevate the surface temperature to 35 °C.

Simultaneously, it was observed that there is a discernible alteration in the energy cost
of the e-skin required to sustain a consistent surface temperature of 35 °C (Figure 6.7).
In response to Scenario I, the e-skin exhibited an isothermal regulation mechanism by
decreasing its internal heat generation to achieve temperature stability. This resulted in
a reduction in energy cost from 38.1 mW/cm? to 37.35 mW/cm?. In Scenario 11, the e-
skin similarly exhibits a self-regulating thermal behavior that allows it to produce large
amounts of heat when exposed to low temperatures. Thus, this adaptive mechanism
enables the e-skin to maintain a stable temperature while reducing the energy cost from
38 mW/cm? to 42.9 mW/cm?. In Scenario III, rapid heat exchange caused temperature

fluctuations on the surface of the e-skin. To maintain the isothermal regulation of the e-
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skin, it increased its heat production to keep thermal balance. Consequently, the energy

cost of the e-skin escalated from 38 mW/cm? to 39.3 mW/cm?.

Figure 6.7 Energy cost of the e-skin to maintain a constant temperature in different

scenarios.

6.5 Challenge in thinner thermo-e-skin

Thermo-e-skin has good bending properties and has been demonstrated for use in
prosthesis. However, thermo-e-skin with flexible TE device structures based on bulk
thermoelectric materials possesses a large thickness (about 4 mm), which results in only
limited flexibility. As a result, the thermo-e-skin can only be applied on large curved
surfaces with small curvature, while it is still challenging to apply it on fine areas with

small curvature, such as fingers or joints (Figure 6.8).
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Figure 6.8 Excessive thickness affects the flexibility of the thermo-e-skin.

Reducing the thickness of thermo-e-skin components has been identified as the most
effective method to enhance flexibility. Thin-film TE materials, in particular, have
garnered significant attention due to their remarkable flexibility.!”! Of these materials,
two-dimensional substances like graphene exhibit exceptional flexibility alongside
favorable electrical and thermal transport properties, thus presenting immense potential
for flexible Peltier cooling.!’>!7* However, the high thermal conductivity of graphene
limits the overall ZT values achieved. On the other hand, organic TE materials offer
excellent flexibility, low thermal conductivity, and the added benefit of solution
processability.'”> 7 Nonetheless, the low electrical conductivity of organic TE
materials often leads to a notable Joule heating effect, thus hindering their successful

implementation for flexible cooling applications.

The current level of flexibility exhibited by TE cooling devices is not yet satisfactory.
To enhance the mechanical and TE properties of inorganic TE materials, the utilization
of ultrathin, low-dimensional, and amorphous materials is deemed beneficial. However,
further research is required to explore the potential of organic TE materials with good

flexibility for application in flexible cooling systems.
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6.5 Summary

In this chapter, the integration of a thermo-e-skin, multimodal temperature sensor, and
PID control system within a prosthesis enables the development of a thermo-sensory
system for e-skin. This constructed system replicates the thermoregulation mechanism
found in the human body, encompassing thermosensation, heat-source-identification,
signal feedback, and thermoregulation. Consequently, it achieves the resolution of
diverse temperature stimulation signals in complex environments while ensuring the e-
skin surface temperature remains within the comfort zone. The design enables the e-
skin to have a human-like thermo-sensory system, which is important for the

development of next-generation prosthetic limbs and intelligent robots.
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CHAPTER 7 CONCLUSIONS AND SUGGESTIONS
FOR FUTURE RESEARCH

7.1 Conclusions

The objective of this research is to develop an e-skin system that mimics human
thermoregulation, thereby enhancing comfort and maintaining isothermal regulation in
complex temperature environments. This involves modifying the temperature
properties of conventional e-skin. To achieve this, two key components are integrated
into the bionic thermo-sensory design. Firstly, flexible thermoelectric (TE) devices and
other thermal management methods are incorporated to achieve human-like
thermoregulation. Secondly, the properties of ion relaxation time are utilized for
thermosensation, enabling the detection of heat sources. The subsequent section of this

paper presents the significant findings of the study.

(a) The S-thermo-e-skin, a combination of a TE device and a PCM heat sink, has the
capability to generate heat in low-temperature environments and dissipate heat in
high-temperature environments. Experimental results have shown that this S-
thermo-e-skin can maintain a constant surface temperature of 35 °C over a wide
temperature range of 10-45 °C. This functionality is similar to the isothermal
regulation of the human body, where it can maintain a stable temperature of 35 °C
for extended periods even in colder environments. However, the heat storage
capacity of the PCM limits its performance when exposed to temperatures above

35 °C. Remarkably, even at a temperature of 40 °C, the S-thermo-e-skin can sustain
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a surface temperature of 35 °C for approximately 1.5 hours, and for 0.75 hours even
at 45 °C. The S-thermo-e-skin requires energy consumption to maintain a constant
temperature similar to the metabolic processes of the human body. The amount of
energy consumed depends on the ambient temperature, with the lowest energy cost
occurring in the thermoneutral zone (14.22 mW/cm? at an ambient temperature of
35 °C) and significantly higher energy costs outside of the thermoneutral zone

(71.32 mW/cm? at an ambient temperature of 10 °C).

(b) The D-thermo-e-skin comprises a flexible TE device and a Li-PAAm hydrogel
composite, enabling both active TE thermoregulation and passive water
evaporation. This novel combination facilitates the integration of heat generation
and heat dissipation, ensuring the surface temperature of the D-thermo-e-skin
remains at 35 °C within a wide temperature range of 10-45 °C. The inclusion of
active and passive regulation layers significantly enhances the effective time of the
D-thermo-e-skin in diverse environmental conditions. Specifically, at an ambient
temperature of 25 °C, the D-thermo-e-skin demonstrates an effective time of 4.5
hours, while at an ambient temperature of 40 °C, it maintains thermoregulation for
4.2 hours. Furthermore, the hygroscopic properties of the hydrogel enable the D-
thermo-e-skin to be rehydrated and reused after isothermal regulation, with a swift
recovery time of just four hours under 90% humidity conditions. Additionally, the
D-thermo-e-skin showcases rapid thermoregulation capabilities surpassing those of
human skin. It rapidly achieves a surface temperature of approximately 32 °C
within seconds of contact with various objects, utilizing the cooling or heating

function of the flexible TE device.
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(c) We propose a multimodal heat sensing signal model based on the signal differences
of different heat sources. The model can accurately distinguish and identify heat
sources in three modes of heat exchange: thermal radiation, thermal convection and
thermal conduction, thus realizing multi-dimensional intelligent heat sensing. We
then designed a capacitive multimodal temperature sensor based on ion relaxation
dynamics to enable it to respond to temperature, proximity, and pressure stimuli
simultaneously. The sensor shows a highly linear response (R? = 0.993) over the
temperature range of -20 °C to 180 °C, making it ideal for thermal sensing. It also
exhibits impressive accuracy with a temperature measurement precision of less
than 0.005 °C and excellent stability, further confirming its superior temperature
measurement capabilities. The multimodal temperature sensor demonstrates its
potential for multitasking thermal sensing by efficiently separating temperature and
pressure signals using temperature-sensitive ion relaxation times and pressure-
sensitive normalized capacitance. Finally, we experimentally verified the response
of the multimodal temperature sensor under different heat sources, demonstrating

its effectiveness in the field of heat source identification.

(d) The prosthesis was outfitted with an integrated thermo-sensory system consisting
of the thermo-e-skin, multimodal temperature sensor, and PID control system. This
integration enabled the realization of an e-skin thermo-sensory system. Replicating
the thermoregulation mechanism found in the human body, a thermo-sensory
system of e-skin encompasses thermosensation, heat-source-identification, signal
feedback, and thermoregulation capabilities. The system excels in resolving various

temperature stimulation signals even in complex environments while ensuring that

140



the surface temperature of the e-skin remains within the comfort zone.

7.2 Suggestions for future research

This thesis concentrates on achieving thermoregulation and thermosensation
capabilities in e-skin, ultimately constructing a bionic thermosensation system akin to
human skin. Nonetheless, certain limitations persist, necessitating future endeavors for
further advancements. We assert that several pivotal aspects must be considered for the

future progress of this field:

1. Thermo-e-skin demonstrates commendable thermoregulation capabilities. However,
its composite structure imposes restrictions on its flexibility. As previously
mentioned, the TE device, composed of bulk TE material, achieves bi-directional
bending through circuit design. Nevertheless, the e-skin thickness exceeds 4 mm
after encapsulation with PCM heat sink or hydrogel composite material, resulting
in limited flexibility. To achieve a unified thermoregulation e-skin that excels in
both flexibility and regulation performance, future endeavors should focus on
developing superior flexible, high-performance TE materials, along with advanced

encapsulation strategies.

2. The D-thermo-e-skin comprising a TE device and a Li-PAAm hydrogel demonstrated
effective thermoregulation capabilities at 40 °C for a duration of 4.2 hours.
However, when subjected to water evaporation, simulating human sweat, only a
modest reduction of 11.54 wt.% was observed. This can be attributed to the sluggish

transfer of excess heat generated at the hot side of the flexible TE device to the
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hydrogel. As a result, water evaporation failed to reach its maximum potential
before the TE device became incapable of regulating temperature. Moving forward,
it is necessary to address the issue by reducing the thermal resistance between the
flexible TE device and the hydrogel. This can be achieved through the design of a
foam structure that facilitates efficient heat transfer or by employing encapsulation

materials with higher thermal conductivity.

3. The bulk capacitance of the multimodal temperature sensor is constrained by the
geometry of the parallel plate capacitor, though it successfully identifies heat
sources. This restriction limits the sensor's capacitive response solely to the lower
pressure range, rendering it insensitive to certain minute, low-pressure stimuli. This
inadequacy hinders the measurement of subtle thermal convection stimuli.
Incorporating microstructures into ionic conductors or electrodes presents a viable
solution for optimizing performance to enhance the sensitivity and detection limit

of pressure sensing in multimodal sensing applications.

4. The integration of a thermo-e-skin, a multimodal temperature sensor, and a PID
control system, has successfully achieved biomimetic thermo-sensation. However,
the current multimodal temperature sensor faces challenges in directly providing
temperature signal feedback to the PID control system, thereby limiting the
supplementation of the PID temperature sensor. To enhance the intelligent
temperature feedback capabilities of the electronic skin, it is recommended to
design corresponding circuit hardware and software that utilize the response of the

multimodal temperature sensor as the signal input for the PID control system.
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