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Abstract: Smart electronic skin (E-skin) is an emerging technology that integrates electronic devices with human skin,
enhancing human-machine interactions. One critical challenge in its development is effective thermal management to ensure
device reliability, longevity, and user comfort. This review highlights passive cooling techniques - thermal conduction,
convection, radiation, and phase-change materials - as key strategies to address this challenge without additional power
consumption. These integrated mechanisms have demonstrated the ability to efficiently dissipate heat, preventing thermal
buildup and maintaining optimal performance in E-skin devices. Recent advancements indicate that combining these methods
can significantly enhance the thermal management of flexible electronics. Future research should focus on refining these
materials and techniques to overcome challenges related to cost, durability, and environmental stability, thereby advancing the
practical application of E-skin technology.
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Fig. 1. Introduction of passive cooling mechanisms for deformable
heat-dissipation materials in smart e-skin: conduction, convection,
radiation, and phase change, with example materials for each
mechanism.
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Fig. 2. Infrared thermography images of SR, GA/SR and GCA3/SR during the (a) heating and (b) cooling process at 10s, 30s, and 120s. (c)
Thermal conductivity of composites in the in-plane and through-plane directions, (d) electrical conductivity of all tested samples, (e) surface
temperature of the OLED operated between 3~20 V, with infrared thermal images showing the OLED at 20 V without (left inset) and with
(right inset) the fGnPS0@PANTF heat spreader, (f) luminance of the OLED operating between 3~20 V, comparing the presence and absence of
the fGnP50@PANF heat spreader, (g) HRR curves of ANF, oANF, fGnPSO@ANF, and fGnP@PANF bioinspired papers, and (h)
thermogravimetric analysis compares the thermal stability of GnP, fGnP, oANF, f{GnP50@ANF, and f{GnP@PANTF bioinspired papers.



26

o AEgReA Uk HR(CNF)E 2
2] 2491 CNF/BNNS ofjo] 27
2712 0,57 W/m-Ke] AR EAS
2~ CNF ofjo] 2 719] &7 & 2(0.105 W/m"K) &,
FAME Zx]olch. S-CNF/BNNS ofjo] 2 A2 71 upA] o]
A 150% & W L5} oF g0°Col| =2stn, CNF, S-
CNF, CNF/BNNS & t& SgA|E0] vlol H& 25
SAletd T W2k ol M = 300% & oF 23°C7HA] &&=
7h w2 A Zasto], FHold & UE

GRS
g

o
=
2ot

4e Q3o
[2% 3(a)]. E£3F, S-CNF/BNNS ojjo] 2 8.2 7} A7t &
QF OF 60°CoflA] etgAM oz SX|=H, CNF, S-CNF,
CNF/BNNS SgA|=0f vlsl & &A]o] A it [L& 3(b)].
izb A7 A= S-CNF/BNNS ojjoj2&& CNF, S-
CNF, CNF/BNNS 2875 5 79 wer] 28 45s
o], 300% & oF 23°C7HA] 2 =7} oo [ 1™ 3(c)] [49].

20239 Sun 252 At AAL7]17]19] @ # S WA
5t7] €45l BNNS (boron nitride nanosheets)?} TPU
(thermoplastic polyurethane) 48 o E2IA S Aglst
185§ E U =B3RS JhLstct o] &A= 0% A
1407tx19] g -ahA] Ato]F 2,000H Soe B 2%
7} oF 45.0°Col 4 45.5°C2 7 o] W50 glgion, o %
LAIS) A el 5ol WHEAel WRdw gHoR &
A= & AlAtetth [19 3(d)]. E3F, BNNS gFgo] 25 wt%

0000000
Y ﬂo o0l

1

g

Oheatingo

o

© cooling ©

e

G 50

e

=Rl 45.0°c [l 45.5°C

@

= |

@

= 0° 140°
3000 6000

Time (s)

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 38, No. 1, pp. 21-32, January 2025: Bae and Choi

o BEAZ A BRAO] LA Aol A TH Y
o] o]2ojFCS w, BH 257} 41.1°ColA 41.2°CE QA
H9lon, o)t vrEAel SAE & Wa o] 943
2 oJujgic} (13 3(e)] [50).

22 3 Yang 152 89737 e 4(h-BN) S2fo]
59} 70]-2 P& e-BN ofo] 12 Amo} Agslo]
e-BN/BN/0IZA] SRS Aue 4718 QEstelct.
o %A= h-BN Zefo] 7 @3Fol 50 wi%<! uf oF 4.27

W/mKe] ke AW AR e Dot o], o]k 7]
= BN/oIBA] B3] QREE(1.17 W/mK)so) of
3.78) FAE R0k TGA #4 27, e-BN oo 22

400°C o]0l A FeF £Ao] 7 Ao} 94

9100 [13 3(f), h-BN Zefo] 2 &
2aRI9 2 ergaol oS P
[ 3(g)). ol h-BN Z2o] =7} %
7] ol o 7lojge Al

Iz no o

41322 E BE Lo|Eaj0|S
olRE, A2 W Hold AR AT BE Uo|E
2ol o] QA% AR oY S BEo YAHH I By

TTT e 2 =2 =
N5 SRR she A7) 77t ge] e ol ®
&, 5 4xlo] A S 2 1M} B E o] Edto| =
¢ _ 70T——scnrEnNS d ——SCNF/BNNS
%) —— CNF/BN e [3) ——CNF/BNNS
£ 60]——gCNE g ——S-CNF
@ —— CNT, [ ——CNT
250 2 10
- 1™
ﬂg’_ 40 é" 30
@l heating @ 201 cooling
20 1
0 100 200 300 9 0 100 200 300
Time (s) Time (s)
9 h ---Pure epox
\1-1 00 —Pure epoxy @1 00 —e-gme%oxy;'(gg)
> R —e-BN/epox
w 8or _E%N flakss DT,,' 80r —e—BN/epox¥E50%
8 60k microspheres ‘_3 ] .
= -
5 401 S 40t
= 2
£ 20t = 20}
o i 0
100 300 500 700 900 100 300 500 700 900

Temperature (°C) Temperature (°C)

Fig. 3. Infrared thermal images during the (a) heating process and (b) cooling process (1: CNF aerogel, 2: S-CNF aerogel, 3: CNF/BNNS
aerogel, and 4: S-CNF/BNNS aerogel). (c) Surface temperature variation during the heating phase for CNF, S-CNF, CNF/BNNS, and S-
CNF/BNNS aerogels, (d) surface temperature change with cooling time for CNF, S-CNF, CNF/BNNS, and S-CNF/BNNS aerogels, (e)
temperature stability of the flexible conductor during over 2,000 cycles of vending-releasing between 0° and 140, (f) surface temperature of
the as-cut conductor with 25 wt% BNNSs, attached to the elbow of an IKEA doll during flexion and extension, (g) TGA curves of pure epoxy,
h-BN flakes, and e-BN microspheres under air atmosphere, and (h) TGA curves of e-BN/BN/epoxy composites with different h-BN flake

contents under air atmosphere.
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