H 534,54 9 T B o ok N Vol53,No9 00
202549 H ENGINEERING PLASTICS APPLICATION Sept. 2025

doi:10.3969/j.issn.1001-3539.2025.09.029

REVMEENMEERETRIKRPRARER

(LIPS, F3 S 3302015 2 VP44 SRR TREORDITE Pl B E 330201)

BE.NBTERETFHRKENRSALTRLEGICEANR , AR IR MR AE BB F R AAPK T Ko
2, ETFREE B BN FRLLZFABNELENL, MET REWEM T T e THEBORAMH, R A
EW T RS R E R T R ARG AR B TR R R M TR AR T A AR % R T R T 9 B
RE B RE, 2WER, R TEAEN , L TENAMARIRED I SFHR, ECT KRG B FH
M A GBI EAA T A AT LB R, B KRR & BT K Rk 0 e i RO | G R BT e Lk 5 R B A7 45
d, BT A A AR ARG S HRAR A AR E BT S @ m e B ARARTRET
T B AP R L O 15 ST R AR R FE, VAR 3D AT EP HOR B Bty A N R B 09 R Rk A 3G ik sk
BER T e dEsh i F K S AR R R

KR Bt EAMIAERG B F Rk ARG, TR IR L 8RB E

FESES: TP212 XHEiRIAME: A XEHS:1001-3539(2025)09-0233-07

Research progress of polymers in pressure tactile sensing electronic skin
YANG Chen'?,LIN Yanping'*,DAI Ying'*
(1. Jiangxi Institute of Fashion Technology ,Nanchang 330201, China;
2. Jiangxi Modern Clothing Engineering Technology Research Center,Nanchang 330201, China)

Abstract : The promoting effect of flexible electronics technology innovation on the development of artificial intelligence was
introduced as well as the significance of pressure and tactile sensing electronic skin as a key interface for human-machine interaction
in the fields of wearable devices, medical monitoring, and intelligent interaction. The reasons why polymers, with their flexibility,
processability, and cost advantages have become the core materials for constructing electronic skin were briefly described. The basic
structure , working principle of pressure and tactile sensing electronic skin, and the research and application progress of polymers in
this electronic skin were reviewed. The analysis show that polymers can be used alone or in the form of composites with nanomateri-
als or other polymers, and were widely applied in the electrodes, flexible substrates, dielectric materials, and encapsulation materials
of electronic skin, which can greatly improve the response sensitivity, flexibility, and processability of electronic skin. At the same
time, it was pointed out that there were still challenges in terms of durability, weather resistance, multi-index balance of sensing
performance, and adaptability to complex scenarios. It was suggested that future research can focus on the development of multifunc-
tional polymer composites, the construction of self-healing/degradable systems, and the deep integration with 3D printing technolo-
gy to prepare bionic micro-nano arrays. It was also pointed out that these research directions will promote the evolution of electronic
skin towards human-like perception systems.
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Tab.1 Relevant indicators of various electronic skin design structures

Structural
design
type

Concrete form

Characteristics

Case studies

After the planar substrate was pre—stretched and

By geometric deformation, stress is released and rigidity

of the material was made flexible. However, the extensi-

bility is limited and it is not suitable for scenarios with
large strains!"* ",
The "bridge" structure was highly flexible in design and
can meet various strain requirements. The serpentine
structure, due to its simple manufacturing process, was

widely applicable.

No need for elastic substrate ,compatible with mature
production processes, featuring high versatility and
large deformability™ ),

The natural mechanical properties were excellent, and it
can be woven. However, the design freedom is limited
by the warp and weft directions™,

Sun, et al. fabricated corru-
gated single—crystal silicon
strips on a PDMS
substrate!".

Fan, et al. optimized the
parameters of the serpentine
structure based on finite
element analysis™”.
Flexible electronic devices
fabricated based on origami
technology can be folded
and bent.
Preparation of functional
materials by inkjet printing
on textiles ",

Wave .
then released, the conductive layer forms waves
structure . [13]
or wrinkles" .
Island Composed of conductive lines (bridges) and func-
bridec tional components (islands), it includes structures
& such as serpentine, self—similar, spiral , arch
structure . . 17-19]
bridge,and spring .
Origami/  Origami: Utilizing folding structures to relieve
Paper- stress
cutting Paper-cutting: Achieving stress relief through
structure hollowing—out structures®",
Fabric Using filaments, fibers, yarns, etc. as the base
material , supplemented by conductive materi-
structure 124]
als™.
1.2 AR

i 7 e B A Je L 1 Bz R — S0 A\ 28 B SR A T
SRR T AR, LT AR B B T AR IO R ik

Sk 2354y, BARITE .
1.2.1 &R

HL T B RS2 T 5 S o A2 RS N BB A R 2, 80



WK, 55 « RS ITE R e AL I 7 Bk rh R TS 1 235

HLBH R L SO Rt R A ARk DT A A L 1) H £
5 DARAE L B RR (432 0 6 1 RN B AR WL )
fih v A SR AT TR P X L 2 2 R s Bl o B
fih A% SRR 2 I 1 TR LR L 32 7 51 R P8 e BELAE AL 56y
HLE 5 105 5 iR A i IR 4R FH LA RN AL B8 2 T 1
ZER AR 5 RAEZ ), D5 6 2RAE 158, B 2R
g e RE N A NI e VRS ES R 5K 2e PR e W Ly et
AR PR AR AT 0 VR T B RS 28 T e B Al ] i
A3 SRV VR S R R b T A A T AR A
IR 2 BIE DL o T UL AR A A, R A A
P FRAT fh i AL R T A UL, 2 b e AL TR FH T =4k )
AR, LA A i L W, 25 1R 40 9 3 5 R AU o, e
SRR A, By R SRR . S (R SR AL
FUZSMIE B R R MR AL B fb = A i B A5
FRAEIRHRFAEE S ) o ikt G T A SRR A, L i
R VR LT BB A RS2 IR SR R AR .
A% B SR G T S hiAs et &
SRR SR AR BTG S SR BE SR AR AR AL, DA
TERTZ R o RIETCR AT PR, B 2 6eT
Bl 2 SOtREIUR , B2 IR B K TR R R
1.2.2 {55540 55 M

JE 77 fil A% A RN B A LS S AR e, B 2
FE, T ZNHE S THARFHOR , LA R 2L AL A e bT o

(WF RS U

AT L R R T A S AR O F B A R i 1Y
T8 R S RO, 48 i {55 3, D e D e el B R BR AR 5
HR I B R T

QB

1% IS i A 2 RS S Z0Ks H A o B
B SERRHR R R R R AR S gk i 2R AR Y
FERME S 40 B A5 (8 T s S Ll el il
AR A b

(3)TCEk AL

FIH JC L8 (5 B (G 2 . Wi-Fi 8 ZigBee %5) 52 M B3 1
B k5 A1 A (AN RET-IL L H A s b s 1) 2R 46 ) =2 1 7
b€ TN IR G = Dl SR M ARSI 7 VT
2 MREMAHE

RAYAE R T R b i 1y 1) SRRy Bl A
A RS B2 R A WA A5 7 01 9 5 A0 B M, 52
PR B IR S0 SRR, 44 3 S R A SRy m ] D A
SRR, I S 5 A AR Y 28 B RO 45 A S
B R,
2.1 w#

HU 7 HL - B2 Uk v £ SRR T T i = A i LA S, I
B AL B INBI (5 S A R GEA T/ AT A AL B, PR R
HL AR A R L R S b, B DR L S BB R R R
AL, RIS, R Hl 7 1 JER R A AR Jg SR sl HAth 1 37 5

FUA RAFRYNG A, A A2 A — 2 B R AT r
i SR S 38 v SRS AR Ay H R A 1 A7 3] el e R X 4R
25 KRR TR P AN JE S i T LA S5 [ R R 1 7 TG 32 R
BN . it W5 24l i R A 5 Hofth = AR
BRUGER G Ve N AR B . BT, B e
RAWY) 5 9K 4 JE AR SR 9 R B R SO [F) SR A P (R 2 T
4. Gong FEFI| FHENRI S48 1) PDMS 2 5 PDMS 2642
JERFR TR T AT 0 A 9K ) 1) Z M A% IR 1 i )3k
IR /NT 17 ms, 780 B ik 1.14/kPa, #:0 F BRAE 2 13 Pa,
FEAE 50 000 YRIG IR G HRAR REARFFRRE | RBA R S 4Ry T
PrAR AT B, KA T AR SR RS v . SR K SO 5
VRGPS R ER K R 45 T HL 3 534 2.50 S/m (1 A /2R
CFTEE(PVAL) WU 28 7K 8 e, e fe R0 A% 5 13 5 43 51l T 3k
282.73% 5 745.72 kPa, DAIL/KEEN A HM , 5 ZnO/MER I
S FRL VR — A ) B AR T AT B A T R R . I TR
JkZ L3, B SRR REAG B A Fh B , I R
gyt H R Sl 394.50~421.41 mV, Wi 3 B[] K 80 ms, 28 300
UHEAT, 500 Y5l S H A% 55 5 000 YRAE F 44 AT A i
AN AR R I LA, T AR R 203 e R AR R AR /K
T2 1 ) 4% B B RS /P VAL SO0 26 7K B 5 L 5 5 HL T 24 Mg
PSR, LA Ay PR 5 s P SRR 19 P B2 RSSO AR A
BB A ZALE R BB L AR S i R R E
Mg 7 TG 28 22 YR IEA8 A R IS A SR, it A v 28
A T AR R (AR I A MK BRI A KA
A7 BN SR PR BT T BB vk L = AR A WA A O M
B AR MR ATPERE XS L. Wang 255 LUAR 4 2K
4:/PDMS & A A BHE Iy F AR, DL U i R AR T &
AL I 451 55 £ 4L PDMS — 2 il B2 L 2 , A < = 1
BB ok sG22I e
Tk, A 7R 12 B R AE 0~180 kPa 1] SEELIE 8 5615 542
AR 37 ST BRI &, FLPERERRSE . Yogeswaran SEPI BE
PSRRI E A, DL R 7 S R s A, 1 4
PDMS/B 4N KAE (CNT)GK G A R 1 TO SR 59,
8 L B B b 1 B R 12 F R R 1 I B P
{E ]34 500 Pa, 7E M SR REHLER N GUAT 5T 22 W . b
A 2~ ZE A A SR G AR IR 3K L B R AR X T
2 FER P i 7 S R B 68 FH S A TR A 40T HEA TS R
MERHAE R AR AR T A5 St Lya 5550
PDMS 5 E[3 il e g A il /AR ) RS SIS B W 3D 18 7
FIM AR D fl v AL RS, R CDF R A LT B R 9% e
AL EES , AT W I AR IS A A % 1 14 17 g
i, GG AR T M A R A PERE I . ZEih vl S, R G
WIE Ry B B SR AR R LA et S T R ek R T2
a7 p FL A A R P 1803 T S5 A A A L A (L
2.2 FHAEM

FeMEHMA A L B R bl SRR B A7
RE T LT R IR AR R It Al 2t . R, SR A



236 AR

2025 4E, %5 53 4,45 9 1

DUELAE RAFII I 12 i s R A A: A 25
DR LT B RRAE 25 P 2 240058 T 10 TAER e . REWE
SR Z A AT S, ] 590K & B A R S AR A
YR A . Cheng %R IR E FL 5 621 H A K PDMS
TR Ry AR A A 1 T FEL SR B ) B RS0, Il b 7 A Ja
AR BN T0°HLES , il b A% IR B S5 FA T AR | A e P
1, Bebp e A 5 S K EE ) LT REfFfE A2 . Mk,
BREW SR, 54 B R S ARG UM B E &
AR R B3 2 M A XI5 5 5 P B B . Shil 55 ad
B R ALTEE M T 20 4 T 36 T AgNWS/PDMS & A HL A i
ML 2R AL A . IR IR LB M S o M
TV 1 45449 PDMS {4885 , R U 3271 %5 0.831/kPa, [A] i
JE B A S A T R T S AR ARSI R . LAk, %
Ml g B m e R EE UL 15 H TR AL
Aere o SR, H T A B R BR A R T A AR
i, G2 e S5 R R T, S A P AR B R . Li
ZEUL) PDMS S ELEEA B, SR FH 3D AT EREACHKS 5 L il 25 ¢
ML % 22 BE BSR4 K AS (MW CNTS) 45 22 i S b 4 7 i 22 4
ARHRHE FEB 258, il 45 MR TR s . xR LA
T 7 e 1z 7 L (0~396 kPa), AU T FRAIL 28 7.69 Pa,
NI TAIAY 32 ms, 580 R ik 212/kPa, HLZ85d 5 000 IR AGER
WG TR . R4S 3D B AR T SE 452452 Zimt
SER I Ak A A REDORS B A PR, S B0 2 2% KL
Rl A ELIBR A A AR . Ak, 3 A 3D AT ER SR & bt
REFP A B, X — AR 29 7 ==k AT R
Lipomi 55*/LA PDMS b HEJIE , 5B K A U L 1 il pic iz i
B HL 2 2 B 4] fi B A% R P 2 IR % L R TR AR A
100% 4544 FABCRFREARLAF (0 R v AN Iml i, 4 8 17 52 & p Ak
Y HLA 5 IR M BB o (I BA 02 B B R AE B A BB TR
B R SR 3 18 A DI P Rk AR AN B
BoL, TR 2 . ik, Ma S5 & T 2 T ZnS-
CaZnOS &GRS I 3, 4- 2.0 — A MEW) : K 2 I ik iR
IO AR 1) 7 -1 SRS i S A S o AR IR 28 T
AR B = 55 ki 7 =X, v ) LR 4 )
PG R A A 55 A S B, B R i bk
RE T, o VRS R B 1 Y 7 SR, bR AR
FERETRLE AR - FEARIR PR BT T R R 5 R RS R R A
JE AE 21~60°CTE Bl P 2h—0.6%/°C , {ELFifi 5 TR T 25 , ) &k
JE TR, BRI T HAE iR b R . Miyamoto 25
TER CARBELT YA 36 90K 05 BT R R R K
PE BRI LR LT A E AN K R A, Fh I 45 14 HL - B Jik
A E LB, S8 Ty A T A 2 AR
AR B AP RE RS . AN, A WA ] S = kR
THEAPRHE A i R AR . N, Wa SEILL
FERER AR A IS O A B Im 5 2 26 il
O AR ARG 0 A1 ARG TR AR B . A% IR T
A B2 38 T RS R R SR I B kA

W1 % A1 2537 5% , 7E 0~200 kPa S 7 9 [l 9 53 4540RF 35 11.09/
kPa. MXene fF R30I — 2 pH} i 5 R AW R 1R
A A AR R U I B e BH A A i i & P R B
M S TS . Yang S5 AR5 v, S AR D 4R 2 TG S
PUR, T 3% JH W% 44 v 4% MXene U0 AR 0 15 1 UG Z 5 W) b4
MXene i F 58 B 0 Rl vl 1 7 0 SUHE B M), e 208
JIHURZE S AR ZE &, 155 MXene/PUR/ XL H5 AR 45
FA 1 R PE R AL JBRR o A A IERi Wi IO i ] 50 52 B ] 43
B2k 67.3 ms F144.8 ms, R % =ik 509.8/kPa, £833 10 000
UG RS A R R m R M. Li S59SR FBAR T, #F
PDMS SE#1 ] FH M Xene A4 S5 T 51 A5 822 , il 45 1 A
BRES R R BE S R R AL B R o BT AT FRIT A%
(LGRS AT 32 1 Bt Ak T e LR B+ 2
1007, R E LR I, F & T TPU/AAALEEGK 2 =
Y B AL RS IR R I S AL AR R ML B R 2
2 000 kPa, {5 EER (5 L T 3K 20 dB, BRGNS th—.
BALAE"LL PUR S 3R 38 35 5 | AR [F] B4 4 ol R R E
BRI T =2 M T 2# A5 1% : PUR-G M A8 1% R
TE 0~225% I 75115 Bl N I A8 R 5000 /9 3% 549 , W] I A (ki
B AMA S T 5 PUR B AN A8 4 S G 3R Y
88%, MO G TERERAE , IS AESEI BRI AT S i A2, BB J2 %1%
JRES R AR B ; TPU/PVDE ™ = BHVA " 454 4 F M i i A IR
AR 300%, ATREIN H# R ). Lk S AZIRIT, ik
RE ARG G W EAR G il 28 TR TG BRI AZ O ME A
TET A RE R G B R —— i it
L G TER AW A A A TR 32T A ARG 11 52 A0 5 v
Yo AN, REYZ M BIE A T UL ARHAR RS Y e
B A /N 0 B 0 T R A, TR Lt R g 2
B ELAS AL R . AN Veeralingam 255 DL 5 A B M, A1) TR
FL O FROH 2R — R R U R NIL S (PDMIS/PPy ) [IL R A 28 4L
LI ATO) U 2 BRI R IR 2 15 I, LA R 3644 il 1
PG IBAERTE 1.47 N/em JE 7 F AT 72A2 0.11 wA/em 19 HL I 25
F12 VAt AR SF AN 3 6 i 17 ) ] 4 A7 95 s, L
R B I A5, B 2 R R OB A (A5 0 S 45 5 i [ 44
B JIRRTAEES PR 2
RAYNERZPESLM A i R R i LB o
FCAE ) 2530 L5 0 T RAS 7 1 L 38 H S, AR G 4 e v
He A A ) U B AR P E (N KR B A s A I
W) B LA I T (s A 4y B SR it — Ak . )
IO XL 50 A5 A RS ST G PG RS )
REEA—SF [, DL PPy S U A BRI 45 T WS AL AR
(WA R SRS  RIVE T2 R “ B 86 B SBS g 43— LA
ERYKIGURL RN PPy, i B B2 W2 5 R A MR BRI, 23
80% & &AL Rl L 72% £& M3 F K 1.07 RELEE, o] HF Bk
W A RS LU T T R 5 i ]
1, A5 R BRI I RS s QW AR5 8 , Hil/E L2200 “ B3t SBS/
2 FEAE SR E ARG Py BHA VIR CNTS”™, F



WK, 55 « RS ITE R e AL I 7 Bk rh R TS 1 237

FH PPy/CNTs 5 SFM 1 B[R]/ AT, 52 31 270% 1% 8% [
2.64x 1041 A48 2250, e EHUMUE SRR, 7T 32 8l I &
F RN UG BSE R G e N B R, RS RS S
WA EUR SEIR I REOIHT . 2 PG AR 1Y B 2 PPy (KBl FH
A e AU R BT R R T R R DU R AR BRI BT Y
HRREERIIE . SET I, 58 R B T 22 B 1 0 H Tt
FARHUBRE K AR 10 o B JoR T A FE 50 B 7 1l i %
PIBRE R A5 B AR B FIF & 5 NS IARRL A fik v
LR Ik DA 5 N B B se i
2.3 HAuLAik

B A YIMRAE T kP mT LU EA B R, FE T
F Ik v R B RN A8 A R 7 Lk ER R 2 ] & AR e 1 )
Af, X FEL T B R B L 2 R P A R A LR R e
A BB R A IATRL, DTS /N T HE T
B2 P BT R R AL R R U . W) Pignanelli 557
HIVERY AL 38 , L PDMS S Z2 VA B, B LI 7a,
3 2o Xt AT o S SOOI 35 8 A i A AR sh S
RS P IERERE , Xk T 2T 00 AR, BRbi 2 i
B BT IR Z K . Kang Z5597 IL LRl 1, R 2 2 B A
ZIFERXT PDMS ZAL4k , I LA B 28 T F1 A I 1 A ot
2 AR P AR B R IR T8 — e R LRIN T
MBI REE . ILAh , RGWd vl 15y Bz Bk v A% %
R R . Liu 5507 43 J8 R TR JZ 3D I B 454
HL 25, I FH PDMS X it 33 12 45 K i (4% 8 vl 7
24° T %, 160°25 il 1 B FL T B R ZE B 7R oK L (0 i 4
gt BRI T AR AR T A BE 4EF 13.8% M Fi i, Wang
ZEOH 3 R FH K M PUR il ARG BEZ 55080 )2 U2 F 2T
G TR AN AR AL SRS, L P R B S A W AR A T Y K Pk
PUR, J&I JZ hy A1 SR R AN KA (7K PE PUR 25, ik it
I FITE SR R JR T, A T A% B8 RE A 1 it B Bk 1) A5 0
MG . 25 FRTA, T REWER A AR R bRk nT
5 RS R A 4 R AV L B AR T L R AR 45 AR
T4 PR R BERRE .
3 FHESRE

REYMESER A BB am @t RIS T
TABHEAIN T AR, 766 7 b A% 13k e B R 0 2 v o5
HARTEACR AL . o, R RE RS LA R iy b 5
Fle T , B DR R 10555 BEAS B 70 404, Ay o 8 0 i 2 {3
LR s PTB T AS AATTAT LU i R 254 A
B4 He AT 5, R ARG PERE , AT AN IR 3 5 R
IR E W5 R 5 i TAB R SRR 2 Fh 125 il 45 R A
B G BR (R , B 11 P FE M AR SR | ST
JEPEREZ [ SCELM AL . S R SR A W 3 fik b
A JRRER, B TR AE T W (R %o A AR A TR 285 ) S s JERAD)
BRESE B (I ABLZ 8] A fal B A B AL 88) 5 SL bR b = R A
TR F1 o ASid, MRS A A58 AR PR A7 —
SegE ) f - AEAL IR RE Dy T, RARE SIS 5 2155

ZIAIXE LI, AEAE ST b — I Rl 2 S B — DR AE

R s BERHI AE A, KR TS , S 2 2 5

ARERTE O, S AR i s TER 20 50, il s

WA PREE N R AR RE 2 A Ak, BE TG AR5 3%

FEARAL IR HERRTE . DRI 6 R] BT, SRR BB T AR

BUB AT AR B3 S o R £ FE S RS W AR, AT R

TEZ BIOIE BERS 1 I VERE , S A ; 454 3D ATEN

BRI A M B 5] AU A M) B IR 5 R i, P %

JERAORSHERE o X Ty, SCBRDRE T 2 VR S L A g

FR BB B T, ik — 2 i e s g s 1) 3 3 AR SO 332, AT

RS JAS W HE TR 7 fih 52 A% SR L BOBRAE P 2 BB A 2

Al R M 0 25 2 i S T AR B SE R AR

& % 3k

[1] MA C, WANG M, UZABAKIRIHO P C, et al. High sensitivity,
broad working range, comfortable, and biofriendly wearable strain
sensor for electronic skin[J]. Advanced Materials Technologies,
2022,7(8). DOI:10.1002/admt.202200106.

[2] SRTRE,ZKEBEE, 55 . LT R M AR 2 A R M 0 o 4
FH[IN. Bl2#,2025,77(2):31-35.

GUO Yuchen, JIANG Yongchang, LU Xiao, et al. Electronic skin
and its applications in ubiquitous health monitoring[J]. Science,
2025,77(2):31-35.

[3] ZHANG JH,LIZ T,XU J,et al. Versatile self-assembled electros-
pun micropyramid arrays for high-performance on-skin devices
with minimal sensory interference[J]. Nature Communications,
2022,13. DOI:10.1038/s41467-022-33454-y.

[4] AHESN, BRAA TR . LI g S i T R BT E R (0],
THLIE T, 2022,38(4):4-9.

ZHU Shengding, CHEN Dongdong, LEI Jingtao. Research prog-
ress of tactile sensor and electronic skin[J]. Electro-Mechanical
Engineering,2022,38(4):4-9.

[5] J7HEA, BREMK, 2, 45 BT RO AL R S PR REDT ST R
[7]. TAERRE2AR ,2020,42(6):704-714.

WAN Suwei, CHEN Jialin, LI Shihong, et al. Research progress on
new materials and properties of electronic skin[J]. Chinese Journal
of Engineering,2020,42(6):704-714.

[6] HAMMOCK M L, CHORTOS A, TEE B C K, et al. 25th anniver-
sary article: The evolution of electronic skin (E-skin): A brief
history, design considerations, and recent progress[J]. Advanced
Materials, 2013 ,25(42):5 997-6 038.

(7] &Y, A, BN, A5 L T HLE B IR M 2 D Rl fil i 1 %
PRSI [T]. LA, 2011,33(3):347-353,359.

HUANG Ying, LU Wei, ZHAO Xiaowen, et al. Design and experi-
ment of flexible multi-functional tactile sensors for robot skin[J].
Robot,2011,33(3):347-353,359.

[8] THRE,HisH MHIE, 5. KT PR —FR B K ik i e
G IRARBER 1], AR #2010, 23(3):315-321.

DING Junxiang, GE Yunjian, XU Fei, et al. Study of a new type

skin liked arrayed tactile sensor based on conductive rubber[J].



238

AR

2025 4E, %5 53 4,45 9 1

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Chinese Journal of Sensors and Actuators,2010,23(3):315-321.
LI L,JIANG S,TAO Y D, et al. Fabrication and testing of a filmy
“feelingless” stretchable strain sensor[C]//2017 IEEE/SICE Interna-
tional Symposium on System Integration (SII). December 11-14,
2017. Taipei. IEEE,2017:362-367.
PYO S, CHOI J, KIM J. Flexible, transparent, sensitive, and
crosstalk-free capacitive tactile sensor array based on graphene
electrodes and air dielectric[J]. Advanced Electronic Materials,
2018,4(1). DOI:10.1002/aelm.201700427.
LI L, JIANG S, SHULL P B, et al. SkinGest: Artificial skin for
gesture recognition via filmy stretchable strain sensors[J].
Advanced Robotics,2018,32(21):1 1121 121.
TR . FA S B R 1 R 2o AL R 1 A SR A i 1 I
PERERIFSE[D). Jos: TLHE K, 2024,
CHANG Kangqi. Preparation and tactile sensing performances-
tudy of flexible porous materialswith conductive microstructure
[D]. Wuxi: Jiangnan University ,2024.
ROGERS J A, GHAFFARI R, KIM D H. Stretchable Bioelectron-
ics for Medical Devices and Systems[M]. Cham: Springer Interna-
tional Publishing,2016.
LEE J, CHUNG S, SONG H, et al. Lateral-crack-free, buckled,
inkjet-printed silver electrodes on highly pre-stretched elastomeric
substrates[J]. Journal of Physics D: Applied Physics, 2013, 46
(10). DOI:10.1088/0022-3727/46/10/105305.
KALTENBRUNNER M, WHITE M S, GLOWACKI E D, et al.
Ultrathin and lightweight organic solar cells with high flexibility
[J]. Nature Communications,2012,3. DOI:10.1038/ncomms1772.
SUN Y, KUMAR V, ADESIDA 1, et al. Buckled and wavy
ribbons of GaAs for high-performance electronics on elastomeric
substrates[J]. Advanced Materials, 2006, 18(21):2 8572 862.
WANG C F,WANG C H,HUANG Z L, et al. Materials and struc-
tures toward soft electronics[J]. Advanced Materials, 2018, 30
(50). DOI:10.1002/adma.201801368.
MATSUHISA N, CHEN X D, BAO Z N, et al. Materials and
structural designs of stretchable conductors[J]. Chemical Society
Reviews,2019,48(11):2 946-2 966.
YANG S X,NG E, LU N S. Indium Tin Oxide (ITO) serpentine
ribbons on soft substrates stretched beyond 100%[J]. Extreme
Mechanics Letters,2015,2:37-45.
FAN Z C,ZHANG Y H,MA Q, et al. A finite deformation model
of planar serpentine interconnects for stretchable electronics[J].
International Journal of Solids and Structures,2016,91:46-54.
CALLENS S J P, ZADPOOR A A. From flat sheets to curved
geometries: Origami and kirigami approaches[J]. Materials Today,
2018,21(3):241-264.
TANG Y C,LIN G J, YANG S, et al. Programmable kiri-kirigami
metamaterials[J]. Advanced Materials, 2017, 29(10). DOI:
10.1002/adma.201604262.
SHYU T C, DAMASCENO P F,DODD P M, et al. A kirigami

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

approach to engineering elasticity in nanocomposites through
patterned defects[J]. Nature Materials, 2015, 14(8):785-789.
GHOSH T. Stretch, wrap, and relax to smartness[J]. Science,
2015,349(6246):382-383.

ZHAO H,HOU L, WU J X, et al. Fabrication of dual-side metal
patterns onto textile substrates for wearable electronics by combin-
ing wax-dot printing with electroless plating[J]. Journal of Materi-
als Chemistry C,2016,4(29):7 156-7 164.

LEE S S,CHOI K H,KIM S H, et al. Wearable supercapacitors
printed on garments[J]. Advanced Functional Materials, 2018, 28
(11). DOI:10.1002/adfm.201705571.

MATSUHISA N, KALTENBRUNNER M, YOKOTA T, et al.
Printable elastic conductors with a high conductivity for electronic
textile applications[J]. Nature Communications, 2015, 6. DOI:
10.1038/ncomms8461.

JOST K, STENGER D, PEREZ C R, et al. Knitted and screen
printed carbon-fiber supercapacitors for applications in wearable
electronics[J]. Energy & Environmental Science, 2013, 6(9). DOI:
10.1039/C3EE40515J.

TVEL, Wi, 220, A SRR S A% IR B RN AR 5
FHBTEIE R[], FI B 224, 2025, 38(1):1-20.

YIN Baofan, YANG Jing, LI Shaobo, et al. Research progress of
intelligent sensing technology and application of flexible tactile
sensor[J]. Chinese Journal of Sensors and Actuators, 2025, 38(1):
1-20.

Thitg B . R R RS RE R BRE ZhRE S ). PR
BARKAE24,2021,51(10):725-746.

MA Chao,ZHAO Gang. Recent progress in electronic skin: Mate-
rials, functions and applications[J]. Journal of University of
Science and Technology of China,2021,51(10):725-746.

TR, BRACHE, Bk =, 4 . MR o 1% e 1 B BRI 8 e 0]
Rl R , 2024 ,69(20):2 978-2 999.

CHENG Bin, CHEN Jiaxiang, CAO Lingyun, et al. Flexible elec-
tronic skin for tactile sensing[J]. Chinese Science Bulletin, 2024,
69(20):2 978-2 999.

GONG S, SCHWALB W, WANG Y W, et al. A wearable and
highly sensitive pressure sensor with ultrathin gold nanowires[J].
Nature Communications,2014,5. DOI:10.1038/ncomms4132.
JEIVK FERE IR, J ™ 2 SR TS T K B PR Y fh i £ JE
LT R[], TN TR 2024, 61(9):60-70.

ZHOU Bing, FAN Jingguo,ZHOU Yan, et al. Tactile sensing elec-
tronic skin using ionic conductive hydrogel electrode[J]. Microna-
noelectronic Technology,2024,61(9):60-70.

WANG H P,ZHOU D B, CAO J G. Development of a skin-like
tactile sensor array for curved surface[J]. [EEE Sensors Journal,
2013,14(1):55-61.

WANG H P,ZHOU D B,CAO J G. Development of a stretchable
conductor array with embedded metal nanowires[J]. IEEE Trans-

actions on Nanotechnology,2013,12(4):561-565.



WK, 55 « RS ITE R e AL I 7 Bk rh R TS 1

239

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

YOGESWARAN N, TINKU S,KHAN S, et al. Stretchable resis-
tive pressure sensor based on CNT-PDMS nanocomposites[C]//
2015 11th Conference on Ph.D. Research in Microelectronics and
Electronics (PRIME). June 29-July 2,2015, Glasgow, UK. IEEE,
2015:326-329.

LYU X Z, SUNDARA-RAJAN K, LU W K, et al. Transfer func-
tion of interfacial stress sensor for artificial skin applications[J].
IEEE Transactions on Electron Devices,2013,60(8):2 640-2 647.
CHENG M Y, TSAO C M,LAIY Z, et al. The development of a
highly twistable tactile sensing array with stretchable helical elec-
trodes[J]. Sensors and Actuators A: Physical, 2011, 166(2):
226-233.

SHIR L,LOU Z,CHEN S, et al. Flexible and transparent capaci-
tive pressure sensor with patterned microstructured composite
rubber dielectric for wearable touch keyboard application[J].
Science China Materials,2018,61(12):1 587-1 595.

LI T,PAN P, YANG Z C, et al. 3D printing of a flexible inclined-
tip cone array-based pressure sensor[J]. Advanced Materials Tech-
nologies, 2022, 7(6). DOI:10.1002/admt.202101135.

LIPOMI D J, VOSGUERITCHIAN M, TEE B C, et al. Skin-like
pressure and strain sensors based on transparent elastic films of
carbon nanotubes[J]. Nature Nanotechnology, 2011, 6(12):
788-792.

MA X L, WANG C F, WEI R L, et al. Bimodal tactile sensor
without signal fusion for user-interactive applications[J]. ACS
Nano, 2022, 16(2):2 789-2 797.

MIYAMOTO A, LEE S,COORAY N F, et al. Inflammation-free,
gas-permeable, lightweight, stretchable on-skin electronics with
nanomeshes[J]. Nature Nanotechnology,2017,12(9):907-913.
WU Q, QIAO Y C, GUO R, et al. Triode-mimicking graphene
pressure sensor with positive resistance variation for physiology
and motion monitoring[J]. ACS Nano, 2020, 14(8):10 104-10 114.
YANG M, CHENG Y F, YUE Y, et al. High-performance flexible
pressure sensor with a self-healing function for tactile feedback[J].
Advanced Science,2022,9(20). DOI:10.1016/j.cej.2024.147585.
LIT,XU Z Z,XU B B, et al. Advancing pressure sensors perfor-
mance through a flexible MXene embedded interlocking structure
in a microlens array[J]. Nano Research, 2023, 16(7): 10 493 —
10 499.

TR R VERE SRR ) AL 1A i) RBUZ BT [D). BT
JUPERAE, 2023,

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

HAN Renhou. Sensitive layer design study of high-performance
flexible pressure sensor[D]. Nanning: Guangxi University ,2023.
TR . SRR 2R ) BRS04 BE S S ) 2 AL el
[D]. P42 PG4 Tl K2, 2024.

WEI Chuanjuan. Construction, properties and flexible mechanical
sensors of polyurethane-based force-sensitive materials[D].
Xi'an: Xi’an Technological University,2024.

VEERALINGAM S, BHARTI D K, BADHULIKA S. Lead-free
PDMS/PPy based low-cost wearable piezoelectric nanogenerator
for self-powered pulse pressure sensor application[J]. Materials
Research  Bulletin, 2022, 151. DOI:
bull.2022.111815.

XUBEI . LT SRS Z b5 i 2% 14 B S S AE VAR IR v 1Y
[ D], ¥ R3: PFr R ,2023.

LIU Yikun. Construction of polypyrrole-based hybrid conductive

10.1016/j. materres-

network and its application in flexible sensors[D]. Jinan: Univer-
sity of Jinan,2023.

DIFTLER M A, MEHLING J S, ABDALLAH M E, et al.
Robonaut 2 - The first humanoid robot in space[C]//2011 IEEE
International Conference on Robotics and Automation. May 9-13,
2011, Shanghai, China. IEEE,2011:2 178-2 183.

DIFTLER M A, CULBERT C J, AMBROSE R O, et al. Evolution
of the NASA/DARPA robonaut control system[C]//2003 IEEE
International Conference on Robotics and Automation. September
14-19,2003, Taipei, China. IEEE,2003:2 543-2 548.
PIGNANELLI J, SCHLINGMAN K, CARMICHAEL T B, et al.
A comparative analysis of capacitive-based flexible PDMS pres-
sure sensors[J]. Sensors and Actuators A: Physical, 2019, 285:
427-436.

KANG S B,LEE J, LEE S, et al. Highly sensitive pressure sensor
based on bioinspired porous structure for real-time tactile sensing
[J]. Advanced Electronic Materials, 2016, 2(12). DOI: 10.1002/
aelm.201600356.

LIUY M,XU Y S,AVILA R, et al. 3D printed microstructures for
flexible electronic devices[J]. Nanotechnology, 2019, 30(41).
DOI:10.1088/1361-6528/ab2d5d.

WANG S, FANG Y L, HE H, et al. Wearable stretchable dry and
self-adhesive strain sensors with conformal contact to skin for
high-quality motion monitoring[J]. Advanced Functional Materi-

als,2021,31(5). DOI:10.1002/adfm.202007495.



