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Abstract: Mechanoluminescence, which enables direct conversion of mechanical energy into light energy, holds
broad application prospects in flexible sensing, wearable devices, and human-machine interaction. However, con-
ventional mechanoluminescent devices generally suffer from high response thresholds and poor mechanical coupling
efficiency with the skin under dynamic conditions, severely limiting their ability to respond to weak mechanical sig-
nals. To address these bottlenecks, this paper proposes a mechanoluminescent thin film structure with a negative
Poisson's ratio (auxetic) effect. Through finite element simulation, the structural parameters are optimized such that
the film's Poisson’s ratio variation range closely matches the skin strain characteristics during human finger joint
bending, achieving dynamic conformal adhesion and efficient mechanical coupling between the device and the skin.
Experimental results demonstrate that the optimized auxetic film exhibits a mechanoluminescent response threshold
as low as 0. 8 N, which is approximately 25% of that of conventional dumbbell-structured films. After 8,000 cyclic
loading cycles under 50% tensile strain, the luminescence intensity retains 70% of its initial value, demonstrating ex-

cellent sensitivity and operational stability. A dark-field gesture recognition system constructed using this film suc-
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cessfully enables real-time remote control of a dexterous robotic hand, achieving a recognition accuracy of 95. 5%.

The mechanically adaptive structural design strategy proposed in this study provides new insights and experimental

evidence for the development of flexible mechanoluminescent devices featuring high sensitivity, wearing comfort,

and environmental adaptability.

Keywords: mechanoluminescence; negative Poisson’s ratio structure; flexible Sensor; wearable electronics; mech-

ano-optical Coupling
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Fig. 1 (a) Schematic diagram of the tensile testing experimental setup; (b) XRD pattern of ZnS: Cu®* powder; (c¢) Mechanolu-

minescence spectra of elastic films prepared with different powder-to-matrix ratios (ZnS:Cu** : PDMS); (d) SEM imag-

es of elastic films prepared with different powder-to-matrix ratios (ZnS: Cu®* : PDMS) ; (e) Relationship between lumi-

nescence intensity and the number of tensile cycles during 8,000 repeated stretching cycles of the film.
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Fig.2 (a) Schematic diagram of the Poisson’s ratio calculation principle; (b) Variation range of Poisson’s ratio of the film

stretched from 0% to 60% under different bandwidth ratios AB (a:b) and different aspect ratios AC (a:c¢); (c¢) Rela-

tionship between strain and reaction force during stretching of films with different aspect ratios at a bandwidth ratio of 1:

4; (d) Photograph of the tensile testing experiment of the auxetic film; (e) Schematic diagrams of traditional, hole ar-

ray, cylindrical array, and negative Poisson’s ratio films; (f) Lateral strain of the four films during finger bending; (g)

Delamination status of the four films after 50 cycles of finger bending.



6 -

¥R

4 WMSEA G T & TR L E R IR — 2P
3ok S s e S 6 X A PR T Y T 245 SR R AT 5
UE o antb 72 K S2 Fir R, 7E 0%-60% H AR5 [ 1Y, 5
B 10% Fir A N7 AR 30 5% — W3 B 1Y) 52 B B it e 7
M1, It 54 ool B Rk frxf b, 2558 3R,
S BG4 A S AR FH B Ny A 3 £ B A T i )
FRFEIIEA T FEpyAE LA a5, 505 Bl
2R AR — 3, U I A FR T AR Y BB 8 55 b T
P BOTE P Ll 45 48 78 P A o R b 5 g 2 e iy #
WEBZ G5 AN AL F-48 K Bk 25 il 7 v i g 24 A8
AR AR AR VC B, 5] B 548 3G A P A B A 3
R AP 450 A8 T2 68 ), 38 0 28 8 ] 28 80
TR NG
3.3 fiiRFALEERENS B M RE O AT

Ry k2 B E I P LU S5 A TR AR G B AR
DRI A7 s b B4 U BRE A A AR SOl & T I 2e TR Y
DU b 5L A A [R] R4 Ak 2H R RN AH 3T 38 A RS B 4% 52
T o S L O 2 e B ol B30 A 82 2] S B R 47 9
LU AR o F T S B i B R v 9 B T TG
RERLR I TR SR S B S P B L SN
R 1) B A8 DT L | J) 308 A 408 /058 Kl A K By g A 3ok e
o PG AR SO 1) R AR A R 25 i S 9 B0 RS T
FEURN OG5 il VR R B9 0 2 05 2 =4 J7 T, XA
(i) 235 ) T 5 1 Sl 25 I B AT o R AT EE 3

T2, 3 O SR 0 AU BT DU AN [ 45
TR A 48 OG0T 25 il A R v A R e R AR AR Al . FE
F-F545 il A E R 0° 307 .60° F190° BT, 43 Bl 14 i
TR AR AL, I L Fiji 0 0F D0 3 5 b (el 3
AP XS8R A 1) R 0 a2 5 (2) 3 )
87=432i}3@—x 100% (2)
Horp wo ok T35 AR A5y A g 5 e ] X3k A ) 1
] B8 B, wo R T4 25 AR R 0 B0 R ) A 1) vE
FE o A 2f BT s, A% eV TH R AL P 2 T g
TRV B A [ 1) A 25 o A b B e A A ) AR
JEE A T WS, FC v A% G S T e R Ak [ A A )
AR AE 90° 25 [y B A [ 0 A% 249 SRy -5% , T AL P 3] i
JIES 1 A e WA 5 AR KT BN R -1, 8% AL Z T,
BUTE P bl v R AR 25 i ok R rh 2 R 2 Y A )
ke, JECARE 1) S A i 2 i A R 8 o 3% T L IR A
90° 25 i B I8 B 6% o 150 B 25 k4 78 G 47 25 il i 7%
th B 5K Z T YT R AT O — SR A 1) AR Y
B, BB 05 A 0 R AR B 5 R ok 22 T A T T AR

KL o

R VAR N [ S S A B85 i %) 9 2 O o
SE M AR SCHCES T DR R AE TR il S0 kU 1Y
J R X343 A, Q] 2g TR o 20 X R R &S il
A I i JE 55 ke 22 i)+ R Y S O Al 8 s S AS
el AT ST (s v TR e el [ R
DX 35l 1 B 58 R T R 3 5 O KGR T LA il 1)
P A K AR B T 0 A S BRI S R Tk 2 ) A
B W AR R TE o B IR B0 SR8 SR o 50 A 2 3] 38
ARG T GRS 7E — E FE - 2% M 4%
AR 2 o, HL 2 AR 1) AR T ATh 32 B 3 R WA 4
SR T AZ B, R O A 25 g X3 A7) ] 0 4 3] 1 el
KX, AH 2R SROIA R B A O 6 S i S
ASC H R/ B SRy S B s X, 2 A O BRPIR S T AR
X 2% B BRI LU 25 4 1 R 1l 2 Tk AT O B A B A
T I OGS A AR v R R 2 T sh AR AR T M
2 v AR AE 5G4 A ) TR 0 A g

Ry itE— 20 4y B b R W B 2% 0 2Ok TR AR
SCEET T e O A ok R Y AT Ak A PR TR
Wb 3E B S3 T, A4 THE RS iy [ o, I SR I A4
RO THE BTy T A v B, LA ASE AL 4 51 75 il o
T o ST gl e T S A 1 T T AR AR AR . FE
AR TR 30 5 S AR AN IO T 051 B8 T, A 5V T i S 1R
A2 floh DX 358 A 858 R R ) 32 6 v IO A8 X, U P
HAR T A BAR v AR G TR X, DA I B 25 5 5
2 Jy B AT AV 3 DR T RS o L R A S R R A
[5R] A: %F 41) 9 S L 300 % o Ak 45 g ) DI i — o
JEE 1 Je 5 07y A AR AT 2 B HE TE A B EL 2
Fag 19 A 1) AT 406 B, X A AR A b % fige A 1) I AR
KBC . A2 R A b H B v 3 5 485 44 BT e
At TR0 32 2 ) A 8 T b I R e A o oty TR A% A iy
7 2 B vh A3 A T e B 0T 22 R) Y 3 4 X8R T
it G 7 T rh e O R T AR 2 AR X, A
W, 45 HE e 6% 7 ¢ Y 25 il AR b L AT A2 B
G342 Jy F8 0L AR 43 A WA R Rz 7% DX I T AR
AT 44 g 8 AR i O 1 i T ) S A S L RE D .
3.4 fARA L RE R AR S AT

ZnS:Cu” @PDMS 5 & #5149 7 ) O il A8 mT
B N MR AAE T -6 e 55 25 8 01 2 R i R
BEFHR . X T ZnS ZOCURLIN AL REAT AR
ZnS {5 T SR T H B R L A i
Vs BIF i 9 800 - 1 B L s B s Y 28R 1 —
BT IFE Co ROk AERFE SN



HRR I, S T o) A oI T AU A SO AR HE N T RO IR BT B P RE AL AL 7

I P2 A2 Al UL & 5 . [, E ZnS:Cu™ @PDMS &
G ZE R O6 R S5 PDMS 3 M A 3544 2 ] By
i THJE 4 H A0 AL R BE S 5 LA RE B L B R RE Y
L E 1/ SUN I NS e S i D IIRIE R N R B N A
ZnS W) &G rfoe F G BIE R 9 43 A, T 2 38 3 L]
S I 5 5 WA g A T N R A% 8 AR L R
JHE % BRI ¥ B 4 A XIS Ry 3 B S g, AT B
AR ik e B RASAE R ) RO R

hy ik — 20 BR BT IO A L R Y ) Bk Ot
P B FE A B Abaqus A BR T 514 % 5 R A ik
TR N ) o3 AR HEAT A3 T L 25 R B 3a TR . FE
P AR AR v, OTA RS L TR B R Y R ) R
JCHRFIE o 5 A% GE WS R SN [a] |, B 428 L T
(R O A B 3 A v T e B B T =2 T Y 3% 4
VIS Y R RN I I A G E S SRS RN
Gy 5 2 R I T AR ol P 8 MU A2 Sk 2 9K
Mo A A AR 5 R B R R Y Bh A ) 43
A5 ELAT B0 % 0 O R, 1 B A% 45 4 AR A AE B A i
T vl 2 L 28k g 4 b A% 8 28 R S X0, AT
05 il % ZnS:Cu” @PDMS & & 1K & (4 W 1 %%
M) 7

SRk — A B 5T AR B I AL A 5T
G545 ELA5 ST BOIA RS HE S G AR T 0o R AT 43
Bro WIE 3b s, 2R 38k 15% ), 515
W A 3B 1 0 g R v DX 5 T 2 e A i
30% Ji , Jié i .o 22 8] 1) 3% 2 A A TF G R B
(14 Jed 38 1 I8 0 Xl sk T B 9T B B T R 1 B A
IE R A WA B B o 5 — B B B R AK T
30% B, 58 04 A8 B 32 5 vh 25 4 v 19 T s P e
BRIV R AT B R A AN PR A R I AR A
W B A 1) B2 K AT R o IR B B, 5 4 T L A
BT T e 1 AR AR F B AR IR A I A TR
T 4% R AL 08 Jry 8 L S2 N T RURE N SRy S R IR A R
W A 38 BT AU & B T R AR SRR E A oK
S, X DA A B N T k. B B R
PR 1k 30% J5 , Jie e B 0T 3% W 4% 30 L AT e I F
e B, 5% 1) B2 K i 7k b A Y i — 2B AR TR
BT F S Y DX AR R AR F2 R A
N7 3 A 2 Al DX G S AR e, 4 R Y R AL A
L O — 2% S ZnS:Cu™ PFURL PN R 350 A 1) Bl
A /PDMS ST FL 37 1 5, DA T i 2 B B 2800+
L GER IR Cu Ml R RO O B A AT ]
N 1 7 K AR o 25 rh LS B i RO IX

F AR T e BT 4 A RO A LSS
L) S A U VA R E NN B N PR B | il ey v R S N
TIE 77 -S54 A% T S 3 o 485 4 N7 T R K 42 & R
5 L SIS AR i S L 9 e

Bl 3c 5 & 3d 43 5l JE 7 T SOIA AL b B 5
B SEA A PR S B Y O OB fE S AR .
L A3 ff B 43 b CIRL 3e) |, B30 i Ll 38 A B T ok
0. 8 N A BV 1] U0 £ 1) 375 B 1) D6 A5 5, 17T WIE 4% 485
TS U] 5 76 B 73K ) 3.2 NI A RE 7 AR [ 45 o
M AF 5, R B ORI A L 45 0 B TR A 1 ) &
JEEE . SR TR AR AR B A B (11 3d) L 25 2 2
PR 2 A < W7 A8 235 ) 36 S A or il 324 R 10% B
BIAT 7 A2 DA% 5 T I A b i 5 P A 2 35%
BF A BRI )6 A5 5 03X — B UL B LI A L
I 1 &5 F B SRS, AE AR IR A0 VR R B 5 kAR
TEAZ o LR L RTIR, 500 K L v REE LE LA i ) 3 ot
T 42 p R e B R B A ) B T R, G ) i
AT NS TFHE AT i kT 0 £ 07 10 R
EFARVC L , A Bl T B AR He 5k - vl 58 558 T 4 I A2 2k
[T R L SN T X = S R <9 Sy L
FREPE . TR B 3% 45 0 8 % 4 2 W hr A A8 4 h
e 328 28 T A B 0T % HE W) A DX, Wk AR R R R L
SEN A7, B A A% M il & ZnS:Cu® @PDMS B 451K £
B0 g Al A DT R AR & G BB . R PR AT
B T v BB (] B 2 R 4 1) O O B2 A v 2%
1) 12845 S R RE T &
3.5 AAMNEEEBARBREESRERTEMS
T

T LR TR AR, A 58— 25 X SO A
Ll v RS 104 918 20 Ao e Pk AT 03, DA o I S BR 1
A AR A ER BT AT S . B 3e R TR
R K 60% A F A 1 He B9 0T, WA % 6
5 S5 BE PR B AL R, SRR A
iR B I, RS Y O iR BE S TR B T AE AR
830 R PLARET e A WAL . 3 ak O %5 W 24 1% (1] 1) [
(EII N Ty i S N g o R 2 i ol 51 B
S kb o W SR T Y SEM [ENG Gnkb 75 1] S4 R
Uiy S Xl 22 0 1 5 A MRS 1Y) BT T O A O T S
AT R 25 1) 55 T 1) Bl LT DA B Sk 44 ORGSO
W AE =5 I 728 41 BRI 2 ik 72 v, ZnS:Cu™ fUkL 5 PD-
MS ek 2 0] %2 A1 B I B4 A T e K 982 57 2455 -
] Asf, BT 24 1) P PDMS 35 {4t 3% B R 50 40 224 A
L5 R AFAE , 2 I P RN & 22 ) 4 X )



b Strain
mEEE .,
EEEIEE .

30°¢
releasing %
250
Traditional
- ‘ 3004
3 3 =
2 AL E
1501 & 2200
Z Z 2
e = Auxetic i
= = =
1l 100
— Traditional = I =
= 501 Auxetic = =
04
0 2 4 6 20 40 60 80 0 200 400 600 800 1000 1200
f Force (N) Tension Rate (%) h Cycle
300 190
= 3 B -
2200 ) A e | & o]
& = 7\ 40°C =
£ £ / \ B z
2 Z / \ 50°C £
£ g L -
Z100 E o £ 170
— - -
= = =
0 160
0 2000 4000 6000 400 500 600 30 40 50 60 70 80
Cycle Wavelength (nm) Humidity (%)

3 Ca) SOATHS Lb 8 B A o B2 107 7 4340 B2 R OGRCAR IEL s (b) A [R) A 32 R B A9 B2 00 430 5 (o) ST A L T B 5 4%
45 K TR AN ) 5 Rt B AR A O AR 5 (d) BUTF R T T 5 W A% 9 g A R A 3 5 B AR R SE B 5 (e) BUTH
B LU W R AE 60% BB T AR RPN () 5000 0 LU 3 AR AE 50% R A8 T JE SRRt s (g) Sirip be i BREAE R 8] i
JE T ARG (h)J\YEl}f/A LU TR A [ 38 B2 T T 0l i R 1 AR A Y
Fig. 3 (a) Stress distribution and luminescence effect diagram of the auxetic thin film during stretching; (b) Stress distribution of
the film under different tensile strains; (c) Relationship between tensile stress and luminescence intensity for the auxetic
thin film and the dumbbell-structured thin film; (d) Relationship between tensile strain and luminescence intensity for the
auxetic thin film and the dumbbell-structured thin film; (e) Cyclic tensile test of the auxetic thin film under 60% strain;
(f) Cyclic tensile test of the auxetic thin film under 50% strain; (g) Tensile spectra of the auxetic thin film at different tem -

peratures; (h) Variation range of luminescence intensity of the auxetic thin film under different humidity levels.
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