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Fig.1. Model schematic: (a) schematic diagram of the sensor model; (b)
schematic diagram of the re-entrant hexagonal cell.
PIAREAR AT RE AR Neo-Hookean 8 SV A MR R IR L 2247 0 A2
DR G5 6 A S 7 9 W6 5 (8] 5 15 ) A S8 0 2% A, JEAT YRR SR, THEE S
JEJUTARZNE, DLHERR T 5T T RIS ML A 5 2 D)0k LAk, J9EBRER



LR SR AH AL SR M RIR AL RS R 22, (£ 5 AEE i R VA A B ST SRSz )

fit%, BARHHEAAN:

Aa=£u+£v 1)

a4 &
A, ao AREWIIGAE, X5 Z W ST RO AR AR, u AT v D%t T[4 Y

ik, BT ERAESARNE da, BIARGEHIIA B A R o 5 Him) N AR

& = (2)

& =7 3)

N lo 5 A1 53 D9 E IR S R BT 46 vei FEE -5 T £ el 0 iz e A% o AR ] 4K 7 5
S AR A SRR T AR LE v tHRAFON:

v=——" 4)

W6 BR TGRS 30 175 s B B AN IR A SR, BRI A3 B0 0 L il v
AR (B A A 28
HTEEMB AR TS R, @ )-SR 5 RS AL . Ecoflex-
CNT fRIRIEAR BT LS T E TR TN T ZhIRARR, SR K]
PE (R IN 23 A - 5 I A 50 34 22 O R 2R 2 FR B 02728, Ak O 5 AL A
SINAMRICIEE, Bl )5 SRR BN RS RN AL eeq 1E N2 (A AR . K&
T Simmons & 5 BB, BPRMIRHEHL T2 o W E SUA eeq IITEERRIAL:
o(g,) =0, /™ (%)

5



X, oo AMTEICRAZIN BIHIAG - S 3, TR IE N 10 Sim, 454 CNT A%
SRR 3um, AT HL TR cep = 8.85 S/m, 51 B E (W ZE /N T 12%;
y NS BUR RB, BUN 5, %S HRAE CNT S e 00 45 o ke A8k 7 17] B 25 e B
JS2AR R R S SR, L [ RE y, AEASF LTS EUR 07 B R HERR A LR 1
W R T, A5 TUTSEC T RS 3 ai f800 L R % g — R k. iR
THE T, ERR W N 1V e R S A, e SR T R T B e BELAR
XA, DA ZRALE 25 R PO K T 28 o8 A S ey SN2 5 P8 ) 52 e 04

2.2 fIRAR SR %

BT ERE RTINS SR, A Tidt— Dl 1AL RES SR, B
IO SEbR AR A IERE . A BRI B 28R A BB I SR &S (TPU)3D 4T I 4% .
258 WM S FESIECS O OB O — B (8] 28D

AN A IR SR (R SR S 5 s ) % 5 38 i — IR R U 2 ) S
Gerb 5B EE, BRI &RAEI R E AR FR A SN R AR, LA
] B R R % AiB=1:1 L LA Ecoflex REAR (F&] 2b) , 60 °CIfE fk 2 K 1Hi
MPRZS: BiJG, 275 CNT-Ecoflex 4 5 [ 2k N A8 A% A BF T B AL S K P 52 T7
LB, PRERAMNERR S, FH B IAE T A0 P Ecoflex 2R TH Vi il ) 35 A1 IR B 2 BE
BRENKE (CNT, EA% 8-15nm, 4% 3-5nm, WK S B (- 20) ,
REFESL 29 30 mg [ CNT ¥k (BRI 7E % 208 3 mg/em?) , dl il T 1k
FEAS R A ACHEVE S CNT 1B, 2845 3] —ZJE B0 3-5 pm ) CNT ‘3:H
J2 AEGERE P S R AL B 3 N P S R VR D 51 A RS, BASMINE A,

HEAT K Ecoflex Be47, 1552 A BMLIR KL, 19 BIE4E M RIEALRER (B 20)



W 8 TR S LT B RSO S8 R AR AT o A, SR RIRD 2R T AN B 48
(1) Ecoflex 7= O BB A/E XA .

T2, 52 IR T-HE R BRE 5 MR 2R, SR B B €y 0.6 mm,
RFHEHREER 0.3 mm. HEH] TPU B4 E (£ 40 MPa) it/ T Ecoflex

(£70.05 MPa) , HR¥EE AR J125:0 Voigt I8 A B2, 55 A 45 F (25 350 1H )
FERT RN
Keg ® Ereu * Ay + Eio * Arco (6)

A Ev A SRS BB R SR AR, #SEBR LT THEE, TPU - 48%)
AR B RIBE R TTER & EG 99.7%, Ecoflex SN 172 0.3%. R0k 427 BE )R
1 0.3 mm 3% %= 5ZBR1E 0.6 mm, Ecoflex [INWI B 5Tk & LMY TH 22 0.6%, 1K
TE BEWIRE o bl o DRI, AT e 5 PR AN 2 508 8 ) 14 0 2 I8 = A= e K
i .
2.3 CNT 3 HL 48 S AR ALE

NFRAE CNT S H M T SRARIE S Y 501, AR SR F 3 R S 1 F - SR
BE(SEM)M A% B AN R CNT 70 A BEAT 1 2 R o 45T (1.00 KX,
] 2e), CNT M RTETE {b Ecoflex RS 15 R A U8 B H BRI
MR H, BRERGESN R BOREEG.05 KX, K 2f), CNT HE#
Fe. SCHUB M= HEMZ, ARSI AH ELE Aot St B AR (0 % SR 4R s 7
EEEHUR(20.00 KX, 1 29), EF Rz R0 CNT, " L#Zr CNT B
ik N\ Ecoflex S A, {5 iy 2 5 AL RN B R AT (1 LTI 456 o 2 U SEM 45
SRAESE, ARSCRA TR IR L AR TE TS AR Y o A 35 5 | 1 R AT
HR TR ) CNT S HLZ%, AR BB RS SR A AR 7 i oL (1 B il o

7



NEEIEIRE LM BBV, Sei il 1 =40 R S50 L B
K TH2822D Ky Fu M 22 78 il fr) 225 2T 8 U 3 ANl A B AT A7) 4 Fi FEL B2
GERER 1 . RS IAL N A PR HEZE(RSD) /N T 1%, A IalMWZE /N T
1%, RUARHIRHK L Z BRGNS HR— 3k, Ge%w e /F5: )

HLURE 2 B I R RO o PR 25K

(@ — — ; Epoficx (©) CNT (d) Ecoflex
LAl
el
<>€)
AL
l: 2 f:L B
.
> E€B <
Nt/
NV /
el

K 2 fL i an bl s AR R () hiIKEZEATENEGE: (D) WJE Ecoflex JR A3 ;
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Fig.2. Sensor fabrication process flow: (a) 3D-printed auxetic skeleton product; (b)

Inner Ecoflex in-situ casting; (¢) CNT conductive network coating; (d) Outer Ecoflex
secondary casting and encapsulation. (e) overall distribution of CNTs on the Ecoflex

surface at low magnification (1.00 KX); (f) three-dimensional conductive network
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formed by interwoven CNTs at medium magnification(5.05KX); (g) interfacial
embedding morphology between CNTSs and the Ecoflex matrix at high
magnification(20.00 KX).
R 1 =T S AT U6 e PRI

Table 1. Initial resistance measurements of three independent samples.

FE T & 1 & 2 W& 3 HIE/KQ RSD/%
1 32.82 33.34 33.26 33.14 0.85
2 33.46 32.98 33.51 33.32 0.88
3 32.89 32.77 32.69 32.78 0.31
EIIME 33.08 “f[H] 0.83
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Fig. 3. Effects of geometric parameters on structural deformation and the
evolution of Poisson's ratio: (a) radial displacement contour plots under different re-
entrant angles (6); (b) corresponding Poisson's ratio versus strain curves; (c) radial
displacement contour plots under different strut widths (t); (d) corresponding
Poisson's ratio versus strain curves.
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Fig. 4. Effects of the number of circumferential unit cell arrays on structural
deformation and the evolution of Poisson's ratio: (a) radial‘displacement contour plots
with different numbers of arrays (N) under a constant tube diameter constraint; (b)
corresponding Poisson's ratio versus strain curves; (c) radial displacement contour
plots with different numbers of arrays (N¢) without the tube diameter constraint
(identical unit cell size); (d) corresponding Poisson's ratio versus strain curves.
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Fig. 5. Effects of geometric parameters on the sensitivity of the auxetic tubular
sensor: (a) relative resistance change versus strain curves under different re-entrant
angles; (b) relative resistance change versus strain curves under different strut widths;
(c) relative resistance change versus strain curves with different numbers of
circumferential unit cell arrays under a constant tube diameter constraint; (d) relative
resistance change versus strain curves with different numbers of circumferential unit
cell arrays without the tube diameter constraint (identical unit cell size).
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test among three independently fabricated samples; (f) Static step response under
different strain levels (g = 5%, 10%, 14%): (g) Dynamic response-time measurement
under step loading (rise time t_rise = 0.245 s, fall time t_fall = 0.363 s); (h) Long-term
cyclic stability test over 5,500 loading cycles (insets: magnified waveforms at the
initial and final stages of cycling).
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Abstract

Flexible tubular strain sensors are crucial for wearable electronics and
soft robotics. However, traditional tubular strain sensors are limited by
their intrinsic positive Poisson's ratio (radial contraction) during axial
stretching, which densifies the conductive network and fundamentally
restricts the enhancement of gauge factor (GF). To overcome this
bottleneck, we propose a high-sensitivity tubular flexible strain sensor by
integrating an auxetic re-entrant hexagonal skeleton with an Ecoflex-
Carbon Nanotube (CNT) composite conductive layer. Finite element
analysis (FEA) was employed to systematically investigate the structure-
property relationships. The simulation results reveal that increasing the re-
entrant angle and strut width effectively amplifies: the local strain
distribution, thereby enhancing sensitivity. Furthermore, a kinematic
interference mechanism was identified: under afixed tube diameter
constraint, increasing the circumferential cell density causes the GF to
initially rise and subsequently decline due to structural overlapping during
deformation. Conversely, unconstrained structural expansion yields
monotonic GF enhancements. Guided by these structural deformation

mechanisms, an optimized sensor was fabricated (re-entrant angle 40<
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strut width 1.5 mm, 6-cell circumferential array). Electromechanical
testing confirms that the auxetic skeleton successfully converts axial strain-
induced radial contraction into radial expansion. The sensor also
demonstrates outstanding cyclic repeatability over 5500 stretching cycles
with negligible resistance drift, indicating reliable long-term stability.
Within a practical sensing range of 0~15% strain, the optimized sensor
exhibits excellent linearity (R== 0.9850) and achieves a superior GF of
19.50. This represents a 3.13-fold improvement over a conventional hollow
tube (GF = 6.23) without the auxetic framework. This study demonstrates
that engineering auxetic metamaterials effectively transcends the intrinsic
sensitivity limits of traditional elastomeric materials, providing a robust

structural design strategy for high-performance tubular flexible sensors.
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