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PREPARATION AND STRAIN SENSING PROPERITIE OF

CONDUCTIVE POLYURETHANE FIBER COMPOSITES

ABSTRACT

In recent years, with the development of science and technology and the
increasing demand for wearable electronic products, the development and
application of flexible wearable devices have steadily become an emerging trend
in the fields of materials, electronics, and information. As the core component of
wearable electronic devices, flexible strain sensors have sensing functions similar
to human skin, and have potential application prospects in human health
monitoring, electronic skin, human-machine interface, soft robotics and other
fields. Researchers have done a lot of research on ionic conductive and electronic
conductive flexible strain sensors, but most of the reported flexible strain sensors
need to be improved in terms of mechanical properties, sensitivity, response range,
and application scenarios. In this article, a thermoplastic polyurethane (TPU) with
good mechanical flexibility and excellent tensile properties is selected as raw
material, TPU fibrous membranes are prepared by electrospinning technology,
and fiber composites with excellent mechanical properties and conductivity are
prepared by material modification, and applied to flexible strain sensors with high
sensitivity, wide response range, good stability and fatigue resistance.

(1) In order to solve the problem that it is difficult to combine the mechanical
properties and ionic conductivity of the ionic conductive hydrogel strain sensor, a
high mechanical strength TPU fibrous membrane was prepared by electrospinning
as a hydrogel reinforcement, the polyacrylamide grafted sodium alginate hydrogel
component was cast into the TPU fibrous membrane, and glycerol (GL) and
calcium chloride (CaCl,) were introduced by solvent displacement. The obtained
TPU hybrid hydrogel has a “root-soil” interlock structure, which significantly
improves the mechanical properties without compromising the ionic conductivity,
and effectively solves the long-term trade-off between mechanical strength and
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ionic conductivity. The synergistic effect of GL and CaCl, makes TPU hybrid
hydrogel have excellent water-retention (Over 14 days) and anti-freezing
properties (as low as —80 °C). As a wearable strain sensor, TPU hybrid hydrogel
has good adhesion and high sensitivity (GF=1.93), and can accurately detect a
variety of human activities, especially pulse monitoring and speech recognition.

(2) In response to the difficulty of balancing high sensitivity and wide
response range of flexible strain sensors. The TPU fibrous membrane was
prepared as a flexible substrate by utilizing electrospinning technology. The TPU
fibrous membrane was coated with AgNPs by magnetron sputtering technology,
while the CNTs were attached by using ultrasonication. A double-layer conductive
fiber composite (TPU/Ag/CNTs) composed of AgNPs layer and CNTs layer was
obtained. Under the synergistic effect of high conductivity 0D AgNPs and high
aspect ratio 1D CNTs, the flexible strain sensor based on TPU/Ag/CNTs exhibits
excellent sensing performance with high sensitivity (GF=6834), wide response
range (0—604%), fast response and recovery (response time of 122 ms, recovery
time of 164 ms), ultra-low detection limit (0.1%), and good cycling stability in
1000 repeated uses. In addition, the designed TPU/Ag/CNTs flexible strain
sensors can be applied to monitor subtle human movements (pulse beats, facial
micro expressions, etc.) and large-scale human movements (finger movements,
knee bending, etc.).

(3) In order to broaden the sensing application scenarios and achieve
underwater sensing, TPU/Ag/CNTs fibrous membranes were soaked in
polydimethylsiloxane (PDMS) solution, dried to obtain TPU/Ag/CNTs/PDMS
conductive fiber composite materials, and applied to flexible strain sensors. The
introduction of PDMS provides superhydrophobicity for strain sensors. The water
contact angle of the obtained TPU/Ag/CNTs/PDMS fiber composite material is
156°, which can still be maintained above 150° after 200 stretching cycles or
stretching deformation (stretching to twice the original length). The strain sensor
based on TPU/Ag/CNTs/PDMS has excellent sensing performance, including
high sensitivity (GF=4550), wide response range (0—578%), fast response and
recovery (response time of 123 ms, recovery time of 165 ms), and extremely low
detection limit (0.1%). In addition, the developed flexible strain sensor can also
be used for physiological signal monitoring, motion detection, and silent
communication via Morse code in the underwater environment.

SHI Jiarun (Textile Science and Engineering)
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Supervised by XU Wenzheng
KEY WORDS: electrospinning, polyurethane, flexible strain sensors, human
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Fig. 1-1 Classification and application of wearable sensors>-*!
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Fig. 1-3 (a) Metal films with topological gradients for strain sensors!®]; (b) AgNWs are used as conductive
materials in strain sensors!®¥; (¢) Liquid metals are used as conductive materials in strain sensors!®”); (d) CB
are used as conductive materials in strain sensors!’%; (¢) CNTs are used as conductive materials in strain
sensors(’?; (f) GE is used as a conductive material in strain sensors’#); (g) PEDOT:PSS is used as a
conductive material in strain sensor!’®]; (h) Conductive polymers-doped hydrogels are used in strain
sensorst’”)
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Fig. 1-4 Strain sensors are used for (a) motion recognition!®” and (b) sign language interpretation®!!
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Fig. 1-5 Strain sensors are used for (a) pulse signal detection®], (b, ¢) facial recognition®3-84) and (d) sound
recognition’!

(4) FER

P e YRR 2R 0, S NAR TR, 22 SN et 2 3o 7l A P i A
B AR B, AR RS R T RSB AT SR LI PR o AR A SRR 1 v RABUEE AN
BRIF I 37T UK R LUK 75 5 IR S5 5 P AL T SE BTS2 UM Zh g, Blan Jin SF5E R —
HERE AT R TR B VE G BT AgNPs 5 fRIBIE RS0, @il B KK Ag &R
£ AgNPs 2 EAFNFHZ . iRJa, XXURFHESHEIEIN 10 70 1%8 AR FF
ATEREL, &t i REBOUZ AL RS (B 1-5d) 0 R N AR IS 22 R AE AR I 0l

9



RT3

b, FE AN A IR, A SR A B A RS FH 22 50 KU s A A4 i HE“NEL [ 75 2
&9, R eI A EE T BRI T 5 R 40, I B B W sk 380 ) s <t
T IS L AR A P . 25 R, A 2 DI R FH 22 v R S AR A IR 5 RT LA
FEH RN 25 58 I PR S S PR B RHIE o« SR AE S 2% IR PRI b AU B AR AL S 28 B8 R Dy 1
FAREFEIE, R 7 ] 7 8= N AL RES L P0E & IR D RE .
13 ARBEEMRENERNE

IR RE R A I PR A R, 8 15 i 0T S B AR A A 75 SR 15 B BRI 92 7t o
TE 2 B AR A8 A% B AUtk e v, AS[FISR AL 38 4F T4 e 0 &R [R] R % 72 Al R v
RS . SRTM, Stk N ARAL AR AE T 0 SE PR R I, 75 ZE R AR R IRsA ., "R
B R M IS T SR A e . DRI, AR TREE B 5 H R T 5 L TR R R A J
AL, MMRHEHRC &7k, REPERe. NASE TR, fEfeme R tERe i H
I, WS R SRR, AURENEH — MR R EHUEE P DL AR R A e
FAIEYE TPU REA KL, RAE YT L BOREI & TPU £F4EE, @i R otE il & B A
PR VUMPEREA T P RE AP 4E S SR, IR T m RBUE . SEm Ny RIFFE
PE S PR 57 RN AR AR R, FAR ARG

(1) o0 127 5 L 7K R I N AR A% TR AT LA E 5 120 7 b 3 S e DASHE L Fy ) g, 3k
MY 2 TPU ZR4ENEAE K EEIRIG TR A, 5 58 PR S IO M 2 i 1 3 R 7K B I 4 73 e
ST TPU R4, J- R B #9%5] N GL f1 CaCly, 53 HA“MR-+ H 8145 1)
TPU Z=At /K& . i id SEM. FTIR X5 RS i AT R AL, 18id DSC RAEFE
R PERE . R AL TR TPU /KBRS TSR, EHB
RN TPU 28 /KB MU I e AL B B o fJa 0 LB T AN AR i@ s s i o,
UFBKFEAS I . 5 R A

(2) xR 8 AR A IR 2 vy RO 5 0 i 7 0 R M DA e L) 1m) R, e R FRLT 22
TPU £F4EEAE N FAE LR, 18 FH RIS R AE R I TR AgNPs, [l f5 ik — 0 8 P 4
5E CNTs, f3 51— F i AgNPs JZF1 CNTs JZ 4 K1 0Z T L 4F 45 A 8L TPU/Ag/CNTSs )6
iEid SEM. EDS. XRD X i FITE S5 G/ 3E 47 3R AE, 12 H R 4R 5 F 2 ik
TPU/Ag/CNTs £ IATUNR I BE AN AR B B8 o 3¢ i o L R FH B AR I i s Sl ks il C ik
HEksh. mEMEES MRGEEM N EZE (F18iE3). BEE ).,

(3) N T HFALEN H g 5t, SEIM/K LR, K MumE € Cu Mtk TPU/Ag/CNTs
LT YEEIR T PDMS W, #1453 TPU/Ag/CNTs/PDMS A4 5 &80k, TN
T3 N AL K 2S, PDMS B 51 AR N AR AL IR S8 SR A0 i /KR B i v e Re . J8ad
SEM.EDS . XRD X} ¥ it FI T 351 5 465 R AT ZRAE, da T F A A I3 AR ot B R 7K 12
iz FHRL AR R TPU/Ag/CNTs/PDMS 2145 i H U I RE AL AR B . e
TR BT 7K M AR A% SR8 B A T 7K R BRI AR IKAEAS S Rl A AZR3E e 0 R M 5 i
oA IEAE .

10



RT3

1.4 BE=

(1) AVRBER 0] 8513 L 7K B8k I 6 N AR A% SRR AT RE R B8 1 FL 3 AN 45 1) L
T 2T L H AR AR SR RE Y TPU 214, 1E TPU 2 4E I rh B sk B,
HEA WR-7 BN E R SR TPU Z b /KB IR N AR A IR A o

(2) AR VR S0 1t A A [ 2 vy 278 0 8 R 5 i 7 0 B ¥l DA e L 1) Tm) R, e P
HLgi 22 TPU LR N PR, R P 4l e AR IR AR B 7 —Fl Bl CNTs #F
£ AgNPs (] TPU/Ag/CNTs MASLEAS, F R A & R BUSE R w6 i M Y .

(3) AUVRB ALK TAERE, ¥6 96 AL R AU, 8 P o [ € Cu HLRR Y
TPU/Ag/CNTs £F4EiAE PDMS ¥R HHIR I, JE 4L, il % # 5i7K TPU/Ag/CNTs/PDMS
TNt AR A S A

11



RT3

£ 28 ET TPU RAKER AR M N T ERF T L REMR

21 5|15

IR — PP BA = 4EC R SR S KK & R AW, IR B sk, ol DRy
HAENETSE, TR TR KT EESER A, J TS K
BRI LR AT R AR 125 3 P AR A% TR A TR AE AR e 2 o (2 B T KBRS RS T
#hid 2 MR B8 I PTh s L, AR E 7RO HE TSR LKL, B
U W 2 - S A U o P AN 8 3 PR T (B, BRI e AT I N . AN, BT
IR 1 7 2 5 HL 1 LA AE B R T AP R BE AL 1 I8 S TR 2 B BB K B 45 1 1
Ol FECLHUBAEREAME B BE T B, JSERm E A e AN 5. R,
SRR I GROK PE R PTARYE, b F3RTH A EVE . IERAE M A7 Ih 98 N 75 By
HERE L

S, ZRRYE LIREWERELMTR K (B 2-1a), AFHELAEFFHYZ TPU
LPYENE P RIS, KSR E #0251 N GL M CaCly, Wit 1 —Fh BAT “MR- 7 B8
SER ) TPU AUk BB eV N AR AR A% o JExf Lt BB L il i . ALk RE L 1%
EYERE . PREIRGE 1k AR SEBR N BEAT 1 VEA IO 705 ) 3

2.2 SLIG

2.2.1 KRR NS

A F P T B SRR AR LR 2-1
2 2-1 LI
Tab. 2-1 Experimental materials

44 R Bk I
RN Elastollan 1185A o ] 2 48 5
N,N- - 5 A e 99.5%, rHrat b TEMAEE IRA
IR 99.5%, 4 Hr4l i TR BR A F
PR M T 99%, s34t W KA AT BR A F
TR 90%, 3 rél g AL A TR A 7
INN-P R A A P 99%, s34t W KA AT BR A F
T R 98.5%, 4rHral i TR A BR A F
AL 99.6%, srifr4l R TR AE A AT IR ]
Hh 99%, s34t W AR A A PR A

12



RT3

A EE T4 P IR SR A AN AS LK 2-2.
# 22 SEEAN AR
Tab. 2-2 Experimental apparatus

SHAL AR RS TR
Th F 195 P SHO05-03 b A AR
P AL PR FS-1200 AT A S PR A
TR FA2004 i E RS A R A A
T T R S-4800 HAHIL A
(VAL RIS /21 IRPrestige-21 H 7 5 A
ZER A E MY DSC-2500 K EH TA A7
L 5 e B ATL Instron 1185 5 E SR A A 7
Herass R Keithley 2400 V8 %2 22 Ze PR B A AT PR A 7]
HAL 2 T AR CHI, 660E il REAERA IR AF]

2.2.2 TPU ZALKEBR BIHI &
(1) TPU £F4ERE il %

T, ¥ 3.6 g TPU Wik ARLE 16.4 g ) DMF A1 THF &%) (Fisttlh 1: 1) 1,
132 TPU 95223 (18 wt%). BlJa, 4 FIRIEMEAL 27 A MAE 20G & &% L1 10 ml
A2 AR O E N HIR AR AUCSESS, DL 500 rpm SJEiels, WhERS &R
EH 2 (RIS 2285859 15 em, £E 20 kV R 1.0 ml h' PJERLEZR T AT RS2,
10 h 56 TPU £F4EREMARSE L3I, 7E 50 °C BEFEF T8 12 h, DLEBRFRBH AR

(2) PAM/SA 7K I ) %

0.5 g SA VERAE 25 ml K& (DD K. BfiJE, # 4gAM. 30mg KPS 1 2mg
MBAA Z#T A FIRER Y, R SVEIRAE =R T 780 Bk 1 he BB UK B AT IX
PRIGETE N PTFE L1, FETE 50 °C HI/KIBZAF R 2Bk 4 /N

(3) TPU F:Ab /KB I ] £

¥ TPU 21 4 IR FH 48025 28 AR AL FE 1 min, EHRIMESEK, 255 PAM/SA /KELK
FI DR AA SRR S o IS 1 7K R I T SR AR VAT /N o M R B 48055 & R AR B TPU 2R 4
B b, i B E A AR R K 2 LA NS, KBRS TPU Z4ixs
Pefih. M5, JEILAE 50 °C MIZKIBHAZEL 4 h 3/18 TPU/PAM/SA /KEHK . )5, HE
[¥) TPU/PAM/SA 7K &SR AR BT 253 8 L GL/H20 AR LEE: 1: 5) A7) CaCl,

(1 wt%- 10 wt%- 20 wt%AH1 30 wt%) ¥, 12 h Jaik |, 135] TPU bkt
iy
2.2.3 S5 EMFRIE

KA H - R WA S TSN IO 2548, X T /KB FE i, #E SEM 43 #fr

ZHT, BRI K BERIR N B K 24 h, BLERR GL 1 CaCly, 8RR WE 3R /K

13



RT3

B8 Iz () R AR
2.2.4 IMRIESHT (FT-IR)

K P B AR e 2T AP TEA BT T TPU 2R 4R RI/K B (1 B Re A, 3 #8% N 4 em ™!,
R 32 I A BT B Y 4004000 em '
2.2.5 HLAHMEEEM)

18 FH LT 5 e R AR B WL (Instron1185, USA) XHEEM (10 mmx20 mm) FEATHIME
PEREDR, (oW R AR Brhiom . WIVE . MUBHY 5 DL e R A% .

A8 FH LI 5 (Hvo $5 18 22 P 9 AR A5 S 38 70 /N R - R U A I AR i e AR 1L,
WUBR A J5 72 B b 55 T3 5 B0 2 6 T R gk DA et il 42 31 Xl Py i AR e-871,

_ |AL- Ayl
AL

A, Hy %5 TPU 2ok BRI E AL Rt @ e R IR, Ay £
VAR 17 2k R RITA.

B30 R BSASE FE  [R R 5 5 LRG0 AT, LA 2 e A T8,
FH B9 JOTERE 0 O b D U — AN A SR ITRE R, SR 20 mm min™! 95
Je B (Al fIEEES K 20 mm, [ FHUAFARIFE:

6Wc
VAe

XA, A RRAFH OB O = e+ 1), ¢ BaRBOKE, W RR@ESx
FHIF ST BTGBk CURE S A 21 e SAR PRI 7 - A% it 26 3047 FR 73 3RAS I R AL RE
2.2.6 BTFBESENLK

FERA LS ARG (CHI, 660B) AT T HLALZEBHPTIE 4, DU TPU Z:4boK
BRMETHSE (o). KR ITEMBAEMIC 0], G 219 & %5 7 LI iR 58
S, ARG HHATINR, @ PL ARG TPU Z2 A0 /K & 1 55 1 H G 89900,

_ L
o= (2-3)

X, L RREUKERIER, R RRBUKERIIBATUE, S RRANFHWIRE =4k
KB A T A
2.2.7 EFRE MM

¥ TPU Z8 /K EEIRAE iR M A7 14 R, FEXTH BT E . B S 3 DL UM Re AT I
W, DAV R S IR K P RE s A KB AEATIE—20 °C IIPKAE 1 24 /NBF, L BPEUH
BEAT S R CL AU BRI, R A Z R H B HGE T TPU/PAM/SA 7K 4t Ji:
TPU/PAM/SA/GL /K#EIZAT TPU Z Al 7K &S AR AR I BE BEAT 1 3RAE, DAPEASHE Pk
PERES
2.2.8 HhFH 4 gEMI

TPU 2% b 7K e A4 RGBS 5 B @ 3 90° 0 B9 3R 36« 6 ) H 7 7 RE S A ik 36 4L
(Instron1185, USA) LA 20 mm min ! (s B &, Ok B 5 B2 el 0ot 7 ) 0 g

Hy (2-1)

F:

(2-2)

14



RT3

AR s 58 L THSRA P
2.2.9 NTARRMEREMI

K 3 2 H T 2E [ [ A TPU AR /KB 0 P, o 70 e A B LA 4
THEE TR (Keithley 2400) id3% TPU b /KEERAE S el 2 (U [R2D B EH,  BABESY
BT AR (R LA AR TR RE o K5 7K BRI B2 AR B IR T, 6 NARIZ sl EAT AR - GF 72
PGSR A ML AL AR A% R AR TR b o e I AR X R BEL AR A 5 R A A 22 8] 5k &
Y B 2R Aok e 1Y, R DL AR,

AR/R,)

€

X Ro FrWIEHI, & FRFHRAS, AR #75%SCi e P 5 444 e B 8 (248
2.3 ER51118

2.3.1 TPU Z:L KBS HOI& T R R AE

K 2-1b 2 TPU ZAb /KB Il 2 I FE . 1 %%, @ F iy 22 HoRH & 7 TPU 274
JEE, B G A B TR A B, 52 m H S /KR IRHT IR (A 4« o SA W T 2B 1K,
RIGIEZ NN AM. KPS, MBAA, R N0 fide, 1332 PAM/SA 7K &I H R4
B J5 W KB I AT DR R e R R S S TR A S 1 TPU 4R 4 b, S8 BN (E A&
S AIHTEH LI, KBRS TPU £F4E78 0 fEfh, SRIGAEARIB NG R 53
TPU/PAM/SA /K&EERL . SN T SEHRIKEEJT . DLk fe I E 7 H 33, K TPU/PAM/SA 7K
RN LA GL/H20 YA CaCly W, 182 TPU 244k KB »

GF = (2-4)

\ ~—— Sodium alginate

| cacl,
‘ —— Polyacrylamide : glycerol/H,O
‘ ~=~ TPU electrospun fiber : solvent
f  Hydrogen bond i g
"""" :‘ o |0nlcbond R TPU/PAM/SA hydrogel TPU hybiid Hydrogel
Bl 2-1 (a) “BR-t7 HEBIEE ISR (b) TPU /KBRS & REE; (o) TPU A4k /KEER T

SRR AR

Fig. 2-1 (a) Concept graph of a “root-soil” interlocked structure; (b) The scheme of the fabrication of the
TPU hybrid hydrogel; (c) The structures and interactions in the TPU hybrid hydrogel
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Fig. 2-2 (a) SEM image of TPU fibrous membrane (inset showing diameter distribution); (b) Cross-section
SEM images of TPU fibrous membrane; (c) SEM image of the TPU hybrid hydrogel; (d) Cross-section
SEM images of the TPU hybrid hydrogel
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Fig. 2-3 FT-IR spectra of the TPU fibrous membrane, PAM/SA hydrogel, and TPU/PAM/SA hydrogel
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Fig. 2-4 (a) Nyquist curves, (b) ionic conductivity, and (c) stress—strain curves of TPU hybrid hydrogels
with different CaCl, concentrations
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Fig. 2-5 (a) Schematic illustration of adhesion mechanism between TPU hybrid hydrogels and various
substrates; (b) Photos of TPU hybrid hydrogels adhering to plastics, poly(tetrafluoroethylene), nitrile
gloves, metals, glass, and human skin; (c) Measured peeling forces per width of the TPU hybrid hydrogel
adhered onto human skin; (d) Photos showing the conformal contact effect between TPU hybrid hydrogels
and finger joints.
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Fig. 2-6 (a) Strain—stress curves of the TPU fibrous membrane, PAM/SA/GL/CaCl; hydrogel, and TPU
hybrid hydrogel; (b) Young’s modulus and tensile strength of the TPU, PAM/SA/GL/CaCl; hydrogel, and
TPU hybrid hydrogel; (c) The elongation at break and toughness of TPU, PAM/SA/GL/CaCl, hydrogel and
TPU hybrid hydrogel; (d) Comparison of the conductivity and tensile strength of TPU hybrid hydrogel with
some hydrogels reported in the literature; (¢) Comparison of the conductivity and elongation at break of
TPU hybrid hydrogel with some hydrogels reported in the literature
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Fig. 2-7 (a) Cyclic stress—strain curves of the TPU hybrid hydrogel at the strain range of 100—500%; (b)
Mechanical hysteresis and tensile strength of the TPU hybrid hydrogel at the strain range of 100—500%; (c)
Cyclic stress—strain curves of the TPU hybrid hydrogel under 100% strain; (d) Mechanical hysteresis and
tensile strength of the TPU hybrid hydrogel under 100% strain
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Fig. 2-8 (a) Photos of the notched TPU hybrid hydrogel stretched to different strains; (b) Nominal
stress—strain curves of the notched and unnotched TPU hybrid hydrogel; (c) Nominal stress-strain curves of
notched and unnotched PAM/SA/GL/CaCl; hydrogel; (d) Trouser tearing experiments on the TPU hybrid
hydrogel; (e) Trouser tearing experiments on the PAM/SA/GL/CaCl; hydrogel; (f) Photos of TPU hybrid
hydrogel subjected puncture by tweezers
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Fig. 2-9 (a) Sensitivity of two strain regions of TPU hybrid hydrogel; (b, c) The response time and recovery
time; (d—f) AR/R of the TPU hybrid hydrogel under cyclic stretching—releasing; (g) AR/Ry of the TPU
hybrid hydrogel under various frequencies under the strain of 20%; (h) Long-term durability at 700
stretching—releasing cycles (50% strain)
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Fig. 2-10 (a) Stress—strain curves of the TPU hybrid hydrogel with different storage times; (b) Nyquist
plots and the ionic conductivity of the TPU hybrid hydrogel with different storage times; (c) Stress—strain
curves of the TPU hybrid hydrogel at 20 °C and —20 °C; (d) Nyquist plots and the ionic conductivity of the
TPU hybrid hydrogel at 20 °C and —20 °C; (e) Photos of the TPU hybrid hydrogel and TPU/PAM/SA
hydrogel at =20 °C and —20 °C; (f) DSC curves of the TPU/PAM/SA hydrogel, TPU/PAM/SA/GL
hydrogel, and TPU hybrid hydrogel
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K 2-11 TPU ZR KB AL RGN . (a) FHREH; (b) MBIzl (o) Fhiizsh; (d) ks
BEE: (o) WIMMCE: (D Al KBRS S IR s (o) AoAb KR AL B At 23]
“SENSOR” WYE MR Ch, 1) X AS[R] T B 501 0SB XA 0 e BELP 7
Fig. 2-11 Applications of TPU hybrid hydrogel sensors: (a) Finger bending; (b) Elbow movement; (c) Wrist
movement; (d) Pulse beat; (¢) Smile; (f) Schematic diagram of voice recognition of the hybrid hydrogel
sensor; (g) The repetitive response of the hybrid hydrogel sensor to the word sensor; (h, 1) Relative
resistance response of the words and letters of varying syllables
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2.4 REINE

FEATE R, BB 13 F KB II N AR AR SR R L ME e 5 88 1 H 3 R DASHe L 1) 1) A
AR -3 (1) A8 e 5 M (1) 5 R, I3 K PAM/SA /KB HT 7RI 2l TPU 214 i+,
RJE5IN GL M CaCly JFR 1 —Ff “#R-t7 T TPU ZRA/KEEE -

(1) FIH TPU £F4EJE () 2 LA N LT 4E 2 (B 1Y) 3D Tl 2%, 45311 TPU 244k Kk
REDH “R-+7 HH45H) . SEM M FTIR F /KB IE AT TPU 214 K3 45 & E—
i, JER T — ARG

(2) TPU ZRMb/KEER AT 1 15 RE, RN 658.32%, P im & Fliy [GH
B AA ] 5.93 MPa 1 0.77 MPa. TPU 24 b /KB IR HA R TH SR GRIAE 1.93Sm ™D,
HERITRAKE . Pzt DA RORG B  o

(3) MAMERT T N ARAL IR AR, TPU b /KB T A TAS Bk Bk s . ¢
5 B DL R R
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58 3 8 ET TPU/Ag/CNTs {FHERERY R M N T 15 B AS 0T K M RE

Wt

31 5|5

£ —TR s, B T BT S HEKE R YIRS, (HREETIRAER,
HARKE M. 0] 7 BN R SR St RGN B3 2 b A =
B SH . BT 5 SR I AR AR IR B B 1 R R, AR [ B S B R
o0 AR 5 i 7 5 FRLAT R 2 — A BRIk, RN A A 77 AR IR NS4 (AL T B
FrHLZ 22 TPU ZFYEEAE N — R R B R, AMUEA L R MR &, 1 Bk An]
R TSR AEE S . Ak, TPU LR 4R K bb 2 i AR e FLBR 3 Al DU E K &
SEHMEIME, NniEma e . £EAPKBRL (MNPs) & —F B A & TR
0 4T FEARE, B A2 i3 i 1 A 0 AR A% SB35 00 5 F AR o 42 e S o — o 7 L
ST ATEPIER, MRS S SRR B B A A A S AR e . Bk
)RR R, RTT, S JBYNKIBURL I O 445 K {5 15 B AR A% S5 1R e 5 A PR o 4K 111
1 4 CNTs BHARFHINIERE . & R AU R AT (10 Sk, A8 B g i) % I AR A4 %
SIHEA SRR —. B2, HTHEKEIR S, DL CONTs S HIER N AR £
SRS BN B AR e B YE E, (H R REE AR

BRI, A3k H B LStk e TPU IR ARE, i i ri 45 22 35 Rl 4% TPU
SPYElE, s HREIR BRI LR IR AgNPs, B =4lie CNTs, 53] —Fh i
AgNPs fil CNTs AMHINEFHAHEEZ SME (TPU/Ag/CNTs) . Hxf g, i
AR MUBRIERE . A5 R DL A SE bR R EAT T A IO A S R
3.2 Iy

3.2.1 LIRS
K BT ) SEIG AR LR 3-1.
* 3-1 S5 F)

Tab. 3-1 Experimental materials

EWHIEZY i Hks %
R%lE (TPU) Elastollan 1185A o ] 2 48 K
N,N- " HEEHIEEZ (DMF) 99.5%, 44t b ETEARAAA R AT
PO&kIE (THF) 99.5%, 4rHral i A IR A
ZEERINIAKE (CNTs) 14wt% TLIR S F DR RHEARATBR A 7
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AEE P S FH R SEAG AN 2 L3R 3-2
#* 3-2 AN AR
Tab. 3-2 Experimental apparatus

SHAL AR RS TR
T DB S R PLASC JGP-450 o AP B B G
Th F 195 P SHO05-03 b R A AR
e P Y AL P FS-1200 T A AR IR
TR FA2004 EHHET RS B IR A
HiHB - 2HE (SEM) S-4800 H A H 7/ ]
X SHEATHC (XRD) D8 ADVANCE Al [ A 5
L 5 e B ATL Instron 1185 5 E SR A A 7
BN YG461E-II T B v A A 2% 2 ]
Herrss R Keithley 2400 7 2 2R K A TR A~
AL AR CHI, 660E R IR A A

3.2.2 TPU/Ag/CNTs 14k FEHY &I %

TPU £R4Ef & n 2.2.2 (1) Fizs.

i FH R A% I ST RS0 AgNPs kS 3] TPU 214 . R B Bk %, TPU £F
NS Ag SEM AR E N 15 cm, ARET S 2x107° Pa, LESUEN TAEAUE

(FE N 20mLmin™), TARE /& E N 0.5 Pa, IRETTHREE N 30W, ST AN 20

min.

¥ TPU £F4EfRAN TPU/Ag 4T 482 N CNTs 70 BUR H, 76 =35 F LU 20 kHz. I
#6200 W HEFE ALEE 1 ho BHJGH LB FRAFANIEEERES, B IR T ZBRFE R T A A
SEI CNTs, SRJG7E 50 °C A T4 10 h, 18%] TPU/CNTs £F4Ef AT TPU/Ag/CNTs £F
YL
3.2.3 EMELEMIRIE

KR T BB WS TPU. TPU/Ag. TPU/CNTs £1 TPU/Ag/CNTs HITESi ik
MEER, FE SEM 73 #2211, SRR AT Wi A0 3, IE B R E )y 10 kV.
3.2.4 X Gt 7534 (XRD)

FIH X ST - 4 5 S MR ARG M AT T 3RAE, I E % 10° min ™',
3.2.5 HLHH MR

HAREAEDL 2.2.5 /N,
3.2.6 MR EEMIK

HARHEAEN 2.2.9 /M5,
3.2.7 ES MM

g TPU £14EfEH TPU/Ag/CNTs £F4ERRIE MR YG461E-11 31t 40 B A il
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SE, A GB5453-1997 fnifk.
3.3 #R51TiE
3.3.1 TPU/Ag/CNTs T4 FERYIZIT S RAE

K] 3-1 4 TPU/Ag/CNTs AL RIHI &M . Hoh, Wiy 28R % 17 TPU
CTYERE, BEJG, 16 RIS B AgNPs WS 7E TPU £F4Efkm F. )5, FIFE
AR T 4 CNTs #iE7E TPU/Ag £H4ENE |, 7 TPU ZR4ER TE Oz T FL N
2% KA 5 BT K 2 AR YRR R4 52 1 CNTs, N BLAE B )8 5 #4321 TPU/Ag/CNTs
CFYEE

=] ——
TPU CNTs AgNPs . ’

i Q

|1 F = 3 W 2
7 3 >

TPU/Ag/CNTs fibrous membrane TPU/Ag fibrous membrane

3-1 TPU/Ag/CNTs £ 4[5 i) 1] 4% Vi RE
Fig. 3-1 Scheme of the fabrication of TPU/Ag/CNTs fibrous membrane

K] 3-2a-d N TPU £-4Eii. TPU/Ag £F4Efi. TPU/CNTs 441 TPU/Ag/CNTs 4f
YL TERS o I 3-2a iz, 40 TPU LR 4R AT 480 A5, BA 78 2 LR .
TPU ZFYER G NS A4 2 IR FLIR A FI T AgNPs B AT CNTs MR FH . G 3-
2b flior, IR IR BRI AgNPs J&, TPU £F4Ef6igy— 2 1 AgNPs [y %, 7£
CRYERTEN T RGPS ISR . HRE RN, AgNPs 7£ TPU £4F- 4 R 1 AR 551,
FEA AR B RIS . 1Ak, 46 TPU £F4EIELE KB T8 A5 4P 60 min 5, TPU
SRR R TR CNTs B3 8% (3-20). WK 3-2d Fizr, KER CNTs AT DA e 78
TPU/Ag £ 4EfE IR AN TPU 214k (7], 40t 2 ki, AgNPs %A HILREILER,
J£5 CNTs £ TPU AF4EE EIE A 7 RIEFHIA S g . K] 3-2e-g 4 TPU/Ag/CNTs £F-4E
JELI) EDS WL, 3REIT TPU/Ag/CNTs R4 EA7F/E Ag Ju &, UESE T AgNPs {& TPU
CRYERE LRI . BhAh, BRI LAMZESE] C. O Ag 7E TPU/Ag/CNTs £F- 4 3K TH )
SIRIA AT, X TR TR IR S ORI A e B R, BRI AR YRR T Y
Stk
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100 pm

K 3-2 TPU e (ad. TPU/Ag QHEE;-: (b). TPU/CNTs Q{LQEH% (c). Al TPU/Ag/CNTs Q{LQEH%EVJ
SEM B1%; (e-g) TPU/Ag/CNTs £F4Efi5 )t & AL itk I
Fig. 3-2 SEM images of the surface for TPU fibrous membrane (a), TPU/Ag fibrous membrane (b),
TPU/CNTs fibrous membrane (c¢) and TPU/Ag/CNTs fibrous membrane (d); (e-g) Elemental mapping of
TPU/Ag/CNTs fibrous membrane

K 3-3 4 TPU. TPU/Ag. TPU/CNTs F1 TPU/Ag/CNTs £F4EE7E 5~90° (20) 2 [A] K]
XRD i, 2l TPU £F4EE ) XRD EIEAE 20072 47 40 — AN R AT I UG, 20Xt v+
TPU 74 F BN B PRI AR A 7 HEZI AN AR TG 7 454, 2 I35 S ni i 7t 45
B—gUOLI0] TPU/Ag 4T 4E L) XRD i ] 7F 20 =38.3°, 44.4°, 64.6°. 77.6°F 81.6°4k
I 5 MR, 737015 AgNPs [ fRTHT (111D, (2000, (2200, (311) F1 (222)
FEXT U007 AL R B T AgNPs ISIhiiA . th4h, #£ TPU/CNTs #1 TPU/Ag/CNTs £f
AENE ) XRD 3 B %A 25.6° 4 47 BIATH g, KB CNTs fE R &4 A R IFI 7§l 08109,

—— TPU/Ag/CNTs

—— TPUIAg

—— TPU/CNTs
o, N o
= |
© (11)

200

g’ ) (220) (311)(222)
1]
0]
9
£ |l—_

10 20 30 40 50 60 70 80
20 (Degree)

& 3-3 TPU £74Eii. TPU/Ag £F4ifi. TPU/CNTs £F4EfE. F1 TPU/Ag/CNTs £ 4E 5[] XRD 1% &
Fig. 3-3 XRD patterns of TPU/Ag/CNTs fibrous membrane, TPU/Ag fibrous membrane, TPU/CNTs
fibrous membrane and TPU fibrous membranes

3.3.2 TPU/Ag/CNTs £F4E FERALAR 1 RE
3-4a 7n | TPU £04EfE. TPU/Ag 4F4EME. TPU/CNTs £F4EJE AT TPU/Ag/CNTs
CTYERR RN - N AR 2k . TPU. TPU/Ag. TPU/CNTs A1 TPU/Ag/CNTs £ 4 [ () 5 A
715354 10.98 MPa. 10.51 MPa. 10.03 MPa. 10.44 MPa, 1% [KIE &35k %] 1.43 MPa.
1.62 MPa. 1.36 MPa #1 1.49 MPa, Wi 225771178 616.4%. 578.1%- 590.9%H1 606.7%
(Kl 3-4b). BEE AgNPs Al CNTs 151N, ZF4EE R RN /. M RIS A W 22 32
AR LTI DLZBE AN T, 3 10 B R 320 S REE 75 A BT TPU 21 4 s A7 B B 445 .
Kl 3-4c Py TPU/Ag/CNTs A 4EEAEAN [ NAS T FIFERA R J1—RiAR g4, a3 N AE A
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10%F2 = 3 200%, i fE 2638 K. Wikl 3-4d fion, TPU/Ag/CNTs £F4EJETEAN R N AR R 1)
RN BERN AR K, £ 10%200% N2 R 1% a LR EHER, £H
TPU/Ag/CNTs 4 BA RAF I 15 e e N T i — D AR ie e 1, 78 50%M A%
N, RAEAPHE—BEORIE LELE T TPU/Ag/CNTs S48 b 75, i 3-4e Fis
N TPU/Ag/CNTs £H4EIBEAE 50%MAE N BIEHA S /- MR d 2k, B 7 AT MEH 2 4, b
JEHIHZE LT oe & EH B, XKW TPU/Ag/CNTs £F4EfEAG RIFHstERBUE . M
K] 3-4f it —20F H, TPU/Ag/CNTs A 4E R 750 J5 5 258 AN E AR LL L7 F 221k
Ah, 43t 100 MER)GE, TPU/Ag/CNTs L 4ENETE 50%MN AR T i M 71 L 3E A2
b, #E— R TPU/Ag/CNTs 214k 1A RIFHIIEIF et

(@) (). (€)es

— TPU
— TPUIAg

—— TPUICNTs
—— TPUIAGICNTs

—— Cyclel
— Cycle2
—— Cycle20
—— Cycledd
——— Cycle6D
Cycle80
—— Cycle100
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¥ 3-4 (a) TPU. TPU/Ag. TPU/CNTs Al TPU/Ag/CNTs £J-4 [ () 28— A4k ; (b) TPU.
TPU/Ag. TPU/CNTs #l TPU/Ag/CNTs £F4ER I Wr 2K 2 M4 IR & (¢) TPU/Ag/CNTs £F 4L
TE 10%—200% A8 [l IR - AR 2k ; (d) TPU/Ag/CNTs £F4ERAE 10%—200%)% 4% Fl
N IIHLIR S AR KR 7T (e) TPU/Ag/CNTSs £F4EIETE 50%N A8 T IEH R F—RN AR 2k ; (O
TPU/Ag/CNTs £F4EJEALE 50%)8 38 BN 5 IR KM s (g) A /K BE 4 h J§ TPU/Ag/CNTs
ZTYfE LRI AF O] BT S AIAR T FELBH KR4 (h) TPU/Ag/CNTs £F4ERSTEL 1L 200 IR EESAE IR 5 [ AH XS
Jo A XS BB A AR AL (i) TPU/Ag/CNTs £ 4k i35 S M
Fig. 3-4 (a) Strain—stress curves of TPU, TPU/Ag, TPU/CNTs, and TPU/Ag/CNTs fibrous membranes; (b)
Elongation at break and Young’s modulus of TPU, TPU/Ag, TPU/CNTs, and TPU/Ag/CNTs fibrous
membranes; (¢) Cyclic stress—strain curves of the TPU/Ag/CNTs fibrous membranes at the strain range of
10%—200%; (d) Mechanical hysteresis and maximum stress of TPU/Ag/CNTs fibrous membranes at the
strain range of 10%—200%; (e) Cyclic stress—strain curves of TPU/Ag/CNTs fibrous membranes under
50% strain; (f) Mechanical hysteresis and maximum stress of TPU/Ag/CNTs fibrous membranes under
50% strain; (g) Relative mass and relative resistance changes of TPU/Ag/CNTs fibrous membranes after 4
h of ultrasonic water washing; (h) Relative mass and relative resistance changes of the TPU/Ag/CNTs
fibrous membrane after 200 friction cycles; (i) Air permeability of TPU/Ag/CNTs fibrous membrane
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3.3.3 TPU/Ag/CNTs L4 FEATMT BE 4 FniE St

¥ TPU/Ag/CNTs £F-4Ef15 LA 20 kHz 1 200 W [ Zh 3R Yeik 4 h, A HHoK g
e, ZERUNE 3-4g Fic. WG, TPU/Ag/CNTs - 4efibif & ) Fi%E 4ofk, B
I T 2%, AILUE H, AgNPs 1 CNTs 5 TPU A 4EA RAF A EAEA, fEdeskid
FEHRARG LT . BEAl, 20d 200 YR BEHAEIA G, TPU/Ag/CNTs 214 5 11 5 2 Al H B 5%
AU B (B 3-4h), #E—2K AgNPs f1 CNTs 5 TPU 414 B I 1 B35 454 .
WIS IR, Ag Rl S FES, M Ag ¥EM ERIBIETUIRAE TPU £F4EE(K)
R REE . BT ERMTEMHEE S, AgNPs 5§ TPU 444, RHME. 1
TPU/Ag/CNTs 414152 R/, PVehe 7 AR HE 1 CNTs, N CNTs HFyufiEe sy,
5 TPU 4] 4EF1 AgNPs B2 4 5E . LA, CNTs R WE T 5 K& mE T AR RAE n=
HeBAE MY, EXFAEER T, KSR CNTs s FIER 71, dE— e T
CNTs 5 TPU L4456 . Al 57 8B T I & BE U B4R D€ T IS8 (1) &7k,
IEXT TPU/Ag/CNTs A 4EJBE R E AT 7 =ik, 4R 3-4i Fix, 361 mm s™
()35 S RIEAL T4 TPU 24, [y AgNPs fil CNTs 78 | 2742 k. &
It, TPU/Ag/CNTs L 4EEAIIRTT G 2R T 180 mm s~ HINREEHR#HE, WhlR 18 # 1)
A G BRAETIEE
3.3.4 TPU/Ag/CNTs 214 & HY R 25 15 B4 Re

T M B AR AT SR AR T T E PR T L N AR A Rt RE R A SR AR, BRI E T
TPU/Ag £F4Efi. TPU/CNTs £F4Efi. TPU/Ag/CNTs £F4EfR (K 5%, 455 3-5
7N, TPU/Ag/CNTs £F4EfR 1K) L SR mik 1427 Sm™!, 5 TPU/Ag 4T 4EE K B 53R (1445
Sm™D) JUPEEIEMZESR, {HE TPU/CNTs LF4EE i S8 5 174 30 1%, s R
it CNTs FIIEFEA 2520 AgNPs Z LR SR, Ho5HAE TPU A4EIERTH P R
U A5 HL T B

1500

1450} |

€ I T
%) |
> 1

S

2

3 100

= 1445 43.29 1427
O 5l

TPU/Ag TPU/CNTsTPU/Ag/CNTs

3-5 TPU/Ag RiAZfE K4S . TPU/CNTs B4R (& %45 Fl TPU/Ag/CNTs A8 A4 A5 11 HE 5 356
Fig. 3-5 The conductivity of TPU/Ag strain sensor, TPU/CNTSs strain sensor and TPU/Ag/CNTs strain
sensor
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HEANE 52T TPU/Ag P4 . TPU/CNTs 4745 . TPU/Ag/CNTs £ 4 i {1 4% JE it R
R NE 3-6a f . TPU/Ag 214k BAG 1R 48 e B3 LA ey RS, IX A2 R TPU 4
YENE b TR AgNPs fER IR RECT R 2RI, Ktk TPU/Ag 4F
EEAERBE, BAERNEXMET, FHEESTEMIT, TPU/Ag B LIKIH
AHSH, SEHENTEEIEA . M, TPU/CNTs A8 1% K 3% B A 1R B8 i B 5 B A
ARSI R, X J2 PRy idad 8 75 i 8 B = K AR L CNTs 51 N TPU 214, TEK
THER S HRIEE, ERd AR BRSSPI R B A, § R T MR
JEER I VG L T AgNPs A1 CNTs B3 [F4E A o] DU 2 42 /5 TPU/Ag/CNTSs AR A% Jk
A N AL R B, RO EATAM Rede m RS, 1 HiLseA Rty R R . a0k
3-6b Jfi7n Y TPU/Ag/CNTs AR A% 8% B 4% AT it e, BE 5 S A B2 A2 (1) 3G
TPU/Ag/CNTs AL Bl e R I tH DU AR ) X35k H GF B2 3108 167 (0%—250% 1
AF). 631 (250%—450%M2F). 1876 (450%—580%M A8 ). 6834 (580%—604%M 4% )., Uil
K] 3-6¢ Fli7n, TPU/Ag/CNTs WA AL B e ve) )87 55 6] A0 3R 50 R 359 A T el Sk A i 3 1)
K2 BN AL KA

(a) 10000 (b) 5000 (C)ms
« TPU/AQ/CNTs
.
8000 ¢ TPUICNTs 7 s000} GF= (AR/Ry)/e .
TPU/Ag . W 10 >
600) « TPUICNTs . : [G] 711 *
6000 TPURg : 3000 :
- a0 J : o GF=1876 - £ = This work
i g o4 Sl g @
@ 4000}% 0 & 2000 £
< : <4 =
[ A
2000 1000 = ¢l (ol 34
vy e
0 0 o4 P8 2 o
0 100 200 300 400 500 600 0 100 200 300 400 500 600 10 —0""700 200 300 400 500 600 700
Strain (%) Strain (%) Strain range (%)

3-6 (a) TPU/Ag/CNTs NAREK 2. TPU/CNTs NAGL KSR TPU/Ag N AR 2% 1) N A8 % AT
HNEIEEE; (b) TPU/Ag/CNTs N AL BREAE 0-604% N A8 VYA X ) R ; (¢) TPU/Ag/CNTs
[ AR AL R G ) GF A% RG] 5 30 391 SOk A EE A
Fig. 3-6 (a) Strain sensing behaviors’ comparison of the TPU/Ag/CNTs strain sensor, TPU/CNTs strain
sensor and TPU/Ag strain sensor; (b) Sensitivity of the TPU/Ag/CNTs strain sensors in four regions from a
0 to 604% strain; (c) Comparison of GF and sensing range for TPU/Ag/CNTs strain sensors with those in
recent literature

TPU/Ag/CNTs [ ARAL I8 2% 1 B AR AL AL an ) 3-7 Ffion . TPU/Ag/CNTs [ ARAE 8%
i W) A H AgNPs Al CNTs XS OB S, 240 HdE AT R finy, 0 4k AgNPs (1)
NS HE RIS, 1 4 CNTs 5 B4R IRE TN 8y 77 [ AT R, RS A
. BEERRPAEAREINK, B AgNPs MR S HZ AR N “ BRgE 7, E—F
W T FHREBENEE, SECEEMSEIEM. i, mKAEKKE CNTs F BT
AgNPs SHLZZ8%, MIMIES: T TPU/Ag/CNTs NAG L B ge S, 47k 7 Homg i
a2 IN{E TPU/Ag/CNTs N AL IEES 1N R US , « SR a0 [ 4808 %2,
bz &, HET FHEE, BHRARERYIGEE. 25 LR, AgNPs Al CNTs 1)
FNARIE T TPU/Ag/CNTs W ARAL SR TEf A id 2 5 I 8 O BRI T, (3R
L vy R R 5 e Y
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~ TPU fiber —~ CNTs @ AgNPs

] 3-7 TPU/Ag/CNTs A8 B 1 AR A6 JE A L 2
Fig. 3-7 The strain sensing mechanism of the TPU/Ag/CNTs strain sensor

NT PR RBUE, %% TPU/Ag/CNTs NAFLIKIRLE 1%M 4. 100 mm
min~! IR TR e SN (ED AT [RS8 Rl 3-8a o, 430N 122 ms il 164
ms, FUH A PRERSSHTRAE /. K 3-8b, ¢ A TPU/Ag/CNTs N AR AL I3 E R [A]
JAR T B H R (I-V) KRR ZR, TEiR e/ RAE (0~50%) I8 72 KRMAE (100~400% )
T, TPU/Ag/CNTs NARALIKER 1) -V M 2G4 57 SR EHE . BEE FL N —400 mV
K2 400mV, -V WA /G EF, R T TPU/Ag/CNTs NMAE KA 1)) 12
& FH

N T %% TPU/Ag/CNTs NAME RS IR A NMARAL KR RE, RGuHX TPU/Ag/CNTs
AR AR AR AT T — R A AIRLAIREE . 40 3-8d, e N TPU/Ag/CNTs [ A5 (£ & BR1E /NN
A (0.1%~ 0.2%- 0.5%-~ 1% 2% 5%) FHMEEAMERE, TPU/Ag/CNTs N AR AL AR 1A
Xof B, BEL AR A i A o et AR B 38 0 G, 5 B A it 0 S AR R TSI /) XA 5 FH
TR A SRS 5 L R AT IR IR AR BT 2R 0 HH R ) o (B ARV E R 2, TPU/Ag/CNTs BAZ
FE AR AT LLHERAAS I ZMIC A 0.02 mm I4HERUETE, AT 0.1%MIRAR, RILH HHEAK
[l PR . 1Ak, TPU/Ag/CNTSs R ARAR IR AR AE KR T 264t B AR AR SRR 14 G (] 3-8F
Fis, R R ER e, XK TPU/Ag/CNTs [ 48 £ 838 BE M A6 I 2] A 14
BRI .. G LRSS R T LIS H 4518, TPU/Ag/CNTs M AR 2% A AR X L BHL
A SRR RN AR R IEA G, BAZATT B R, X —F R T TPU/Ag/CNTs
[ AR A% S R KPS SRS EE A AT SEPE . TPU/Ag/CNTs BARAL AR AE 5 Fh A [m) N AR 35
# (5. 105 20, 50, 100 mm min™") FAEFARLAR R AR AR RAE BR 40 1] 3-8g P, AHXT
P, L A i 7 A AN (] P A Y ] P 3300 v B ) — 3k, R TPU/AG/CNTs MAR A%
SRS BE N TE AN [F] 1) AR 28 T (R RF AR 1) AR AR IRAT . R 1 i — 2P P4l TPU/Ag/CNTs
JL AR TR A e VEAN T G, E S0%RAE T XTHEAT T 1000 G I8 PR i A —F¢
BORE, 45 B0 3-8h s, BIEZE 1000 I F{H-FE i, TPU/Ag/CNTs N ARE
JEKER AR X EL BEL ARt 80 A H B S e AT B S5 ) R S B S, R P R AR e A
i Ao X B, TPU/Ag/CNTs A8 A% J& 35 i] LAZE RIS ] (1) TAE P9 ORHF R AF M Ref e
PERIHERAYE, A By &M S AT SRk %
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] 3-8 Ca) i RL [ RIE G ] (19%828); (b, ) TPU/Ag/CNTs BIAE {8 16 AN [F] A8 R (1)
-V iiZk; (d-f) TPU/Ag/CNTs BAAL IR AEIG I H AR —BE BRI AR/Ro: (g) TPU/Ag/CNTs
ARG R ERAE 1%MAE . AFAE N AR/Ros (h) £E 1000 AR AH—BEBABIR T BRI AE
(50%FINIAZ )

Fig. 3-8 (a) Response time and recovery time (1% strain); (b, ¢) -V curves of the TPU/Ag/CNTs strain
sensor at different strains; (d—f) AR/Ro of the TPU/Ag/CNTs strain sensors under cyclic
stretching—releasing; (g) AR/R¢ of the TPU/Ag/CNTs strain sensors under various frequencies under the
strain of 1%; (h) Long-term durability at 1000 stretching—releasing cycles (50% strain)

3.3.5 TPU/Ag/CNTs £F4E &R R

TPU/Ag/CNTs [ A% 4% [ 2% B R 4F 1) AR fE e g ALE AUk, Bk, mT DOk
TPU/Ag/CNTs RIAL KNG & BRI RS, GFEFf. FB. Bk, ks, F
NI NARIZE B (1) F] 2 3815 % . G0 3-9a, g FTvR, 24 TPU/Ag/CNTs B AR & B8 Kl U 72
FHRIAFRI DTS, o7 AR A S35 (A X Fi BELAR A 87 5 52 56 3 18 X 2 Sk sl 25 o -4 1 119
iz — .t 3-9e Fan, TPU/Ag/CNTs A8 14 J 3% 1 m] L [ 52 78 AR F- i L,
PAAS I 5256 4 S 30 1E . & 3-9¢, f s, TPU/Ag/CNTs AR {4 JEAS X} 5256 2
T AR 1038 2 R It A RO HE A AR X H B AR A e . o G ] 3-9b iR, 4 S
TR AR 25 AT B - P S B BRI, AR H BELAR Ak it 2k DL 5 FE Bl /AR [R] R A e
Ak o W 3-9d s AN EREG R F B 105 S, B RR 7S50 =R [F 14
HEVR S 43 3R 23 (PO VI (T B4 (D) o iX e 5286 45 R0, BT it 1) TPU/Ag/CNTs
JS ARG AR AE SR A, AT DA A HbAS ) 1) 525 0 DK R AR, s mT DS U 21 4 ik 1)
/NREAR o R, TPU/Ag/CNTSs B4R f& AR AR AR AR IZ 20 I AT 2 8k s R T EK
(I 77 6
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K 3-9 i@ TPU/Ag/CNTs [N AAL AR AH R AR/Ro (5 SAT I AAAIZZ): (a) 8% (b) HHEME
1 (o) M) (d) BkiEBksh; (o) FhizEsl; (O B&mE; (g Fhiss)
Fig. 3-9 Monitoring human body movement via a corresponding AR/Ry signal of the TPU/Ag/CNTs strain
sensors: (a) clench fists; (b) Facial microexpressions; (c¢) EIbow movement; (d) Pulse beat; (e) Wrist
movement; (f) Knee bending; (g) Finger movement

3.4 KRE/NLE

FEATE T, B S AR A% SR 35 e R U 55 5 e 3 L DA e R () 1r) R, e
gizz TPU. Witz IST AgNPs FE S CNTs, FFR T —M7E TPU 448 I CNTs #r
B AgNPs ) ME N AL K25

(1) TPU/Ag/CNTs MR j&ka B T RAUYERE, B Zn 2] 606.7%,
B KN R IR ASE &4y 1A ) 10.44 MPa 1 1.49 MPa.

(2) TPU/Ag/CNTs N AL KIS HA = RS (GF =ik 6834), TEMa RN E (604%
AR, ERARAT PR C0.1%MAE ), eigine S A0 [E] & [a] (i S2E []24 122 ms,  [5] 51 JA]
N 164 ms), RUFEIFRE AN AE (1000 RBLH-BEIEER) .

(3) TPU/Ag/CNTs A8 f& 2% AT LIAS I I 40 AR R ) A2 3l B0 36 ki ik
B RGNS B85,
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% 43 #BIR/K TPU/Ag/CNTs/PDMS i N 2545 =22 11 & B 1

RERST

41 5|5

£ b—%d, JEIAE TPU 4F4E% F R CNTs #i#% AgNPs X2 S 45, B3
SEHL T S AR SRS 4D v R R A B M Y R o R SR N AR A SRR AR SR R AT 2t
OB e, AL NARAS [FRALI SR & R AL BN A, 56T Wifar By 1 5 F sk}
I8 7 RN LR 1 B 38 150 4 B 52 N AR B Ik 0 W3 YR 0 471308 7K 0 4D 55 i) 5 S 8 ) R8I A+
e, AP RAR AR IR AR QAT AE K T PRI A8 5 IR 5 B A AE Bk AR . AT R, A i (1)
BN B T R B I T SR AR AE VR 2 0 254 . SFSIRRe, B B AR S
) AR D 25 K6 S T R B A R B S 1 A B T A AR S

A ER I E YT L BRI T TPU 2R 4EEAE SRR, SR A G4 S B 7E TPU
LTYERR RN AgNPs, B 5B A H#iE CNTs, /iR IEE PDMS 7 H0kH . BEZ 4T
3% TPU/Ag/CNTs/PDMS £14E 2 A1k AgNPs TRk 430N 4 A1 PDMS 51wk IR 2R T
RERCIIHLR 7 T TPU/Ag/CNTs/PDMS £H4EE G EHEEKIE . IR SR BiE 1%
e, NI SEI K T AR BB

4.2 X4

4.2.1 SEIIRFI AN ES
A= T B S A R LR 41,

R 4-1 5567
Tab. 4-1 Experimental material

EWHIEZR S Hks I
R#@hlE (TPU) Elastollan 1185A o ] 2 48 5K
N,N-—HE % (DMF) 99.5%, srifral g R AR PR A
DUk (THF) 99.5%, 44t g A TR AT
ZEERRANKE (CNTs) 14wt% TLIR G EAARB R AR A R A )
RIS SE (PDMS) Sylgard 184 T A
Eckt 99% EgETEARAAA R AT

AT T I S AR A 2 WK 4-2.
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* 4-2 AN AR
Tab. 4-2 Experimental apparatus

LA GiERS) AP R
T DB S R PLASC JGP-450 o AP B B G
(i Vak e SHO05-03 L R A AR
P AL PR FS-1200 AT A S A PR A
TR FA2004 i E RS R A A
HiB - 2HE (SEM) S-4800 H A H 7/ ]
X B E&ATEHMY (XRD) D8 ADVANCE (YESR TR
Fe A A IR AX Phoenix-150 LR B AR A
L7 B h g AL Instron 1185 2 [ AR B A
Herass R Keithley 2400 V8 %2 2 ZE AR A AT PR A 7]
HAL 2 T AR CHI, 660E il REAERA IR AF]

4.2.2 TPU/Ag/CNTs/PDMS £F4E fE i %I %

TPU AL #4540 2.2.2 (1) Fias.

TPU/Ag 4T 4EEE. TPU/CNTs 2[4 A1 TPU/Ag/CNTs £ 4E B il £ i 3.2.2 Firs

HEEET, ¥ PDMS EFFIFELFILL 10: 1 B ER S IECKERES, Bl 30
min, AL 1wt%H] PDMS ¥ . S8 544 99 3 105 8 Jie 7 1) TPU/Ag/CNTs 4 4EJEEAE
PDMS i HIZIEA RIS (A f5, 7E 50 °C B3 A [E AL 4 h, 53] TPU/Ag/CNTs/PDMS
FHEEEMEL
4.2.3 M ELEEMIRAE

BARERAED 3.2.3 /N5,
4.2.4 FEfm M

FH 2 fo /A 90 & X ) & TPU/Ag/CNTs/PDMS  £f 4 i 1) &5 S va W fih /1, %t
TPU/Ag/CNTs/PDMS A4 iR H 5 NSRS B S ol AR AT F35), 5 28l A (CAD .
4.2.5 MU REMI

HAREEAEDL 2.2.5 /N5,
4.2.6 23 1R R EEMNIK

FAREAEDL 2.2.9 /N,
4.3 FR5IE
4.3.1 TPU/Ag/CNTs/PDMS 4 FERNIZ T 5 RAE

TPU/Ag/CNTs/PDMS £F4EE 1)l & AL an & 4-1a P, B Jcild i i gy 22 4% 1
TPU £F4ENE, B 5 o PRG35 B0 AgNPs RS E TPU 214 . SR, FIFE~A
R 7 20 CNTs i /8 TPU/Ag ZF4EM b, 78 TPU £F4E IR [H T BONZ T FL X 45
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HEBEF KB LAY BRI ER CNTs, SREHAMFEHT%, 193] TPU/Ag/CNTs £f
YRR, ¥ P i A 4 B 1Y) TPU/Ag/CNTs 21 4Ef57E PDMS VR HIRIIE, 75 B S EAH
HifiEl 4k, 132] TPU/Ag/CNTs/PDMS £F4Ei5. AN AgNPs ¥4 1A PDMS ISR TH B8
Tt T TPU/Ag/CNTs/PDMS £ 4E LR 5K P A B ST BE , A B SCBDK T AR 4-1b).

PU PUIAC & \g/CNTs :

1 s | ” & 3

(i . .. . Y Superhydrophobicity :

1 \ ] X
1 || | ¥ Large work range

A v High sensitivity '

b i

) i

« Pulse detection

* Motion detection

* Underwater communication TPU/Ag/CNTs/PDMS

& 4-1 TPU/Ag/CNTs/PDMS £]- 24 i 1 ] £ Vi A2
Fig. 4-1 Scheme of the fabrication of TPU/Ag/CNTs/PDMS fibrous membrane

K] 4-2a. b f7n T TPU/Ag/CNTs 4L R ITTES, KEM CNTs i€ 1E TPU/Ag
CRYEE SR TH AN S LAYt 2 W], 1E TPU £F4EE b5 CNTs JTERL 1 R 4P AT Ll % . [ 4-
2¢. d Fr7n A TPU/Ag/CNTs/PDMS £F4E M5 SEM B, 1] LU H R4 IR 1 H— =% B
) PDMS AT 2, iESL T PDMS MR EI N . K 4-2e-g ' TPU/Ag/CNTs £F4E i f) EDX
WL B B8 T C. O N, Siv Ag JGEE TPU/Ag/CNTs/PDMS 414 [ 3R 17 44151 53 i »

4-2 TPU/Ag/CNTs £ 4 (a) 1 TPU/Ag/CNTs/PDMS £F 4505 (b) fJ SEM B4 (c-f)
TPU/Ag/CNTs/PDMS 14 I 1) 70 2% g 1 (&
Fig. 4-2 SEM images of the surface for TPU/Ag/CNTs fibrous membrane (a) and TPU/Ag/CNTs/PDMS
fibrous membrane; (c-f) Elemental mapping of TPU/Ag/CNTs/PDMS fibrous membrane
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4.3.2 PDMS BMEIHRT (B XT 4T BROK F ik A FNeR SRR F2 M
7Bk RE Y PDMS R ANLYERE NS, PRI T oPE. BEE T 4P 4ERRIRIAE

PDMS H /R [F]Hsf [8] J5 FF) S A0 CAL W 4-3 Tz, BESE (E PDMS HHiR v B[] oy 384,
TPU/Ag/CNTs/PDMS 1451 CA 2L E A EFHESR, M 129° (0min) EF-] 153°

(50 min), BbJE JLFERFEFAAE . #%, 7ERT 50 min PN, TPU/Ag/CNTs/PDMS £F- 4[5 )
B GRS R FFE 1400 S/m £ 4 . {HS2, 50 min J5, HSRIFIEE B FE&ES, M
1395 S/m (50 min) F[%%] 1258 S/m (70 min). [, #E$E T 7E PDMS Hi2¥ 50 min
(21 2L EAE R B AR i o

1600

1400 o :

Conductivity (S/m)
() a@]e péluoj

1300} %

1200

0 10 20 30 40 50 60 70
Time (min)

K] 4-3 TPU/Ag/CNTs/PDMS ZF- 4512 i1 7E PDMS ¥ A AN A ) J5 1 L 5 26
Fig. 4-3 Conductivity and contact angle of the TPU/Ag/CNTs/PDMS fibrous membrane after immersion in
PDMS solution for different periods of time

4.3.3 TPU/Ag/CNTs/PDMS £F4E FEHIER 7K 1 RE

IR T 2 BRI T4, s HPEge AR e eI 3 5. (R, AT
L A5 AE SERR B FH LA K BE ST AT D 1) an ] 4-da s, F S Jm sk BRI
BHTHEIT TPU/Ag/CNTs/PDMS A 4EJE AR, K ORFRR IEARES, WA A 4EE
RIS BEAL, R ACER LI, KR 2 s 25 2R 4R () 3R TH, SRI0HA 57 BB K A
WP 4-4b i, # CNTs ¥ AKAE NS4 E T TPU/Ag/CNTs/PDMS £F4E 3R, [ )5
B KNS ] TPU/Ag/CNTS/PDMS £H4EERTHI, /K AT AR A 7R R TH 3R 30,
Bt 6 CNTs ¥ R # 4 & 2h /K i 4y B 4R 4E iR i . B ik mr DL &5k,
TPU/Ag/CNTs/PDMS 44 i B 40 573 1) H G v PR fE

(a)
:>

ey

Kl 4-4 TPU/Ag/CNTs/PDMS £F- 4 i [ (1 /K B2k sh MR A () FTEE®H IR (0
Fig. 4-4 Photograph of water contact dynamic test (a) and self-cleaning process (b) on the surface of the
TPU/Ag/CNTs/PDMS fibrous membrane
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TR SN, TE R AL AR R SEBR A 5 R AR T . Rk, KRS HE
P R s AN AP T3 T TPU/Ag/CNTs/PDMS £ 45 I8 [ 7] 2 0 A8 A% 8 g HLAA B
B Yo WK 4-5a iR, 2496 TPU/Ag/CNTs/PDMS 214 il i {25 100% N A8, o fih
i (CA) RFFLE 152°, EAFINAE T TPU/Ag/CNTs/PDMS £ 44 15 2% [ I A5 7K i 1
FUTEl 4-5b B, BIEAE 100%838 R, KA AERTEAFAE TR RIR I, EOUHL 2R I
G K. HE 4-5¢ AT LLEH, TPU/Ag/CNTs/PDMS 1 4EEAEL 7 100 YKL
PTG IR JE TR B K, TPU/Ag/CNTs/PDMS 214 i 1) B 5 8t 8045 W S5 () 3 0k,
U] 7 TPU/Ag/CNTs/PDMS A4l BA F2 € 1S RV E B Bk 1% . bk, 4ni&] 4-5d Pir
TN, 43 200 IREEHENEIR G, TPU/Ag/CNTs/PDMS 2 4E[E () CA FlHL SRt %A i HL
B, BRI T HARE A A EUK R T B b, NAR AR A SR
FE. R BREE R IR TR, W 4-5e AR, TPU/Ag/CNTs/PDMS £F- 4 %t 45 Fh
Bk OK. R B, EREHO BHEABBKITA. P20 kHz FISEEF 200 W DIZE5E
TPU/Ag/CNTs/PDMS £F4EBEH T VeV 4 h, KA Petk, 450K 4-5¢ o,
TPU/Ag/CNTs/PDMS £ 4EMEATS Cr¥F B K 1, BRI AE RS = T 2%. anl&] 4-
S5g» h Fi7, TPU/Ag/CNTs/PDMS £ 4EJEE [ CA fREFLE 150° LL_I, TPU/Ag/CNTs/PDMS
LHAENRAE B R IR 5 h e RILH BRI, £ TPU/Ag/CNTs/PDMS £f- 4k
FER SR IR 5 i B 0 5 B4k 2 A e

(@) ©) oy (©) @
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(&)170 (9) (h).
7B 3 = e
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K] 4-5 (a) TPU/Ag/CNTs/PDMS -4 AE AR R T CA; (b) 7Kif§fE TPU/Ag/CNTs/PDMS
YL IR B (o) TPU/Ag/CNTS/PDMS £F4EIRAEHiA-FE iU 1) CA; (d) TPU/Ag/CNTs/PDMS
LT YRR 0T BEEEIA S5 1) CA FIHL %, (e) TPU/Ag/CNTs/PDMS £F4EfE ST AN [E VAW CA
(f) /KB JG TPU/Ag/CNTs/PDMS £F4E ) CA AT 5%, (g-h) TPU/Ag/CNTs/PDMS £f- 4k
FABAEME MR PEVA S ) CA RTHL
Fig. 4-5 (a) CA of the TPU/Ag/CNTs/PDMS fibrous membrane under different stretching strain; (b)
Photograph of water droplets on TPU/Ag/CNTs/PDMS fibrous membranes; (c) CA of the
TPU/Ag/CNTs/PDMS fibrous membrane after the stretching-releasing cycles; (d) CA and conductivity of
the TPU/Ag/CNTs/PDMS fibrous membrane after friction cycles; (¢) CA of the TPU/Ag/CNTs/PDMS
fibrous membrane for different solutions; (f) CA and conductivity of the TPU/Ag/CNTs/PDMS fibrous
membranes after ultrasonic water washing; (g-h) The CA and conductivity of the TPU/Ag/CNTs/PDMS
fibrous membrane after being immersed in alkaline and acid solutions

4.3.4 TPU/Ag/CNTs/PDMS £F4E BE H#N 4RI e
TE 2 AL AR I SEBR R A, HUBRPE R AR DGR R 35 . R A (R A PE RE A0 57
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PERE & WAL B T RS AR e {8 FH 1) 06 22564 - &1 4-6a v TPU.TPU/Ag. TPU/Ag/CNTs.
TPU/Ag/CNTs/PDMS £F4EfR I SN )-8l 45 . TPU. TPU/Ag. TPU/Ag/CNTs.
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1.62. 1.49. 1.5MPa, WiZ K EK 55N 616.4%- 578.1%- 606.7%- 578.2% (& 4-6b).
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K 4-6 (a) TPU. TPU/Ag. TPU/Ag/CNTs Al TPU/Ag/CNTs/PDMS £ 4EfE i A5 — v f 2k (b)
TPU. TPU/Ag. TPU/Ag/CNTs il TPU/Ag/CNTs/PDMS £-2 I it i 2 K R F g IR B (o)
TPU/Ag/CNTs/PDMS £F4E R AE 100%—500% 5 AF 70 R (IR R F1—- M AR 2k (d)
TPU/Ag/CNTs/PDMS £I4EAE 100%—500%)% 2850 Bl R B 5 Afthisi g, (e
TPU/Ag/CNTs/PDMS F4EIRAE 50%)8 A8 T RIJEIA N JJ—NAE I 2k;  (f) TPU/Ag/CNTs/PDMS £f- 4 fii
E 50%8% AN FIH LA 5 AT o
Fig. 4-6 (a) Strain—stress curves of TPU, TPU/Ag, TPU/Ag/CNTs and TPU/Ag/CNTs/PDMS fibrous
membranes; (b) Elongation at break and Young’s modulus of TPU, TPU/Ag, TPU/Ag/CNTs and
TPU/Ag/CNTs/PDMS fibrous membranes; (c) Cyclic stress—strain curves of the TPU/Ag/CNTs/PDMS
fibrous membranes at the strain range of 100%—500%; (d) Mechanical hysteresis and tensile strength of
TPU/Ag/CNTs/PDMS fibrous membranes at the strain range of 100%—500%; (e) Cyclic stress—strain
curves of TPU/Ag/CNTs/PDMS fibrous membranes under 50% strain; (f) Mechanical hysteresis and tensile
strength of TPU/Ag/CNTs/PDMS fibrous membranes under 50% strain
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4.3.5 TPU/Ag/CNTs/PDMS #F4E J& i 7 35 15 R 14 R

Xf TPU/Ag MAFA%J&#5 . TPU/CNTs S ARfL KA. TPU/Ag/CNTs AR f& JEK 4 |
TPU/Ag/CNTs [ ARE A% I N AR S e AT 7 A5 . Bl 4-7a 278 T TPU/Ag
AR EE . TPU/CNTs B ARfE 888 . TPU/Ag/CNTs AR £ #8% . TPU/Ag/CNTs/PDMS
97 A5 A JE 8 P N AR S BE . TPU/Ag/CNTs/PDMS o A5 £5 8535 JLF- 44 T TPU/Ag/CNTs
I AR AR BB I R R N e R VS . W 4-7b BToR . BE O AR B,
TPU/Ag/CNTs/PDMS N AZE S A% I WA A% Jk it 4 2 I H DU AS R X 38, 6 B2 GF
53N 134 (0-250%8 78 ) 608 (250-450% 38 ) . 1574 (450-560%)3%48) 1 4550 (560-
578%iA8 ).

5000 ( )
(a) s TPU/AgICNTs/PDMS b 5000
s TPU/Ag/ICNTs GF= (AR/Ry)/e
4000 s TPU/CNTs 4000
* TPU/Ag
3000 "I . TPUICNTs : 3000 GF=1 574 -~
o 500 « TPU/IAg H o
o o or
~ T 3 -~
X 2000}% 0¥ 2000
< o <]
1000 L 1000
Strain (%)
0 0
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Kl 4-7 (a) TPU/Ag/CNTs/PDMS MW ARfL %%, TPU/Ag/CNTs MARLEKAS . TPU/CNTs A8 {4 &K 2%
Al TPU/Ag AR AL 2% I N AR AL AT NI EL %S (b) TPU/Ag/CNTs/PDMS N ARE KA /E 0-578% M
AR R DY A DX 8 ) SR A8
Fig. 4-7 (a) Strain sensing behaviors’ comparison of the TPU/Ag/CNTs/PDMS strain sensor,
TPU/Ag/CNTs strain sensor, TPU/CNTs strain sensor and TPU/Ag strain sensor; (b) Sensitivity of the
TPU/Ag/CNTs/PDMS strain sensor in four regions from a 0 to 604% strain
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Fig. 4-8 (a) Response time and recovery time (1% strain); (b, ¢) I-V curves of the TPU/Ag/CNTs/PDMS
strain sensor at different strains; (d—f) AR/R¢ of the TPU/Ag/CNTs/PDMS strain sensors under cyclic
stretching—releasing; (g) AR/Ry of the TPU/Ag/CNTs/PDMS strain sensors under various frequencies
under the strain of 1%; (h) Long-term durability at 1000 stretching—releasing cycles (50% strain)
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Fig. 4-9 Underwater application of the TPU/Ag/CNTs/PDMS strain sensor: (a) Pulse beat; (b) Finger
movement; (c) Morse code information table; (d) Schematic diagram of underwater communication based
on morse code; (e-g) Different morse code signals sent through underwater sensors
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