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Abstract

Flexible strain sensor plays an important role in human motion detection. This study based on
carbonized silk fiber with different twist orientations presents a kind of high sensitivity, large
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strain range and high selectivity of two-dimensional flexible resistive strain sensor. The sensor
can effectively identify the direction and size of the strain in the plane. The sensitivity (GF) of the
sensor can reach 18.70, the strain detection range can reach 100%, the sensitivity ratio of X axis to
Y axis is more than 100 times, and has more than 500 times of cyclic tensile stability, which can
realize the sensing detection of strain size and direction.
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1. 5|

BEE N TR HHARRIRE, Ttk NIRRT T I EEA R 2 —, ATEERE. TR
R RN NE AT ARSI N Her, S B B U AR AL S e T R R R . TR
BT ARG, AR TS S T O U B AT A — . ARGk T G T S AR
B I AR A% B T AT h A TARVE BN AMIR R BUZ S R, AT &R 9 AR 0] 28 387 1) (R AT 52
HAET, A2 00 TAE# RAARAPOKRE[L] [2]. WYKL[3]. RYPPKBURI[4]1E 90K & @R, BeRA
B EB[5]. BRGKE[6] [7] [8] [9]. MR A A BRIA[10] [11]. BREF4E[12] [13] [14)55miA R, UK SHES
YI[15] [16] [17] S FIAR[L8] IR A 4B [19] [20]558 MM EHE ML RGEUKRZ , SRR E A
2 e i B R AR A RS

SRIM, TR FE I O 7 ZE M v B R AR AR R, N IRTESE ) LR T I 2 4538 2 - 4 R il 4544,
ARG W) 55 B 48] S A %o BN FEE 1) TR AR AT A A o 1T AR 1) B R TR I A ) — 4P T, IR BESRTEAR
DS A SR 28 1) AR = 0 5™ A M B AE AR R AR DT ) o S b, NI 2183047 o S BUERTH Bk
(R TR A, BT RS /N EIRE XS R AR ) 7 1) 1 75 BEEAT A . 73X — AR = TR SR —
YA SRS 3 BB B R TE TR B A A K

T T v R A A A S A A 4 114 S B R A A SRS LE S U A SR 4 S S AN TEAS
J7 1A R ARAG N, P AR ) K A T BAR P R AT R (ER SRR b, ALK S — AL
JRAT AT AL A HARE LI GEAL BRI A BCR R B AR 3y ) b 978 2 5 SURUER A SRR S ) it
i, MR SRR, SR TR RMEAR . Hith. B w5 A ST o e o P 2O AR A
BRI

NT SEBLEA SR REVE R YRR RS, R R BRI 4 5 T2 %0, Seung Hwan Ko %
T I 7 A S ARSI T ) SN TR S T2, N T B 1) et A g e BEL AR Ak ) R
AT LASEIE 35% M A8 T GF > 20 [ R BE & H 05 17 L% A HBHAR16[21]. Jong-Man Kim 28\l it 75
TSP LN 107 AR AR AR X3, 7E0] R AR 73 A (45 LR A AT T U, KRR A X ey
LTI ERN AR T M), RS 7 IEAS 7 ) ERIRAS, SEHL 60%M A8 T GF > 20 Y R Bk sk ik FEE A
GF > 20 [22]. Wanjun Park %5 N\l i AR T 2 & H B A R 45/ I BUSIE, 75 x 7715 y J7 midET
FLAR P A 2 v 52 380 ) AR EELBEL ) o LU IR, AT B AN ) 5 1) b i R 72 7, (R X P 7 U AN R
EPEEIERE 5 2 8 1)k B P [23] - Sang-Gook Kim 25 N ik 4k 22 i AR il 46 7 LA v FEHUH () CNT F51,
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SR HE CNT FEFITERL IR b4 221 % tH B A v L UM (1) CNT 21 2 A% R8s 1 v P52 B 1] 4 PR 4% SR R T
FERETE my 4 DAL AR P Bt . AR DA TAR B U IR T 4 A R B R v, (E2
T B AR (M S5 M B R R ) L 2 S

Ty U7, R SRR 5 AR AT R AL S 15 B R B A T R — B DR R B AR A R
PRI BUBAR M B IE B2 —, DA S IR RERR J5 DR 47 SRR 0 — SE ke R (1 25 4 J2 X B R AR 34 2
—, [EINE R A DL AE N AR N R AE RO B TR SR O A% SR A LR ) PR AR A SR
(7 B SEA . SRS UL S ) Ecoflex 2 AL A il £ H T LA 1k BB A0 T 2 R B AR A K
o, Hm K RBUEE 64, FF H AT LA 0.02% K f /N4 [12]; SR A Ecoflex 3 3% B A L4 A A 46 L
(IR AL 22 A7 1] 4 T v R () R R R B AR AR IR AR, BRAL L ATAE S TR R IR R T AR I B 5 RS S 1
[13]s UbAh, iz R ks AL G s 4G AT A, 4% T R 120% 8 A8 R ik 248 R I e vk
AR AR [24] . 1 RS NGB H AR AR BRAAT BB I 45, 1 R AR A BB S5 H B T B Ak i 4
MR [25] . AT 152255 N AR AR 4 diik, Hile& T 2K By i s, JEaufs 21 i 4, (RE
TRAS T 4 55 K P T AR AR IR [14] . DKL, B 23 22 A B AK I 15 3 R B Ak 22 AT AT B AR B TR AT 1) — So £ 4
SERVRFPE I — 52 B S E, AR ZH O A R i P e A 22 A 1N FH 7881 467 W5 B DL B PH AR I8 1) TAF:
[26] [27].

GEA UL B, ARSCHRH T —Fh DLBRAG B B2 B ) AN [ (4P S04 K I 2 2247 5 49 B B 4 4R Uk
fRIKE . Ecoflex fENBAMES L2 IS S BIE S & 5W A 1E N BRI R A & RBUE B 485
PEHLH R ARAR RS o S B OR B 1) T U M AR B AR e N 1) 507 1) BG4, i ZE R R 4807 )
Tt BT AR AR B £ 1 S 1 A B B T DA S I [ S A A R R 5 L AR DL S IR AR
JE AT LAk /8 i) o7 A 0 =3 2 e o 30 5% 1140 R I AT D0/ B 1) -0t o e ) 6 T 4 S e vl BH QR AR £
K2 B 5 RAB(GF~18) A K S AR A6 I [l (>100%), = B HI ik 38 14 (AGF~18  H RBUZ 5%9E 100 £ LA
1), SFEZETAEMES BN R IERE . 2R T S5l T2 M, febsa a4
T F AR ORI Je T T, R N A AT 28 SR AR 1) I A8 A s I 77 1] b RIS — 5 107

2. SKER

SEIS P A RL: B FAU 412245 . EcoflexA. EcoflexB. A& BG4 . BMNE WKL
B(PET) M. 4 Hil 'L 1R .

2.1, PYEBIL LA EHIE

BOP gtz ee A, #BTE 14 cm x 4 em 5HTEROOMHRE, 28 7 /KBE# G 1E 45 CHERRE T
ZJRTHBEAEA SR Lk B A BT L 3°C/min A THEE 350°C, R — NN, FEEL
5°C/min JHE % 900°C, R 2 NI, SRAGORE A LA IR BRAL 2241

2.2, —4EF M mEA N TERENE &

%, W EcoflexA 5 B % 1.59g L\ L:1 FiE tLAE BRI 78R A, BIR G # 2] 0.7 mm X
F B FEARE T 3 DL 2 mmis AR PRI 5, BE 2 0Bl CE ARG L L 100°CHnH 30 24 5E R
FBBEEEE. 00, BUERTF SR 2 A, T RAUE TSR A, B e BA) S TR
Perstk ERHFARTIFZE 3.5 cm x 0.6 cm. U 4R 5 PET #8552 2 cm x 0.5 cm, Wi& AL 2245
Wi E A 0.25 cm, AR EH 3 cm MBUR TAEKE . STRUEERSE —E &b ER
Ecoflex I, JfHEF A8 7E A AS AR KIS B 4, R ZENEEE . SR EDE, %k

DOI: 10.12677/ms.2021.112020 153 PR R


https://doi.org/10.12677/ms.2021.112020

W 2E

FEEZERHER. FSUEMERENEHLENHEE, ETENENBRALA5E " EMHEEH. 5%
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2.3, MR FZERIEEHER

BT SI256; 0 H B &% A AR AL (Linkzil ) P 3 S 5e ik, R0 A b 28 AN IR S 72 B IA 48 e B AR
10 s EHEfa e fEsed, Fae AR TR LTI A i, SN 5 mmis.

A 22 A7 IO T30 43 BB IS 7E Zeiss Ultra Plus 3 & 5 51 FE S5 A Fl L i 35 B S 2 A B () 2
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Figure 1. (a) Process figure and optical photograph of two-dimensional flexible resistance
strain sensor; (b) silk cloth; (c) carbonized silk fiber; (d) sensor device

1 () —HE R MmN A RBFRH ZRPEE ML ZR A ; (0)B'LS; (o)kLLT;
(d)fE R 2R

(a

Figure 2. Characterization of carbonized silk fiber with plain texture (a) SEM image of car-
bonized silk fiber without stretching; (b) microscope optical photo of 100% stretching along
twisted helical fiber at an Angle of 0°; (c) microscope optical photo of 100% stretching along
untwisted parallel fiber at an Angle of 90°

2. PR LRI Q)RBRIBETRL LT SEM BiR; () 0'RATEE
BIMZRE A4 100%RHF TR EMTAFRA; (o) 90" kA TEE LR FITAHE 100%H;
HTHENELZRE

K 1(a)y RS B B AN AR I A% Ol s A, M RER — 30 v B )2, il Wik s R A ) |
BEAT, b1y 3. 5 EONHERRE, H TR AR AR UL IR )Z 1 Ecoflex 7E AR EL rh i #A [
WIEEG, 2. 4 R NBUSIRIZ, AR B R R A 22 AT AN e B AR RS, PR AR PR VLRSS < SRR 445 A I A 98
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PRAZREAZ R A% 2 AR LIRSS LA BRI % B T AE DT R RIS . [ 1(b) 90 3K PR B 78 5 ) 2
LATHDEIR AT, & 1) N AL BRIP4 BRI BR AL L2 A, 1] 1(d) & 4 iR i as S

3.2. PYRALLLTH HIRIHRAE

N T BT SUEM A 22 AT A D BBURR R 1R N AR A IS 1) AR BB, SR DO AN R 5 T 3 RS T O sk
WLLATRHEAT T ERRAE - 18] 2(a) ABRAGC L2 AT (1) SEM IR o 8 ohvm] LB SRR R v RO 21 - A S 21 4
WRHEARRAE R MRKET4E, TN B P AE N T AP AT IR BE NI . B 2(b) oy O Sy
RACZZ AT A I, BOR R RS O, SRR AR R LT AE R P, T TS B
FEN TR AR I T A $E MR e AT AE iR, TR 1 Rl 2 1 XI,  BER S AR £ 448 0 3 1) 3 e
AR, HEE M A RPATIR 4ok Geid = A X, X R R 8T A BRI s )
ek, BAKERIER, BRSNS o EOR S, FHEARIARE . 18] 2(c)0h 90 KA R AR {24
AR EOE T o A R BT oS, SRR AT AR 1, AR TR BT 1A R AT R, A
DNV i FEL R A R MR R 2T A PR 235 K0 F A BRI FE R TR 1 1 X, ri L AR A 3 2 K 2T 4 ) 4 i 5
2. X — B 51 R S AR A AH EE WA 51 S i R B AR A TR ANE [R] — B 4, RIS | R BULHER+
PARCR -

3.3. ZHESR 1R PE R N 3R 1 A Y R BUEFE AR

N T AR AT 4 B B AN [ R Ak 22 AT T LS BN AR (K e, JRATIHI A IR RAE T 4 SN
AR, 165 DA FAE AT AF N AR RN, AR RS EA F (A R T R RS
FEo B3 RNAFETT T 4kt ra B AN AR AL IR B I b R et 28, B 520 (6 HIARER x Bl 5
y ) AR AR I F AR R, R 1 XU R U S L AT, [ 4 AR L R . Gy
PRI 2 DA R SRS (0, W] LA H A AR AEAN R R Ad 1 B8 R I T AR RS, GF B A B2
0°ff 18 A2 A7 ik kg ) 30°f 10 47+ 45°f) 5.6 i1+ 60°HI 1.3 47 AR 90° FIIJL TR 0, BARN
WX 43, 005 907 (W IERZ J5 1Al F S 245 100 fi5 LA b RABUE LB, SXE W28 HE I EAT 4k B AR I
it e, fEIER T EJUFEA AT, %R R ES A B e £, IE T S0 iRt
(AL B B ) AN [ 5 3505 LR AR 52 AR 5 M R P AN [R) RS A8 . 53 4k, B2 90777 ) R 32 A EHEAA L 52
WA RS R A0, EAR AT [ B A B 8 1 A SRR P R B HH B O 26 P (R > 0.99); FRATTRS AR 2 v Tk
L ATHESZRAR AT RIS — SRR 2, hi 5 ¥ 51T s A X 38, AIAT 5 HUE S k>, PP AR
BN AR B AE 7 AR AR AL 7 (e e e BEL 0 1 A T e b OEL 0 o P 38 I P e, R A A
TR . 2R VX A 15 A4 B AR R AT 4 I AR W 2 (1 Jo R 7 S e o R LU S A )
fitkh 1= A7 U A HERA R 2 AR KN o RIS, 1245 8% T DAK 52 =08 1009% K ARSI, X)L P& T A
PR RTHI &5 WL AR Y PR, 3 R — 7 T A F L 7 25 Ay o 1 R e 45 38820 ¥ DL A S8 A T e I
Sy —J7 A B VG Y Ecoflex HAG AU 34 8 T HUBE MR I FUER . %2 2 MEE TAT/ES O
G RN N P AU AR A RS TAR M BT Re b, ATRUE B, H T CA B AR B AR B
DAL 60%, JULTFARE&LME, REBUZAE 20~40, HIEAAME TEEE. SCOREMTIEME, AT
VE AT B I ARV R (100%) « 075 (46 P (B 2 90° 3L 4% R? > 0.99) MR K (13 #% 1 (GFX/GFy > 100), H.
WO, H T 2R S, RAMKRIMWTF. B M. BRESEE RPN —FBEE S %N
T

DAANTR] Fg BT R 25 53 X —p O R A, A ST % 14— 2 53 11 F B %7 A A JR 38 T DA — 4
TP AR AT 7 1) 5 KN IR FEAR I B rh, B SRR x il y A e BH A A P R BRE I LU A
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Figure 3. Sensitive characteristic curves of two-dimensional flexible resistance strain sensor at different angles. Tensile test-

ing directions are (a) 0°; (b) 30°; (c) 45°; (d) 60°; (e) 90° with the angle of X-axis respectively

B 3. —#RMEERNEERIFNTREAEREE ML, RANRGTES 515 x R AM (@) 0% (b) 30°; (c) 45°;

(d) 60°; (e) 90°

Table 1. Sensitivity of different angles of two-dimensional flexible resistance strain sensors

F 1 ZHRMEBEANTERENFIRAERHE

A GFx GFy AGF GFx/GFy
0 18.70 0.15 18.55 126
30 10.83 1.26 9.57 8.57
45 5.96 5.40 0.56 1.10
60 1.30 10.68 -9.38 0.122
90 0.06 18.79 -18.73 3.41E-3
Table 2. Working comparison of two-dimensional flexible resistance strain sensors
2 ZHEFRMBERNTERBIZTIEX
1k TARYEH REUE pri S gt ZHE R
AgNW/PDMS 35% 20 1EZEJ5 1) BB LA - [21]
AgNW/SVS 60% 20 AGF =20 - [22]
i 52J7/PDMS 20% 422 1EAE T 1) WL B 2 BRI /I - [23]
CSF/Ecoflex 100% 18.7 GFx/GFy > 100 R?>0.79 AR
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Figure 4. Sensitivity of two-dimensional flexible resistance strain sensor at various angles (a)
comparison of sensitivity (b) curve of sensitivity ratio in logarithmic coordinates changing
with angle
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Figure 5. The cyclic tensile test results of the two-dimensional flexible resistance strain sensor. After the device is stabilized,
the tensile test directions are (a) 0°; (b) 30°; (c) 45°; (d) 60°; (e) 90° at the angle of the X-axis at 100% strain, and(f) the cyc-
lic tensile test results at 0° and 50% strain for 500 cycles

E 5. Z#EFEMBERNNTERFPNBEIRNENRER, SHRERE 100%KE TRFAMR G ESHS x #k Ak
(@) 0°; (b)30°; (c)45°; (d)60°; (e) 90°AYMIiK LAK (f)O° T~ AY 50%R2ZF 500 JE RATEEAHL (e

P 5 O 2 R r B R AR A RS (R A S R DK 45 R, AR AE ) 2% 58 UG 1 S8 B AT AR Y [ 100%
(7 100 RFRHLAH,  H #2787 R A7 4 DAAE Joy B X 30 A i 172 1 X3, AT ] DAAS 31— 46 R R
FAXI RS SE R s . &l 5(a)~(e) 7 Al o 5 x Bl f A 0°y 30°. 45°. 60°F1 90°f) 5 X e L fhill i,
AR x A AR, AR y R, TTRLDWER], A RAEm— M N AT R E R, L
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