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Fig. 1. The timeline of the development of silk-based advanced materials for soft electronics: Bioresorbable electronics?® (2009); ul-
traconformal bioelectronics?!/(2010); flexible OTFTs? (2011); transient electronics®(2012); conformal wireless biosensors?2(2012);
flexible solar cellsP!l (2014); bio-triboelectric generator®! (2015); bio-memristor® (2015); carbonized silk fabric (CSF) wearable
strain sensorsP! (2016); silk-derived carbon based E-skinsi®l (2017); on-skin stretchable electrodesP (2018); biodegradable and

stretchable protein-based sensor” (2019); all-textile electronic skin®¥ (2019); electronic skin for human thermoregulation® (2020).
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Fig. 2. Schema of the hierarchical network structures of SF fibers and none-fiber silk materials. Lv1: the amino acid sequence;

Lv2: a-helix & 3-sheet; Lv3: 3-crystallites; Lv4: crystal network; Lv5: nanofibrils network.
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Fig. 3. Mesoscopic functionalization of silk-based materials: (a) The chemical bonding between SF and GOW; (b) the revisable

structure changes of 3-sheets and random coils under high thermal treatment!'; (c) a silk-based memristor®!; (d) silk nanofiber

membrane for bio-triboelectric generator®?; (e) schematic of 3-sheet-derived carbon basic structural units
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Table 1.  Summary of properties and functions of silk-based wearable sensors.
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Fig. 4. Design of silk-based strain sensor: (a) A graphite/silk flexible strain sensor with sheath-core structure; (b) a wearable

strain sensor based on carbonized silk fabricl; (c) an RSF-based hydrogel for monitoring human movement®’; (d) an RSF-based

single electrode TENG and strain sensor integrated platform!©s.
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(1l 4(b)). x5 HEAThrfdns, pacpl b il 2 4k
A sl EL W 2L X R BE = AR AR AR, DT SE B
TR AR IR, B HA R PR B (KT 500%),
N AR /N T 250% BF, GF 4 9.6; W 22 7E 250% —
500% = [, GF 4 37.5; Bt F 0—1% M8
BN RYAE, GF AT ik% 5.8, JLF-J&4 @ 1L Bt
B GF(2.0)11) 3 4506, 55 hMZ AL AR HA g
Bi (/N 70 ms) Fl i B4 e (100% B AE 4z i
6000 1~ JE ). B FILOL S p R 1M s R R R
Iz W TAESE L, XA i) 2 22 210 A% S T Ry
FHT W 407 A g NARTE 3, AERIZLEE 3, anok
S AR ATk 12 Mk ER, sl R 1y
iz B, WK PRI | R 4% A R R R . 2019 4,

Yang %557 FIFHER ZMHE (polyvinyl alcohol, PVA)/
RSF/#ll % (PVA/RSF /borax, PSB) il it — Ff 7k
Y B IO AR A5 2% (& 4(c)), £ PSB K B &
PVA FI &Y 73 50 B A w8 7 A 1k A ki
RSF AT 4 i K B e RS 1, 338 in 6 e 1 7K 31
AL PR K. % PSB K B B ] K %
5000% FY R SRR, RAFRIPRKE . A B L) K mT
VAT A R RUROR P, RIS, AR AR B & T
Wi ARGz 3. Gogurla 55 BP9 K £k (Ag
nanowires, Ag NWs) £t A RSF i JJi il 2 1
— R AR AR R HAAA R REUE (GF = 30),
AE fo 2 M W I = 48 A0 G B9 A il R s A R
RSF AR M EEHE)Z, Ag NWs VE Ky B il 4 ) —
FELE Y Bio-TEG, ©ReRIFHIG & Bk, 4T
BT, B IKS RSF Bk A i it b4
TF 6 R H YR B 2 mW /m?2. BLANKE PR 3%

FE—5K RSF 5, e aRE B AL A2 O e f i

8 (K 4(d)). XX F 7 AHLSA L ok 2 T RE Y
A=Wy AR AT TR
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3.2 HMENfERRR

2017 4F, W AR AR Qi 55 O T L 2 22 4
AKs RSF B0 TSR EF W, B 0 ik
Fr e Al Ak 2RS4 Bk 1l B A 22 9 K £F 4E B
(carbonized silk nanofiber membranes, CSNM)
IR AR AL I B TE PR ). AT TSR — SR f 4
%t (polydimethylsiloxane, PDMS) # H &f 2% i
75 WY B 28 K I R BEL TS ) A e SRS R E AR B
IR B AT ARG I B AR A AT T (R
Fr kK s A AR 2 AT, IR R Rt R
M (sensitivity, S), £ 0.8—400.0 Pa [, § =
34.47 kPal, 7E 400—5000 Pa T, S = 1.16 Pa'..
Fr i FR f A 0.8 Pa, Wil B [E] /N T 16.7 ms, 1
KT 10000 RAEFR N Or4F R AR ETE. tesh, Al
DAH o A i FRL 7 2 P [ A 1 R U, DA A2
A5 TN FH AN TR 20K . 38 3 W W i 45 19 RSF
AT R4 00 Wt AR AR LA BRI, H
R BRI U T i s R BAR 5 22—
SR, RSF ME 00 [ A7 e 1k R ) 1 A 2 P e 14
fE R . TR Hou 45 BT 2y v i I iy

Metal electrode

Eco-Flex
{1-1.5 mm)

Metal electrode

Silk film
(80 pum)

[80 |.|rn salk film)

slow bend and release

e \‘

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1§ oip] Gather
[INS 1 - \
0 9 il
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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A
&
n
¥.
o

] Sl | medium bend and release
i 4 8 8 10 12 14 16
Time {s)
0.04
~Chinese pronunciation 0

c

AC/Cy
.
(4]

[600 nm Ag NFs)

(600 nm Ag NFs) 1

sk FK B, FF & T —Fh BT hi B R
1 ARFAPERC Y RSE S8, 1T DAET I8 MRS 2
Jk I, AR HER RN Hk, st g2 5
BERS H R X B RSF I8 5 4R 94 K 27 4k (Ag
nanofibers, Ag NFs) 254, il & T —Fp 32 /v hir
i Ag NFs/SF T st i il LA AT 45 A9
T B (10.5 Q/sq) AEBE LR (KT 90%). [A]
B, FERLAR T 60%, 2S4BT 2200 5, 7
FHORRE AN, BET UL AR, #2005 th e v 2
Kb e AL A (K 5(a)), HHEIE SRR ARLRR. &
AL EAT T3z /9 7 R0 AR A W Y (A
35 Pa—700 kPa), it B A B AFHYIES /B K PEFIAE
WIAHZS M, DRI T W 7 e kR e . f"ﬂm
TRTE BN L, A2 S A D o I ol AT S A <
FETERIRS). 7300, AL AR A e Wi T E’th

W& iz 8. 2853 7200 PG Fa 2 i s, 155
SERFERGE . 45 A HAE YR R R AP e, 2

T Ag NFs/SF BN IRAL AR AE RS MEL AR A
it B M 0 B A P )Tz B N HT S 2019 4R
W 55 09 I St — ol i 22 40, 32 A 25 21 B0 s g A I

o !'-A ik 1
ndex  Etastic yarn Silk fibor

l 100% stretching

~0.800 cN Tressure senvor
4 —0.200 cN| 50 3 s
I‘u fi d and rel 2 30 F I n ﬂ Fg.gzncg S wf | ‘ s
i as{ bend and releas = .006 ¢ = e
Sk { T 3 jul * Y2 | ”| I | e s ﬁ
= . [¢) ‘ Q20 S o
3 o Lu"!'ﬂ'whu Lol I I <10 m
B 0 ' oWUWU UL U U
lllllllllllll | D
B0z 0 10 2030 40 50 60 70 80 , 0 20 40 80 a0 0 20 40 60 80 100 120 140
50 55 60 if:e/?: 75 80 Time/s : Time/s Time/s
[l i e i i il Bl

S11/dB

5 RAEENEESHET ()
(c) —Fi 75 22 U ) T P f G 2 9

— Bl RSF & 1 A= 4y F 28 A0 0T [ Al I g £ S35 275 (b)

— Tl TR 22 A R W T 2L TR ) A s )

Fig. 5. Design of silk-based pressure sensor: (a) An RSF-based biocompatible and degradable pressure sensorf”; (b) a silk fiber

wrapped fibrous pressure sensorsl®l; (c) an wireless pressure sensor based on silk fabric/l.
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7% (K 5(b)). HHEEAME A AR Ecoflex
R F LA ENG A — AL, ML
S BN A 2 A A A TR R R £ I R
(polyethylene terephthalate, PET) 5 & % fg
(polyurethane, PU) Zb2k I, BiJ5 P Ag NWs IR
AR R 22 274 PB4 2 My B, ek, A
2 Ag NWs BIR A1 A L, Ecoflex A4 Hi it
PRI . ZAR AR A S R B (0—4 kPa Iy,
S = 0.136 kPa™'), fIRAgma N B[] (0.25 s), RAFHY
FoEME (KT 5000 IRAEFR). Wu 45 B il & 1T —F
TR AR LY LTI MEIRLS (Bl 5(c)),
Wil fE R A Y R LR Ag NFs 1595
HLZWY (OrBEA 0.33 Q/sq), FAEPI LU HLi 2
[ 1 3D E LYW HEN 2. LA BA
0.283 kPa 'Y R HUE M R iF i f2 &M (R T
20000 /MEFR). W] T WKz ) (FHE RO
A5 [RIESF, e IS B AR Al L 3k S Jdkon; 2k Pl fig
AT TCER SC B T TR, SRS PRI A % R R Sy
6.8 MHz/kPa. Aitt, 2215 B ER1E HL 7 B IR
REZ\W) UL AT I %) 1 i 5

3.3 EAIE EREE

HL AR G B PR DU Ao A | o 28 FIIL IR
15 S 3 ] 7 26 v 338 A (701, 33k S AL SRR A A A% o
) R R A L T ) A K A A 25 1 3 B FL
W, Dhui/b Bz k55 o g il BEL . IRk, Sy TR
TSR ARG S BB PR 5 Bk Z [H] Y
ST 2 OCH 2. 2018 4F, Chen 4 P9 #E RSF
SIA Ca?t, JHE IR, 1558981k RSF
JE, 55N B R A e s (A 5 2. 198 )5 1) RSF i
W ICEE N 512 GPa /N A 0.4—2.0 MPa, i
i 2R 20% 15K F 400%. 76 HE R Ok 4
(Au) UUFULE RSF J 5 [ il £5 Al . Au HE R 7E 28
ARSI B8 FCRE A 2t Ak T [ IS ORRE 1 R A 1 e
FL PRI R, ol A R A F AR AL B 5 R Bk
FRAE IR A i, SEBUIR ST BT, AT SRS T
FILEEIE (electromyogram, EMG) {55 (£ 6(a)).
2018 4, Seo &5 ™I i 16 T — A 7= Wil Fi, &
(electrocardiogram, ECG) iy Ca?* Mt RSF 7K &
. BEE B A Ca M THEr, RSF /K B i J B
SRR SRR IR SE L T B AL L, R 0.005
#5538 5.99 mS/cm. 24 RSF ki & T Ag/AgCl
4 JE FL A AN AR B T 2 AL E ) IS 1.5 kQ AR RE

i H 2 h JEHPT A A L. W 6(b) FiR, BT 4
i FRLAR IR Bk 22 ) ) 555 e R i BEL T, T RS 3] i
LB | e R R K SR AR5 IR . A,
T RSF 1 ECG H AR I & 1) F A AT 5V b, M
PR HIEZ U 2l mT 2006 . B T R FHZKSE e i 1
BIOREE (0.2 N/m) 8K, 33l e A 78 250 i R0 st
W, x5 R R AR s 4, i E0 & ECG
5 U h. i RSF AY I A 15 S B 7R
FES T HEASEE, HAEFE LERRE, A
SAELWIE HFFR TS, I, RSF AN AT FHfE
JRERE ), 38 ] FAE S H BRI, LIRS B ) £ S Y
ECG 155, 522, Jo M TulikpgH Ag/AgCl
0 HL AR AN BRI G & B R Bk 5, I i —
RSF 3t ECG 12825 . WK 6(c) fias, £ PET 3
JiE s —)2 Ag NWs K, FF]H] RSF /K EEK
W2 5 &R —iE, &5 LBk PET 15358
AT ECG M. F9R RSF/Ag NWs HLH Y
ECG {5 5 A%, {H 3Lk A AL 4 I B e AR
G- M B A B . TR R AR B B 25 AR R
H Rz IR E L REiE s ECG RS, = AT i vl Wi P,
Q, R, SHIT . X225 /R T RSF/Ag NWs
HLIAE R ECG fRIERAR 1) B &, v HF AW
A .

3.4 REFMEEERESS

B T UL s Rl A PR IR V2 A
R 1) 22 B ] of WAL A R VR R L 1R
8. 2017 4, Wang 55 [ F| H# L 27 2 AR 45 22
LAEDUR BT L, BRSSP A AL ], PR
HE: R 5] PET LK I il A5 A 22 171 2 1 RUR AL gk
A, A [ AR A S (] 7(a)). MR T
if, R BH R, REE L8 0.81%)/°C, M g A (]
BT 2 s IWAMZAE IS om ) AR R oIbE, 784S
PRI IE 5 RS TR X N5 T 8 ) o5 22 A R[] )
N TR Wu 55 9958 3 %) e Gr, ONT, Ag
NWs Fl TF,N(—F B 7 {K) &3 CNT+TF,N
WA TR ERE RS, 185 1.23%/°C. H I L 47 4
WL 2 L IR IR CNTHTEFN, & J5 1 H
Ecoflex ¥ H 3 5E R 41 AL A 17 1) 25 H B 4L
Yy (I 7(b)). fx2z &8 de e Ry rh Rl B in T 2h 2k
PIZEBIVE | BB S S AR AR AE 3065 C
WHEWNEA R0 REE (ARR/R)/AT =
1.23%/°C). #£ 10 V IEE R T, #7200 i A
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1
1
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! i = < :
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1 § 0.3} \g (after g) § !
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K 6 RSFHEAEMLRERBIT  (a) —F T EMG W89 RSF #ALHAR B9 (b) —Fh Ca? B E Y RSF BOR 7 2; (c) —Fi T

T ECG Wi i)l 28 Ag NW/RSF L} [

Fig. 6. Design of RSF-based electrophysiological sensors: (a) An RSF plasticized electrode for EMG monitoring®; (b) a Ca?* modi-
fied RSF adhesivel™; (c) a wearable Ag NW/RSF electrode for ECG monitoring!™!.

30 °C 1Y 17.30 pA B3] 100 °C 1) 44.93 pA, &
7 T B R BT . 3045 °C By v i Ta]
16.5 s, 400 MEF PN MEREIRFEFRE . X R T4
JRAR A BT IR E PERE R, HeAh, 22
SRR T AR S EINE, DAL IS T LA A2
BB A il AN el LS P R AR A AR R
0°—360° 1, LIS 1) FL FHARfb /N T 1%. Bbsh,
B B ACGR AN K PERE, 18 Tl AR
MREEZ5 L. [T TR Huang 55 B &3t 1 —Fh =
WG I 21 RSF Hm#aa i as (B 7(d)), @it
FE RSF & 4 BE WA TH 43 548 310 v AL 6 M 1) 42 s
YK 224 SIS M. AR EA T T, R AR Y
YR Y22 5 I RS H A EAS G, 1930 2P mT 28

B AR AR AR, O AR R i 0 R GA
152.2 W lem?, 78 75% Hiffi T, Ho ok #4E BE A8 b
NT10%. B T RRE A AR E AR R, 2R ES ]
SR 538 VR R R, RETERr e SRS
XF AR AT PR . FEFS TR IH, £ (Pt) 40K M 2%
5 RSF B A5 A5 2R . nEl 7(d) B,
FHREAREE MR 5 % 5 RSB BGRTTiE, 4%
AW ERST ED il 25 H . RS B, X bR 5] 7 )
T i BB BT B b AR A TP A T IR B2 43 A TR R
TA-BTTHR AR, ST BRI S 4a . TR,
% RSF HEE M AL B A AR A 2t S R
PE, THER T G A Rk 5 | RS O o F - dar 30 A st
H AR b S AL P IR AT e TR AR 22
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I
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Maik printing or - @W, :
.dir\m writing --a._‘_“' . - ._F:-.,c,_ - X
\ @ skn
I
W Gr/SF/Ca® pattern / |
/ . I
7 \
I
|

SF/Ca®™ membrane

Pl 7 a2 R RN AL AR 1 R

(a) — 7 % 22 435 £ A T 257 SR B8 L 3 A7 At (75 () — 7l ol M 003 32 0 P g 2 22 Bk vy

T (¢) —FPHET RSF BT H AL I REHL T-40 5 P (d) —F0 AT #2089 RSF S 24 B T B Jik B

Fig. 7. Design of silk-based temperature and humidity sensor: (a) A silk-derived wearable temperature and pressure sensor(™); (b) a

silk-based electronic fabric for temperature and pressure sensing®; (c) a self-healable multifunctional electronic tattoos based on

RSFI™; (d) an RSF-based heat-resistant electronic skin for thermoregulation®.

AL RS B 5E T, Wang 28 158 7 —F L T
Gr/RSF/Ca’ iy A L & ZTIREH F40 5. X Fhm
JE R % W L 805 5 Gr/RSF/Ca? & P i
FTEN 8 7 4% B 5 78 RSF MR B 148 (&1 7(c)).
RSF/Ca* i AL T AT hr A v A AE A 254k, 7T
DA (B W JPRAE P i 4 A e AL B b ) Gr JE T
HL AR, FH e W AR ARk i O 2 o )
R, BT &AL N AR | W RN B Y 2 D BE
LIRS, MAHRHEEE M 11.3% B4hn%) 85.1% i, AHXT
FLRHASE (R/ Ry) M 0.2% 3803 2.3%. X% Gr/
RSF/Ca*+ i JE RE A% Wi 4 K75 Fl i B AR Ak, L
HA e A7 VR IR I P A R AR RS 2, i
FR ] (8 R s B2 (E ) 90% Fir s i st
[E]) 23514 3 Fl 6 s. 3X 5 K ZHUHRE 191 B A% %
i 1= TS R Y R R A R S Gr/RSF /Ca?t
5K A F A EAE A 6. B RSF S5 H
) CaZ & F 1] LM BE i gk, — 4> Ca2 &7
AT LAZE G 6—8 AN 7K a1 L PR L, AH X B2 K
H 2 B 7K A3 F 98 Ca2 i3k, DT BOE I ik A
Gr T HL AR AU 0 0], A s R 2 T i G, 2440
X AL B HAT AT, A I o B A 31 i
RURAS. 2020 4F Luo S BUFF & T —F B T Ag

NWs X 45 H M (interdigitated electrodes, IDEs)
() RSF WAL IR, T n] 2 e ). Hoa
A FIR L EAZI M AE T 206K IDE 5 RSF 4R i AE
—ife. ZALPS ) RSF M R XK ZR B 3
S NZE WP A H e 0, B TRE ARG DX 0 LG IR IR 53t
B A ROHENE T | DRI K PRIz i 7 3 P
(4 Hz). IR ARG AE 2 A 2 3 R4 1Y
PUES E 1, I HLAE B 5 Rl F A DU e il
TE—, X HAERKAE LTI R | 8 5 AR AL
AR B J7 3 T

4 l%‘%&%‘é@.

WA A WU IR G i H AR i PR JE, AT
FENGET A A YRR ek B - A B A
ZiG, WP AR A | TR RE. 22 AE
— B R RIRLE AT, SEAE UM | 2R
YRR | TS 2L/ n] A W A BB A LR
P B ZHEIE LA SRR A P A5 AR AE, TR
JHZ BT A AR IR AR SR, AR E N A T
A 22 [ TRATH L S e 22 B e AT RHIEZS
SN, BEJR B T I AR R A 22 FE R 0] 5
TR AR U DT TS e, AL (REAE | A7) 15
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SPECIAL TOPIC—Flexible electronics
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Recent advances in silk-based wearable sensors
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Abstract

In recent years, wearable electronics has received extensive attention, providing new opportunities for
implementing health monitoring, human disease diagnosis and treatment, and intelligent robotics. Sensor is one
of the key components of wearable electronics. Silk (Bombyx Mori) material shows unique features including
high yield, excellent tensile strength (0.5-1.3 GPa) and toughness ((6-16) x 10* J/kg), good biocompatibility,
programmable/controllable biodegradability, novel dielectric properties, and various material formats. With the
rapid development of biomaterials and related manufacturing technologies, advanced silk-based materials have
been studied and applied to wearable sensors. Here, we firstly introduce the five-level structure of silk fibroin
from bottom to top and characteristics of silk-based advanced materials, and then review the research progress
of silk-based advanced materials in wearable sensors in recent years, including mechanical sensors,
electrophysiological sensors, temperature sensors and humidity sensors. The working mechanism, structure and
performance of different sensors, the role of silk proteins in them, and their applications in health monitoring
are discussed and summarized. Finally, the challenges and future prospects of silk-based wearable sensors in

practical applications are put forward.

Keywords: silk fiber, silk fibroin, wearable sensor, mesoscopic reconstruction
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