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Research progress of nanomaterials in flexible piezoresistive pressure sensors

TANG Guijun', YIN Keke?, YUAN Huiyu™?
(1. Henan Key Laboratory of High Temperature Functional Materials, School of Materials Science and Engineering,
Zhengzhou University, Zhengzhou 450001, China; 2. Henan Institute of Product Quality Supervision and Inspection,
Zhengzhou 450047, China)

Abstract: With the rapid development of flexible pressure sensors in the fields of health detection, electronic skin
and wearable electronic devices, the research on fabrication of high-performance flexible piezoresistive sensors has
become prevalent. The performance of flexible pressure sensors can be optimized by nanomaterials because of
their surface and interface effects, small size effects and macroscopic quantum tunneling effects. Nanomaterials
based pressure sensor has the advantages of small size, wide detection range and high sensitivity. In this paper, the
latest research progress of nanomaterials in flexible pressure sensors in recent years is reviewed.
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Fig.1 Application of 0D materials in flexible piezoresistive pressure
sensors: (a) Carbon black (CB) nanoparticles®®; ((b), (c)) Silver
nanoparticles (AgNPs)??; ((d)-(g)) Platinum nanoparticles (PdNPs)®!
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NPs—Nanoparticles; ITO/PET—Indium tin oxide/polyethylene terephthalate; EDT—1,2-ethanedithiol; PDMS—Polydimethylsiloxane

K2 (a) MIGAUESIBAKRBLT (SSNPs) FERE (PU) ZLAUM H F AL AR T R TR, ST R (PANI)/SIO, 44K UL e S A s
(b) iAHJE PANI/SIO, JUKL; (c) BRIE PANI@SIO, fUkL; (d) R IEER IR SEM R, (e) ERBIUHLRS A AL I S8R 1 R I L TRAT A 5
(f) AR R IR LT 5 (@) FETARAIK AR A (AgNCs) 1 HE 1A% I i i) AR S5t 2 ] o)
Fig.2 (a) Schematic illustration for fabrication of a pressure sensor composed of sea-urchin shaped metal nanoparticles (SSNPs) and polyurethane
(PU)™; PANI@silica-based pressure sensor: (b) A sea-urchin-shaped PANI@silica particle; (c) A spherical PANI@silica particle; (d) Cross-sectional
SEM image of the pressure sensor; (e) Current flow behavior of the interlocked rough and porous microstructure under loading pressure; (f) Current flow

between binary nanoparticles®®; (g) Working principle diagram of pressure sensor based on silver nanocrystals (AgNCs)*”

FORVURBI LR E b, H& T2 RS F  Lls 7R GRS . RS TE 52 2y i B A
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L2 R R, ATITE % 17 SWNTs A Jy 5 i M) REAR , OF ELA% I ) 2 M 2 B < 5 5 B2 A9 Dl /
25 bR G I ofs SWNTSs 7 i BE Uk 75 181 S AR 9 T I B Bt A H bR b B O A S I . %
PDMS A I (151 3(a)), ZJRHili AR MR 24 B A KT 400 kPa i # 58 1k 1 TARVE M,
A HE B AE A P G B FRL S TR B Al LS Al (PCB) I FLAE 400 kPa i 1 7 /f: 0.06 kPa™ Y R .
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Table1 Performance of flexible piezoresistive pressure sensors based on 0D materials

. Minimum Maximum Maximum . s
Material detection/Pa detection/kPa sensitivity/kPa™ Response time/ms Repeatability Ref.
PET/PU-metal nanoparticles 0.3 18 2.46 30 600 [25]
Polyimide (PI)/AgNPs 0.1 100 1400 200 1000 [32]
Carbon black/paper 1 30 51.23 <200 3600 [33]
PANI-SiO, 8 120 17.5 90 6 000 [34]
PDMS/AgNPs 10 100 2.72x10* 100 7 000 [35]
PI/AgNPs aerogels -1.563x10* 69.25 6.9 — 3000 [36]
PET/PdNPs 0.5 40 0.13 — 500 [37]
. (@

O, plasma Dip-coating
through of
mask SWNTs in DCB

Activated

' SW{TS

(b)

Piezoresistive compliant
“Sensor interphase”

Pressure

(i) Surface modification
(©) -
PDMS APTES PDMS

(iii) AuNWs growth *
\ (i1) AuNPs deposition

/PDMS

DCB—Dichlorobenzene; APTES—3-aminopropyltriethoxysilane
13 () 7EREEH PDMS M LY BUPBERR AN KT (SWNTSs) 29K ML (1R ZEIE Y (b) 36 TR ZAR TG -BRN KA (PEI-CNTs) A4RHIY et e B U
fRIEAR B EHLIY; () &5+ PDMS HMEIE LT EHES M 499K 2R (v-AuNWs) FEFIAE RS RR B (d) 3T v-AuNWs/PDMS &I 25147 2 o)
Fig.3 (a) Schematics of procedures for forming single-walled carbon nanotubes (SWNTs) nanonetworks on selected locations of microstructured PDMS
films *; (b) Sensing mechanism of flexible piezoresistive pressure sensor based on polythylenimine-carbon nanotubes (PEI-CNTs) material®”; (c)
Schematic of the growth process of vertically aligned gold nanowires (v-AuNWSs) arrays on microstructured PDMS films; (d) Structure diagram of sensor
based on v-AuNW/PDMS”
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¥ PDMS I B AE WAL 1 LIRS T HAT B Sk i



<3728 -

EEMRER

TS . B SR TR A A 205 (GO) Je, TRt
e i LLGE L GO 13 2 T R 445 HLPERY 1GO 1 R
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A T R B2 2 I A9 TR ) AL RS o 1% ) A5 IR AE
BeA TS SR oL, PR RUZ 22 18] A9 3% il R
A, AR AR AR Z BV R I, TR AR AL

JEJZ 2 1] 1 () B3 T s STl s/ L 42 ik v BEL 20
TR, FESZ B E AL IR)Z T A ek i — 20
2 fl ol 27 fl Pl L P R B AR, A% SRR 1 T AEHIL TR 4n
Kl 4(a)~4(c) B o BABENL A 1 R SS TEh 48 1 A
BB L )AL SR A AE 0~2.6 KPa 1Y T8 28 1 38 B 7Y 1 3%
% 25.1kPa™',
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Table 2 Performance of flexible piezoresistive pressure sensors based on 1D materials

Material Ic\l/gtI::ch?ignm/Pa I(;/izlcrtrilg:;kpa 22?1):1?\:;1 /kPa! Response time/ms Repeatability Ref.
PDMS/CNTs — 3000 5.66x107% 300 1000 [21]
PDMS/SWNTs 120 400 0.06 23 10 000 [38]
Fiber/CNTs 2500 4x10* 50 — 550 [39]
PDMS/AuNWs — 3 23 <10 >10 000 [40]
PDMS/ZnO NWs 0.6 13.1 6.8 <5 1 000 [41]
AgNWs/polyurethane/wool yarn 5 2 0.69 28 5000 [42]
PET/ITO/polyvinyl alcohol 2.97 9 228.5 66.8 10 000 [43]
nanowire/polypyrrole (PPy)

Sponge/CNTs 100 100 4015.8 120 5000 [44]

#3 ETTHMRMHFIEERKIENERIFERE

Table 3 Performance of flexible piezoresistive pressure sensors based on 2D materials

. Minimum Maximum Maximum - -
Material detection/Pa detection/kPa sensitivity/kPa™ Response time/ms Repeatability - Ref.
PET/MXene/polyacrylonitrile 1.5 7.7 104 30 10 000 [20]
PET/ITO/2D titanate 230 0.4 7.2x10° 100 500 [31]
PDMS/reduced graphene oxide (rGO) 16 2.6 25.1 120 3000 [45]
PDMS/graphene 1.8 40 1 875.53 0.5 15 000 [46]
PET/graphene — 200 10.39 11.6 1100 [47]
PDMS/MXene 4.4 15 151.4 125 20 000 [48]
Cotton fabric/MXene 225 160 53 50 1000 [49]
PDMS/MXene 17 800 1104.38 100 3000 [50]
Tissue papers/MoSe, 1 100 18.42 110 200 [51]
Paper/SnSe, — 100 1.79 — 5 000 [52]
PDMS/Au/Au/SnSe, 0.82 38.4 433.22 0.09 >4 000 [53]

He 45 1) 55 323 {1 FH ML AR 25 1) 7 1 DA AT 88 v )
BT ABEYOK R, Bl aREYK SR
B B A7 F IS5 1 PDMS 54k |, P EA
45 b — T A0 FE 1A 20 % 3] PI/Au B W A o TR BEL A%
TR o T A ) AT SRR LA R R M R T Y R
(1~40kPa), %k I 14 s A T M AL R A5 B Ay
5 E 0 R AU (1.04~1875.53kPa™), N 3 s .
Yue %5147 30 a5 (5 A Ak 2% 18 T i R J 5 4
A ZE C il A8 T AT 3 0 J2 MR 5 A 10 A 38 A T
(GF), ZJ5¥% GF JAE A58 10 IR B il =2 1]
T H] PET T 5 8 24 21 4 L T 6 ) AR a8 o R AR IR
AR Z BRI, A R T 2 TR AR S5

IR 4K T 2 1) 2 R 5 ) 20 W R A — o 1Y
R, AR B B I R B . — B
JE J7 )5 i GF e 1i 19 B AR ES , GF T A 119 2 fi
[ AR 23 W R, R B GF PN Y 1] B 23 300
FE 33X T o R 219 [R) B R AR IR AR i LR & &
A o %R 1 1% IR AR 7 0~2 kPa 1) K 173 il 4
H A5 10.39kPa™ iy R B Ty 1A 200 kPa Y8 5 T
YRS

MXene & — Fl 57 B 2D 44 K bR, Hol W &
T HTIKAR (MAX AR) i £k 20k A7 JZ5k
il &/, Al LU A A Mn,,, X, T, R Ew, Hib M
FoR PSR, X RRkA, T, %£=—O0H,
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(h) Free of force
E
Applied force
o/ PR ¥ ¥ S—

2D ox1de layer

R,—Intrinsic resistance of the interdigital electrode; R,—Resistance of
the increased conductive paths under light loading; R,—Resistance of
the increased conductive paths under heavy loading; R,—Resistance in
the hole; R.,,—Resistance of contact interfaces; R.,—Resistance of cracks
in the rtGO

& 4 BEBLII A BAEE S (RDS) A1 8805 Iy AL EES B0 TARHLA] . XhRL T
IR (a) . B3 (b) FITER (c) MY ESBIRI AR IR S TiRL
MR MXene B IEARBY ML . UBME BASTE UGS (d). B
(e). THL (f) AWK (g) A+1F FAYEALBIEIL SEM S AN I as
FtEmI  (h) REBAHRERE; () RS TR Z A
Fig.4 Working mechanism of the random distribution spinosum (RDS)
graphene pressure sensor: Photographs and schematic illustrations of
circuit models corresponding to initial state of unloading (a), light
loading (b), and heavy loading (c)"*”; In situ cross-sectional SEM image
and corresponding microstructural models of the microspinous sensor in
the original state (d), under light loading (e), heavy loading (f), and
recovery (g)""!; Device structure (h) and working principle (i) of the

pressure sensor®"!

—F fl=0. MXene [N HA =F & (9 k% Fal 7845 (1
FE L . R 4R T R R R A ) R T R K
P, AR R BRI I 2 R B T E R
118, Cheng % "% i o #0 AU AR 1 £5 T HA 5 £
TR S5 ¥ 1) PDMS JE 4K, 22 J5 >R FH FAmE i 14 J7
T vh 20 ol o 45 14 v R L PE () MXene 90K F 344
DURRAE B A 45+ PDMS B % 1fi . ¥ PDMS EL A
Tl b B — TR B XA AR B, AR
(PE) b A7 E B 15 T I I AR 1A% o %R 1L B

TERIIRIRZE T, PDMS 5 Al 2 18] HA A i i 4%
fish 459 BT FL B AR (18] 4(d)), 4% AR 32 B

JE F7 i PDMS [ H %o 458 K F4) 9008 5 B =2 [ A 5
e TR R 2 bR S 448 T AT Sk 2 B S e AR )
(K 4(e)). BiZEHE S8, PDMS b % /N i ik

2 5 H R R Al T L AR R T3 22 (18] 4(D)
AL RS AE 0~4.7 kPa Fll 4.7~15 kPa 4 [E /7 35 Bl Y
Sy B A 151.4 kPa™ 1 33.8 kPa™ 1Y R K .

Zheng 250 3 5o i IR 04 0 7 RS T
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TS SUHE F A =2 ) 20 2B B T R BH 2 ) A5 s
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AT DAAR Gy b oKl B 28 45 1 2F e 2% 1, DT 2
WA R 4 Y XHE IR R e, S
HL A 24 5 S R R =2 (] 42 fh T AR S R
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H A 22 ) 4 Mk e BEL . RIS, AR PR )
R B & A T e, DTS B 2L A B L RH
WaREIL. S8 TRSWR SN EEEm =42
fLE5 1 S MXene/F U FRIR e Z 4540, filtiztl
AR TETE 0~1.30 kPa 1Y JE 77 7 Bl 9 2 A 5.30 kPa™
() R R RN 38 0~160 kPa 1Y R 7 & I T 1
Xiang % "l MXene i 17 % 4b ¥ 5 8 8] T H A
3D 2 4% 45 ¥4 1) B8 L. MXene(Alk-MXene), i@ i %
MXene F1 DL 20 A5 4 Sy 454 it A5 21 1 FL AT 2% 1 f 45
F 1% PDMS FAR 45 51 K153 | Alk-MXene/PDMS
W ¥ Alk-MXene/PDMS(NM-PDMS) 7 JI5 J %50
R TR TR R RS 5 ) [ E SR M AR b, A5 3 Alk-
MXene/PDMS J& i 1% j& % . PDMS et [+ 19 i 45
PRI 4% 1k 1Y) MXene HHZE & I, A% B0 B Z 7]
B 2 i SR R R I, i R A AR A
95.26~1 104.38 kPa™ (1) /&5 R (& . 0~800 kPa [ i
FE BRSO AR R S R TR (17 Pa) . 4%
P4 ) 197 5[] (100 ms) T EL G ) 416 2R A% P (3 000
APEER, 300kPa), 1% 3 s,

T O U 4 JE B AL W) 90 oK 1K (2D-TMDCs)
P B AR o 1 fh 2 FOIR SR RS 1 L R B B AT
45 A6 FISE T A 2 U A AL R T B AR T B AL SRR
o B 3% M AL RO, Pataniya 2550 2R i I 4 R
ALY (TMDCs) JZ2 [6] 4 55 30 A g A, T 7
7 BRL 1 VR AH R0 B9 7 I 45 T MoSe, 4Kk, Z A
W g M E R T MoSe, & IF W, fff
MoSe, [ff % TLF 4 Z 48 I, JE & s i i
55K MoSe, 2 M4t — ik — sk i e &, Z 5 (A=
FL R 60 O VA A B S R TR R 4K
MY o 75 35 T 21 4 22 4R 1 2 FL.45 A4 A il /N R 4
25 10 oh 141 4 28 40 2 1) e e o 25 i HL A AR Y
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2T FE AR AR, H14E MoSe, 44K A 2 a) A 1%
fl 2= AT S AR, AR YEACA B E B R IG . JF
HLA8 132 3 1 1 5 21 4 3 402 8] 1 2 il v AR b A5
BT HEIN,  DATE £F 2 2R 4K 2 R (1 2 i R BEL A
BAMZAL R LA W i IR R e b, X8 T
MoSe, 44K F B = 1k 24 MR B e M . 1A% e L
A 18.42kPa™ 1Y 7 £ 1 0.001~100 kPa [ % J& 11
W Rl o

T YEE ALY KA RL I O AR R R A
Gy, ZWH®ERE, e R R £ f
T7 R TE B 2 9K B, 9] 40 Langmuir-
Blodgett (LB) JUBIPVRIE IR L, 4 A kA A
B R A e R R R AR IR AR B AR MR —
Liu %5 3R F LB UL J7 75 76 ITO/PET JEAl I Ui
BT —2AREr e Wi . 2 )5 A
ITO/PET 4 Fv T 44 K 1 J% 60 % ITO/PET % v, 7E
5T V. i s 5 1) Bl B T £ 2l = I YA S5 R 1Y 1K g
T I AR 2 AF (K a(h))o o Ta] )2 00 — 2 S 1k 3 s
PR AT BRI, TEARIRER WA 2 B AP BT
VERIS, A& IR 25 0 AR 2 4 JF I TR v, Y
IR Z BN R i, PRl & EIEAS . A
SR I Y AL R I A B PO B A, BE
FE 7 B9 AS W38 o, V9 F A 22 ] ) 2 fih T R A R 34
KEZEMA (K 4(). 1935 e S 46 2 8 B
YRR, I M e B 2 ) A% B A R R A
T[RRI IRAS , el ik 7.2x10°kPa™
2.4 EEHMAKTR

P8 A% Bdn 2 BIAN R B, B — gk

ARG A 1 T 25T W AR RS 2, R IR AP AR
HAMRKET 20 Blana 8066 R
PERE AL 2 Mg, H 2 )2 ) 42 foh vl BEL %58 25 LA
il ok A 23T N — LE BB, AT AE AR B A% Th R
P RS FAR A ST, ARYCKRE A B RS
HLPERE AN 1A 2 WM, (HJR AR 9K R B 0 i A
b, — Bk, FBHAL g 0y P BE Ak 2 KR
55 o Q0 SRR K T G KBRS B R i
HLIR 2%, T84 TATT4S F A B 1 fil B 7 23 15 2 R £
rGO X AR g oK £ R m b AT B 55, — J7 1 VR #b
rGO A B L PR AR S, 5 — 7 AR 4 K £k
8] TARGF R ORIk e T e R AL, T4 &
TSR TERERY, 2 4 M4 T E AWK RE
P R BH 2 % S v B4 I FHRIRH S 1k 285026681

Cao %P DL 22 g 45 (LS) B 4L, i 4552
VR TEA e AN K UK A M 1Y) 1GO I I T P il A T
rGO-CB@LS (& 5(a)), VIi/NE s, B A4 P17
BB U B SRR, DL R AT O AL R Y
e, 2H %6 B BHAL IR AN o 22 JIVI 43 0 A% SR A 2 3t
T A B T I AR AR R AR AR I T X A B
M B AR, e 2 490 A A 2k R A /N ST s v
FR g LT LVE N 1GO W Z M ), A
T HE o T A% R 0 L S R R . R IR AR T
PR BE N 1E 0~0.5 kPa 4 K /3 78 BBl N HE 3R U N
0.66 kPa™', 7£ 0.5~2.0 kPa fi¥ [& J1 3 [l P4 H: 52 #
o 1.89kPa, Mo i i [E] K &2 ] 43 5 Sk 0.42/
0.29s, & HA M rEE % (> 5000 K1 I
HI>3 600 YR 1L MG ER) o

x4 ETEAMAMHBFEEERNENERIFEE

Table4 Performance of flexible piezoresistive pressure sensors based on composite nanomaterials

Material I(;g;gggjpa gﬁirtril;?}kpa Sgiziglvl:g} /kPa! Response time/ms Repeatability Ref.
rGO-CB/sponge 100 2 1.89 420 5000 [28]
CNTs/rGO-cellulose nanofibers carbon 0.875 5 22.05 . 2000 [29]
aerogel

rGO-AgNWs/cotton 100 20 4.23 200 — [30]
PDMS/carbon fibers/CNPs 20 600 26.6 40 5000 [56]
PET/Au/MXene/MOFs 3.5 100 110.0 15 13 000 [57]
Sponge/CNTs/AgNPs 2240 61.81 9.08 — 2000 58]
MXene/cellulose nanofiber (CNF)/foam 4 20.55 649.3 123 10 000 [59]
AgNWs/graphene/nanofibers 3.7 75 134 <20 8000 [60]
Nanofiber/graphene/aerogel <3 14 28.62 37 2600 [61]
PET/AgNWs/ZnO NPs — 75 3.32x10° 120 2000 [62]
Cotton/AgNWs/rGO 0.125 5 5.8 29.5 10 000 [63]
Textile/rGO/polyaniline nanorod 0.5 40 97.28 30 11 000 [64]
PDMS/liquid metal (gallium)/graphene 17.1 34 476 410 10 000 [65]
CB/CNF/thermoplastic polyurethane/ 200 0.0316 500 51 000 (66]

styrene-ethylene/butylene-styrene




VIR A5 AR TR 5 1 B 5 g A% %At v B BT 5 0t

- 3731 -

Zhong % 159 s — 4k % 4 4k (CFs) A1 %5 4k i 44
KWik: (CNPs) B A R H 3Lk ke b o Frig 2
B TR W M PR i A5 1 LA R T LA A 1 A%
J&JZ (P-HCF), ¥ HA K20 — I [ 2 7 ik |,
4 2% B BLAL SR A o & I8 A4 B P-HCF i 2 ] 51 5
R J7 2 1 5 A5 B EL A YR SR 22 B B AR TR
45 S H . 1D CFs #1 0D CNPs 1E 5 1
BE1E PDMS m 2 37 3D S HL R 4%, R OU R
FE 0 2 PAR RS, RORHE & T SEORE - A 5
TR B 1 B PR RD AR o Y AL IR A i 4
AN T B TR R g R T S R A% R 22 TR 1Y
2 ok TG AR T B Ak R BRI . O HARIRZ AR Y
CFs il CNPs Z [A] 1) B &5 3 /) T, CFs #1 CNPs
2 V) ) o 0 0 A ) T MG AR, S BR AR IS
P-HCF [ J7 f£ & %% EL A 26.6 kPa™ () & R £ & Al
20 Pa~600 kPa 1% 1 7 2k 14 i [ .

TS 1s

®) LiF+ HCI Exfo
— —
%/ = Etching

, % Pressure
& B Assembly
lectrode &=
ZIF-67 . =
PET substrate™<

MXene/ZIF-67

RT—Room temperature
5 (a) rGO-CB@ZL/Nif#4 (LS) Ml fid Bm I EY; ((b), (¢)) 43)2
ZIF-67 i1/ MXene ARG MR EIE; (d) R &G
IREEEED
Fig.5 (a) Schematic diagram of the preparation process of rGO-
CB@loofah sponge (LS)™*; ((b), (c)) Schematic illustration of the
synthesis of the hierarchical ZIF-67 crystal/MXene hybrid materials;

(d) lustration of the flexible pressure sensor'®”

Mxene 7& A] 27 # HL 15 4 1 L 2 7 il
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1) AgNWSs 3 H, [0 268 55 G 30 PR A 422 ik T ARl 5 197D
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A Z BRI uE, T A R, ff
LM 1 N-GNS 2 [8] 1) £z fl T BUR Wi 38 K, 5 rl %
BAWHEZ . 55— )5 T N-GNS I %k 4.83 eV,
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M LM A 3 s 80 4.1~4.2eV, HI LM FI N-GNS 2
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Al/I,—Current variation; ATpyp—Digital volume pulse time; Py-P;—Distinguishable peaks
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Fig.6 Application of nano piezoresistive pressure sensor in human health detection field: Current variations in response to gas flow increase (a) and
corresponding static pressure values (b); Photograph of the respiration monitoring system (c) and graphs showing the breath intensity (d); Photograph of
the radial pulse pressure perception system (e) and radial pulse signal (f); Photograph of the carotid pulse pressure measurement system (g) and

carotid pulse signal (h) **
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Fig.7 Resistance response (R/R,) of the sensor in response to finger bending motion (a), repetitive finger bending motion (b), and clenched fist motion
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Fig. 8 (a) Photograph of the 4x4 array of MXene-based piezoresistive sensor and detection of thecorresponding pressure distributions; (b) Photograph of

the pressure sensor assembled on a robot (Inset: Enlarged view of the sensing position) and detection of its response tothe motion behavior;

(c) Piezoresistive sensor with a Bluetooth circuit module converts its current signal to a portable mobile device display
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