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Research progress of waterborne polyurethane-based flexible sensing materials

LU Chengshuai , HAN Wenjia , ZHANG Zhiliang , ZHEN Wenchao , RONG Xuhui,
CHEN Luzheng, LOU Jiang’

(State Key Laboratory of Biobased Material and Green Papermaking, Qilu University of Technology
(Shandong Academy of Sciences), Jinan 250353, China)

Abstract: In recent years, flexible sensors have a wide range of applications in wearable electronic devices,

healthcare devices, electronic skin and soft robots. Polyurethane (PU) is a class of basic materials used in the field of

flexible sensing, with the advantages of elastomer-like, flexibility and compatibility, which can meet the demand for

better stretchability, higher sensitivity and wider working range of flexible sensors. However, with the increasing

awareness of environmental protection, waterborne polyurethane (WPU) has become a research hotspot in the field

of flexible sensing by virtue of its environmental friendliness, low volatility, and ease of handling. In this paper, the

recent progress of WPU-based flexible sensing materials is tracked and discussed, including WPU synthesis, flexible

sensing principles, and conductive filler types. Finally, the unique multifunctionality of WPU-based flexible sensors

and their wide range of applications are summarized, and the future development prospects of WPU-based flexible

sensing materials are outlooked.

Keywords: waterborne polyurethane; flexible sensing; conductive filler; electronic skin; wearable electronic

devices
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Addition of H,O (Dispersion)-900 r/min
40-45°C-20 min

Waterborne polyurethane nanocomposite

DBTDL—Dibutyltin dilaurate; POSS—Polyhedral oligomeric silsesquioxane; BES—N, N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid;
DMSO—Dimethyl sulfoxide; 1, 4-BDO—1, 4-butadiene

Bl (a) —Fim KR 0 (WPU) A e S 23R s (b) WPU P RE 23250 X 32 A0 )
Fig. 1 (a) A typical waterborne polyurethane (WPU) synthesis process and main reactions''¥; (b) Key factors influencing WPU performance and

application scenarios”
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Table1 Advantages and disadvantages of different sensing principles

Principle of

. Advantage Disadvantage Area of application
sensing

Simple structure, easy circuit integration and
Piezoresistive data processing, flexible structure, and large
space for performance adjustment

Less stable, more hysteresis, more affected  Tactile sensors, pressure
by temperature sensors

Susceptible to electromagnetic interference,

Simple structure, low temperature influence, Temperature sensors,

Capacitive complicated data processing, narrow
P low hysteresis, low cost b b 8 humidity sensors
measurement range
. . Good high-frequency performance, fast Poor static characteristics and small Energy harvesters,
Piezoelectric

response, self-supply of energy measuring range supercapacitors
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(a) Piezoresistive |

(b) Capacitive (c) Piezoelectric

F—Force; C—Capacitance; d—Distance
&2 3 Fh 3 AL R R R R

Fig.2 Schematic of the three main sensing principles

HLZ B n] A R S A AR EE, RS B )R ] R
JEEE R 3 0 2 5 B SRR A Y L A AR R . 4R
A L H BORIE Y B8 ) T 14 5 R T B R T

T e 7 A A AR IE S R St i, IR B R A
AR PR . REN .

i v SRR AR AR AN AR R A IR, TR
EEME T AM/MEAR, 520 R T
WL VR T HE B 2 o i 7 A e P B
L6 T PR AE 32 B S0 ) A T 237 A HL A 0 Al AN 35 2
Mg E I, WIS HURAE S8 FS . s
FEL A ) S AR i B AR B N 1 A R 2 D 32
Ty s, S ECHIE S L A AR RS, AT
A R AR A
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Table2 Summary of WPU flexible sensor preparation methods and performance

Sensor mechanism  Preparation process  Conductive filler ~ Saturation (Physics) E:S/Olﬁze Special performance Ref.
Piezoresistive Screen printing g-MWCNTs GF(~2 000) 90 — [37]
Capacitive Freeze drying GO, MWCNTs GF(~8.37) — Self-healing [39]
Piezoresistive Freeze drying GO GF(~0.2) — — [42]
Capacitive Dip coating MXene GF(~960) — — [44]
Piezoresistive Casting AgNW — — Self-healing [47]
Piezoresistive Casting PANI GF(~168.1) 32 High strength [52]
Capacitive Wet spinning PEDOT:PSS — Thermoelectric property  [53]
Capacitive Casting MXene GF(~474) — — [55]
Piezoelectric Vacuum filtration AgNW, MXene GF(~1.6x107) 344 — [56]
Piezoresistive Vacuum filtration MXene, ILs GF(~1.8) 185 — [63]
Piezoresistive Casting PEDOT:PSS GF(~25) — — [61]
Capacitive Dip coating rGO, MWCNT GF(~89) — — [62]

Notes: GO—Graphene oxide; PANI—Polyaniline; ILs—Ionic liquids; rGO—Reduced graphene oxide; GF— Gauge factor.
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SWCNTs—Single-walled carbon nanotubes; Lys—Lysine

K3 (a) fEEMP R AL 25 (b) EAMEHY SEM EIREY; (o) BUtEZRERRAIKE (g-MWCNTSs) & AR5 #2075 (d) AW P55 A
g-MWCNT I SEM &1

Fig.3 (a) Fabrication process of the sensor®; (b) SEM images of the composite material®; (c) Fabrication process of modified multi-walled carbon

nanotubes (g-MWCNTs) composite™; (d) SEM images of the g-MWCNTs distributed in the polymer uniformly®®”!
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FGMWPU—FGO/FMCNTs/WPU; FGO—Furenated graphene oxide; FMWCNTs—Furenated multi-walled carbon nanotubes; DA—Dopamine;
BMI—Bismaleimide; DAWPU—Dopamine modified waterborne polyurethane; AR/R,—Relative change of resistance
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Fig. 4 (a)FTIR spectra and "H NMR spectra®®; (b) Preparation of FGMWPU composite materials®; (c) SEM images of aerogel*;

(d) Real-time monitoring of various human body activities""?; (e) Real-time monitoring of all body parts'**!
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Wh. 520, NiufE G REAR E5EhEIA
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A HUR B S A APERE, hifhsR ik 28.88 MPa,
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T UM RS AgNWs 24, BIF il i) 22 o 1y A8 1% Je%
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WPU-T,, WPU-T, 5, WPU-T5 3, WPU-T, 5, WPU-T,,—WPU-T, is a composite film with different amounts of TCNC added,
where x is the mass percentage of TCNC in the total
5 (a) HrHESHASFIZ T SUAA A A BRI 26 s (b) RN FAPRHIY AL ARURY s (o) BB 4E R 9K A (TCNCs) ¥ SEM Al TEM &R,
(d) RIR] TCNC ey WPU LI AR 37 3 - 5 2R g~ i)
Fig.5 (a)Physical cross-linking networks constructed by chain entanglements and multiple hydrogen bonds!""; (b) Healing effect of materials at different
temperatures'’; (c) SEM and TEM images of tunicate cellulose nanocrystals (TCNCs)"“; (d) Representative stress-strain curves and mechanical data of

WPU films with different ratio of TCNCs!*®!

DE AR BT s A Y B (G RERL L . 62.06~
903.32 MPa) FlIJJ24ERE (FiffBRE . 7.36~18.29 MPa,
Wr 2 2R . 110%-~315%) (18] 5(d)). 3 i3 75 il 3
T 7R AgNWs, DI R a1 Has PR ma g . 5 R
R I AR IR M AR W 3 WPU 9ok &R A 1%
AL, BRARGR BN, WS E (LM) Rk
MR AER, SR TFERES, SFRFEERELE,
AT E . WIAUE S5 R, T8 A28 w5y
Wk, AEBRAAE IR, B M S b
RHEY B M, it , Zhang 2P0 % H 2y 1 1 20 %
Wit il T B S U AR 0 T K R A
fi S Mk A& (WPU-FM), %04 Bl 21 25 22 35K ) 4% 7T I
FENLARfiE, PRuiVk A WA, R e B AGe ) A
J1 % PERE (B0 LR 22,19 MPa, W 2 K R
493.98%), #—, @Y WPU 5 LM
i, g TR R . TP IR AR A
i (LM/WPU).,

2.3 SHEHEEY
SFHREEYE-LXFHEERROREDHE,
Mg SR, ST, e AR
K. 5 A R EARHEET, R EEw (PT). R kg
(PPy) 1 2R 25 i (PANI) Fl 2R (3, 4-& £ — A WE WY ):
% (% L IR R (PEDOT:PSS), & WPU %L1 &
G AL AR B A IR 220K, SR e R L
S H PR RE 0 AR R DA B AR B 25 T A 32 K
o REHIM A, H5 WPU 254 7] LATR#b
X L B, Yu 55 YR B PANI/WPU il %
T R B AL B AR, 38 i PANT #E WPU 3 1 1)
A BB G il 5 (18] 6(a)). WPU B 3l 55 fL e
A5 B e B A -60~0°C, 51 A 2= VU (Di-PE)
AR K mE E R (UPy) % A, 3 5 B MR R
(14.2MPa). #11k (62 MJ-m™) FI#PE (KK A TE .
2%). Di-PE fll UPy 42 & WPU 52 5t % [ Fl &% %,
TSI ERE . 454 WPU #)M: 5 $AE BN 4 R AT 2R
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&6 (a) BAMAEALF] WPU E M2 (b) MBS B TAEFEIIY; (c) BB (3, 4-Z 5 A WEW): B (R ZMH#I2) (PEDOT:PSS) il WPU 11
Tb2F 454 LUK 7 PEDOT:PSS/WPU & A A ik 25 22256 R B 5 (d) B pi Az ih 2 S AGER Hl2&*

Fig.6 (a) Process of grafting polyaniline on the WPU surface®; (b) Sensor structure and working principle®; (c) Chemical structures of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) and WPU and schematic illustration of the wet-spinning set-up for producing

PEDOT:PSS/WPU composite fibers®”; (d) Tensile strain curves and cycle curves'™
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m-TizC,—Multi-layer Ti;C,; HPUF—Hydrophilic polyurethane-based commercial fiber; AgNW—Silver nanowires

7 (a) TisCp-MXene #K (14615 (b) 4L TiyC,-MXene JLBYZHI TigCo/ RAIKLLE (CNCs) A VIBYZ MBI RMLEI™; (c) L AFPK
il FREY; (d) SRYKLE A MXene (9534175 75 1 0

Fig. 7 (a) Preparation of Ti;C,-MXene nanosheets®; (b) Fracture mechanism of pure Ti,C,-MXene deposition layer and Ti;C,/carbon nanocoils (CNCs)

composite deposition layer®); (c) Composite material preparation process’®”; (d) Schematic distribution of silver nanowires and MXene'*®!
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Fig.8 (a) Real-time monitoring of body parts and response rate*”; (b) Illustration of human motion sensing system assembled by bluetooth module and

smartphone®”; (c) Composite materials for electronic skin applications'®; (d) Adhesion test to skin over a long period of time!™
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Fig.9 (a) Flexible sensor health monitoring schematic'®®; (b) Real-time monitoring of pulse response rate!®; (c) Schematic diagram of the SPRABE-skin

63],

based wireless monitoring system to collect electrocardiograph (ECG) and running signals'®”; (d) Photographs of skin used for ECG (top) and strain

sensing (bottom) modules®; (e) Relative resistance variation at 0 min, 4 min, 8 min, 12 min, 16 min, 20 min of 2 km-h™! running speed[
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