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Preparation of Micrometer-Thick Monolayer Porous Film Strain
Sensor Based on Droplet Microfluidic Technology
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Abstract In this study, a micrometer-thick monolayer porous resistive strain sensing film was prepared based
on droplet microfluidic technology, and the effects of different resins, curing agent mass ratios on the deformation
degree of the flexible sensing film were investigated. The results show that the micrometer-thick porous film
prepared with a mass ratio of resin to curing agent of 30:1 has good tensile properties, and the pores within the
porous film form a monolayer distribution, with a relatively uniform pore size and a relatively homogeneous
distribution. The porous resistive strain sensor prepared based on this film has a wide response range (50% strain),
high sensitivity (GF=602.92, 40%<e<50%), low detection limit (0.1% strain), satisfactory stability and durability
(1,000 dynamic responses), and the use of the sensor that is able to monitor the human body's micro-physiological
signals and joint movement, but also can monitor the gripping signals of manipulators grasping objects of different
sizes, therefore, there is a certain potential for the application of this sensor in the fields of wearable electronic
devices and soft robots.
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Fig. 1 Preparation process and principle of porous resistive strain sensors. (a) Preparation process flow of the sensors, (b) working

principle of the sensors
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Fig.2 Investigation of the resin to hardener mass ratio and porous structure on the degree of deformation of flexible films. (a) Tensile

force versus strain diagrams of solid flexible films with different resin to hardener mass ratios, (b) tensile force versus strain di-

agrams of porous flexible films with different resin to hardener mass ratios, (c) strain of the flexible films of the above six sce-

narios under the tensile force of 0.2 N, 0.4 N and 0.8 N, (d) tensile force versus strain plots for porous flexible films prepared in

molds of different depths at 30:1 resin to hardener mass ratio
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Fig. 3 Optical characterization of porous flexible films. (a) Front side of porous flexible film, (b) reverse side of porous flexible film,
(c) front side of porous flexible film with attached CNT & CNF
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Fig. 4 SEM characterization of porous flexible films of CNT/CNF. (a) SEM image of the surface, (b) SEM magnified image of the

surface, (c) SEM image of the cross-section, (d) SEM image of the elemental mapping region of the surface, (e) elemental map-
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ping results of silicon, (f) elemental mapping results of oxygen, (g) elemental mapping results of carbon
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Fig. 5 Sensor performance tests. (a) Sensitivity of the sensor, (b) loading and unloading time of the sensor, (¢) minimum response of
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flexion, (e) sensor response to palm grip release, (f) sensor response to tapping, (g) sensor response to human locomotion states



608 H = B

ST 5 I NI S

545 %

el AP Y Bl ey — U A JE At b BT 4 o — A I 1] 1]
I AL ) I, A TR RE AR A U] 1 T3 A i
UKL 18] 6(g) ARG R Nz SRS Ay ma Bz,
TN TE B HOAE MRS S B AL AR A A N
YONARBEAT IE B, BT AR LT D, A2 I
o AR A B /N o Y AR HEA T B AP Sh A,
ST PR 24, 38 2ok % 7 e s A 7 A BRI I o
LU, PR i i A Y P W T, AR . B, R
B TR IEEAT NARBEAT /MR BEBRIBR . P i 32 R BR AN
R W 8 b BB 2l A1 I g o 7 2K AN TR W R B BBR
(ALF 7 B 1) 23 B, A i 7™ £ ) i e i 2 Bk B
JE A RGBT X B R D S AR Y
Xt EE, bR 2 AR A8 45 AR 2377 AR — > AR A 0,
XS FH T BRIR B 1 5 L, 3 v R O 1 Ak 7 A Y
— DA TR, B B AR e AR 2 . AR 3C

(@) (b)

EeaN: kRSt WNLNa Sk Iben EERey Al T b
FFAE—E BT AEN I, A X n] 2P ML 2 B 5T A
T R AR — PR ) i A

AN, A SCINR T A e I 5 TR F AR DL T
JRIBCAN R/ INBERR, DLIR ST HAE AR LR T 2 25
T o 1] 7(a) A FARHLAR T 9T 100 mL
e IR 8 g 8 e 2, 121 7 (b) Ay AR LA T AR
150 mL BRI IEAR HIMA L, 151 7(c) AR AL T
PRI 250 mL BEAR I A2 SRS B0 B o 8 e X 15 4535
TR A, nl LA 2 BEE ORI T IR AR 1 7
(34 K, A5 S BB K/ s, I BAAR YU T 768
TRCAS [ A BR8P /ISR IS4, 77 A 1 AN ] B 30 0
Je ST UE i X Y 9L g o 5 R THURCE A5
R A ER R o PR, AS SO B AR SRS R AR AL
AT 28 W SR AR A7 A — T B VR RE

(©)

1.0 + ’ 1.0}
e 2 N\ | Oh
08 « A 3 0.8}

c\f 0.6 SO 0.6

o 1o+ &
g ¥ > et 0.8 =
N L [ (B © e M % B
| 4 s06) | 1 2
< 04t <S04l <S04t
0.2 0.2F 0.2 F
0F 0F 0F

0 é 1.0 1.5 2‘0 2‘5 0 é 1‘0 1.5 2‘0 2.5 6 é IIO 1‘5 2‘0 2.5
time/s time/s time/s
K7 IR AR T AR o () BARMUA T I 100 mL HEAREHEERER BT, (b) BRI TFIER 150 mL Fabrmtf&
SRR, () R FARHUAR THUR 250 mL BERRIS 2 s (e B
Fig. 7 Application of the sensor on the soft robot. (a) The response of the sensor when the soft robot grasps a 100 mL beaker, (b) the

response of the sensor when the soft robot grasps a 150 mL beaker, (c) shows the response of the sensor when the soft robot

grasps a 250 mL beaker
3 &g LA, 24 T B RE XS AR AR 4 A PR - RSG T

AR SO R PR TR 00 45 2 i 48 TOKR )R
& HALRR RN A 345 1) Z2 FLAR s, LA 2 AT
ZE RV AR ML N S 0 0 FH 75 2K o RIS, S T s % %
RIS BB F R AT BOR B A7 4050 0 A0 58 [1] LiT,LiL Sunj{ et al. Porous ionic membrane based
(YA, ARG T A4 -5 1A ) S5 2 T L T 23 42 i o o
(AR TEFE BE A 520 . e 240950 30: 1 MR 5 [ AR 7
AR L, R 0.5 mm (925 FL 2k AR A%
AT o FE T IR A% 1 22 AL A BH 2 A2 A%
T A ELAG 8 S 1 ) 7 3 B (50% 1 AR ), e R BIRE
(GF=64.22, 0%<¢<21%; GF=186.78, 21%<¢<40%;  [3]
GF=602.92, 40%<e<50% ), fI% K i 4 B (0.1% N A% )
FA Nl 5 0 R PR A 4 (1000 A4S Bl B ) o

12 ZHEAT I, L RE XL T [R] /NP 1A
PR (S = BEAT W

flexible humidity sensor and its multifunctional applica-
tions[J]. Advanced science, 2017, 4(5): 1600404
[2] Han S, Li S, Fu X, et al. Research progress of flexible
piezoresistive sensors based on polymer porous
materials[J]. ACS sensors, 2024, 9(8): 3848—3863
Wen L. Design of porous flexible resistive force sensitive
sensor and its application[D]. Southeast University, 2023
(). 2L 32 1w B A el i B B HL v Y


https://doi.org/10.1002/advs.201600404
https://doi.org/10.1021/acssensors.4c00836

7

B A BT VR O B A TROK 2 5 5L 22 L 7 A A2 SR ol 2

609

[4]

[5]

6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[D]. ZRB K, 2023 (in Chinese))

Dong J K, Shi W Z, Liu J S, et al. Progress of flexible
phase change composites and their applications[J]. Poly-
mer Materials Science and Engineering, 2024, 40(1):
179-190 ({4, VI SCE, XURELR, 45, RIEARE R G4
HE R FHBFF R (1], e TADRIRLE 5 TAR, 2024,
40(1): 179-190 (in Chinese) )

Zhang L, Zhang X H, Zhao Q. Flexible wearable sensors
with porous pressure-sensitive structures based on MX-
ene/RGO composites[J]. Journal of Testing Technology,
2024, 38(5): 467-473 (3K %, Sk BEV, #X 58 . 2T MX-
ene/RGO KA M BHI AT 4L ) Ul #y iy e vk vl
AL AR (0], K EAR 2241, 2024, 38(5): 467473
(in Chinese) )

Han S T, Peng H, Sun Q, et al. An overview of the devel-
opment of flexible sensors[J]. Advanced materials, 2017,
29(33): 1700375

Pan L, Xie Y, Yang H, et al. Flexible magnetic sensors[J].
Sensors, 2023, 23(8): 4083

Cui X, XiY, Tu S, et al. An overview of flexible sensors
from ionic liquid-based gels [J]. TrAC Trends in Analyti-
cal Chemistry, 2024: 117662

Deshpande T D, Singh Y R, Patil S, et al. Adhesion
strength and viscoelastic properties of polydimethylsilox-
ane (PDMS) based elastomeric nanocomposites with em-
bedded electrospun nanofibers[J]. Soft Matter, 2019,
15(28): 5739-5747

Sun P, Fang Z, Sima W, et al. Microstructured self-heal-
ing flexible tactile sensors inspired by bamboo leaves[J].
ACS Applied Materials & Interfaces, 2024, 16(44):
60699—-60714

Zhang Z, Liu G, Li Z, et al. Flexible tactile sensors with
biomimetic microstructures: Mechanisms, fabrication, and
applications[J]. Advances in Colloid and Interface Sci-
ence, 2023: 102988

Liao R, Zhao X, Liu M. Inverted molding with porous
skeleton nickel foam for preparing flexible multi-wall car-
bon nanotubes pressure sensors[J]. Sensors, 2023, 23(23):
9560

Zhai W, Xia Q, Zhou K, et al. Multifunctional flexible
carbon black/polydimethylsiloxane piezoresistive sensor
with ultrahigh linear range, excellent durability and
oil/water separation capability[J]. Chemical Engineering
Journal, 2019, 372: 373-382

NiY, Liu L, Huang J, et al. Rational designed microstruc-

ture pressure sensors with highly sensitive and wide de-

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

tection range performance[J]. Journal of Materials Sci-
ence & Technology, 2022, 130: 184—192

Chen T, Wang R, Li X. Capacitive flexible pressure sen-
sor based on porous GR/PDMS composite dielectric lay-
er[J]. AIP Advances, 2024, 14(5): 055318

Cheng J, You L, Cai X, et al. Fermentation-inspired
gelatin hydrogels with a controllable supermacroporous
structure and high ductility for wearable {flexible
sensors[J]. ACS Applied Materials & Interfaces, 2022,
14(23): 26338-26349

Masihi S, Panahi M, Maddipatla D, et al. A novel printed
fabric based porous capacitive pressure sensor for flexi-
ble electronic applications[C]. Proceedings of the 2019
IEEE sensors. IEEE, 2019

Song Z, Zhao L, Chang C, et al. A flexible, highly sensi-
tive porous PDMS tactile sensor based on the physical
foaming method[J]. Journal of Electronic Materials, 2022,
51(12): 7173-7181

Lee H, Lee J, Seong B, et al. Printing conductive micro -
web structures via capillary transport of elastomeric ink
for highly stretchable strain sensors[J]. Advanced Materi-
als Technologies, 2018, 3(2): 1700228

Tang Z H, Xue S S, Wang D Y, et al. 3D printing of soft
and porous composite pressure sensor with monotonic
and positive resistance response[J]. Composites Science
and Technology, 2023, 241: 110126

Zhou J, Ww X, Chen Y, et al. 3D printed template - di-
rected assembly of multiscale graphene structures[J]. Ad-
vanced Functional Materials, 2022, 32(18): 2105879

Pan S, Zhang T, Zhang C, et al. Fabrication of a high per-
formance flexible capacitive porous GO/PDMS pressure
sensor based on droplet microfluidic technology[J]. Lab
on a Chip, 2024, 24(6): 1668—1675

Zhang C, Sun J, Lu Y, et al. Nanocrack-based strain sen-
sors[J]. Journal of Materials Chemistry C, 2021, 9(3):
754-772

Zhou Y, Lian H, Li Z, et al. Crack engineering boosts the
performance of flexible sensors[J]. View, 2022, 3(5):
20220025

Shen C, Zhang C, Cao G, et al. Waterproof strain sensor
based on silver/graphene composite film for fine and large
strain detection[J]. Measurement, 2025, 239: 115482
Yang H, Yao X, Yuan L, et al. Strain-sensitive electrical
conductivity of carbon nanotube-graphene-filled rubber
composites under cyclic loading[J]. Nanoscale, 2019,
11(2): 578-586


https://doi.org/10.1002/adma.201700375
https://doi.org/10.3390/s23084083
https://doi.org/10.1039/C9SM00533A
https://doi.org/10.3390/s23239560
https://doi.org/10.1016/j.cej.2019.04.142
https://doi.org/10.1016/j.cej.2019.04.142
https://doi.org/10.1063/5.0211082
https://doi.org/10.1007/s11664-022-09956-2
https://doi.org/10.1002/admt.201700228
https://doi.org/10.1002/admt.201700228
https://doi.org/10.1002/admt.201700228
https://doi.org/10.1016/j.compscitech.2023.110126
https://doi.org/10.1016/j.compscitech.2023.110126
https://doi.org/10.1002/adfm.202105879
https://doi.org/10.1002/adfm.202105879
https://doi.org/10.1039/D4LC00021H
https://doi.org/10.1039/D4LC00021H
https://doi.org/10.1039/D0TC04346J
https://doi.org/10.1002/VIW.20220025
https://doi.org/10.1016/j.measurement.2024.115482
https://doi.org/10.1039/C8NR07737A

	1 实验
	1.1 材料
	1.2 方法
	1.3 机理

	2 结果和讨论
	2.1 工艺参数影响
	2.2 表征
	2.3 传感性能测试
	2.4 应用

	3 结论
	参考文献

