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Research progress of superhydrophobic flexible strain sensors

in human motion monitoring

LUO Linghuan'*, LIN Xiangde' , JIANG Jiayi"*, YING Na' , ZENG Dongdong
(1. School of Medical Device Engineering, Shanghai University of Medicine & Health Sciences, Shanghai 201318, China;
2. School of Health Science and Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)

Abstract: A flexible strain sensor is a device that converts changes in external stress into electrical signals. It
overcomes the shortcomings of traditional rigid sensors such as high hardness and poor human adaptability. As a
wearable device, it has great development prospects in the field of human motion monitoring. However, in harsh
conditions or extreme environments, there are still risks such as signal output distortion and easy corrosion. The
superhydrophobic flexible strain sensor combines the water repellency, surface self-cleaning, anti-corrosion and
anti-fouling of the superhydrophobic coating with the high ductility and high sensitivity of the flexible strain sensor,
which enhances the performance of the sensor and broadens the applications in human motion monitoring. This
paper reviews the basic performance parameters of superhydrophobic flexible strain sensors, the commonly used
construction materials and construction methods as well as their functions and applications in human motion
monitoring, and provides perspectives on this field.

Keywords: superhydrophobic; flexible strain sensor; human motion monitoring; underwater monitoring;

wearable
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WCA—Water contact angle; SSMF—Superhydrophobic shape memory film; AgNWs—Ag nanowires; PCL—Polycaprolactone; PU—Polyurethane;
PMMA —Polymethyl methacrylate; PET—Polyethylene terephthalate
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Fig.2 (a) Illustration of the multi-fluorination strategy on polydimethylsiloxane (PDMS)®*; (b) Schematic diagram of superhydrophobic flexible strain
sensor using reed leaf as template®®; (c) Schematic diagram of the fabrication process of the stretchable and superhydrophobic PDMS/

carbon nanotubes (CNTs) composite strain sensor’™!
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Fig.3 (a) Optical picture of water drops falling on a superhydrophobic lotus leaf and SEM image of the papillae structure of the superhydrophobic

lotus leaf®; (b) Schematic diagram of the superhydrophobic principle of the lotus leaf®
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Table1 Advantages and disadvantages of different types of conductive materials
Conductive materials Advantages Disadvantages Ref.
Carbon based materials gll:lirtrilci)crfgl?zrla(iigfrmal stability, good mechanical properties, easy Ec;?ll; I()i:rr:;)il;ty and [40-41, 44]
Metal nanomaterials Better electrical conductivity, suitable for complex structures E;%raiil:lesmn’ easy [41, 45-46]
Conductive polymers Easy to synthesize, low price Short lifespan [43,47]
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Table 2 Performance summary of superhydrophobic flexible strain sensor prepared by different construction methods

Construction Construction materials CA/(°) Max GF Work scope/% (;ycle stability/ Response time Ref.

methods time

Material

composition

Dip coating Sponges/CNTs 153 1.14 0-175 2400 0.4s [24]

Dip coating PU/Si0,/G 152.3 59 0-120 600 —_ [38]
. Paper/AgNPs/Si0,/

Spraying MWCNTs 164 263.34 — 12 000 78 ms [11]

Spraying MWCNTSs/TPE 162 80 0-76 5000 8ms [26]

LBL MXene/AgNWs 152.5 — — — 5s [55]

Dissolutionand ¢y 158 14.14 — — — (54]

recuring

Pattern transferring

FsLDW rGO/PDMS 162 8 699 0-1 10 000 107 ps [59]

Laser directwrit-  gp \yyeNTs/LIG 155 667 0-230 2500 — [63]

ing technology

CO, laser PDMS/CNT 155 3.1 0-100 5000 — [35]

engraving

Reactive ion PS/PDMS/CNT 165 0.6 0-80 10 000 — [64]

etching

Template Method AgNWSs/CNTs/PCL/PU 152 — 0-100 25000 — [34]

Notes: G—Graphene; TPE—Thermoplastic elastomer; SR—Silicone rubber; CNT—Carbon nanotube; PS—Polystyrene;

PCL—Polycaprolactone; AgNPs—Ag nanoparticles; MWCNTs—Multi-walled carbon nanotubes; TPU—Thermoplastic polyurethane;

LIG—Laser induced graphene; GF—Gauge factor; LBL—Layer-by-layer self-assembly; FSLDW—Femtosecond laser direct writing;

rGO—Reduced graphene oxide; CA—Contact angle.
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Table 3 Functions of superhydrophobic flexible strain sensor in human motion monitoring

Functions Construction materials Max GF Work scope/% Cycle stability/time Response time/ms Ref.
TPE/WMCNTs/PDMS 69.84 0-80 1000 60 [27]
WMCNTs/PDMS 22.64 0-200 10 000 — [33]
Waterproof and Paper/MXene 17.4 0-0.8 1 000 200 [68]
sweatproof Sponge/PAN/PI/tGO/PDMS — >95 1000 — [70]
PDMS/CB/SiO, 354 0-250 10 000 — [80]
PDMS/GO 1199.10 0-400 3000 88 [81]
RB/AgNPs/PDMS 1153.0 0-60 25000 — [72]
Anti X RTV/WMCNTSs 214 0-447 10 000 — [73]
nt-corrosion EB/AgNPs/OCA 61.8 0-120 2 000 502 [82]
Paper/CB/CNT/Hf-SiO, 7.5 -0.8-0.8 1000 — [83]
TPU/GO 14.14 0-350 1000 — [54]
. Sponge/rGO/PPy/PDMS — — 5000 118 [75]

Self-cleaning .
CB/CNTs/PFOTES-TiO, NPs 1 134.7 0-1 050.0 5000 102 [76]
CNC/G 23 600 0-98 1000 33 [84]
Anti-bacterial Fabric/GO/CNT/Cu 0.18 0-150 1200 — [79]
FAS/Ag/MWCNG/G-PDMS 1989 0.1-170 1 000 150 [78]

Notes: PAN—Polyacrylonitrile; RTV—Room temperature vulcanized silicone rubber; GO—Graphene oxide; CNC—Cellulose nanocrystal;
FAS—Heptadecafluoro-1,1,2,2-tetradecyl trimethoxysilane; G-PDMS—Graphene-modified PDMS; PI—Polyimide; CB—Carbon black;
RB—Rubber band; OCA—Octadecanoic acid; Hf-SiO,—Hydrophobic fumed silic; PPy—Polypyrrole; PFOTES-TiO, NPs—Perfluoro-

octyltriethoxysilane modified TiO, nanoparticles.
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Fig.5 Self-cleaning performance of the superhydrophobic flexible strain
sensor: (a) Photographs of water drops on the surface and inside of the
rGO/PPy/PDMS/PU sponge sensor as well as milk, coffee, tea, and
common liquids with pH=1 and 13 on the sensor surface!™; (b) Easy
removal of natural soil and pigments from the surface of the nonwoven-

based superhydrophobic flexible strain sensor using water”
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Fig.6 Application of FAMG superhydrophobic flexible strain sensors in anti-bacterial applications™: (a) Schematic diagram of the FAMG sensor;

(b) Anti-bacterial adhesion experiments of the sensor before and after Ag ion addition (I: Initial state; II: End state; III: SEM images of bacteria adhering to

the surface); (c) Schematic diagram of the anti-bacterial adhesion principle of the FAMG sensor
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Fig.7 Applications of superhydrophobic flexible strain sensors in human motion monitoring: (a) Real-time monitoring of ECG signals'™; (b) Monitoring

of electrical signals for various swimming positions (LA, RA, LL, RL represent left arm, right arm, left leg, and right leg, respectively)[“]; (c) Generate

continuous Morse code SOS underwater using finger flexion®”; (d) Remote control of light switches as well as PowerPoint presentations'
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