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Research progress on liquid metal-based fiber composites application
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Abstract: Liquid metal (LM), a functional material with both electrical conductivity and fluidity, has
gained widespread attention due to its excellent conductivity and deformation capabilities. Fiber materials,
as commonly used flexible substrate, have shown broad application potential in many fields because of their
excellent stretchability, breathability and weavability. In order to solve the problems of poor flexibility with
electronic components and difficulty in meeting wearable and intelligent requirements, LM-based fiber
composite materials, a combination of the matrix and conductive materials with the advantages of
stretchable deformation and flexibility of fiber materials and the high conductivity and room temperature
fluidity of LM, have been widely used in fields such as human motion monitoring and energy storage. In
this review, the control strategies of LM-based fiber composite materials in terms of chemical stability,
electrical and thermal properties were introduced. The research progress on application of LM-based fiber
composite materials in flexible sensing, electromagnetic shielding, energy harvesting and storage was
mainly described. Finally, some suggestions on the performance improvement of LM-based fiber composite
materials and existing problems in the current research were put forward, and the future development
directions was prospected.
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Fig. 1 Photographs of two twisted fibers with 850 pm diameter (a)!*'’; Schematic diagram of a sensor formed by two twisted

fibers, changes in geometry by twisting increase the capacitance between the intertwined fibers (b)!*'); Schematic
illustration of typical fabrication process of LMFM (c)!*¥; Schematic diagram of PU and liquid metal core-sheathing
fibers prepared by coaxial wet spinning process (d)*®; Specific resistance of LM@PHF, (¢)?*; Change of relative

resistance (AR/Ry;) of LM@PHF, with strain deformation (f)**); Change of relative resistance and sensitivity
variations of LM@PHF, with increasing pressure from 0 to 30 MPa (g)**); Response times of LM@PHF, to quick

stretching by a finger (orange line) and slight pressure by a leaf (purple line) (h)

[28]
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Fig. 2 Schematic diagram of preparation process and morphology of LTCPY sensor (a)l®**); Schematic illustration of
fabrication process of DHCY (b)P**); Relationship between potential and current at different levels of stretching for
DHCY (¢)*; Durability results of DHCY strain sensor under a cyclic strain (d)P*; Changes in capacitance induced
by DHCY sensor attached to the knee during standing, walking, running and jumping (AC/Co)(e)¥; Contactless
sensing of voltage signals generated by palm at different heights (£)1**!
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Fig. 3 Schematic diagram of preparation of flexible LM-TPU composite membrane (a)!**'; An enlarged image of 3D structure
(b) and SEM image (c) of LM-TPU™; Schematic diagram of fabrication of Cu-EGaln wearable electronic devices
(d)™; Schematic diagram of Cu-EGaln on fabric and PVAC glue during stretching (e)*¥); Semi-liquid metal
electronics for large-area wearable electronics in smart fabrics (f)1*; Resistance variation of Cu-EGaln line with
twisting angles from 0 to 180° (g)!*l; Resistance variation of Cu-EGaln line at the same strain and different
frequencies (20% strain; 0.25, 0.50 and 1.00 Hz) (h)!**); I-¥ curves of Cu-EGaln lines under various strains (i)'**
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Fig. 4 Schematic diagram of fabrication of PDMS- LM/Textlle (a) and its digital photograph of EMI shielding effect (b)!'®);
Schematic diagram of preparation (c¢) and SEM image (d) of CF/LM/CNTY"); Contributions from SE, and SEg to SEt
of CF/LM, CF/LM/CNT-S, CF/LM/CNT-D at frequency of 9 GHz (e)[*”; Dissolving of as-prepared CF/LM/CNT in
hot water for separation of LM and CNT (f)*"); Schematic diagram of cycle route of CF/LM/CNT (g)*”?
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Fig. 5 Schematic diagram of wet-spinning process of LM/alginate composite fibers (a)l'*); Schematic diagram of fabrication
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appliances of TENG (j, k)&
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Fig. 6 Schematic diagrams of electrospinning steps (a), carbonization steps and electrochemical processes (b), cross-section
SEM images (c, d) of LMNPs@CS fiberst®; TEM image of an individual fiber (¢)!); Long-term stability of
LMNPs@CS and pristine LMNPs at 1.0 A/g current density (f)!*); Charge/discharge curves under different rates (g)!;

Schematic diagram of preparation process (h), and surface SEM images (i, j) of CNF/CNT@EGaln electrode

KT HRAAEENELE, £ LIRERTE AL
J& AL MnO, Fll Fe;O, 40K WUKL, % T M H
x4 (B 7b. ¢), 4r%lick PPE-MnO, SC A
PPE-Fe;04 SC. 1LY R T g i 25 45 19 A %I b
X3k, FIHEEAERES TR 4R ER,
PPE-Fe;0, SC i HLHL %5 K 26.71 mF/em?®, H B 254
TG £ 1) PPE-Fes0, SC (Vacuum)EI’J b HL 2
W% 61.34 mF/em® ([# 7d), #—LFP T HHBA
ﬁ¢%ﬁ%%ﬁﬁﬁfﬁm%%mﬁ% mE 7e.
R, PR 120%0 22/, PPE-Fe;0,4 SC 4/ F%
FEOU S m Akt fe, At 1000 YR 80 HL 9 36
Ja, HHRAERFR (C/Cx100) IHEIAF] 92.51%,
SR K AR I A

[55]

RS R, LM R4 4558 SRR R AT
it Uk B A AR i B, AEATS A 7 8 n) 1855 F
— AT (1) FER T, LM [ B OR TR
Sk, YENBWAM RS 424 T Bt T—,
KEHON HIEwE, SR RS &
ATAE BT (2) 3T LM [dsE, Bgh s
i EEL R A S AT R e L SE B, E R R S (R 4R
B, B AHAL S B AR, 04 R B
Wi, dE— R E kAR (3) LM Bl TENG
() & AR AS R B &, AR T A, ik —
A4 TENG RERFEALRCR, Bl AT DR AR
RARFENLA HAE S, M & L . it A f— 1A fE

>RILo



YNE, G BE TSR R BT YR AR R B S - 1907

| PVA electrol

yte
| /
I 0-EGaln
|
|
: 7 PU fibers
|

PU@PMA fibers

20
or, . . . y
0 50 100 150 200
Scan rate/(mV/s)
————————— 150 ¢

100 - o——e—o—o"—

50| !
——

\ >
Shde

PMA solution Strain/%
i 125 £
PVA electrolyte PVA electrolyte 1001 eooteraanannenennnres
1———' )»—» ! S 751
o/ _ S sof
. 25|
Supercapacitor PPE fibers 0% 260 200 600 800 1000

(=)
(=]

F1d - PPE-Fe;0, SC (Vacuum)
-~ PPE-Fe;0, SC

N
(=1
T

-~ PPE-MnO, SC
-»-PPE SC

Capacitance/(mF/cm?)

0 40 80 120

|
|
|
|
|
|
|
|
|
|
S |
Q = |
]
|
I
1
|
|
|
|
|
|
|
|

Cycle number

17 PPESCs %5k (a) Kl T2 (b) mEEPY; SFUERERBRARIER (c) P PULYE (1), PUQPMA
24 (1), PPE -4k (1T ), #BZ % (IV); PPE SC, PPE-MnO, SC, PPE-Fe;0, SC il PPE-Fe;0, SC (Vacuum)

) HF 2SR R i Asfb 28 (d) ¥, PPE-Fe;0,4 SC 7EJ

fig (£) B%

AR 0~120%35 I A9 EE LSRR R (o) MHAEIRME

Fig. 7 Schematic diagrams of structure (a) and fabrication process (b) of PPE SCsP*); Photos of fibers and supercapacitor (c)**:
PU fiber (I ), PU@PMA fiber (II), PPE fiber (IlI), and supercapacitor (IV); Change curves of specific capacitance of

PPE SC, PPE-MnO, SC, PPE-Fe;04 SC and PPE-Fe;0, SC (Vacuum) with scan rate (d)P™; Specific capacitance
retention in the strain range 0~120% (e) and cyclic performance (f) of PPE-Fe;0, SCP*®

3 HRIEBEERE

VAR, F2T LM M4 G0 RHE AL R
. LR R 2 ) A B A R R B B R A g
IS HASCIFR AR, 45 0L R R 24
HRTE PR THET 4 52 A pE R P BE S KRR S
I BRI R LM PERE, T8 LM e 4is
A ABH N S, $ DL

(1) 208l LM PERERR &) 32 21 R PR B (anée
) BRI, Ga %k LM E ALY Ga,05 M7 B ARl
HAT¥IEae 119 8] T ok% , (HAESCE R g fE
AR RHERL S, R0 AL LM ITRE S E
Wame sy, JUERm LM FEEF4E S G R R Y S
PERE ;

(2) LM By RN B R i i ok ) 25
HHWHZ AL AR, TTEHLAE, NS,
T LM TELF 254 3% 4l 8 MUY B0k 2 19 1 28 D K
AR SRS, [FIE, AR B A E AR R A
%, LM G MEFZEpp ) vb i 9% ol Az it , BRI T
LM A4 52 G A RHEA SRR S . H LM

FARES R p s e rp, e —E R bRk X —
IF S R IR TR GRSl NP ST A v o
KR MK T, L RENS I S M A FE R R I

(3) HTFRARK, LM 540 E4T
TR E TR E BT B, AR T LM R
RELT 4k S &7 i i A7 AUBEAL ) 2 LML R AI0RE K
A S5 T2 E IS 50

Zi b, HATABIETE D5 1 D T LM i
LT, DU 2 FEARMA . RS HEREH] LM KR R/
(A ZEoR . AL X LM SRR rdshl, R
FEER WK SRR, FEIR LM 22T 4E 5 4R
AR PERE . 22 DI BE LA A FEAE S BRI 7 1T, 4 LM
ST AL R BAT i RAUE A E, JF B S AR
YU LE YA, A BT A B TS it A T
TR IR o T340, W [ M A B 207 1 Al T e
4 S LM FH AL SR PELT A R 52 i

TEARKR K&, N LM JELF4e 5 5 bk

T%%Tﬁﬁ“ﬁ%ﬁﬂﬁf% EHTEC A R
WRARRRHEA L, 425G B AR S BRI, A

Wy R BT PR &%ﬁ%,%ﬁﬁﬁ@%,ﬁLM



* 1908 -

A% 4m 4 T FINE CHEMICALS

41 4%

LT A5 5 525 ORI Fp el s g™ M K R R 3 R
BHESIEHI

SE 3Lk

(1

(2]

B3]

(4]

(3]

(6]

(7]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

GAO G Q (F[H3#), PENG W (), MA Y G (BIF%), et al
Research progress and prospect of gallium-based liquid metals in the
field of electrical-thermal-mechanics field[J]. Journal of Southwest
Jiaotong University (P 3838 K52#41), 2023, 58(6): 1203-1220.
WEN Z M (%), CHEN J Y (81355), WANG Y P (LillF),
et al. Research progress on applications of gallium-based liquid
metal in wearable devices and smart clothing[J]. Materials Reports
(MHEFFIR), 2022, 36(9): 134-138

LIU T Y, PROSENIJIT S, KIM C J. Characterization of nontoxic
liquid-metal alloy galinstan for applications in microdevices[J].
Journal of Microelectromechanical Systems, 2012, 21(2): 443-450.
CHEN S, WANG H Z, ZHAO R Q, et al. Liquid metal composites[J].
Matter, 2020, 2(6): 1446-1480.

WEI C L, FEI H F, TIAN Y, et al. Room-temperature liquid metal
confined in MXene paper as a flexible, freestanding, and binder-free
anode for next-generation lithium-ion batteries[J]. Small, 2019,
15(46): 1903214.

ZHU J H, WU Y P, HUANG X K, et al. Self-healing liquid metal
nanoparticles encapsulated in hollow carbon fibers as a free-standing
anode for lithium-ion batteries[J]. Nano Energy, 2019, 62: 883-889.
WANG Y, GAO Y N, YUE T N, et al. Achieving high-performance
and tunable microwave shielding in multi-walled carbon nanotubes/
polydimethylsiloxane composites containing liquid metals[J]. Applied
Surface Science, 2021, 563: 150255.

WANG H Z, LI R F, CAO Y J, et al. Liquid metal fibers[J].
Advanced Fiber Materials, 2022, 4(5): 987-1004.

LEE S M, BHUYAN P, BAE K J, et al. Interdigitating elastic fibers
with a liquid metal core toward ultrastretchable and soft capacitive
sensors: From 1D fibers to 2D electronics[J]. ACS Applied Electronic
Materials, 2022, 4(12): 6275-6283.

WANG Y T, WANG Z X, WANG Z, et al. Multifunctional electronic
textiles by direct 3D printing of stretchable conductive fibers[J].
Advanced Electronic Materials, 2023, 9(4): 2201194,

SHA Z, BOYER C, LI G, et al. Electrospun liquid metal/PVDF-HFP
nanofiber membranes with exceptional triboelectric performance[J].
Nano Energy, 2022, 92: 106713.

BO G Y, REN L, XU X, et al. Recent progress on liquid metals and
their applications[J]. Advances in Physics: X, 2018, 3(1): 411-441.
QI X, LIU Y, YU L, et al. Versatile liquid metal/alginate composite
fibers with enhanced flame retardancy and triboelectric performance
for smart wearable textiles[J]. Advanced Science, 2023, 10(29):
2303406.

FASSLER A, MAIJIDI C. Liquid-phase metal inclusions for a
conductive polymer composite[J]. Advanced Materials, 2015, 27(11):
1928-1932.

REN L, ZHUANG J C, CASILLAS G, et al. Nanodroplets for
stretchable superconducting circuits[J]. Advanced Functional Materials,
2016, 26(44): 8111-8118.

JIAL C, JIA X X, SUN W ], et al. Stretchable liquid metal-based
conductive textile for electromagnetic interference shielding[J]. ACS
Applied Materials & Interfaces, 2020, 12(47): 53230-53238.
DICKEY M D. Stretchable and soft electronics using liquid metals[J].
Advanced Materials, 2017, 29(27): 1606425.

WANG X Y (EWTF), LI K (ZFb), WANG Y S (EiET), ef al.
Progress of polymer/gallium-based liquid metal composites[J].
Polymer Materials Science & Engineering (%4> T4 RIB45T.
F2), 2021, 37(1): 327-334.

TANG J B, ZHAO X, LI J, et al. Gallium-based liquid metal
amalgams: Transitional-state metallic mixtures (TransMZixes) with
enhanced and tunable electrical, thermal, and mechanical properties[J].
ACS Applied Materials & Interfaces, 2017, 9(41): 35977-35987.

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

311

[32]

[33]

[34]

[33]

[36]

[37]

[38]

ZHENG L J, ZHU M M, WU B H, et al. Conductance-stable liquid
metal sheath-core microfibers for stretchy smart fabrics and self-
powered sensing[J]. Science Advances, 2021, 7(22): 1-10.

ZENG C Z, MA C F, SHEN J. High thermal conductivity in diamond
induced carbon fiber-liquid metal mixtures[J]. Composites Part B:
Engineering, 2022, 238: 109902.

KHAN Y, SAROWAR M T, MOBARRAT M, et al. Performance
comparison of a microchannel heat sink using different nano-liquid
metal fluid coolant: A numerical study[J]. Journal of Thermal
Science and Engineering Applications, 2022, 14(9): 091014.
HUANG F, HU J Y, YAN X. Review of fiber- or yarn-based wearable
resistive strain sensors: Structural design, fabrication technologies
and applications[J]. Textiles, 2022, 2(1): 81-111.

REN Y, SUN X Y, LIU J. Advances in liquid metal-enabled flexible
and wearable sensors[J]. Micromachines, 2020, 11(2): 200.

DOU L, ZHENG X H, YUAN M, et al. Hierarchical and coaxial yarn
with combined conductance stability and sensing capability for
wearable electronics[J]. Applied Materials Today, 2022, 29: 101695.
YU X C, FAN W, LIU Y, et al. A one-step fabricated sheath-core
stretchable fiber based on liquid metal with superior electric
conductivity for wearable sensors and heaters[J]. Advanced Materials
Technologies, 2022, 7(7): 2101618.

HAJALILOU A, SILVA A F, LOPES P A, et al. Biphasic liquid metal
composites for sinter-free printed stretchable
Advanced Materials Interfaces, 2022, 9(5): 2101913.
QI X J, ZHAO H T, WANG L H, et al. Underwater sensing and
warming E-textiles with reversible liquid metal electronics[J].
Chemical Engineering Journal, 2022, 437: 135382.

YUY R, GUO J H, MA B, et al. Liquid metal-integrated ultra-elastic
conductive microfibers from microfluidics for wearable electronics[J].
Science Bulletin, 2020, 65(20): 1752-1759.

NING C, WEI C H, SHENG F F, ef al. Scalable one-step wet-spinning
of triboelectric fibers for large-area power and sensing textiles[J].
Nano Research, 2023, 16(5): 7518-7526.

CHEN J W, ZHU G X, WANG J, et al. Multifunctional iontronic
sensor based on liquid metal-filled hollow ionogel fibers in detecting

electronics[J].

pressure, temperature, and proximity[J]. ACS Applied Materials &
Interfaces, 2023, 15(5): 7485-7495.

WU Y H, ZHEN R M, LIU H Z, et al. Liquid metal fiber composed
of a tubular channel as a high-performance strain sensor[J]. Journal
of Materials Chemistry C, 2017, 5(47): 12483-12491.

GU W, YAN S C, XIONG J, et al. Wireless smart gloves with
ultra-stable and all-recyclable liquid metal-based sensing fibers for
hand gesture recognition[J]. Chemical Engineering Journal, 2023,
460: 141777.

FU C Y, TANG W Y, MIAO Y, et al. Large-scalable fabrication of
liquid metal-based double helix core-spun yarns for capacitive
sensing, energy harvesting, and thermal management[J]. Nano
Energy, 2023, 106: 108078.

LAIY C,LUH W, WU H M, et al. Elastic multifunctional liquid-metal
fibers for harvesting mechanical and electromagnetic energy and as
self-powered sensors[J]. Advanced Energy Materials, 2021, 11(18):
2100411.

ZHOU N J, JIANG B F, HE X, et al. A superstretchable and
ultrastable liquid metal-elastomer wire for soft electronic devices[J].
ACS Applied Materials & Interfaces, 2021, 13(16): 19254-19262.
SUN X L, FU J H, TENG C, et al. Superhydrophobic E-textile with
an Ag-EGaln conductive layer for motion detection and electromagnetic
interference shielding[J]. ACS Applied Materials & Interfaces, 2022,
14(29): 33650-33661.

CHEN G Z, WANG H M, GUO R, et al. Superelastic EGaln
composite fibers sustaining 500% tensile strain with superior
electrical conductivity for wearable electronics[J]. ACS Applied
Materials & Interfaces, 2020, 12(5): 6112-6118.

(F#H% 1965 )



