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Table 1 Comparison of representative stretchable conductive materials
Type Material Conductivity /(S+<cm ") Stretchability /% Method Reference
Metal thin film Au 4% 10° 20 @wave structure, Photolithography [14-15]
300 @snake structure
Conductive Ag nanowire ~10' 100 Spraycoating. [16-18]
composite Carbon nano tube ~10° >150 bar coating,
materials Graphene 10 90 and spincoating
Tonogel Tonic conductor 2X10"" 400 Forming film [19]
Fluidics, nozzle
Liquid metal Ga-LM 3% 10" >1000 printing, and [20-22]

stencil printing
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Fig. 1 Fabrication of Ga-LLM based flexible electrons by laser and its applications
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Fig. 2 Wettability model of Ga-LLM. (a) Characterization of static contact angle; (b) advancing angle, receding angle and

rolling angle for contact angle hysteresis phenomenon; (c¢) wettability of water and Ga-LLM droplets at super-

hydrophilic surface; (d) wettability of water and Ga-LLM droplets at super-hydrophobic surface

2 fih #8120 9 B b A E 2 il AR 0, (advancing contact
angle) #1 J5 1B ¥ fik /1 0.. (receding contact
angle)"*" | 22 i R L 0T 45 2 B S MR A
FEARAEAG AR FR 5 76 e — M, W0 1if 2F (L AE 1 3
— A R J IR 2 TR TE [ AR 3R T EIDRE A s B
ff ik A R IR A 22 AR FRIR B AT Ok (roll-off
angle) . I 1 B 38 % 15 2 18T A9 A0 B (o0 — B8,
TR DA W T FUTH 5 W Y R L O 80N FE 1R
8 L 2 O <107, S B4 Rk 3R T 5L A A0 AR 266 v 12
VR A5 4 R YT E B R R T I 42 fi £ > 150° HIR B
<1, FRATTHR K b R T Sy b s Y 25 4 B 3R 1
HEAE 2 (1) AT 25 -0 T 5K R T -
T 7 T I VR 4 i R 2 AR AR T 90°, I IZ TR
PRTE A SR 1T R B BBCIR S . TS 4 e W
R B R 5K ) GRIENIK ) 7 >500 mN/m) FER SR
i b L pET B8 7 2 T RE AR K Y 2, T 48 k)
(20~50 J/m") FIHE I (200~300 J/m*) , H B4
Filr 4 J 2 1 CAn 43 J@ 4R Y SR TAE AT 800 J/m®) L WA
G EMASHHEIE R, PR Rk S 4R
TERZH R b4 ICHE fil /3 #8 K T 90°, [Al i,
WA 4 B AT A PR 5 W 0L A 1 AL 2 A

AR WS 4 8 LT B8 B & 7R AT &P, Al
PR 4 J 5 T A R B D T DR b AR AT AR SR
AT BB X VR A 42 I8 A R I P S 25 KK 52 , T 7E 3R
TH A 36 AEL A 25 R T Sk 3 /N A )2 Y RN 3 TR,
AT S5 30 i AR 285 482 i
2.2.2 REEBZEMEERY

W IRy A GE T3 — Ot i i S A R,
S b A SR T HSAFAE A — o WOHLRE L, 58 4 1) T
V-3 TR AEAER . PRI, S ] R SR T Y IR
PERE RN 1% B IR 5 i IROT RER UL . 7ERLRE R
T o 35 AT A G S T S IR 25 - Wenzel 2555
FI Cassie 251 249 1A 58 4 e 152 26 10T KRS 25 #4) 1
IR B AT ) 27 M 4 il f Y Wenzel AU IA

cos 0, =rcos 0, (2)

A0, 8 Wenzel IRET WMl /1 5 - Sy HURS B2 A
T SO HRE 3R T Y S B T AR 5 T T R T AR
M. mXOmHH R r 2 —DKRT 1 %Y
0 /INT 90°F , cos 0 BYHUE R T 0, LA 0, BEE r 1Y
B N, A 0, <0<<90% 2 0 KTF 90° i,
cos O WHUE/NF 0.7 LA 0, FE » 038 0 i 34
HA 90°<<0<20,, . gt & il . HIkE B 7F — F2 2 b2

1002505-4



® 495 £ 10 #1/2022 &£ 5 A/hEEL

S N T S e R O = A S )
6] /A 9 T B o VR A1 A VR 1 T % K T S VR
)R LK R, &L 2 o) (dD BT 7 o 0 55 K 3
T noRLRE BE 2% B e LSRR K M L i 2R K 3R T i A Ry
S 7K T 5 X T 7K 3 T L 3G hiOHL R B2 25 4 i i K
P B 7K 2 T 8 S B K SR . AR LT AR S
PRI 5 WS 4 83X P 52 2% Ik MR 76 b RL 35 T 2 9 —
T 455 B IR AT O . WIS R B WS 48 Jm TE BRI A
R T AR R P S KA B AR KA X A oA .
T HmERmK ) RESEBERZHRD 2N
ML BCIR S S PN 18 02 2 K Gy 3R T RED 2 Tk J2
i 7K (IR 100 B8 ) 2% 100, VR AS 4 7E LR 3R i B AR 3R
N R A A R RS
Wenzel J7 2 (9 35 F % 42 H 2 2 40 R RS 3=
O, BT X Wenzel #EHI/E T 3 — 4 10 58 3%,
P& T Cassie-Baxter S50, UK ¥ 57 i MRS [E 44
FT AR B A S AR SRR I K 58 42 70 i [
A b ) TR 983 TG 45 1 A ) ML 3R T 4 flh L S 55 4L
i 5 4 0 2 A2 ol T 3 B AR A P e
PR BL T o 25 WA AN e 2F 35 2% 101 45 A B, Y T B =
FEJE 8 Bk &, FR N Cassie-Baxter R 2 85 fij FR
Cassie tk7. Cassie FRETT LIFR N
cos 0. = f,(1+cos @) —1, (2)
K .0, J Cassie IR T WY Ml A £ W 5 1E
Tl A H2 b T AR A A3 e, X (2) R, #E Cassie
AT EAABEE £ /N g, Y AR
) TUTAE N A 25 S BRI SE W M A i =1,
A (2) W 5 A8~ Wenzel F ., LA LLE H,
Wenzel 77 72 & Cassie-Baxter 5 2 ) — F 55 5% T
Ko WSS EEA A IREE T P E A S A2 6
U — T VS 4 T YR T A LA REURE 25 ) 1 3R
T [/ [ 4 i A8 X BBOAR 7 DA VR AR Y T /R ik
B W 55 2% T 22 () ) A7 A8 4 sk T R DAL S a5 S
(08 NS R RS = S AN N I I e L N
o E BB 2% 180 3 B L AT 5 Cassie RS, BAE
R i £ 5 P T VRO 5 AR R A 22 ) i) 2R R T A
K5 AR s, AMFIR R, YA 4 JE Wi
TEAELRE 45 14 3% 100 52 1) S g e s I BIVAE 422 fk 73 /)N T
90°, W A 4 Jm 2% T A0 )2 T IR 1 T B A7 AE AR 23 B
LB VBT ¥ A TR A4 3% THT 1Y) A0 45 R PR 3k A R AT R
YRR R E RS &R BRI R IR A TR, U
b O Ak AR T 1 3 A 3% B 2 THT OV &5 4 R 3% T
MRS SRR R E 2 XHEEWEM . MR
TALAERE . PRI, A0 58 0 R 38 TH R VRS 4 T 1Y 1 3

HE T 1 HLA F 555 S, 30 0 S 4 e B R A
T v I AR BIL 28 N R Y P B
2.3 AERSERRAMNTIE

X A 43 TR TR T P 1 R 47 T X A SR
49K WURE T | 2 T F LR 45 4000 BT BB 2
JET 3 I W S 4 DK AIURE 2 5 o A B IS 3 1 i B
PR GO BORL, S RS &R . BRRES S
i P MR 2 45 TS 4 R A A R R R T A 4 Mt Ay R
T 150" Higsh M/ T 10°, A4 & Jm e R R A
SEARRR I PE R L SRR AAE T R RS
<5 2 A B o A B T S T K BORE Y 3R
T P AR S 4 i T e U R R S e R
0 3o VAR S i A A DX 2 M R T S B S
o P A Ao 3 5 SR B Y ED A RS B R
P4 2 THT 388 A 2 oA iR T ) BT (8 S 3 T R
PRl Sy A RSO T 0 55 ok A b A AR T B 3R T D
P o R XA 5 3OE B A B AR AR L L A
R LI R T AN 2 — PR DA 7 T 2 A D7 U
R HIRERENENR A 5 ¥ 55 78, 3R i
RELAE 245 40 J2: 435 18 3o D' 20 B SO AR IR 0 O X BT
A T R AT RELRE 205 1 PO A 3 S5 B i T A < J
TET PP o 07 RO R R 2278 HLAS B LR 45
Fy 5 R AR — A B RRUE MR . (HJE X P
il £ 7 20l T S E R R . DU S
JR AR A BB S IO — E XS 8w B A
e v 280 A 1 A K B )22 o B 45D, SE B AS 4
JE R R AR L X ROy 2 RE S AT B 4 HERAR
o BV S R P S (R A R B AR T AR T
A4 LIS A SR A T SR L B S R 2 D
ST ORI 2 R TR SR e B 2R Ve AR RIS, TRk
FAEAPRER A Y L T L e 0 B R Y P R B A
(20 T 2SS B ST ) 9 R BB
2.4 REEEBWNANME

VB — Bl Re R 1) < Js BB WS & TR e = B
PABARIE A7 AE L [ I A B B 1 ARG 1 S A kL [N
ST A4 BT 5 A e o W S TN YRR S
o AR g e e AR A RS P T AT 2 R A A L R
RERMEDL AR AN SR, P L 7 45 1 A BR R S 75 R 32
— 8 MRS I I AR OR A FL A A B 2 v fiE . 1%
GERY [ 5 T A RE NG VB B 45 < R AR TIT L i
IR BT B GAOKBERL AT SR AR R R 1) T
EJE A5 5t 75 30 S8 B Y I 6 58 1 S vl B RHUG AP AR
HE R S MR R Y 1) ML A e A
AR S G B R — PR A 2 JO R AE R 1 5

1002505-5



® 495 £ 10 #1/2022 &£ 5 A/hEEL

JEATRE e — Bl B AR A 2 P s AR AR AT g
HL P (RS, 3 TV S 4 B I 3 1 vl R
W 2% M AL B AR HEAT ALK AL 27 DL AR W s 5 A
MU BTSSR W R RS e A AR Y
W A S DT RE 085 B 2y b A 00 A AR {5 5, S8 B 7 (gt
Wi LA S NWLAE B Gkt i n . oS 48 B
AW 1 RS ML BT DLAE R AL NS WS A R
RE S AR L7 Hb il /2 — 26 i s AR TR B e /oK
3 OGR4 R ¥
3.1 EfmIsEsfpme

WO R AR g — Mok & i 07 20, 2 4 41 R
FE IR R O BTN AR Ok SOk IE
AR 4 T R ST AR Z . WOk in T
2L 45 25 1 RG B LA ol 5 10 T 4 T g 9
P WA 45 T8 1) IR P L B A AT B A PR | AR N
AU A 4 J SR P L I . SO BN O e Rt
TG R A m AN M E . WERESER
TV B OGS AR T 028 HAE OB 4 - R T Y

t=0ms t=113 ms

®)

Bl 3 SO o 48 K OB S B S 4 i I T R 4

BT R 2 BRI A 0 A R BT IR
WA 1A ) 2 T 7 T R A KL 45 ) it A At 5 g b - 22
b 32 JZ OB G LR 2 AR X BB T ik KA 2 A A
oA A} 2 THTAL) Bl A AR RE 45 0 )22 . (L2 A o i R
S50 2 5 B R B R ), 24 3T A2 B 3 R
52 FA S DR 3R 52 0 I RELRS 245 44 J2= 28 ) Jd 7 ki
RS m Ak, AN RS ZE Z R T
8 T 20l B R bR A Rk 5 A R
AL Y0 A < e A T 1) 7 3k A ) O ) 5 o i R
<53 J AR T 2 L AR SR AROPE R 3 T 5 BOL R I AR S
Tl RS 4% g 2250 R B 2 R 3 AR T T b A
Fho RO A B 3R T TE ARG — )2 A
SR VT T B
3.2 HMRAERSERRENE

Jiang FE- AR M T — A A8 4 1 B AR
R TR H KA EGaln WA S BB R, ¥
it K A8 AR AR 2 oK BORL U 7 AT IS b DL A R
X YA 4 s P T T LA BB AT . I 3 Ca) iR
TS 4 A AE U A SR R T R B R A IR A

t=302 ms t=403 ms

t=405 ms

Ca) ¥ 5 4 8 LT L R T T — S A ik 290 K R 0% S B L iy 1) R

AN b T i R A D2 PR (o) WA & P SR A ST A 5 (o A [R] 88 1 A ] 90 26 4 J s BT 1R

Fig. 3 Tuning wettability of Ga-LM by laser ablating nanoparticles " . (a) Sequential optical images of pressing down and

lifting up process of Ga-LM droplet on bare glass and silica nanoparticles coated glass; (b) detailed fabrication steps

of Ga-LLM patterning process; (c) images of various Ga-LLM patterns on different substrates
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Fig. 7 Ga-LM based flexible patch antenna “”. (a) Structural model diagram of Ga-LM based flexible patch antenna;
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physical maps of (b) original and (c) bent flexible patch antennas; (d) working frequency test of flexible patch

antenna under different bending curvatures; (e) bending resistance test of flexible patch antenna
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B9 (a) Structural model diagram of

(b) physical map of multilayer Ga-LLM electron transfer tattoo;
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Abstract

Significance As the next big trend in the development of the electronic industry, flexible electronics is a brand
technology that can revolutionize the future. At present, the application research of flexible electronic devices mainly
focuses on human health detection, flexible robot, and human-computer interaction. Flexible electronic devices are
realized by combining soft materials and flexible electrode materials to achieve high flexibility. Conventional flexible
electrode materials, such as structured metal films, metal nanoparticles/wires, and conductive polymers, cannot
meet high stretchability and high conductivity simultaneously. As a new kind of flexible electrode material, gallium-
based liquid metal (Ga-LM) with high electrical conductivity and unlimited stretchability has become a research
hotspot in recent years. Ga-LM has a melting point below 30 ‘C and the almost negligible vapor pressure. It is non-
toxic to the human body and has the excellent conductivity/thermal property, making it an ideal flexible electrode
material. Ga-LM based flexible devices are fully flexible compared to traditional electrode materials, which can
maintain their electronic performances even under large elastic deformation. This will lead to dramatic improvements
in the performance of wearable electronics. The Ga-LM circuits are crucial for the preparation of flexible electronic
devices. Although researchers have proposed many methods to prepare the Ga-LM flexible circuits such as screen
printing, injection, and spray painting, there still remain problems of limited resolution and integration of Ga-LM
circuits. Therefore, to develop a way for the preparation of miniaturized, high-integration, and multifunctional Ga-
LM flexible devices is of great interest. Ga-LM patterning is a necessary step in the preparation of Ga-LM based
flexible electronic devices. However, there exists a major challenge in Ga-LM patterning due to its fluidity. Hence,
the patterning method by tuning the wettability of Ga-LM has been extensively explored in recent years.

As a precision machining method, the laser has good processing advantages in preparing various functional
surfaces. Due to its high-power density, the laser can induce micro/nano-structures on the surfaces of various
materials and realize the preparation of functional surfaces. Ga-LM is found to show extremely high adhesion on the
smooth material surfaces, and show ultra-low adhesion on rough surfaces. Selective adhesion of Ga-LM can be
realized by constructing rough structures on the initially smooth material surface, so as to realize the printing of Ga-
LM circuits. Laser machining technology has advantages of non-contact, high-precision, and high-controllability
processing, which can realize the preparation of high-resolution and high-integration LM circuits. The combination of
laser manufacturing technology and newly flexible electrode materials can achieve high-performance flexible
electronic devices. This field is growing rapidly, and it is necessary to review and analyze all these efforts to guide
its future development more rationally.

Progress The recent efforts in the field of Ga-LM based flexible electronic devices fabricated by a laser are
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reviewed and the future research directions are indicated. First, this paper introduces the patterning method by
tuning the wettability of Ga-LM. The wettability model of Ga-LM is analyzed in-depth (Fig. 2). Then, the
characteristics and advantages of laser micromachining are summarized according to previously reported studies. As a
precision machining method, the laser is used to prepare various functional surfaces and is one of the main methods to
tune the wettability of liquids. Subsequently, recent advances of the Ga-LM-based flexible electronics fabricated by a
laser are comprehensively summarized. The research group from the Southern University of Science and Technology
has realized the tenability of the wettability of Ga-LM by laser ablation of nanoparticles (Fig. 3). The research group
from Xi’an Jiaotong University has reported a method for inducing rough structures directly on the surface of the
substrate by a femtosecond laser to change the wettability of Ga-LM on the original smooth surface from the original
high adhesion to ultra-low adhesion (Fig. 4). Combining the high precision machining capability of the laser with the
excellent electrical properties of Ga-LM, one can fabricate ultra-flexible electronic devices with high-resolution,
multi-function, and high-integration. In the end, the applications of Ga-LM based flexible electronics in human health
monitoring, human-computer interaction, and soft robots are elaborated.

Conclusion and Prospect As a precision machining tool, the laser has good processing advantages in preparing
various functional surfaces. Using a laser to tune the wettability of Ga-LM can realize the preparation of Ga-LM
circuits with high resolution and high integration, thus greatly improving the performance of Ga-LM based flexible
electronic devices. Ga-LM has intrinsic advantages in the field of flexible sensing, and the improvement of sensor
performance is closely related to the preparation of microstructures. Using the advantages of laser precision
preparation of microstructures to realize the significant improvement of the performance of Ga-LM sensor will
become the key factor to promote the application of Ga-LM in the field of flexible sensing. The combination of laser
precision machining with Ga-LM is believed to promote the rapid development of flexible electronics.
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