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New concepts
In this work, we introduce a LM-polymer composites with high conductivity and ultra-
stretchability (up to 10000%). We revealed that the polar-polar interactions between 
the gallium oxide layer and abundant -CF2/-CH2 motifs in the polyvinylidene fluoride 
(PVDF) copolymer matrix allow robust manipulation on the compartmented LM 
channels. Such interfacial polarization is highly adaptive in response to mechanical 
stimuli applied on the polymer matrix, enabling integral LM channels at ultra-high 
strains (5000%~10000%) while maintaining low conductivity/resistance changes 
(7.7~20.3). Combining the features of the high conductivity of integral LM channels 
and the piezoelectricity of PVDF copolymer, the ultra-stretchable LM-polymer 
composites demonstrated a great potential as stretchable electrodes and flexible sensors 
in different strain ranges.

Page 1 of 11 Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
8 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

9/
20

21
 6

:1
4:

13
 A

M
. 

View Article Online
DOI: 10.1039/D1MH00924A

https://doi.org/10.1039/d1mh00924a


Journal Name  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Ultrastretchable Conductive Liquid Metal Composites Enabled by 
Adaptive Interfacial Polarization 
Chunyan Cao,‡a Xin Huang,‡a Dong Lv,a Liqing Ai,a Weilong Chen,b Changshun Hou,a Bo 
Yi,a Jingdong Luo,*b Xi Yao*ac 

Gallium-based liquid metals (LMs) are emerging candidates for the development of metal/polymer-based flexible circuits in 
wearable electronics. However, the high surface energies of LMs make them easily depleted from polymer matrix and 
therefore substantially suppress the stretchability of the conductive composites. Here, we reveal that a dynamic interplay 
between LMs and a polyvinylidene fluoride (PVDF) copolymer can help address these issues. Weak and abundant interfacial 
polarization interactions between the PVDF copolymer and the oxide layer allow continuous and adaptive configuration of 
the compartmented LM channels, enabling ultra-stretchability of the composites. The conductive LM-polymer composites 
can maintain structural integrity with high surface conductivity and small resistance changes under large strains from 1000% 
to 10000%. Taking advantage of flexible processability in mild conditions and exceptional performances, our design strategy 
allows for scalable fabrication of conductive LM-polymer composites for a range of applications in wearable devices and 
sensors.  

1. Introduction 
Gallium-based liquid metals (LMs), for example, the eutectic 

gallium indium (EGaIn), possess a conductive liquid interface that 
offers extraordinary potential for electronic, mechanical, catalytic, 
and biomedical applications.1-3 They can be injected or 3D printed on 
different polymer substrates for the development of stretchable or 
flexible polymer composites with a unique and tunable set of 
properties.4-7 Although the fluidic nature of LMs makes them 
deformable and reconfigurable, the high surface energy of LMs brings 
critical limitations to the development of LM-polymer composites.8 
They show poor wetting and adhesive abilities on the surface of many 
commercial elastomers.9, 10 Ligands or polymer additives are typically 
required to facilitate dispersion of LM microparticles under solution 
sonication.11, 12 Isolated particles are usually formed when LMs are 
shear-processed with polymer precursors, and additional mechanical 
sintering is often required to guide post-coalescence of LM particles 
to form percolation pathways in the polymer matrix.13, 14 Many LM-
polymer composites cannot reach the same stretchability as the 
polymer matrix,15, 16 because the infiltrated LMs could easily dewet 
and deplete from channels or polymer matrix, leading to conductive 
failure.9 

Ga-based LMs can spontaneously form a thin passivating 
gallium oxide layer (1-3 nm) in ambient conditions.17, 18 The solid 
nature of the oxide layer significantly affects the chemical, interfacial 
and rheological properties of the LMs, and plays an important role in 
the performance of LM-polymer composites.19-21 The oxide layer can 
lower the surface energy, enhance the rheological properties, and thus 
improve the interfacial compatibility of LMs to many polymer 
substrates.22-24 More importantly, it also brings additional binding 
sites with many polymers. For example, polymers or nanofibrils with 
abundant metal-chelating or hydrogen-bonding motifs which could 
provide high binding abilities with the gallium oxide layer, would 
improve the processing abilities of LM particles and facilitate the 
patterning of LMs on solid substrates.25-28 Although promising, most 
LM-polymer composites still suffer from low stretchability and 
unstable conductivity under extreme stretching, for example, 
>1000%24. Moreover, the strong interfacial bonding between 
polymers and the oxide layer would interfere with the coalescence of 
LM particles,29-31 affect the percolation pathways, and suppress the 
electric or thermal conductivity of the LM-polymer composites.32 

In this work, we reveal that the abundant and adaptive polar-
polar interactions between a fluorinated ferroelectric polymer and the 
gallium oxide layer could bring advantageous manipulation of the LM 
compartments in the polymer matrix. As a proof-of-demonstration, 
poly (vinylidenefluoride-co-chlorotrifluoroethylene) (PVDF-co-
CTFE) which shows high stretchability and excellent solution 
processability was selected as the polymer matrix. Through a simple 
dispersion method of solution sonication, LM-polymer composites 
with high conductivity and high stretchability are prepared. Although 
the polar-polar interactions between the gallium oxide layer and 
individual -CF2/-CH2 motifs in the PVDF-co-CTFE are relatively  

aDepartment of Biomedical Sciences, City University of Hong Kong, Hong Kong 
999077, P. R. China 

bDepartment of Chemistry, City University of Hong Kong, Hong Kong 999077, P. R. 
China 
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Fig. 1. Development of ultra-stretchable and conductive LM-polymer composites. A) Schematic illustration of micro/nano-scaled LM 
droplets produced by sonication dispersion of a solution containing EA, bulk EGaIn and PVDF-co-CTFE. B) Schematic illustration of the 
wrapping of PVDF-co-CTFE to the oxide layer of LM droplets through dipole-dipole interaction. C) Typical TEM image of a PVDF-co-CTFE 
bonded to LM droplet (sonication time: 45 min). D) SEM images of PVDF-co-CTFE attached on the surface of LM droplets and its 
corresponding representative element mapping (C, Ga, and O), and other elements was shown in Fig. S2 (F, Cl, In element, sonication time: 
~20 min). E) Cross-section SEM images of the LM-polymer composite (40 wt% EGaIn) indicated that the LM compartments are confined in 
a thin layer of the film, showing a typical heterogeneous structure. F) SEM image of the LM-rich side of the composite after removal of the 
LM compartments. G) Optical images of a film of LM-polymer composite at 0% and 5000% strains. The film maintains high conductivity 
with the LED light unchanged at 5000% strain.  

3. Results and discussion 
As shown in Fig. 1A and B, after applying sonication to a 

solution that contained ethyl acetate (EA), EGaIn and PVDF-co-
CTFE, the bulk LM was dispersed into micro and nano-scaled 
droplets with oxide layer spontaneously formed on their surface and 
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bonded with PVDF-co-CTFE. As displayed in the Transmission 
electron microscopy (TEM) image, EGaIn droplets maintain irregular 
shapes rather than spheres due to the wrapping of low-surface-energy 
polymer layer (Fig. 1C and Fig. S1).21, 33 Besides, energy disperse 
spectroscopy (EDX) element mapping and surface potential changes 
of EGaIn droplets also confirmed that PDVF-co-CTFE can attach to 
the surfaces of EGaIn droplets (Fig. 1D and Figs. S2-S3).  

LM-polymer composites with different loading of EGaIn were 
developed by casting the as-prepared precursor into glass moulds (Fig. 
S4). Since EGaIn droplets would sediment during solvent 
evaporation, the LM-polymer composites displayed typical 
heterogeneous structures with bulk LM compartments confined in a 
thin layer of the composite (Fig. 1E). The confined LM-rich layer 
demonstrated a low resistance (<1 Ω) when the LM loading was 20 
wt% (Fig. S6), which was resulted from the percolation of LM 
particles inside the polymer matrix. By increasing the LM loading 
from 20 to 80 wt%, the thickness of the LM-rich layer increased 
proportionally, providing high volume conductivity (Fig. S7). The 
polymer matrix displayed an interconnected porous structure when 
EGaIn compartments were etched by 0.1 M HCl (Fig. 1F, Fig. S8 and 
Movie S1), which proved that the EGaIn formed a continuous network 
in the composite. All these LM-polymer composites can maintain high 
conductance at 5000% strains (Fig. 1G). Thermogravimetric analysis 
(TGA) showed that the offset temperature of thermal decomposition 
of LM-polymer composites were around 300°C, and the measured 
melting temperature of EGaIn decreased from 15.7°C for the bulk 
phase to -25.2°C for the micro-scaled compartments,32 which further 
enhanced the flexibility of the composites in scenarios at room or sub-
zero temperatures (Fig. S9-10).  

It was founded that the LM-polymer composites prepared by 
using EA as solvent were highly conductive while insulating when 
using acetone and DMF as solvents (Fig. S11A). It has been reported 
that the PVDF-co-CTFE polymer could produce more H· in the 
presence of EA and H radical could promote the conductivity of LM-
polymer composites.34-41 The high-resolution XPS spectra of O 1s and 
Ga 3d confirmed the changes on the oxide layer of LMs when using 
EA as solvent (Figs S11D and E). To further reveal the role of  H 
radicals in the high conductance of LM-polymer composites, a radical 
initiator, dibenzoyl peroxide (BPO), which could accelerate H· 
production, was introduced into acetone or DMF, and LM-polymer 
composites with much lower resistance could be obtained (Fig S11B). 
Similarly, adding EA to the DMF or acetone dispersions could also 
facilitate H· production and therefore improve the conductivity of the 
LM-polymer composites (Fig. S12). The composite prepared by using 
EA as solvent showed much higher stretchability, up to 10000% 
strains, than others, which can rarely beyond 2100% strains (Fig. 
S13). In the absence of PVDF-co-CTFE, a liquid metal film produced 
with BPO and EA was not conductive, confirming that PVDF-co-
CTFE indeed played an important role in forming highly conductive 
LM-polymer composites (Fig. S14). Parameters such as the size of 
liquid metal droplets and the evaporation temperature for solvent 
removal do not affect significantly on the conductivity of the prepared 
LM-polymer composites (Fig. S15-16). 

PVDF segment of polymer is semicrystalline with three main 
crystalline phase: a trans-gauche-trans-gauche (TGTG′) α-phase; an 
all-trans (TTT) planar zigzag β-phase; and a T3GT3G′ γ-phase42. It is 
widely reported that fillers such as metal nanoparticles, graphene, and 

multiwall carbon nanotubes, can act as nucleating agents and interact 
with the -CF2 or -CH2 dipole groups in the PVDF to induce surface 
polarization and phase transformation from α to β/γ phase.43, 44 Such 
surface polarization could also occur between the EGaIn droplets and 
the PVDF-co-CTFE polymer, which originated from the robust 
interfacial interaction between Ga2O3 and the abundant -CF2/-CH2 

motifs. The interfacial interaction was demonstrated by XPS, 
attenuated total reflectance infrared (ATR-IR) and X-ray diffraction 
(XRD) methods, respectively. The intensity and position of two 
representative peaks for -CH2 (287.2 eV) and -CF2 (291.7 eV) groups 
of neat polymer changed substantially in the LM-polymer droplets, 
suggesting strong interactions between the -CF2/-CH2 dipoles and 
Ga2O3 (Fig. 2A).45, 46 As shown in Fig. 2A, there appears no 
representative peaks for α, β or γ  phase in the pure PVDF-co-CTFE 
due to high amount of CTFE47. However, when incorporating LMs in 
the polymer, a new peak appears at 1280 cm-1, which represents a 
typical β phase. The same phenomenon could also be observed in the 
XRD spectra (Fig. 2B). Compared to pure polymer, there is a broad 
peak located at around 35°, which is related to the amorphous 
EGaIn48, indicating that EGaIn exists in the polymer matrix. 
Meanwhile, another new peak located at 20.8° corresponds to the 
β phase, further proving that Ga2O3 could interact with -CF2 or -CH2 
dipole groups and lead to phase transformation of PVDF-co-CTFE.49, 

50 
To further demonstrate that the robust and adaptive interfacial 

interaction between the polymer and Ga2O3 layer is crucial to the high 
strecthability of the composite, the shape evolution of an EGaIn 
droplet on the PVDF-co-CTFE polymer substrate under continuous 
tensile strain was compared before and after HCl treatment. As seen 
in Fig. 2D and Movie S2, as the polymer film was stretched from 0% 
to 130%, 500% and 1400%, the boundary of EGaIn extended from 
0% to ~128%, ~490% and ~1375% simultaneously. However, after 
removal of the Ga2O3 layer through HCl treatment, the EGaIn droplet 
can’t deform with the stretching of the polymer substrate (Movie S3), 
proving that the Ga2O3 layer can evolve adaptively to help mount 
EGaIn to the polymer under continuous stretching. This is because the 
Ga2O3 layer can be formed in the air spontaneously, and the in situ 
generated Ga2O3 layers can adapt to the shape change of EGaIn in 
response to the stretching of the polymer substrate. This can be simply 
verified that enhanced β phase was observed when the composite was 
stretched to 100% (Fig. 2B and C), as a larger area of polymer/oxide 
layer interface was generated and higher surface polarization was 
induced during the stretching. As shown in Fig. 2F and Fig. S17, the 
LM compartments deform to continuous micro-sized wires when the 
applied strains increased from 500% to 5000% and 10000%. 
Furthermore, it is noted that the deformed LM compartments break 
the encapsulation of surrounded PVDF-co-CTFE polymers, flow and 
connect with each other at the neck positions, resulting in expanded 
percolation pathway at high strains (Fig. S18). This is consistent with 
recent computation results that the high surface energy of LMs as well 
as the high hydrostatic pressure during the continuous stretching can 
synergistically contribute to the neck-connection of LM 
compartments.51 While in many other LM-polymer composites, 
LM/polymer interface will get elongated, thinner and eventually 
raptured at low strains.9, 52 It is expected that the dynamic interfacial  
polarization process can enable continuous configuration of liquid 
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metal with the deformed polymer matrix at high strains, allowing rob- 
ust structural integrity and ultra-stretchability of the composites. 

  

 
Fig. 2. Dynamic interfacial polarization enabled ultra-stretchability of LM-polymer composites. A) XPS of the C 1s of the pure polymer 
and LM-polymer composite. Shifts were observed for -CF2/-CH2 motifs in the droplets. B, C) ATR-IR and XRD spectra revealed phase 
transformation of pure polymer, LM-polymer composite at 0% and 100% strains, which originated from adaptive interfacial interaction 
between Ga2O3 and -CF2/-CH2 motifs. D) Snapshots showing the shape evolution of a LM droplet (before and after acid treatment) depositing 
on the polymer matrix under continuous strains from 0% to 500%. E) Schematic illustration of an adaptive polarization process when LM 
channels are stretched. F) SEM images showing the shape change and the expanded percolation pathway (guided by dashed line) of LM 
droplets when the LM-polymer composite was stretched at 500% and 5000% strains. Zoom-in images of the neck-connection of the LM 
droplets can be found in Fig. S18. The scale bar is 10 µm. 
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Table S1). The composite with 20 wt% LM loading also presented 
excellent reliability in repeating tests when it underwent 0% to 100% 
strain changes for 1000 cycles (Fig. 3D).  The high electrical stability 
resulted from integral LM pathways and the continuous conductive 
network within the strain changes (Fig. 3E).When the strain changes 
increased to 500%, the resistance increased from 0.4 Ω to 1.0 Ω after 
200 cycles (Fig. 3F), which is still much lower than many other LM-

polymer composites. The slightly increased resistance may be 
because, the polymer itself is not crosslinked and will show certain 
hysteresis with increased cycles. While for the polymer-LM 
composite, it displays a relatively large mechanical hysteresis with 
increased cycles (Figure S21 C), which would affect the conductive 
p a t h w a y s  a n d  r e s u l t  i n  a n  i n c r e a s e d

 

Fig. 3. Electromechanical properties of the LM-polymer composites. A) Optical images showed that LM-polymer composites displayed 
desirable stretchability and low resistance when attached on an expended balloon with 1000% strain. B) Representative curves of resistance 
change of the LM-polymer composites as a function of strain from 0% to 10000%. Data of LM-polymer composites with EGaIn loading of 20, 
30, 40 wt% were presented and compared with the resistance change of bulk EGaIn calculated by Pouillet’s law. C) Comparison of resistance 
change to those of previously reported LM-based stretchable conductors. Detailed data of each point were presented in Table S1. D) Resistance 
change of LM-polymer composite when it underwent 0% to 100% strain changes for 1000 cycles. E) Surface SEM images of LM-rich sides 
of composites at original, stretched to 100% and released states. Scale bar: 10 µm. F) Resistance change of LM-polymer composite when it 
underwent 0% to 500% strain changes for 200 cycles. 
 
resistance. Moreover, when the LM loading increased to 90 wt%, the 
as-prepared LM-polymer suspension could be used as conductive ink 
to print conductive circuits on various substrates (Fig. S23), which 
further demonstrated the versatility of the developed material. 

Our LM-polymer composite can be easily folded, followed by 
edge-cutting to prepare a stretchable capacitor with a three-layered 
design, which could be integrated into a deformable sensory system 
for resistance, capacitance, or piezoelectric-type sensors (Fig. 4A and 
B). The value of R/R0 of the upper and lower layers was in direct 

proportion to the applied strain, and it recovered quickly when the 
strain was relieved, indicating their structural stability and the 
potential prospects in a strain sensor (Fig. 4C and Fig. S24). The 
magnitude of the R/R0 can be applied by adjusting the LM loading 
ratio in the composite. As proof of demonstration, we firstly used the 
composite with 20 wt% LM loading as a resistance-type sensor for 
real-time monitoring of human motion. A cropped sensor can be 
mounted on a finger and elbow for bending monitoring (Fig. 4D and 
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Fig. 4. An integrated sensory system. A) Schematic illustration of designing an integrated sensory system based on the LM-polymer 
composite. B) Cross-section SEM image of the three-layered sensory where the uppermost and lowermost layers are conductive and the 
interlayer is insulative. The scale bar is 200 µm. C) Stable resistance changes under repeated strain-release cycles for graded strains from 3% 
to 50%. D, E) Representative resistance changes recorded by the sensor for finger and wrist bending. F) Frequency scanning of capacitance 
when the sensor was stretched at graded strains from 3% to 50%. G) A representative strain-capacitance loop when graded strains from 0-
100% were applied and released to the sensor. H) Representative voltage outputs recorded by the sensor when figuring tapping was applied on 
the sensor with and without 100% strain.

E). During the repeated bending process, the sensor showed a rapid 
response and desirable reproducibility. Similarly, when it is fixed to a 
knee, different motion postures, such as squatting, jumping, sitting 
from standing, extending a leg, or normal walking, can be 
discriminated by analysing the recorded electrical signals. Moreover, 
small-scale motion caused by speaking sound (vibrational) and 
respiration can also be monitored by attaching this sensor to the throat 
and chest (Fig. S25), showing great potential for monitoring the 
respiratory stability of patients. 

In addition to the strain-dependent resistance change, the 
capacitance of the three-layered sensor also changed in response to 
the mechanical stimuli. With this design, the uppermost and 
lowermost conductive layers were connected to two copper electrodes 
(effective area of the sensor: 1 cm x 1 cm), and the intermediate 

dielectric layer with thickness of ~250 µm allowed charge carriers to 
be stored in the conductive layers, thus, capacitance could be read 
from two electrodes which indicated mechanical stimuli. Upon 
stretching, the normalized capacitance change for the sensor can be 
expressed as: 

△ 𝐶𝐶
𝐶𝐶0

=
𝑆𝑆 ʹ𝑡𝑡1 − 𝑆𝑆𝑡𝑡2

𝑆𝑆𝑡𝑡2
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Fig. 5. A highly stretchable capacitive pressure. A) Schematic illustration of the structure of the highly stretchable capacitive pressure sensor. 
The sensor were constructed by laminating two conductive layers (thickness: ~145 µm) and a dielectric layer (thickness: ~550 µm), followed 
by encapsulated by PDMS layer (thickness: ~350 µm). B) Microscope image of the dielectric layer with embedded micropillars. Scale bar: 
100 µm. C) Optical image of sensors with strain of 0%, 400% and 700%. D) Schematic illustration of the characterization setup. LCR meter 
was connected to the sensor, which was placed on the flat substrate. Stepping motor was used to repeatedly exert force on the sensor and the 
force sensor was used to measure the applied force. E) Normalized capacitance change of sensor with different prestrain under pressure ranging 
from 0 to 30 KPa. With prestrain from 0% to 700%, normalized capacitance change greatly improved. F) When applying an apple (110g) on 
the sensor with prestrain of 0% and 700%, normalized capacitance change was about 2.5 and 18, respectively. G) Dynamic capacitance change 
during 100 cycles of applying (2s) -releasing pressure, indicating that the sensor exhibited desirable durability. 

the performance of our device, we measured the capacitance change 
under different strain levels. As shown in Fig. 4F and G, the 
capacitance increased proportionally to the stretching of the sensor 
over a board range of frequency at 200-1000 Hz. Typically, at a 
frequency of 400 Hz, a linear and reversible strain-capacitance 
dependence can be observed under graded strain changes at 0-100% 
and the normalized capacitance change (∆C/C0 (%)) of our device can 
reach up to ~47 at strain of 100%, which is approaching to theoretical 
value of 63 (Fig. 4G, Fig. S26 and Supporting Notes). Considering 

that most bodily deformations are between 5% and 100% strains,60 
our device holds great potential for human motion detection. 

Since the PVDF-co-CTFE is a typical piezoelectric polymer and 
there are bulk β/γ phases in the LM-polymer composites, the 
composites can therefore be used for the fabrication of piezoelectricity 
sensors.61, 62 As a proof of demonstration, with the same design as the 
capacitance sensor, we can record the changes of voltage output after 
pressing and releasing the sensor. For example, this sensor could 
repeatedly generate a stable output of ~100 mV when finger tapping 
was applied on the sensor (surface size of sensor: 3 cm x 3 cm). By 

Page 8 of 11Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
8 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

9/
20

21
 6

:1
4:

13
 A

M
. 

View Article Online
DOI: 10.1039/D1MH00924A

javascript:;
https://doi.org/10.1039/d1mh00924a


PAPER Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

pre-stretching the sensor at ~100% strain, the voltage outputs have 
been greatly improved to three times higher than the sensor without 
pre-stretching. The signal amplification was originated from the 
changes of polarization and capacitance of PVDF-co-CTFE layer after 
stretching, which was consistent with the previous discussion. Since 
the LM loading and membrane stretching can be engineered 
independently or collectively, we expect a more sophisticated design 
of a wearable device based on our LM-polymer composites for sensor-
related applications. 

To further demonstrate the practical application of the highly 
stretchable conductor, a flexible and highly stretchable capacitive 
pressure sensor with effective area of 1 x 1 cm2 based on LM-polymer 
composites as stretchable electrodes and PDMS with embedded 
micropillars as dielectric layer were constructed (Fig. 5A, B and Fig. 
S27). As LM-polymer composites as stretchable electrodes 
maintained high conductivity under strain from 0% to 10000%, the 
capacitive pressure sensor could still maintain their functionality after 
stretching (Fig. 5C). Under pressure, the normalized capacitance 
change for the sensor can be expressed as: 

𝛥𝛥𝐶𝐶
𝐶𝐶0

=
𝜀𝜀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝛥𝛥𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴 + 𝜀𝜀𝐴𝐴𝐴𝐴𝐴𝐴𝛥𝛥𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

(𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴 − 𝛥𝛥𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴)𝜀𝜀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + (𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝛥𝛥𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)𝜀𝜀𝐴𝐴𝐴𝐴𝐴𝐴
 

where εPDMS and εAir are the dielectric constants of PDMS and air 
respectively, dAir and dPDMS are the thickness of air and PDMS before 
applying pressure, ∆dAir and ∆dPDMS are the thickness change of air and 
PDMS under applied pressure. The value of the normalized 
capacitance change (∆C/C0 (%)) largely depended on the thickness of 
PDMS and air before applying pressure and the thickness change of 
PDMS and air after applying pressure. Under pressure ranging from 
0-30KPa, we assumed that thickness change of dielectric layer after 
stretching was similar to the sensor without stretching. However, 
original thickness of PDMS and air became smaller after stretching. 
Therefore, the normalized capacitance change (∆C/C0 (%)) would be 
largely improved after stretching. And due to high elasticity property 
of PDMS, it recovered to original level after releasing, which offered 
an efficient way to adjust the property of the sensor (Fig. 5E). When 
applying an apple (around 110g) on the sensor, normalized 
capacitance change improved from 2.5 to 18 after prestretching the 
sensor to 700% strain, which further suggested that stretching could 
adjust the sensitivity of the sensor (Fig. 5F). At strain of 700%, the 
sensor also showed desirable durability, after 100 cycles of applying 
(for 2s)-releasing pressure of around 26 KPa, the capacitance change 
still maintained its original level (Fig. 5G). Based on the highly 
conductive and stretchable LM-polymer electrodes, we expect a more 
tunable design of a capacitive pressure sensor holding great potential 
for static pressure mapping, real-time human pulse wave 
measurement and remote pressure monitoring. 

3. Conclusions 
In summary, we have developed an ultra-stretchable and 

conductive LM-polymer composite through a simple sonication-
assisted solution processing method. The interconnection of LM 
droplets produces continuous channels, while the generated radicals 
improve the conductivity of LM oxide shells, both of which work 

together and endow the obtained LM-polymer composites with high 
conductivity. The weak but abundant interfacial polarization 
interactions between the oxide skin of EGaIn and the polymer matrix 
enable highly adaptive manipulation of compartmented EGaIn 
microchannel, resulting in high conductivity and ultra-stretchability 
of the developed LM-polymer composite. The Ga2O3 layer can not 
only induce interfacial polarization with the abundant -CF2/-CH2 
dipoles in the polymer matrix but also bring robust interfacial bonding 
to the polymer matrix. Specifically, the Ga2O3 layer can be generated 
continuously and evolve adaptively to the stretched polymer, and 
contribute to the enhancement on the polarization and phase 
conversion of the polymer at the interface. With the unique interfacial 
polarization mechanism, LM-polymer composites with integral and 
conductive EGaIn channels can be obtained, exhibiting exceptional 
small resistance changes of 7.7~20.3 under extreme strains of 
5000%~10000%. Owing to the rarely achieved combination of 
properties including readily processability, extremely high 
stretchability, stable electrical property, and unique piezoelectricity, 
our design allows scalable fabrication of LM-polymer composites for 
a wide range of applications in wearable devices and sensors. 
Additionally, the new insight on the dipole-dipole interaction between 
the PVDF copolymer and the oxide layer of LMs revealed in this 
research, can largely enrich the knowledge and tools of designing 
high-performance LM micro-nano scaled droplets and 
multifunctional LM-polymer composites. 

4. Experimental section 
Materials. EGaIn alloy (75.5 wt% Ga and 24.5 wt% In) was 
purchased from Sigma-Aldrich. Poly (vinylidene fluoride-co-
chlorotrifluoroethylene) (PVDF-co-CTFE, MW 150,000 g mol-1) was 
provided by the Institute of Chemical Material, CAEP, Mianyang, PR 
China. DMF, EA, and acetone were purchased from Sigma-Aldrich. 
BPO was purchased from Aladdin. All organic solutions were used as 
received. 
Preparation of conductive composites/pattern. Firstly, PVDF-co-
CTFE was dissolved into EA (weight ratio of PVDF-co-CTFE and EA 
or other solvent, 5/95) to form a homogeneous solution. Secondly, 
EGaIn was added into the as-prepared solution (with a loading of 20-
80 wt% for preparing conductive composite and 90 wt% for preparing 
conductive pattern). Thirdly, the solution was followed sonicated 
(BILON92-II, Power of 300 W with 80% amplitude) for 4-40 min in 
an ice-water bath to obtain polymer-LM droplets suspension. Finally, 
the suspension was poured into the glass mold or deposited on the 
substrates through drop-casting, direct hand-writing, and mask-
printing, followed by drying at ambient conditions (~0.1 MPa, 25 ± 3 
°C, RH 40 ± 5%) at least for 2 days for complete drying to obtain 
conductive free-standing composites or conductive pattern on the 
substrates. 
Measurement of mechanical and electrical signals. The tensile tests 
were performed on Instron 5566 at strain rate of 10 mm/min. The 
resistance of conductive composite was taken as an average of ten 
measurements using multimeter. Keithley 6500 source meter was 
used to measure the resistance of stretchable conductor under different 
strain, which was induced by Instron 5566. For stretching from 0% to 
10000%, strain rate was 10 mm/min, and for the repeated strain of 
100% and 500%, the strain rate is 450 mm/min, respectively. 
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Capacitance signals under different strain were measured by Keysight 
Impedance Analyzer E4990A and a piece of home-made stretch 
equipment. Capacitance signals under different pressure was 
measured by Victor 4092A. Zolix PSA001-11-Z stepping motor was 
used to repeatedly exert force on the capacitive pressure sensor. 
Voltage signals were tested by Keithley 6500 source meter. 
General characterizations. The microstructures and thickness of the 
conductive composite were investigated by using a field emission 
scanning electron microscope (SEM, Philips XL30CP) at 10.0 kV. 
TEM (Philips Tecnai 12) measurements were performed at a voltage 
of 100 kV. An energy-dispersive X-ray spectrometer (EDS, Oxford 
Instruments INCA Energy 200) fitted to SEM was used for elemental 
analysis. Attenuated total reflectance infrared (ATR-IR) spectra were 
recorded on PerkinElmer Spectrum 100 equipped with an ATR 
accessory. The structural properties of the PVDF-co-CTFE and 
conductive composite were investigated using an X-ray 
diffractometer (Oxford GEMINI S Ultra) operated at 30 V and 15 mA 
in the 2θ range of 10-50° at a scanning speed of 2.0 °/min). The 
surface chemical composition was characterized by using a Kratos 
Axis-Ultra HAS X-ray photoelectron spectrometer (XPS). The 
thermogravimetric analysis (TGA) was examined on a TA Q600 
differential thermal analyzer at a heating rate of 10 °C min−1. The 
differential scanning calorimetric (DSC) curves were recorded on a 
TA DSC25 machine with a temperature cycle -60°C to 150°C and 
heating/cooling rate is 10 °C min−1. Zeta potential was measured by a 
dynamic light scattering particle size analyzer (DLS ZETASIZER, 
Nano-ZS ZEN3600). Due to EA would dissolve sample tank, we 
chose deionized water as medium to disperse pure EGaIn droplets and 
polymer-EGaIn droplets. The concentration of both suspensions was 
0.2 wt%. The wetting properties of the LM droplet (200 µL, with and 
without 0.1 M HCl treatment) on the PVDF-co-CTFE surface were 
measured with a customized system and a piece of home-made stretch 
equipment.  
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