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0ere is an urgent need for a simple and effective method to manufacture flexible sensors composed of liquid metal. Gallium (Ga)
metal has become an ideal flexible conductive material due to its high conductivity, low melting point, and high flow char-
acteristics. In this paper, liquid Gametal is directly written on the polyvinyl alcohol (PVA) film through the drivingmode of piston
extrusion; then, the Ga metal wire is transferred and sealed with silica gel. 0e advantages of piston mode are studied, and the
direct writing parameters of the liquid Ga metal, including extrusion speed, nozzle height, printing speed, and nozzle inner
diameter, are systematically optimized. 0e flexible sensor based on the sealed liquid Ga metal has good resilience under the
external load. 0is work provides a specific reference for direct writing of liquid Ga metal and its sealing technology for the
flexible sensor.

1. Introduction

Nowadays, the application environment of electronic
products is becoming more and more complex. Flexible
sensors, due to the flexibility, short response time, high
sensitivity, and features of sensing the force on the surface of
objects, have drawn extensive attention [1]. Flexible sensors
have a wide range of applications in wearable sensors [2–5],
health monitoring devices [6–11], and soft robotics [12, 13].
For instance, Marques et al. designed and developed a
muscular monitoring patch, which has further development
of multilayer biomonitoring applications [5]. Yu et al.
presented a flexible pressure sensor constructed by three-
dimensional polypyrene foam, which can detect carci-
noembryonic antigen sensitively and rapidly [6]. For the
flexible sensors, not only the functional requirements of
products are important but also the flexibility and ductility
requirements of electronic products are highly emphasized.
0e rapid development on flexible substrates and liquid
metals has largely enriched the field of the flexible sensors
[14, 15]. Gallium-based liquid metals, with good mechanical
properties and excellent conductivity, are a reliable choice
for making flexible electronic equipment and flexible sensors
[16–19].

As a metal with low melting point (melting point:
29.8°C), liquid Ga metal has the advantages of high con-
ductivity (29×10−6Ω cm) [20], low chemical activity, high
fluidity (2.4mPa s) [21], and low toxicity. However, liquid
Ga metal has a very high surface tension (0.5–0.72N m−1).
0e external pressure applied on the liquid Ga metal must
reach a certain value to make the liquid Ga metal exhibit
fluidity, which will hinder the forming process [22]. In
recent years, liquid metal forming methods are mainly fo-
cused on mask deposition, microchannel injection, and
direct writing. Fassler et al. used mask deposition method to
pour liquid metal into a mold and then scraped off excess
metal [23].

0e prepared liquid metal pattern was sealed in a vac-
uum environment to fabricate flexible devices. Jin et al.
injected the sealing material (such as gelatin) biocompatible
with liquid metal into the biological tissue to form a specific
structure [24]. 0en, a tool (such as an injection needle) was
inserted, and the target region was pulled out to shape a
mold of electrode. Finally, the conductive metal ink, the
insulating ink, and matching micro nano scale devices were
successively injected to form the target electronic device. Liu
et al. developed a 3D desktop automatic printing equipment,
which can even directly write paper-based functional
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electronic circuits in normal temperature [25]. In the mask
deposition method and the microchannel injection method,
high-precision lithography equipment and a vacuum pro-
cessing environment are required. 0e technology cost is
relatively high, and there are still some problems such as low
accuracy and poor stability. However, the direct writing
method requires oxidation of the liquid metal to reduce the
fluidity and surface tension. After the oxidation of liquid Ga
metal, it will bring some obstacles to forming precision and
quality, and the resistivity of printed stuff will increase [26].

After the direct writing, the liquid metal needs to be
stripped from substrate and sealed in order to meet the
application requirements. However, the liquid metal wire
cannot be stripped perfectly from the rigid substrate without
damage. Moreover, Ga metal structure will be damaged
easily in the sealing process. For example, Lee et al. poured
the polydimethylsiloxane (PDMS) solution directly on the
metal circuit for curing and sealing [27, 28]. However, the
cured PDMS is brittle and it is difficult to peel the Ga metal
structure from the substrate, which will affect the precision
and even destroy the liquid metal circuit. Research studies
show that the liquid metal has a good biocompatibility with
PVA film. 0e PVA film is often used in the field of transfer
printing [18, 29–31]. What is more attractive is that the PVA
material has a strong water-soluble property. 0e damage
caused by removing metal structure from PVA substrate is
much less than that of other films. 0erefore, PVA film is
selected as the flexible substrate for direct writing of liquid
Ga metal.

In view of above problems, the direct writing technology
of liquid metal is studied in this paper. 0e precise forming
technology of unoxidized liquid Ga metal is realized based
on systematic study of the forming process. Based on the
water-soluble properties of PVA film, a transferring and
sealing technology for direct writing of liquid Ga metal on
the PVA film is proposed. Experimental results show that the
prepared flexible electronic sensor based on the sealed liquid
Ga metal possesses good resilience and sensitive response
performance, which can be used under extreme deformation
conditions due to its self-recovering ability.

2. Materials and Methods

2.1. Materials. Ga (purity of 99.999) was obtained from
Runde Metal Materials Co., Ltd., and its melting point is
29.8°C, density is 5.904 g/cm3, and surface tension is
700mN/m.

0e average particle size of PVA powder is 150 μm
(produced by Chinese Shanghai Chenqi Environmental
Protection Raw Material Company).

Ecoflex-0030 silica gel was obtained from Smooth-On,
Inc., which consists of component A and component B.

2.2. Preparation. 0e specific experimental technology is
depicted in Figure 1. (1) PVA powder and pure water are
mixed in a weight ratio of 1 : 9 and then stirred magnetically
until the solution becomes transparent. (2) 0e PVA so-
lution with a thickness of 0.3mm is uniformly coated on the

surface of PMMA substrate and dried. (3) Liquid Ga metal is
directly written on PMMA substrate with PVA film on the
surface. (4) Component A and component B of Ecoflex-0030
silica gel are mixed in a weight ratio of 1 :1 and poured on
the liquid Ga metal structure. (5) 0e liquid Ga metal
covered by silica gel is removed from the PMMA substrate.
(6) 0e sealed product is immersed in pure water for 5
minutes, and then the PVA film is torn off. (7)0e other side
of the film is sealed using the same method.

3. Results and Discussion

0ewidth of Ga wire is measured by optical microscope.0e
resistance of Ga wire is measured with a multimeter. 0e
printing parameters have an important effect on the forming
quality of the liquid Ga metal, and the key parameters in the
forming technology and their setting range in the experi-
ments are listed in Table 1.

3.1. Driving Mode of Direct Writing for the Ga Metal.
Currently, the most common methods for extruding fluid
include screw extrusion, pneumatic extrusion, and piston
extrusion. 0e single-screw extruder is taken as an example.
0e transportation of materials mainly depends on the
friction between the materials, the screw, and the inner wall
of the barrel. 0ere are certain requirements for the friction
coefficient and viscosity. 0e single-screw extruder has the
defects of unstable extrusion flow and pressure. In addition,
the corrosive effect of liquid Ga metal on other metal ma-
terials will make the selection of screws and melt pumps
more difficult. 0erefore, screw extrusion is not suitable for
liquid metal.

In order to explore whether pneumatic extrusion and
piston extrusion are suitable for direct writing of liquid Ga
metal, a pneumatic extrusion and a piston extrusion plat-
form are constructed. 0e results of pneumatic extrusion
and piston extrusion are shown in Figure 2. 0e Ga metal
wire of pneumatic extrusion is shown in Figure 2(a). 0e Ga
wire is not smooth, and there are obvious “burrs.” 0e Ga
metal wire of piston extrusion is shown in Figure 2(b), and
the Ga metal wire is smooth and even relatively.

It is considered that the liquid Ga metal driven by
pneumatic extrusion can be squeezed and printed. However,
there are three disadvantages. (1)0e flow rate of extrusion is
unstable. 0ere is a collision near the interface of the two
fluids, and the resulting turbulence further destroys the
stability of flow rate. (2) 0e extrusion speed is difficult to
control accurately. 0e extrusion of liquid Ga metal requires
a certain amount of pressure. However, it is difficult to
control the extrusion rate of liquid Ga metal with good
fluidity under high-pressure gas. It affects the forming ac-
curacy to a large extent. (3) 0e response of the system lags
behind. 0e pressure value adjustment needs several steps,
which causes delayed output response.

0ere are two advantages of the piston extrusion. (1) 0e
extrusion flow rate is stable. 0e extrusion volume is only
determined by the stroke of the piston and is not limited by
other factors. (2) Motion control is accurate. 0e extrusion
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system is a closed loop so that response is timely. 0e ex-
trusion volume can be controlled in real time according to
the application demand.

0erefore, it is comprehensively determined that the
pneumatic extrusion method is not suitable for the liquid
metal printing and forming. In this study, the piston ex-
trusion is selected as the driving mode.

3.2. Effects of Extrusion Speed on the Forming Quality of the
Ga Metal. 0e extrusion speed Q is set to 1mm3·s− 1,
1.5mm3·s− 1, 2mm3·s− 1, 2.5mm3·s− 1, and 3mm3·s− 1,
nozzle height h� 0.1mm, nozzle inner diameter

d� 0.61mm, printing speed v � 40mm·s− 1, and printing
temperature T� 40°C. 0e effect of extrusion speed on the
Ga metal wire width is shown in Figure 3(a). It is observed
that Q� 2mm3/s is the inflection point of W value fitting
curve. When Q< 2mm3/s, W value increases with the in-
crease of Q value; when Q> 2mm3·s− 1, the value of W
decreases. 0e standard deviation becomes large, which il-
lustrates that the Ga wire size fluctuates drastically and the
stability decreases. It is considered that the extrusion
amount is larger than necessary one, which causes the liquid
Ga metal to accumulate locally in the forming path. Affected
by the surface tension of Ga metal, the liquid Ga metal near
the accumulated point moves closer to the stacking point.

500 r/min magnetic stirring

WPVA :Wwater = 1:9
55°C/0.5 h applying evenly

PMMA substrate

drying at 50 °C for 1 h

direct writing
applying evenly

solidfying at -10°C for 5min

drying at 45°C for 0.5 h

H2O

removing the PVA film

covering the unsealed side

drying

solidfying
flexible sensor

covering liquid metal structure

cryogenic

stirring sufficiently

component A: B=1: 1

PVA powder

95°C/0.5 h

Figure 1: Manufacturing technology of the liquid Ga metal flexible sensor.

Table 1: Parameters in the direct writing of liquid Ga metal.

Parameter Symbol Unit Value range
Extrusion speed Q mm3/s 1–3
Nozzle height h mm 0.05–0.25
Printing speed v mm/s 15–65
Printing temperature T °C 40
Width of Ga wire W mm Dependent variable
Nozzle inner diameter d mm 0.11–0.61
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0erefore, the volume of the stacking point is further en-
larged, and the wire width W around the stacking point
becomes small. 0e faster the extrusion speed is, the more
the stacking points are. When Q� 3mm3·s− 1, the corre-
sponding formed W� 0.302mm, and wire width standard
deviation is 0.0482mm. With the further increase of the
extrusion speed Q, the Ga wire will not meet the require-
ments of use. 0e printed Ga metal wires are depicted in
Figure 3(b). Considering the stability of Ga metal forming, it
is determined that the most suitable extrusion speed is
2mm3·s− 1 when the nozzle inner diameter is 0.61mm.

3.3. Effects of Nozzle Height on the Forming Quality of the Ga
Metal. According to the conclusions in the previous sec-
tions, the extrusion speed Q� 2mm3·s− 1. In the same way,
printing speed of v � 40mm·s− 1, nozzle inner diameter of
d� 0.61mm, and printing temperature of T� 40°C are set.
Between 0.05mm and 0.25mm, 11 points are selected as the
height of nozzle based on the 0.02mm spacing.0e effects of
nozzle height on the Ga metal wire width are shown in
Figure 4. It is known that the difference of the nozzle height
leads to different flows of liquid Ga metal between the nozzle
and the substrate. Taking the Ga metal in the contact portion
between the nozzle outlet and the substrate as the stress
object, the main forces acting on this Ga metal unit affecting
its formation include the following. (1) Vertical downward
force generated by extrusion pressure. (2) Adhesion between

substrate and Ga metal printed on substrate. (3) 0e surface
tension of Ga metal. (4) When the nozzle drives the liquid
Ga metal to move at a certain velocity, the oxide film on the
surface will shear the Ga metal at the nozzle. 0e shear force
will drag Ga metal, which is referred to as the internal force.
(5) 0e gravity of the Ga metal unit. When h≤ 0.05mm, the
printed Ga metal wires are shown in Figures 5(a) and 5(b).
At this time, the space between the nozzle and the substrate
is narrow. 0e adhesion is not enough to overcome the
surface tension of the Ga metal. 0e Ga metal unit at the
nozzle moves with the liquid metal in the nozzle at a certain
velocity, and it cannot be deposited into wire. Figure 5(c)
shows the printed Ga metal wire when the nozzle height is
0.05mm< h< 0.13mm. With the increase of nozzle height,
the necking phenomenon of Ga metal occurs. Ga metal
breaks through the limitation of surface tension under the
action of adhesion force and deposits on the substrate. At
this time, the shear force overcomes the surface tension of
Ga metal, and the Ga metal unit at the nozzle changes its
morphology, which is deposited on the substrate. 0e flow
rate gradually approaches the extrusion speed Q needed for
stable forming, but the forming is still unstable. When
h0.13mm, the flow is basically equal to Q, and the wire
forming is stable. 0e printing result of the Ga metal wire is
shown in Figure 5(d). With the increase of h, Ga metal will
be deposited on the forming platform in the form of droplet
transition, which is mainly affected by gravity. Although the
liquid metal extruded can be wired to the substrate, the

(a) (b)

Figure 2: Direct writing of Gametal wire with different extrusionmethods. (a) Ga wire by direct writing of pneumatic extrusion. (b) Ga wire
by direct writing of piston extrusion.
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Figure 3: Effects of extrusion speed on forming quality. (a) Effect of extrusion speed on the wire width. (b) Ga metal stacking points.
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standard deviation is relatively large and the stability is poor.
0erefore, when the inner diameter of the nozzle is 0.61mm,
the optimal height of the nozzle is 0.13mm.

3.4. Effects of Printing Speed on the Forming Quality of the Ga
Metal. According to the above two sections, the extrusion
speed of Q� 2mm3·s− 1, the nozzle height of h� 0.13mm,
and the printing temperature of T� 40°C are determined. In
the same way, the nozzle inner diameter d is selected as
0.61mm. Between 15mm·s− 1 and 65mm·s− 1, 11 points are
selected as the printing speed v based on the 5mm·s− 1

spacing. 0e effects of printing speed on the Ga metal wire
width are shown in Figure 6. 0e results show that the W
value is basically stable in the range of 0.32mm–0.34mm
when 15mm·s− 1< v <35mm·s− 1. However, the amount of
extruded metal per unit length is larger than the required
amount, so that the forming stability decreases and the
fluctuation ofW and its standard deviation increase. When v

≈ 40mm·s− 1 , the wire formation is stable, the wire width is
0.278mm, and the standard deviation is 0.01267mm. When
40mm·s− 1< v < 55mm s− 1, the value of W decreases with
the increase of v and the standard deviation of W remains
relatively stable. When v > 55mm/s, the extruded liquid

metal will have no time to deposit on the surface of the
printing substrate. 0e process of direct writing becomes
unstable.W continues to decrease with the increase of v and
breakpoints appear on the forming path, which make it
difficult to prepare Ga metal wire stably. According to the
above analysis, the optimal printing speed is 40mm·s− 1. 0e
experimental results with the printing speed of
40mm·s− 1are shown in Figure 7.

3.5. Effects of the Nozzle Inner Diameter on the Forming
Quality of theGaMetal. According to the experiments, if the
nozzle inner diameter d is small, for example, when it is
0.06mm, the extrusion resistance under the action of high
surface tension of liquid Ga metal is too large so that the Ga
metal wire is difficult to form. With the increase of nozzle
diameter, liquid Ga metal can be extruded smoothly when
d� 0.11mm. 0erefore, it is determined that d� 0.11mm is
the minimum nozzle diameter available in the experiment.
When d� 0.61mm, the maximum width of Ga metal wire
can reach about 0.34mm stably, which meets the application
requirement of flexible sensors. 0erefore, nozzles with
different nozzle inner diameters (d� 0.11–0.61mm) are used
for printing in the experiments. 0us, the upper and lower

Figure 5: Direct writing of Ga metal under different nozzle heights. (a) h� 0.01mm. (b) h� 0.03mm. (c) 0.05mm≤ h< 0.13mm. (d) h ≈
0.13mm.
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limit values of W corresponding to different nozzle inner
diameters (d) are determined. 0e nozzle inner diameters of
d� 0.11mm, 0.21mm, 0.31mm, 0.41mm, 0.51mm, and
0.61mm are selected in the experiments. 0e effect of nozzle
inner diameter on the Ga metal wire width is shown in
Figure 8. When d� 0.11mm, the corresponding minimum
Ga wire width W0.11min � 0.032mm, as shown in Figure 9;
when d� 0.61mm, the corresponding maximum width of
Ga wire W0.61max � 0.343mm. 0e linear fitting of Wmin,
Wmax shows that there are positive correlations between
Wmin and d andWmax and d. Once the nozzle inner diameter
d is determined, the range of liquid Ga metal wire width can
be preliminarily determined. On the contrary, the nozzle
diameter can be determined according to the target value of
wire width, and other parameters can be selected on this
basis.

3.6. Effects of Sealing Process on the Printed Ga Metal Wire.
0e influence of sealing technology on liquid Ga metal is an
important factor to determine the quality of finished
products. 0e effects of the nozzle inner diameter on the Ga
metal wire width before and after sealing process are shown
in Figure 10. It should be noted that each Ga metal wire
width is taken from the middle value of the forming range
under the corresponding nozzle inner diameters. In order to
compare the Ga metal wire width before and after sealing
process, the linear fit of the values of Ga metal wire width

before and after sealing process is implemented, respectively.
According to Figure 10, it is considered that the afore-
mentioned transferring and sealing process based on PVA
film has almost no effect on the width of the Ga wire. It
shows that the existence of oxide film on the surface of liquid
Ga metal provides sufficient stability for the printed
structure. To study the effects of sealing process on the
performance of the printed Ga metal wire, the resistance per
unit length with the different Ga metal wire widths before
and after sealing is measured, as shown in Figure 11. In the
same way, it should be noted that each Ga metal wire width
is taken from the middle value of the forming range under
the corresponding nozzle inner diameters. 0e linear fit of
the values of the resistance per unit length before and after
sealing process is implemented, respectively. It can be seen
that the resistance per unit length before and after sealing
process decreases when the Ga metal wire width increases.
On the other hand, with the increase of Ga metal wire width,
the influence of sealing process on the resistance per unit
length decreases. From Figure 11, it can be seen that the
resistance per unit length after sealing is larger than that
before sealing. 0e reason is that the local stress concen-
tration under the silica gel coating causes the cross-sectional
area to decrease and the resistance per unit length to in-
crease. When the nozzle inner diameter d� 0.61mm (the
middle value of the corresponding Ga metal width is about
0.265mm), the aforementioned transferring and sealing
technology based on PVA film has almost no effect on the
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Figure 7: 0e optical micrograph result with the printing speed of 40mm·s− 1 .
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resistance per unit length of the Ga metal wire. However, the
silica gel solution does have some effect on the wire width
and resistance during the pouring and sealing process. 0e
optimized process parameters greatly improve the resistance
ability of Ga wire to external pressure, and thus higher

forming quality is obtained. According to the experimental
results, when the Ga metal wire is printed using the nozzle
whose inner diameter is less than 0.61mm, an appropriate
increase of the Ga metal wire width can effectively improve
the stability of resistance per unit length for the product.
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Figure 9: Optical micrograph of wire width of 0.032mm.
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3.7. Flexible Resistance Sensor. 0e fabricated flexible sensor
constructed after transferring and sealing is shown in Fig-
ure 12. Some features are represented throughmeasuring the
resistance of the flexible sensor. Considering the applications
under the extreme environment, the resistance value is
measured when the flexible sensor is stretched and then
released to represent the situation under sudden external

tensile. 0e experimental results are shown in Figure 13(a).
For instance, the resistance value R0 �1.346Ω when the
initial state t� 0. When the sensor is subjected to external
load of P � 500 kPa at t� 19.66 s, the resistance value
Rt � 19.66 �176Ω and the resistance change rate ∆R/
R0>12900%. After removing the external load, the product
resistance value recovers rapidly within 0.4 s, and the phase
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Figure 12: 0e flexible liquid Ga metal sensor.
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difference value between the restored resistance value and R0
is less than 0.01Ω. It can be seen that the flexible sensor can
immediately display the change of resistance value under the
action of external load. 0e flexible sensor has a very wide
measurement range and good restorative property under the
external load. 0ere is an oxidation film on the surface of
liquid metal, which will be infiltrated by silica gel during the
sealing process. Even under large deformation, the resistance
of Ga2O3 will be displayed when the structure of Ga metal is
disconnected. 0e maximum resistance value Rmax is equal
to the resistance value RGa2O3

, as shown in Figure 13(b).
Combined with the flow and low melting point character-
istics of liquid Ga metal, the failure of the sensor caused by
the fracture of Ga wire is avoided.0erefore, it can be used in
some large deformation condition, such as the real-time
pressure monitoring of human joints and the surface of the
sole of the foot during strenuous exercise, or the front-end
sensing of the detector in unknown environment.

4. Conclusions

In this paper, the direct writing process and flexible sealing
technology of liquidGametal are studied.0e results show that
piston extrusion is suitable for the direct writing of liquid Ga
metal compared to screw extrusion and pneumatic extrusion.
0e Ga metal width ranging from 0.032mm to 0.343mm by
direct writing of liquid Ga metal is realized, which provides a
certain guidance on the selection of relevant printing pa-
rameters. A transferring and sealing technology based on PVA
film is proposed. 0e effects of sealing process on sensor
performance are analysed. 0e experimental results showed
that the Ga metal wire width is almost not affected by the silica
gel sealing process, andwhen theGametal wire is printed using
the nozzle whose inner diameter is 0.61mm, the Ga metal wire
width is almost not affected by the silica gel sealing process.0e
flexible resistance sensor fabricated by this transferring and
sealing technology has a wide measurement range, and the
resistance change rate ∆R/R0 > 12900%. When the external
load is removed, the resistance value of the flexible sensor can
return to the initial state in 0.4 s and the phase difference value
between the restored resistance value and R0 is less than 0.01Ω.
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