
International Journal of Extreme Manufacturing

PAPER • OPEN ACCESS

Guiding magnetic liquid metal for flexible circuit
To cite this article: Chengjun Zhang et al 2021 Int. J. Extrem. Manuf. 3 025102

 

View the article online for updates and enhancements.

This content was downloaded from IP address 61.185.212.150 on 30/07/2021 at 04:19

https://doi.org/10.1088/2631-7990/abeda3


IMMT International Journal of Extreme Manufacturing

Int. J. Extrem. Manuf. 3 (2021) 025102 (10pp) https://doi.org/10.1088/2631-7990/abeda3

Guiding magnetic liquid metal
for flexible circuit

Chengjun Zhang1,3, Qing Yang1,3,∗, Jiale Yong2,3, Chao Shan2,3, Jingzhou Zhang2,3,
Xun Hou2,3 and Feng Chen2,3,∗

1 School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, People’s Republic of
China
2 State Key Laboratory for Manufacturing System Engineering and Shaanxi Key Laboratory of Photonics
Technology for Information, School of Electronics and Information Engineering, Xi’an Jiaotong
University, Xi’an 710049, People’s Republic of China
3 The International Joint Research Laboratory for Micro/Nano Manufacturing and Measurement
Technologies, Xi’an Jiaotong University, Xi’an 710049, People’s Republic of China

E-mail: chenfeng@mail.xjtu.edu.cn and yangqing@mail.xjtu.edu.cn

Received 20 January 2021, revised 15 February 2021
Accepted for publication 10 March 2021
Published 6 April 2021

Abstract
Liquid metal (LM) has potential applications in flexible electronics due to its high electrical
conductivity and high flexibility. However, common methods of printing LM circuits on soft
substrates lack controllability, precision, and the ability to repair a damaged circuit. In this
paper, we propose a method that uses a magnetic field to guide a magnetic LM (MLM) droplet
to print and repair a flexible LM circuit on a femtosecond (fs) laser-patterned silicone surface.
After mixing magnetic iron (Fe) particles into LM, the movement of the resultant MLM droplet
could be controlled by a magnetic field. A patterned structure composed of the untreated flat
domain and the LM-repellent rough microstructure produced by fs laser ablation was prepared
on the silicone substrate. As an MLM droplet was guided onto the designed pattern, a soft LM
circuit with smooth, uniform, and high-precision LM lines was obtained. Interestingly, the
MLM droplet could also be guided to repair the circuit broken LM lines, and the repaired circuit
maintained its original electrical properties. A flexible tensile sensor was prepared based on the
printed LM circuit, which detected the bending degree of a finger.

Supplementary material for this article is available online

Keywords: liquid metal, flexible circuit, femtosecond laser, magnetic control, supermetalphobic
microstructure

1. Introduction

Flexible electronic devices with integrated electronic compon-
ents on flexible materials attract increasing interest because

∗
Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 3.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

of their wide applications in health monitoring, medical
treatment, biological studies, and so on [1–7]. Flexible con-
ductors were previously prepared by combining conductive
fillers and stretchable elastomers. For example, metal nano-
particles, metal nanowires, and ionic gel were embedded into
an elastomer to form a conductive elastomer with good con-
ductivity under strain [8–12]. Recently, liquid metal (LM) has
been used as an intrinsically flexible electrode material in the
preparation of flexible electronic devices [13–26]. LM, such
as eutectic gallium indium (EGaIn), which is liquid at room
temperature. Such an LM has desirable characteristics, such
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as good electrical and thermal conductivity, low melting point
(<30 ◦C), non-toxicity, high flexibility, low vapor pressure,
and unique surface chemistry [27–36]. As an emerging soft
conductive material, LM has great potential in medical treat-
ment [37], flexible wearable equipment [20, 21, 26, 38], health
monitoring [39, 40], soft robotics [41], etc. To prepare an LM-
based flexible electronic device, the key is integrating the LM
on a flexible substrate. Because of the liquid state, the pro-
cess of printing LM is very different from the conventional
rigid metal integrating technology. Some methods have been
proposed to print LM on a flexible substrate [42–47]. For
example, Liu et al directly printed LM ink on the surfaces of
various flexible substrates by a two-dimensional printer [42,
43]. Cheng et al simply patterned LM and obtained an LM
circuit by laser scanning the LM particles [44]. Wang et al
used the stencil printing method to integrate LM on a flex-
ible substrate [45]. Javey et al injected the LM into a designed
microchannel in the polydimethylsiloxane (PDMS) and pre-
pared a diaphragm pressure sensor for health and tactile touch
monitoring [21]. However, the previously reported methods
of printing LM circuits on soft substrates are still restricted
by many limitations, such as low controllability, low printing
precision, and the inability to repair LM patterns. Some meth-
ods were proposed to improve the response of LM to external
stimulation to achieve functional control. For example, mag-
netic components were previously added to the LM to real-
ize LM pattern printing and repair [40, 48], but a size con-
trollable, high-precision, and uniform LM pattern was not be
obtained.

Our proposed method uses a magnetic field to guide a mag-
netic LM (MLM) droplet to print and repair a flexible LM
circuit on a femtosecond (fs) laser-patterned silicone surface.
During this printing process, a high-precision and uniform
LM pattern with different sizes and different line widths can
be easily printed according to the design patterns. By tuning
the wettability of the LM with an fs laser, the manipulation
of the LM will not be hindered by the existence of an oxide
layer. An MLM was prepared by mixing iron (Fe) particles
into LM. A magnetic field controlled the movement of the res-
ulting MLM. TheMLM tightly adhered to the smooth silicone
surface. After laser ablation, rough microstructures developed
on the silicone substrate, allowing the silicone surface to repel
the LM. Like a magnetic-controlled robot, sliding the MLM
droplet on the designed pattern easily printed smooth, uni-
form, and high-precision soft LM circuits on the laser-induced
patterns. Interestingly, the magnetic field-controlled MLM
droplet was used to repair a broken circuit without affecting
the circuit’s original electrical properties. The LM circuit was
recycled to avoid wasting electronic components and mater-
ials (e.g. rigid components, LM, and the silicone substrate).
The microstructures on the recycled silicone substrate still
maintained acceptable supermetalphobicity, so there was no
need to ablate a new circuit pattern. As an example applic-
ation, a flexible tensile sensor was prepared based on the
printed LM circuit to detect the bending degree of a human
finger.

2. Experimental section

2.1. Preparation of the MLM composite

The LM used in our experiment was EGaIn (WOCHANG
METAL Co., Ltd), which has a melting point of 12 ◦C. Fe
is a typical magnetic material and does not react with LM at
room temperature [49]. To endow LM with magnetic proper-
ties (responding to the magnetic field), we mixed the LM with
some Fe particles. As shown in figure 1(a), a small amount of
Fe particles (with a diameter of∼5 µm) was added to the LM.
Then, the mixture was stirred until the Fe particles dispersed
uniformly. This process was carried out in an air environment
without any chemical treatments.

2.2. Femtosecond laser patterning

As an extreme manufacturing method, fs lasers can achieve
high precision and micro/nano scale fabrication [50, 51].
Fs laser ablation has been used to fabricate microstruc-
tures on the surface of materials [52, 53]. As shown in
figure S1 (supporting information (available online at stacks.
iop.org/IJEM/3/025102/mmedia), the silicone sample
(MAIJIALONG Co., Ltd) was fixed on a program-controlled
moveable stage. An fs laser beam (with a pulse duration of
50 fs, central wavelength of 800 nm, and repetition frequency
of 1 kHz) from a Ti:sapphire laser system (Coherent, Libra-
usp 1K-he200) was vertically focused onto the surface of the
silicone sheet by a plano-convex lens (focal length of 200 mm)
in air. A typical line-by-line laser scanning manner was adop-
ted. The laser power, scanning speed, and space/interval of
the scanning lines were held constant at 300 mW, 5 mm s−1,
and 50 µm, respectively. Only the area surrounding the pat-
tern domain was ablated by laser and thus coated with rough
microstructures.

2.3. Printing LM circuit

A magnetic field can control the movement of the MLM
because of the presence of magnetic Fe particles in the
MLM composite. Figure 2(c) shows the process of guiding an
MLM droplet to print LM circuits on the laser-patterned sur-
face. When a magnet-guided MLM droplet moved along the
direction of the circuit pattern, a thin layer of LM trace was
left on the pattern domain because of the high LM adhesion
of the smooth surface and the excellent supermetalphobicity
of the laser-structured area. As a result, an LM circuit, which
was the same as the designed pattern, formed on the soft sil-
icone surface. Finally, the redundant MLM was removed by a
magnet.

2.4. Recycling LM circuit

The LM circuit was soaked in an ethanol solution and
cleaned by an ultrasonic cleaner (SHEN CHAO JIE Co., Ltd)
at a frequency of 120 KHz for 30 min. The microstructure
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Figure 1. Preparation of an MLM composite and wettability of an MLM droplet on a silicone surface. (a) Process of preparing an MLM.
(b) Image of a drop of the as-prepared MLM. (c) Image of the MLM drop under a magnetic field. (d) Model of an MLM droplet. (e) Model
of an MLM droplet under a magnetic field. The MLM droplet placed on a silicone surface. (f) SEM image of the untreated smooth silicone
surface. (g) An MLM droplet on the smooth silicone surface. (h) An MLM droplet pining on the vertical smooth silicone surface. (i) Process
of moving an MLM droplet to touch and then leave the smooth silicone surface. (j) SEM image of the silicone surface after fs laser ablation.
(k) An MLM droplet on the laser-structured silicone surface. (l) An MLM droplet rolling on the laser-structured silicone surface tilled at
∼5◦. (m) Process of moving an MLM droplet to touch and then leave the laser-structured silicone surface.

Figure 2. Printing MLM on the laser-patterned surface. (a), (b) Guiding an MLM droplet to move (from left to right) on (a) the smooth
silicone surface and (b) the laser-structured silicone surface. (c) Schematic of the process of printing LM on the laser-patterned surface.
(d) Mechanism of printing MLM on the smooth domain surrounded by laser-induced microstructures. (e), (f) LM ‘XJTU’ patterns printed
on (e) the smooth surface and (f) the laser-patterned surface.

maintained excellent supermetalphobicity after ultrasonic
cleaning, so the laser-pattern could be reused for LM printing.

2.5. Characterization

The surface microstructure of the samples was observed by
a Flex 1000 scanning electron microscope (SEM; Hitachi,

Japan). The wettability of a liquid EGaIn droplet on the
sample surface was investigated by a JC2000D contact angle
(CA) system (Powereach, China). The three-dimensional (3D)
morphology of the surface of the LM wire was character-
ized through a LEXT-OLS4000 laser confocal microscope
(Olympus, Japan). The resistance of the as-prepared circuit
was measured by a multimeter.
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3. Results and discussion

An MLM composite was simply prepared by mixing Fe
particles into LM (EGaIn), as shown in figure 1(a). First, a
small amount of Fe particles (with a diameter of ∼5 µm)
was added to the LM. Then, the mixture was stirred until the
Fe particles dispersed uniformly. The preparation was car-
ried out in an air environment without any chemical treat-
ments. Figure 1(b) shows a drop of the as-preparedMLMon an
untreated silicone surface. TheMLMdroplet has a smooth sur-
face that reflects light. All of the Fe particles are encapsulated
within the outer oxide layer of the LM droplet (figure 1(d)).
Once a magnetic field was applied to the bottom of the MLM,
the MLM droplet formed a mountain-like shape (figure 1(c))
as the internal Fe particles dispersed along themagnetic induc-
tion line (figure 1(e)). This result indicates that the MLM
responded to the magnetic field, and that its mobility can be
flexibly guided by the magnetic field.

The wettability and adhesion of an MLM droplet on a solid
substrate is significantly influenced by the surface microstruc-
ture of the substrate [54, 55]. Figure 1(f) shows the SEM image
of an original untreated silicone surface. The surface is very
smooth. When an MLM droplet is dripped onto this surface,
the CA of the MLM droplet is measured to be 140.0◦ ± 7.0◦

(figure 1(g)). The MLM droplet firmly adheres to the smooth
surface without rolling away even when placed on a vertical
surface (figure 1(h)). Figure 1(i) shows the process of moving
an MLM droplet to touch and then leave the smooth silicone
surface. With lifting the needle, the droplet departs from the
needle tube and sticks to the bottom of the silicone substrate.
Therefore, the untreated silicone surface shows a high adhe-
sion to the MLM droplet, which results from a large contact
area between the MLM and the silicone surface.

Fs laser is a universal method in advanced nano/micro-
fabrication due to its ultra-short pulse width and extremely
high peak intensity. These features give the fs laser numer-
ous advantages while ablating a solid substrate, including a
small heat-affected zone around the ablation spot, high spatial
resolution, extensive material processing, non-contact manu-
facturing, etc. In our experiment, fs laser processing was util-
ized to generate microstructures on the surface of a silicone
substrate. The fs laser was focused onto the sample surface
and then ablated the substrate (figure S1, supporting infroam-
tion). The fs laser treatment created many particles with sizes
ranging from a few hundred nanometers to micrometers on
the silicone surface (figure 1(j)). The laser-induced micro-
structures endowed the silicone surface with supermetalphobi-
city. The CA of the MLM droplet on the structured surface
reached 169.5◦ ± 3.5◦ (figure 1(k)). As long as the sample
surface was slightly tilted at 5.0◦ ± 1.0◦, the MLM droplet
quickly rolled away (sliding angle (SA) = 5.0◦ ± 1.0◦), as
shown in figure 1(l). When the MLM droplet was moved to
touch and then leave the laser-structured surface, there was
no residual on the sample surface, and the MLM droplet
was finally taken away by a tube (figure 1(m)). These results
reveal that the laser-induced microstructures greatly reduce
the adhesion between the MLM and the silicone surface.
Such ultralow adhesion resulted from the reduced contact area

between the MLM and the structured silicone surface caused
by the laser-induced surface microstructures. The MLM only
touched the peaks of the microstructures. The limited con-
tact area endowed the laser-treated silicone surface with super-
metalphobicity and ultralow adhesion to MLM.

The movement of the MLM can be controlled by a mag-
netic field because of the presence of magnetic Fe particles
in the MLM composite. Figures 2(a) and (b) show the results
of an MLM droplet (Fe particles: 15 wt%) being guided for-
ward by a magnet on the untreated silicone surface and laser-
structured silicone surface, respectively. A long LM trace was
left on the smooth silicone surface behind the MLM droplet
due to the high adhesion between the MLM and the silicone
substrate (figure 2(a)). The MLM droplet was also controlled
to move along a designed path to write LM letters ‘XJTU’ on
the silicon surface, as shown in figure 2(e). However, the prin-
ted patterns were disordered and irregular, and the line width,
depending on the size of the MLM droplet, was very large.
By contrast, the MLM droplet easily rolled onto the laser-
structured silicone surface when guided by a magnetic field.
There was no LM residue on the path of the MLM droplet
(figure 2(b)), which agrees with the supermetalphobicity of the
laser-induced structure. Therefore, it was difficult to print the
LM on the structured silicone surface, while the LM easily
adhered to the untreated silicone surface.

A strategy for printing fine and complicated LM pattern
is proposed based on the distinguishing wetting behaviors of
the MLM on the smooth surface and the laser-structured sur-
face. As an example, figure 2(c) shows the process of guid-
ing an MLM droplet to print LM ‘XJTU’ letters on the laser-
patterned surface. First, a ‘XJTU’ pattern was prepared on
the surface of the silicone substrate by fs laser selective abla-
tion. The pattern domain was not ablated by laser and stayed
smooth. By contrast, the rest of the domain was treated by
laser and thus was coated with LM-repellent micro/nanostruc-
tures. Then, an MLM droplet was guided by a magnet to
print the designed pattern. Because of the high LM adhe-
sion of the smooth domain and the excellent supermetal-
phobicity of the laser-structured area, only a thin layer of
LM trace was left on the pattern domain (figures 2(d) and
S2 in the supporting information). As a result, the ‘XJTU’
pattern coated with LM formed on the soft silicone surface
(figure 2(f)). The printed LM patterns were very smooth and
uniform (figure S3, supporting information). In the printing
process, some gray LM oxide residues may be left on the laser-
ablated domain, but these residues do not affect the conduct-
ivity of the LM pattern. If the LM is an ‘ink’, the MLM acts
like a writing brush whose movement can be controlled by
a magnetic field. Just like writing calligraphy on paper, the
LM pattern can be flexibly printed on a soft laser-patterned
substrate.

A soft circuit was prepared by printing the MLM on the
laser-patterned silicone surface. Figure 3(a) shows the pro-
cess of preparing an LM conductive line, which is the base
in a circuit. The initial circuit pattern was formed by select-
ive fs laser ablation. Then, the LM circuit was obtained by
moving the MLM droplet on the laser-patterned surface. The
content of Fe particle in the MLM has a significant influence
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Figure 3. Electrical and flexible properties of the printed LM wire. (a) Process of preparing an LM wire in a circuit. (b) Laser confocal
microscopy image of the surface morphology of the printed LM wire. (c) Image of the printed LM lines with different line widths.
(d) Relationship between the resistance and the line width of the printed LM lines at a constant length of 15 mm. (e), (f) Influence
of (e) the bending treatment and (f) the stretching treatment on the resistance of the LM wire (the initial resistance value (R0) is 5.3 Ω).
(g) Conductivity test of the printed LM circuit under different deformation conditions.

on the flatness of the printed circuit surface (figure S4, sup-
porting information). When the content of Fe particle was
low (wt% = 5%), the surface of the printed LM line was
smooth but not flat. The limited Fe particles did not provide
enough driving force for the MLM droplet under a magnetic
field. Although the MLM droplet moved forward, it did not
fully spread on the un-ablated area, resulting in a nonuniform
LM line. As the content of Fe particle increased, the printed
LM line became thicker. A flat and uniform LM trace with a
smooth surface was printed at an Fe particle content of 15%.
Figure 3(b) shows the 3D surface morphology of the printed
LM wire. The printed LM line had a very low surface rough-
ness of 1.226 µm. On the other hand, the higher content of
Fe increased the amount of the Fe particles remaining in the
LM trace. When the Fe particle content further increased to
35%, the printed LM line was very flat. However, the sur-
face of the LM line was not smooth because a mass of Fe
particles developed on the LM trace. Therefore, theMLMwith
Fe particle content of 15% is optimal for printing a uniform
and consistent conductive line.

The width of the printed LM line can be flexibly designed
by the width of the unablated domain. Figure 3(c) shows the
image of the printed LM lines with different widths. A min-
imum line width of 200 µmwas realized. These high precision

LM lines were prepared in a single printing process. The res-
istance of the printed LM wire decreases with increasing the
line width (figure 3(d)). It is consistent with the resistivity for-
mula, so an LMwire with different resistances can be obtained
by designing the width of the LM wire.

Silicone is a flexible substrate, so the LM circuit printed on
the silicone surface can be bent and stretched (figure S5, sup-
porting formation). The influence of the bending and stretch-
ing treatments on the electrical property (i.e. resistance) of the
LM line was investigated. Figure 3(e) shows the resistance
change (R/R0) of the LM line under different bending angles.
R0 and R are the resistance of the original LM wire and the
deformed LM wire, respectively. The R/R0 remained at a con-
stant value as the silicone substrate was bent from 0◦ to 90◦.
Under different degrees of bending, the length and the width
of the LM wire almost do not change, so the resistance of the
LM wire was also unchanged. Conversely, stretching deform-
ation tuned the resistance of the LM wire. The silicone sub-
strate elongates when it is stretched. The resistance of the LM
circuit is proportional to the length of the LM wire. There-
fore, the resistance of the LMwire increases as the stretch rate
(ratio of the stretched length to the original length) increases,
as shown in figure 3(f). Most importantly, there is a linear rela-
tionship between resistance and stretch rate. Such a change
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Figure 4. Repairing a printed LM circuit by a magnetic field-controlled MLM droplet. (a)–(e) Schematic of the process of repairing a
printed LM circuit: (a) laser patterning, (b) printing LM for preparing an original LM circuit, (c) integration of LED lamps, (d) breaking the
LM lines in the circuit, and (e) moving an MLM droplet to the damaged position and reprinting LM onto the broken circuit line. (f) Guiding
the MLM to print the LM circuit and connecting the LED lamps. (g)–(k) Experimental result of repairing a damaged LM circuit:
(g) connected state of the original LM circuit, (h) damaging the LM wires, (i), (j) controlling an MLM droplet to repair the damaged circuit,
and (k) moving the MLM droplet away from the circuit.

trend of resistance enables the use of printed LM wires in
stretchable electronic devices, such as tensile sensors. An LED
lamp integrated into an LM circuit could stay bright regard-
less of whether the silicone substrate was bent, stretched, or
folded (figure 3(g)). The stable electrical performance allows
printed LM circuits to be applied in various flexible wearable
electronics.

By taking advantage of the controllable movement of
the MLM droplet and its different wetting behaviors on the
untreated silicone surface and the laser-structured silicone

surface, the MLM droplet can be guided by a magnet to repair
a damaged LM circuit. For example, a simple LM circuit
was prepared using the abovementioned LM-printing method,
including the steps of laser patterning, printing LM, and the
integration of LED lamps, as shown in figures 4(a)–(c) and (f).
After connecting the circuit, all of the LED lamps lighted
(figures 4(c) and (f)). Like a movement-controllable robot, the
MLM droplet under the magnetic field can be used to print
an LM circuit and repair a damaged LM circuit. As shown
in figures 4(d), (g), and (h), once the LM lines in the circuit
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Figure 5. Liquid metal circuit recycling. (a) Schematic process of the recycling the LM circuit. (b) Experimental results of the recycling.

broke, corresponding LED lamps turned off. LM circuits are
more vulnerable than rigid metal circuits, so it is necessary
to propose a method of repairing LM circuits. Interestingly,
the broken circuit could be reconnected by an MLM droplet,
which acted as a repair robot. The MLM droplet was guided
to the damaged position and reprinted LM onto the broken
circuit line (figure 4(e)). Once the LM lines reconnected, the
LED lamps lighted again (figures 4(i) and (j)). Finally, the
MLM droplet was removed from the circuit (figure 4(k)). The
original electrical continuity was not affected by the repair
process because the MLM can only leave a mark on the dam-
aged area rather than the surrounding laser-induced super-
metalphobic area. Even after many cycles of repairing treat-
ments, the healed circuit line still had the same resistance as
the original LM line (figure S6, supporting information). The
printing and repairing functions of MLM droplets can ensure
a long service lifetime for flexible LM circuits.

LM printed on a laser-patterned substrate can be repaired
when broken and fully recycled. Gallium-based alloy is a pre-
cious metal, so recycling the wasted materials is particularly
important. LM can dissolve in an ethanol solution and thus
disperse intomicroparticles. Those LMparticles can be collec-
ted after the ethanol solution evaporates. So, the recycled LM

can still be reused for printing LM patterns. The LM circuit
was ultrasonically cleaned in an alcohol solution for 30 min
(figures 5(a) and (b)). The bulk LM adhered on the surface of
the laser-patterned substrate dispersed into LM particles and
separated from the silicone substrate (figure 5(a)). After the
ultrasonic cleaning process, the laser-patterned silicone sur-
face was fully cleaned. Most importantly, the LM particles
were completely recycled for reuse after the alcohol evapor-
ated. As shown in figure 5(b), the ultrasonic cleaning was pro-
cessed only once. A magnet can separate the Fe particles from
the LM particles. The microstructures on the recycled silic-
one substrate maintain great supermetalphobicity. Therefore,
the MLM can still be guided to print the LM pattern on the
recycled silicone substrate.

Due to their high flexibility and high electrical conductiv-
ity, printed LM patterns have potential applications in soft cir-
cuits. Since stretching deformation can change the resistance
of an LM wire, a flexible tensile sensor was easily prepared,
as shown in figure 6(a). A series of LM lines were printed on
the laser-patterned silicone substrate (figure 6(b)). Then, the
LM circuit was encapsulated in sealing silicone. Figure 6(c)
shows the resistance change (R/R0) as the tensile sensor was
stretched to a different extent and then recovers to its original
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Figure 6. Preparation of a flexible tensile sensor based on the printed LM circuit. (a) Process of preparing a tensile sensor. (b) Image of the
printed LM circuit for the tensile sensor. (c) Resistance change of the tensile sensor during a cycle of stretching and recovery. (d) Resistance
change of the tensile sensor after repeated stretch. (e) Resistance change of the flexible tensile sensor with the diameter of the held objects
for detecting the bending degree of a finger.

state. The initial resistance of the tensile sensor was 8.5Ω. In a
cycle of stretching rate from 0% to 100% and then back to 0%,
an obvious hysteresis (maximum value of 10.4 Ω) occurred in
the stretch rate range of 60%–100%. By contrast, the resist-
ance changes of the tensile sensor remained stable at a low
stretch rate (<60%). When the stretch rate increased from 0%
to 40% and then decreased to 0%, the maximum resistance
hysteresis of the tensile sensor was only 0.2Ω during the entire
cycle (figure 6(c)). These results indicate that the sensor has
good tensile-resistance stability when the stretch rate is less
than 60%. Figure 6(d) presents the resistance change of the
tensile sensor as it was repeatedly stretched between 0% and
30% for 120 cycles. The R/R0 value stably switched with the
repeated stretching, indicating that the sensor has durable sens-
ing capability.

LM flexible tensile sensors can withstand a large degree of
tensile deformation, so they are suitable to be used in wearable
devices to detect human behavior. As shown in figure 6(e),

when the as-prepared tensile sensor was pasted on the finger,
the sensor could detect different bending degrees (i.e. different
gestures) of the finger based on the resistance change. Hold-
ing objects with different diameters requires the bending the
fingers at different degrees. The resistance of the tensile sensor
will change according to the diameter of the held object. The
resistance change can also reflect the bending degree of the
finger as well as the gesture.

4. Conclusions

In conclusion, a method of guiding anMLM droplet by a mag-
netic field to print and repair a flexible LM circuit on an fs
laser-patterned silicone surface was proposed. A microstruc-
ture was directly induced on a silicone surface by a single-step
fs laser ablation, allowing the silicone surface to greatly repel
the MLM. An MLM droplet composed of LM and magnetic
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Fe particles was placed on the laser-structured surface and had
a CA of 169.5◦ ± 3.5◦ and an SA of 5◦ ± 1◦. Based on the
selective wetting behavior of the MLM on the laser-structured
surface and the unablated smooth surface, LMwas easily prin-
ted on the laser-induced pattern, generating various smooth,
uniform, and high-resolution LM patterns. The printed LM
line on the silicone substrate had high flexibility and high elec-
trical conductivity, so it can be used in a soft circuit. TheMLM
droplet was guided by the magnetic field to repair the dam-
aged LM lines. To save the materials of the LM circuit, the
wasted and broken LM circuit can be recycled in an alcohol
solution for subsequent printing. Furthermore, the recycled sil-
icone substrate omits the laser ablation process, which lowers
processing costs. A flexible tensile sensor was prepared based
on the printed LM circuit, which could detect the bending
degree of a finger. The laser-patterned method under a mag-
netic field allows for more flexibile and functional LMmanip-
ulation, which has great significance for exploring soft circuits
in the furture.
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