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Metal is the primary substrate for fabricating flexible sensors, and its surface quality has a
significant effect on the performance of these sensors. The traditional lapping-polishing
technology has the disadvantages of being time-consuming and presenting difficulty in
controlling the uniformity. In this paper, a liquid metal lapping-polishing plate with a self-
shaping function is proposed and developed, which can realize high quality and low
surface damage in the processing of the metallic substrate. It is found from the fundaments
of the liquid metal lapping-polishing plate that the temperature generated by the friction
between the workpiece and plate plays an important role in affecting the processing
performance, and then a numerical study of the temperature field on the liquid metal
lapping-polishing plate surface has been carried out, and it is found that the temperature
increase with the increment of the pressure and rotation speed of the lapping-polishing
plate on the target surface. Finally, it is found from experiments that the experimental
results have shown to be in good agreement with the corresponding experimental data for
the highest temperature under specific conditions and the processing performance has
been significantly improved as well.

Keywords: liquid metal lapping-polishing plate, metallic substrate, temperature field, bismuth-based alloy,
processing performance

1 INTRODUCTION

With the increasing demand for sensors in some extreme environments, the requirements for range,
accuracy, and stability are increasingly strict, such that sensors with the desirable characteristics of
being flexible, freely bending, foldable, and wearable have attracted many researchers to investigate
this field (Elashery et al., 2022; Maciel et al., 2022). Currently, there are a large number of materials
being considered as the substrates of flexible sensors, such as metal, ultra-thin glass, and organic
polymer substrates (Ren et al., 2020; Sayginer et al., 2021). The ultra-thin glass and organic polymer
substrates have disadvantages of poor resistance to high temperatures, and poor water and oxygen
barrier ability (Garner et al., 2019; Guan et al., 2022), while the metal substrates possess advantages of
good high-temperature resistance, low coefficient of thermal expansion, and exemplary performance
in heat resistance (Li et al., 2020; Liu et al., 2021; Goswami and Gupta, 2022).

However, the surface quality of the metal substrate has an essential effect on the performance of
flexible sensors (Khalid and Chang, 2022). Abrasive machining technology has been extensively used
in the precision and ultra-precision machining of almost any materials with high efficiency and
quality (Qi et al., 2021; Cheng et al., 2022; Hu et al., 2022; Qi et al., 2022). Efforts have been
contributed by many scholars to improve the abrasive lapping-polishing performance (Li et al., 2019;
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Jin et al., 2020). Kim et al. prepared self-corrected polishing pads,
which were mainly composed of a mixture of alumina abrasive
particles and hydrophilic polymers, and compared with the
traditional polishing pads, possesses good viscoelasticity and
can extend the processing time, thus improving the processing
quality (Kim et al., 2004). Zhao et al. proposed a semi-solid
abrasive polishing method, which mainly employed the trap
effect to reduce the defects caused by the large abrasive
particles impacting the target surface during the polishing
process and improve the processing quality (Zhao et al., 2011).
Choi and Jeong used UV light to treat the hydrophilic polymers,
by which they developed a polishing pad with self-healing and
hydrophilic functions, and three types of the diamond abrasive
polishing pads were fabricated to polish the die steel, which
eventually reduced the surface roughness to be about 15.1 nm
(Choi and Jeong, 2004). The above abrasive machining methods
could realize the precision polishing of substrates with good
surface quality, but the efficiency should be considered as well.
In general, the abrasive lapping process is used to realize the fast

thinning of the substrate, and the abrasive polishing process is
employed to realize the high surface finishing of the substrate (Jin
et al., 2020; Zhao et al., 2020). The liquid metal with
characteristics of high electrical conductivity, low viscosity,
and large tension has shown good performance in jet
printing or carrying the abrasive particles to realize the
machining of complicated structures (Wang et al., 2018;
Zhang et al., 2022).

Thus, in this paper, the processing method of the metallic
substrate using a liquid metal lapping-polishing plate is
proposed to realize the combination of the abrasive lapping
and polishing processes. The fundaments of the liquid metal
lapping-polishing process are first analyzed, and the
numerical study of the temperature field on the liquid
metal lapping-polishing plate surface is then conducted to
explore the effect of processing parameters on the distribution
of the temperature. Finally, the corresponding experiments
have been carried out to verify the numerical model and
explore the processing performance.

FIGURE 1 | Schematic of the liquid metal lapping-polishing plate. (A) Original plate, (B) Temperature increased plate.

FIGURE 2 | Model geometry and meshing generation.

TABLE 1 | Material properties in simulation.

Elastic Modulus (GPa) Poisson’s Ratio Heat Capacity (J/kg·°C) Thermal Conductivity (W/m/K)

Target (Stainless steel) 194 0.3 480 16.2
Lapping-polishing plate (Bismuth-based alloy) 0.132 0.45 1,200 3.3

Frontiers in Materials | www.frontiersin.org May 2022 | Volume 9 | Article 8963462

Ji et al. Liquid Metal Lapping-Polishing Process

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


2 FUNDAMENTALS OF THE LIQUID METAL
LAPPING-POLISHING PROCESS

A liquid metal lapping-polishing plate with the self-shaping function
is first proposed and analyzed, as shown in Figure 1, where the liquid
metal lapping-polishing plate consists of the binder, abrasive particles,
and liquid metal whose hardness varies with respect to the
temperature. During the lapping-polishing process, heat can be
generated due to the mechanical friction between the lapping-
polishing plate and the target surface, and this heat could result in

the increase of temperature in the lapping-polishing plate which in
turn decreases the harness of liquidmetal, such that the surface shape
of the liquid metal lapping-polishing plate would be changed.

To be specific, the liquid metal lapping-polishing plate possesses
originally high hardness due to the addition of liquid metal where the
large abrasive particle is higher than the small abrasive particle that
may cause the large surface damage on the target surface, as shown in
Figure 1A, but during the lapping-polishing process, the hardness of
liquid metal reduces with the increase of temperature, so that the large
abrasive particle could recede to a certain depth under the pressure of
workpiece (Li et al., 2016; Shrivastava et al., 2021). When the height of
the large abrasive particle is equal to other small abrasive particles, the
pressure of the workpiece is uniformly distributed by the abrasive
particles on the surface of the lapping-polishing plate, as shown in
Figure 1B, so that in this way the liquid metal lapping-polishing plate
could realize the combination of the abrasive lapping and polishing
processes due to its self-shaping function, and hence, significantly
reducing the surface damage caused by the large abrasive particle,
enhancing the surface form accuracy and improving the processing
efficiency.

3 NUMERICAL STUDY OF TEMPERATURE
FIELD ON THE LIQUID METAL
LAPPING-POLISHING PLATE SURFACE
3.1 Model development
In the lapping-polishing process, the variation of temperature on the
surface of the lapping-polishing plate would have an essential effect

FIGURE 3 |Distributionof the temperature field on the liquidmetal lapping-polishingplatewith respect to thedifferent processing time. (A) t=5 s, (B) t=10s, (C) t=15 s, (D) t=20 s.

FIGURE 4 | The relationship between the temperature and
processing time.
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on the hardness of the liquid metal, hence, affect the processing
quality. The heat mainly comes from themechanical friction between
the workpiece and the lapping-polishing plate, and the temperature
field on the surface of the lapping-polishing plate ismainly affected by
various processing parameters, such as the lapping-polishing pressure
and the rotation speed of the lapping-polishing plate. Thus, it is
necessary to get an insight into the distribution of temperature field
on the liquid metal lapping-polishing plate surface, such that the
related numerical simulation has been first conducted
in ANSYS to explore the underlying sciences, as detailed below.

To consider the experimental work that has been stated in
Section 4.1 where the single-side planetary lapping-polishing
machine is used to carry out the experiments, and the associated
model geometry in simulation is shown in Figure 2. The stainless
steel is selected as the workpiece with a radius of 18mm and
thickness of 1.5 mm, and a Bismuth-based alloy with a melting
point of 40°C is selected as the liquid metal that is used to model the
lapping-polishing plate with a radius of 50 mm and thickness of
7.8 mm. Moreover, the major material properties used in the
simulation are given in Table 1 according to the corresponding
experimental measurements, and the processing parameters
considered in the simulation are as follows: four levels of the
lapping-polishing pressure (P) at 6, 9, 12, 15 KPa are considered,
four levels of rotation speed of the lapping-polishing plate (rp) at 70,
100, 130, 160 r/min are selected, the rotation speed of workpiece (rw)
is set to be 130 r/min, and all the experiments are carried out at room
temperature. Thus, by using a full factorial design 16 simulation test
conditions can be considered for further analysis (Xie et al., 2021).

3.2 Results and Discussion
3.2.1 Overall Observation of the Temperature Field
Figure 3 presents the typical distribution of the temperature field
on the liquid metal lapping-polishing plate with respect to the
different processing times, t, at p = 12 kPa, rp = 130 r/min, and rw
= 130 r/min. It can be seen from Figure 3A that the temperature
increases quickly at the beginning of the lapping-polishing
process and presents an obvious track on the surface of the
lapping-polishing plate. With the further increase in the
processing time the temperature shows a gradual increase due

FIGURE 5 |Distribution of the temperature field on the liquid metal lapping-polishing plate with respect to the different pressures in simulation. (A) P=6 KPa, (B) P=9
KPa, (C) P=12 KPa, (D) P=15 KPa.

FIGURE 6 | The relationship between temperature and pressure.
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to the frictional heat consumption in the air convection, heat
conduction in the lapping-polishing plate, and the radiation to
the outside environment (Lee et al., 2013; Totolin et al., 2016), as
can be seen from Figures 3B–D. Additionally, it is also noticed
from Figure 3 that the distribution of the temperature on the
lapping-polishing plate shows a ring shape, in which the
temperature shows a gradually increasing trend from the
center to the outer. It is attributed to the fact that the heat
dissipation and transfer near the center of the lapping-polishing
plate are faster, while in the outer area the temperature is higher
because of the relatively higher linear speed.

A quantitative analysis of the variation of the temperature on
the fixed-point A (see Figure 3A) on the lapping-polishing plate,
which is the center of the workpiece, with respect to the processing
time has been conducted. It can be seen from Figure 4 that the
mechanical friction occurs between the workpiece and the lapping-
polishing plate in the early stage of the lapping-polishing process,
which makes the heat continuously accumulated and to be
transferred into the lapping-polishing plate, thus resulting in the
fast increase of the temperature on the surface of the lapping-
polishing plate. However, with the further increment of the
processing time, the generation of the heat from the mechanical
fraction and the consumption of the heat by the air convection,
heat conduction in the lapping-polishing plate, and the radiation to
the outside environment would achieve a dynamic balance, so that
the variation of the temperature tends to be stable as shown in
Figure 4.

3.2.2 The Effect of Processing Parameters on the
Temperature Field
Since the lapping-polishing pressure would affect the contact
force resultant fraction between the workpiece and the lapping-
polishing plate which may induce the variation of the
temperature in the lapping-polishing process, it is necessary to
investigate the effect of pressure on the temperature field.
Figure 5 shows the distribution of the temperature field on
the lapping-polishing plate with respect to different pressures

FIGURE 7 | Distribution of the temperature field on the liquid metal lapping-polishing plate with respect to the different rotation speeds in simulation. (A) rp=70 r/
min, (B) rp=100 r/min, (C) rp=130 r/min, (D) rp=160 r/min.

FIGURE 8 | Experimental setup.

Frontiers in Materials | www.frontiersin.org May 2022 | Volume 9 | Article 8963465

Ji et al. Liquid Metal Lapping-Polishing Process

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


at rp = 130 r/min, rw = 130 r/min, and t = 20 s. It can be seen from
Figure 5 that after the processing time of 20 s, the distribution of
the temperature field on the lapping-polishing plate seems to be
stable, and with the increase of pressure, the average temperature
on the surface of the lapping-polishing plate gradually increases
while along the radial direction of the lapping-polishing plate the
temperature gradually decreases. It is also found from the
simulation that the temperature in the region between the
outer ring of the workpiece and the lapping-polishing plate is
a little higher than in the other regions, which is attributed to the
reason that there is more relative friction between the outer ring

and the workpiece in unit time as compared with the inner ring.
However, the overall distribution of the temperature in the
processing region is relatively uniform. Figure 6 shows the
quantitative analysis of the relation between the pressure and
temperature on the lapping-polishing plate, and it is found that
the highest temperature on the surface of the lapping-polishing
plate reached about 38.671°C, 40.907°C, 42.489°C, and 44.545°C at
the corresponding pressure of 6, 9, 12, 15 kPa, respectively.

Furthermore, the effect of the rotational speed of the lapping-
polishing plate on the temperature has been also qualitatively and
quantitatively analyzed according to the simulation results.

FIGURE 9 |Distribution of the temperature field on the liquid metal lapping-polishing plate with respect to the different pressures in the experiment. (A) P=6 KPa, (B)
P=9 KPa, (C) P=12 KPa, (D) P=15 KPa.

FIGURE 10 |Distribution of the temperature field on the liquid metal lapping-polishing plate with respect to the different rotation speeds in the experiment. (A) rp=70
r/min, (B) rp=100 r/min, (C) rp=130 r/min, (D) rp=160 r/min.
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Figure 7 shows the distribution of the temperature field on the
lapping-polishing plate with respect to different rotation speeds
of the lapping-polishing plate at p = 12 kPa, rw = 130 r/min, and

t = 20 s. It can be seen from this figure that in general the overall
temperature on the surface of the lapping-polishing plate
increases with an increment of the rotation speed of the

FIGURE 11 | Comparison of simulating and experimental results. (A) Under different lapping-polishing pressures, (B) Under different lapping-polishing rotation speed.

FIGURE 12 | Comparison of surface morphologies before and after liquid metal lapping-polishing. (A) Original target surface, (B) Surface morphology after liquid
metal lapping-polishing.
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lapping-polishing plate, and it is due to the fact that increasing the
rotation speed of the lapping-polishing plate the relative speed
between the workpiece and the lapping-polishing plate increase
as well, which results in the increase of the heat generation by the
mechanical fraction. Similarity, it can be found from the
quantitative analysis of the relation between the rotation speed
of the lapping-polishing plate and temperature showing that the
highest temperature on the surface of the lapping-polishing plate
reached about 36.734°C, 40.114°C, 43.635°C, 48.186°C at the
corresponding rotation speed of 70, 100, 130, 160 r/min,
respectively.

4 EXPERIMENTAL STUDY

4.1 Experiments
The in-house developed liquid metal lapping-polishing plate which
consists of the Bismuth-based alloy with the melting point of 40°C
and SiC abrasive particles with a size of 3,000 mesh is fixed in the
MP-1B lapping-polishing machine to realize the single-side
planetary lapping-polishing of the stainless steel substrate, as
shown in Figure 8, and the rotation speed of the lapping-
polishing plate can be exactly controlled in the range of
50–1,000 r/min. Thus, the processing parameters considered in
the experiment are similar to that in simulation, where four
levels of P at 6, 9, 12, 15 KPa are selected, four levels of rp at 70,
100, 130, 160 r/min are considered, rw is set to be 130 r/min and all
the experiments are carried out at room temperature. Again, a full
factorial design is considered for P and rp and it results in 16 tests in
the experiment. In order to verify the numerical model and explore
the processing performance, the temperature is real-time measured
by using Fluke Tix640 Infrared Camera and the surface morphology
is observed by using Keyence 3D Microscope VHX600.

4.2 Results and Discussion
Figure 9; Figure 10 present the real-time measurement of
temperature on the surface of the lapping-polishing plate with
respect to different P and rp at t = 20 s, and the highest
temperature point on the surface is measured for each
condition in units of ℉, so that the comparison between the
simulating and experimental results can be obtained as shown in
Figure 11. It can be seen from Figures 9, 10 that with the increase
of P and rp, the temperature on the surface of the lapping-
polishing plate increases as well, which indicates similar trends
to the numerical results. It is also found from Figure 9A that the
processing area shows a typical ring temperature and the
temperature decreases to both sides of the processing area,
which is also agreed with the numerical findings in Section
3.2. In addition, the quantitative comparison in Figure 11
shows that the simulating trends of the temperature with
respect to different P and rp are similar to that in the
experiment, and the model predictions have shown to be in
good agreement with the corresponding experimental data for the
highest temperature under specific conditions. Therefore, it may
be deduced that the numerical model has been correctly
developed for use to simulate the temperature field on the
liquid metal lapping-polishing plate surface.

The processing performance has also been analyzed by
using the developed liquid metal lapping-polishing plate in
this study. The original surface morphology of the stainless
steel substrate is shown in Figure 12A with a surface
roughness of about 0.132 μm, and large scratches can be
obviously observed on the target surface. After the lapping-
polishing process at p = 12 kPa, rp = 70 r/min, and t = 20 min,
the surface morphology of the target surface is shown in
Figure 12B, in which the surface roughness has been
reduced to about 0.038 μm and the scale of the scratches
on the target surface has been significantly reduced as well.
Thus, the developed liquid metal lapping-polishing plate can
be used to improve the abrasive lapping-polishing
performance, and future work will be focused on the
optimized design of the processing parameters during the
liquid metal lapping-polishing process.

5 CONCLUSION

In this paper, the liquid metal lapping-polishing method has
been proposed by using the lapping-polishing plate with the
self-shaping function to realize the high quality and low
surface damage in the processing of the metallic substrate.
The underlying science of this method has been fundamentally
explored and it is found that the temperature generated by the
friction between the workpiece and plate plays an essential role
in affecting the hardness of the liquid metal which could affect
the distribution of abrasive particles on the surface of the plate
and hence affecting the processing performance. Then, the
effect of the processing parameters, including the lapping-
polishing pressure and the rotation speed of the lapping-
polishing plate, on the temperature field on the liquid metal
lapping-polishing plate surface has been numerically carried
out, and it is found from both qualitative and quantitative
analysis that the temperature increases with the increment of
the pressure and rotation speed of the lapping-polishing plate
on the target surface. Finally, the in-house developed liquid
metal lapping-polishing plate which consists of the Bismuth-
based alloy with the melting point of 40°C and SiC abrasive
particles with a size of 3,000 mesh is fixed in the MP-1B
lapping-polishing machine to realize the single-side
planetary lapping-polishing of the stainless steel substrate,
and it is found from experiments that the experimental
results have shown to be in good agreement with the
corresponding experimental data for the highest
temperature under specific conditions and the processing
performance has been significantly improved as well.
Therefore, the liquid metal lapping-polishing method
proposed in this study could provide a reference for the
development of the abrasive lapping-polishing process.
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