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1. Introduction 

 
Monitoring, evaluating and predicting the stability of 

geotechnical engineering have become an urgent 
requirement of geotechnical engineering (Wu et al. 2012). 
The safety and stability of geotechnical engineering are 
usually evaluated by the stress and strain states of 
geomaterials (Zhou et al. 2020). Pressure sensor is a 
common technology to directly obtain the internal stress 
distribution in key parts of rocks and soils (Springman et al. 
2002, Palmer et al. 2009, Zhi et al. 2006, Xu et al. 2015). 
Pressure sensors used in civil engineering can be divided 
into the following categories according to their working 
principles and performance characteristics: resistive 
pressure sensors (Hu et al. 2007, Shi and Cheng 2013, Jung 
and Yang 2015, Gao et al. 2017, Zhou et al. 2018), 
capacitive pressure sensors (Wong et al. 2012, Won et al. 
2015, Ali et al. 2016, Li et al. 2019), and inductive pressure 
sensors (Wang et al. 2017, Kawasetsu et al. 2017, 2018). 
However, traditional pressure sensors generally contain 
rigid materials and fragile electrical components, which 
have low mechanical durability and flexibility under cyclic 
loads. Therefore, it is of great significance to develop a new 
type of flexible pressure sensor. 

In recent years, liquid metal and PDMS materials have 
been widely used in the field of flexible sensors. Liquid 
metal stress-strain sensors based on resistance principle 
have been widely studied (Shou et al. 2021, Ryu et al. 
2011). In 2007, Hu et al. (2007) successfully used liquid 
metal as interconnect to develop a super flexible sensing 
skin that can sense force, and its change of resistance with 
pressure is about 0.3% / KG. Shi and Cheng (2013) 

 

∗Corresponding author, Professor, 
E-mail: xiao_ping_zhou@126.com 

 

 
developed an artificial hair cell sensor, in which the liquid 
metal piezoresistive element deforms with the elastomer 
substrate, and the normal force and shear force can be 
detected by the resistance change of the piezoresistive 
element. The sensor (Jung and Yang 2015) is mainly 
composed of liquid metal and PDMS elastomer, which has 
been successfully integrated into the microfluidic system 
with high linearity, repeatability and long-term stability. A 
kind of polydimethylsiloxane (PDMS) wristband with 
embedded microfluidic diaphragm pressure sensor (Gao et 
al. 2017) can monitor the pulse in real time, can solve the 
pressure change below 50 Pa with 90 ms response time 
under the detection limit of less than 100 Pa, and can realize 
the temperature self-compensation through the Wheatstone 
bridge, which allows the temperature change within 20-
50°C. Zhou et al. (2018) injected conductive liquid metal 
eGaIn into the silicon rubber microchannel and successfully 
developed a super-elastic pressure sensor based on the 
principle of resistance. The experimental results showed 
that the calibration curve and equation have good linearity 
and low hysteresis. 

Flexible capacitive pressure sensors have attracted much 
attention due to their high sensitivity, low power 
consumption and compact structure (Chuang et al. 2012). 
Wong et al. (2012) developed a flexible multilayer 
capacitive microfluidic normal force sensor by adopting a 
5×5 array structure, which achieves a spatial resolution of 
0.5 mm as well as stable and reliable performance. The 
sensor (Won et al. 2015) used the capacitance change 
caused by the overlap area between the liquid metal droplet 
and the flat-bottomed electrode to improve its dynamic 
range and sensitivity to capacitance, and successfully 
fabricated 36 sensing elements with a spatial resolution of 2 
mm. In 2019, Li et al. (2019) successfully fabricated a 
retractable capacitive strain sensor based on thermoplastic 
elastomer (TPE) micro-channels. There exists a linear 
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relationship between the capacitance change and the strain, 
and the hysteresis is small in this sensor. The use of soft 
polymers and liquid metals to realize flexible stress-strain 
sensors is a very effective method, which is now attracting 
more and more attention. 

Soft sensing pressure sensor is another effective way. 
This pressure sensor includes an inductor and a sensing 
target. The change in the distance between the inductor and 
the sensing target can cause the inductance to change. At 
present, some scholars have developed several soft 
induction pressure sensors. Wang et al. (2017) proposed a 
soft induction pressure sensor based on eddy current effect 
composed of flexible coil and conductive film. Compared 
with the traditional sensor, the sensor has better soft 
elasticity, and the force measurement resolution reaches 0.3 
mN. In 2017, Kawasetsu et al. (2017) simply laminated 
magnetorheological elastomer and non-magnetic elastomer 
layers on a sensor to develop a new type of flexible pressure 
sensor. This sensor only contains an elastomer layer and a 
printed circuit, so high shock resistance is achieved. A 
flexible three-axis pressure sensor (Kawasetsu et al. 2018) 
contains four spiral inductors and a ferromagnetic marker 
embedded in a cylindrical elastomer made of silicone 
rubber. This sensor has simple structure and good durability, 
which provides more possibilities for the wide application 
of soft induction pressure sensors. 

In the prior art, resistive pressure sensors, capacitive 
pressure sensors, and inductive pressure sensors are all used 
individually, while a single-mode pressure sensor has 
limitations in terms of linearity and sensitivity. To solve this 
problem, multi-modal composite sensors have been 
extensively studied. Zhou et al. (2020) developed a multi-
mode sensor that can sense strain by detecting resistance 
and capacitance, and compared the repeatability and 
linearity of the two modes. The results showed that when 
the sensor with the first connection method is stretched to 
30% along the y-axis, both resistance and capacitance have 
better repeatability and linearity, but the fitting effect of 
resistance is better than that of capacitance. When stretched 
to 30% along the x-axis, the linearity of the capacitor is 
significantly better than that of the resistance. This means 
that the performance of the sensor can be fully utilized by 
switching between the two modes. Huang et al. (2016) 
developed a fully flexible pressure sensor based on a 
combined resistance and capacitance. The capacitive 
sensors have high sensitivity and a resolution of 0.1N, but 
they cannot measure large pressures. The resistive sensors 
can measure large pressures with a resolution of 1N, but 
they do not perform well in small-range pressure 
measurement. The sensor selectively collects resistance 
while acquiring capacitance. If the capacitance indicates 
that the pressure is less than 10 N, the resistance of the 
sensor is not measured. On the contrary, if the capacitance 
indicates that the pressure is greater than 10 N, the pressure 
should be determined based on the resistance. Through this 
method, the proposed sensor can not only measure large 
pressures, but also has higher resolution in a small range. 
The disadvantage is that both resistance and capacitance 
change nonlinearly with the increase of pressure. 
Multimode composite pressure sensors have great potential 

in the development of high-performance pressure sensors. 
However, these sensors mentioned above still embed 

fragile electronic components and rigid materials in the 
elastomer, so stress concentration surfaces and weak 
interfaces inevitably occur. Under the action of long-term 
cyclic loads, the working performance of these sensors may 
obviously decrease. In addition, the previous multi-mode 
composite pressure sensors sense pressure by detecting 
resistance and capacitance, and there is no study on 
inductance. This paper aims to develop a new type of multi-
mode flexible pressure sensor. This novel multimode liquid 
metal-based pressure sensor is mainly composed of PDMS 
elastomer, a cylindrical cavity filled with liquid metal 
(Galinstan, 66% Ga, 20.5% In and 13.5% Sn by weight) in 
the top layer, and a spiral microchannel filled with liquid 
metal in the bottom layer. Through two different wiring 
methods, the resistance, capacitance and inductance of the 
sensor can be measured under pressure. The hysteresis, 
repeatability, sensitivity cycle stability and linearity of these 
three pressure measurement indicators are investigated, so 
that appropriate pressure measurement indicators can be 
selected according to different application conditions. The 
results showed that the resistance, capacitance and 
inductance of the sensor developed in this paper all change 
linearly with the increase of pressure. The linearity of the 
three modes is less than 10%, and the linearity of the 
inductance reaches 4.32%. Compared with existing 
multimode pressure sensor (Huang et al. 2016), it has 
obvious advantages in linearity. In addition, the fitting 
effect of the capacitance of the developed sensor is better 
than the above-mentioned existing multimode pressure 
sensor. Compared with traditional flexible eddy current 
sensors in terms of inductive sensing, our completely soft 
sensor does not contain a rigid metal coil, so they have 
better mechanical durability and do not reduce performance 
due to softness under long-term cyclic loads. Moreover, in 
this paper, the changes of resistance, capacitance and 
inductance of the microchannel under pressure are studied, 
and corresponding theoretical models have been developed. 
The theoretical values of the pressure sensor are in good 
agreement with experimental data, indicating that the 
established theoretical model can explain the performance 
of the sensor well. 

 
 

2. The basic principle 
 
In this paper, the finite element software COMSOL 

multiphysics is used to numerically simulate the 
deformation of this developed sensor, and the compression 
deformation of the spiral microchannel section is shown in 
Fig. 1(a). The theoretical analysis of the liquid metal 
pressure sensor is to mainly study the relationship between 
the applied pressure and the change of resistance, 
capacitance and inductance, so as to reveal the 
measurement mechanism of the sensor. The mechanism of 
pressure sensor based on liquid metal is very complicated, 
so we make the following assumptions: 
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(1) PDMS is considered as an ideal elastic material, 

and there is no or little residual deformation during 
the process of applying pressure. 

(2) It is assumed that the liquid metal filled in the 
microchannel is incompressible. 

(3) When the microchannel is filled with liquid metal, 
the wall of the microchannel is actually subjected 
to hydrostatic pressure, but it is very small and 
negligible compared to the pressure transmitted to 
the chip. 

(4) Since the deformation of the upper surface of the 
microchannel under pressure is significantly greater 
than that of the lower surface, and the degree of 
deformation of the lower surface is relatively small, 
we assume that the lower surface of the 
microchannel does not bend under pressure. 

(5) As shown in Fig. 1(b), under the condition of small 
deformation, it can be assumed that the 
deformation of the cross-sectional area of the 
microchannel includes four parts. The first part of 
the deformation is the vertical displacement 𝛥ℎ of 
the microchannel under pressure, the second part of 
the deformation is caused by the bending of the 
upper surface of the microchannel under pressure, 
the third and fourth parts of the deformation are 
caused by the bending of the sidewall of the 
microchannel. 

 
2.1 The principle of resistance change 
 
The cross-sectional area of the spiral microchannel of 

the sensor changes under the action of pressure, which 
causes a change in the resistance of the sensor. The key to 
studying the relationship between resistance and applied 
pressure is the amount of change in the cross-sectional area 
of the microchannel. 

According to previous studies (Park et al. 2010), since 
the bottom spiral microchannel has a very small cross-
sectional size, it can be regarded as a microcrack compared 
with the entire chip. Based on the crack stress analysis 
theory (Tada et al. 2000) and the theoretical model of 
contact mechanics (Shull 2002), the microchannel can be 

 
 

Fig. 2 The surface of the elastomer is subject to a pressure 
p uniformly distributed over a width D

 
 

approximated as a microcrack model. 
 
2.1.1 The deformation of the first part 
When the crack is subjected to uniform normal stress, 

the height between the crack faces may change. According 
to the Linear Elastic Fracture Mechanics (LEFM), the 
following equation is obtained (Park et al. 2010) 

 𝛥ℎ = 2(1 − 𝜐ଶ)𝑎𝜎௭/𝐸 (1)
 

where 𝜐 is Poisson’s ratio, 𝑎 is the initial cross-sectional 
width of the bottom spiral microchannel, and 𝐸  is the 
Young’s modulus, and 𝜎௭ is the applied stress along the Z 
direction. 

For channels below the area of contact (|𝑥| ൏ 𝐷/2  and 𝑧 ൏ 𝐷 ), the average stress in the neighborhood of the 
channel may be approximated as 𝜎௭ = −𝑝. In general, it is 
necessary to replace p with 𝜒𝑝, where 𝜒 = 𝜒(𝑥, 𝑧) is a 
correction which depends on the relative position (x, z) of 
the channel centerline (Park et al. 2010). 

Then, the change in the cross-sectional area of the first 
part of the spiral microchannel can be estimated as 

 ∆𝐴ଵ = 2𝑎ଶ(1 − 𝜐ଶ)𝜒𝑝/𝐸 (2)
 
2.1.2 The deformation of the second part 
In the case of small deformation, it is believed that the 

deformation of the second part is caused by the downward 

 
(a) Compression deformation of cross section simulated by 

COMSOL multiphysics (b) The diagram of compression deformation

Fig. 1 Schematic diagrams of deformation of spiral microchannel under compression 
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Fig. 3 Principle diagram of the deformation of the second 

part 
 
 

 
Fig. 4 Principle diagram of the deformation of the third 

part 
 
 

bending of the flexible plate with thickness of (𝑎 − ∆ℎ) 
and the length of 𝑎, as shown in Fig. 3. 

The deformation of the second part is deduced by using 
Euler-Bernoulli beam theory, which can be written as 

 𝑔(𝑤) = 𝜒𝑝𝑤24𝐸𝐼 (𝑎ଷ − 2𝑎𝑤ଶ + 𝑤ଷ) (3)
 

where w is the distance from the channel sidewall (Fig. 3), 
and EI is the bending stiffness of the flexible plate. 

Therefore, the change in the cross-sectional area of the 
second part of the spiral microchannel can be calculated as 

 ∆𝐴ଶ = න 𝑔(𝑤)௔
଴ 𝑑𝑤 

         = න 𝜒𝑝𝑤24𝐸𝐼 (𝑎ଷ − 2𝑎𝑤ଶ + 𝑤ଷ)௔
଴ 𝑑𝑤 = 𝜒𝑝𝑎ହ120𝐸𝐼 

(4)

 
2.1.3 The deformation of the third and fourth parts 
We assume that the sidewall of the spiral microchannel 

is a smooth arc under pressure, as shown in Fig. 4. 
According to the generalized Hooke’s law, the stress and 

strain have the following relation (Rudgers 1988) 
 

⎩⎪⎨
⎪⎧𝜀௫ = 1𝐸 ൣ𝜎௫ − 𝜐(𝜎௬ + 𝜎௭)൧𝜀௬ = 1𝐸 ൣ𝜎௬ − 𝜐(𝜎௫ + 𝜎௭)൧𝜀௭ = 1𝐸 ൣ𝜎௭ − 𝜐(𝜎௬ + 𝜎௫)൧ (5)

 
where 𝜎௫, 𝜎௬, 𝜎௭ are respectively the stress along x, y and z 
direction, and 𝜀௫ ,  𝜀௬  and 𝜀௭  are respectively the strain 
along x, y and z direction, 𝜐 is Poisson’s ratio of PDMS. 

By considering the unidirectional stress state (𝜎௫ = 0, 𝜎௭ = 0), it is easy to determine the following relation 
 𝜀௫ = 𝜀௬ = −𝜐 𝜎௭𝐸 = 𝜐 𝜒𝑝𝐸  (6)
 
From Eq. (6), we have 
 𝛿 = 𝑎𝜀௬/2 = 𝜐𝜒𝑝𝑎2𝐸  (7)
 
According to the geometric relationship in Fig. 4, the 

cross-sectional area changes of the third and fourth parts of 
the spiral microchannel can be calculated as 

 ∆𝐴ଷ = ∆𝐴ସ = 𝑟ଶ 𝑎𝑟𝑐𝑠𝑖𝑛 ൬ 𝑡2𝑟൰ − 𝑡𝑒2  (8)
 𝑒 = 𝑡ଶ8𝛿 − 𝛿2 (9)

 𝑟 = 𝑡ଶ8𝛿 + 𝛿2 (10)

 𝑡 = 𝑎 − ∆ℎ = 𝑎 ቈ1 − 2𝜒𝑝(1 − 𝜐ଶ)𝐸 ቉ (11)

 
where e, r, t and 𝛿 are the geometric parameters of the 
deformation area of the third part as shown in Fig. 4, E is 
the elastic modulus of PDMS. 

Then, the total change of the cross-sectional area of the 
spiral microchannel can be written as 

 ∆𝐴 = ∆𝐴ଵ + ∆𝐴ଶ + ∆𝐴ଷ + ∆𝐴ସ (12)
 
Finally, according to Ohm’s law 𝑅 = 𝜌𝐿/𝐴 , the 

resistance change can be estimated as 
 ∆𝑅 = 𝜌𝐿 ൬ 1𝑎ଶ − ∆𝐴 − 1𝑎ଶ൰ (13)

 
where R is the resistance of the spiral microchannel filled 
with liquid metal, A is the cross-sectional area of the 
microchannel, L is the total length of the spiral 
microchannel, 𝜌 is the resistivity of the Galinstan. 

 
2.2 The principle of capacitance change 
 
The upper liquid metal cylinder and the liquid metal 

spiral microchannel at the bottom of the flexible pressure 
sensor developed in this paper can be regarded as a parallel 
plate capacitor, so the capacitance can be calculated by 
(Yang et al. 2018, Gao and Gui 2014) 

 𝐶 = 𝜀଴𝜀௥𝑆𝑑  (14)

 
where 𝜀଴ = 8.85 × 10ିଵଶ F/m is the vacuum dielectric 
constant, 𝜀௥  is the relative dielectric constant of the 
medium in the capacitor, 𝑆 is the surface area of the 
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Fig. 5 Diagram of deformation of intermediate interlayer

 
 
 
electrodes, and 𝑑 is the vertical distance between the two 
electrodes. 

When the sensor is subjected to pressure, it is stretched 
in different directions. The deformation causes the surface 
area of the electrodes to increase and the distance between 
them to decrease. As a result, the capacitance of the sensor 
gradually increases as the pressure increases (Zhang et al. 
2019). 

The middle interlayer between the upper and lower 
electrodes may deform under pressure, as shown in Fig. 5. 

From the aforementioned Eq. (5), the thickness of the 
intermediate spacer layer after deformation can be 
calculated as 

 𝑚ᇱ = 𝑚(1 + 𝜀௭) = 𝑚 ቀ1 − 𝑝𝐸ቁ (15)
 

where m is the initial height of the interlayer, 𝑚ᇱ is the 
height of the interlayer under pressure. 

From the aforementioned Eq. (6), the width 𝑎ᇱ of the 
microchannel after deformation can be written as 

 𝑎ᇱ = 𝑎൫1 + 𝜀௬൯ = 𝑎 ቀ1 + 𝜐𝑝𝐸 ቁ (16)
 
Then, from Eq. (14), the change of capacitance can be 

calculated by 
 ∆𝐶 = 𝐶ᇱ − 𝐶଴ = 𝜀଴𝜀௥𝐿𝑎𝑝(1 + 𝜐)𝑚(𝐸 − 𝑝)  (17)

 
where C is the capacitance of the sensor, L is the length of 
the spiral microchannel, m is the initial thickness of the 
sensor interlayer, a is the initial width of the microchannel, 
and 𝜐 is the Poisson’s ratio of PDMS, 𝜀௥ is the relative 
permittivity of PDMS. 

 
 
 

 

Fig. 6 The principle of eddy current sensor
 
 
2.3 The principle of inductance change 
 
According to Faraday’s law of electromagnetic 

induction, when an inductive coil is excited by alternating 
current (AC), an AC magnetic field is generated in the coil. 
Under the action of the AC magnetic field, a constantly 
changing magnetic field 𝐻ଵ is generated around the coil. 
According to the law of electromagnetic induction, when 
the nearby metal conductor is close to the coil, the surface 
of the metal to be measured produces induced current due to 
the effect of the coil magnetic field, namely eddy current, as 
shown in Fig. 6. Under the effect of eddy current, the 
surface of the metal to be measured produces alternating 
magnetic field 𝐻ଶ with opposite direction. The interaction 
between magnetic field 𝐻ଵ  and magnetic field 𝐻ଶ 
eventually leads to the equivalent impedance, inductance, 
quality factor and other parameters change. 

As shown in Figs. 7(a) and (b), the eddy current sensor 
developed in this paper is mainly composed of a bottom coil 
and a top metal conductor, which are used as the sensor’s 
conversion element and sensitive element, respectively. The 
coil is composed of spiral microchannels filled with liquid 
metal, and the metal conductor is composed of a liquid 
metal cylinder wrapped by PDMS elastomer. Due to the 
strong soft elasticity of PDMS, the sensitive element may 
be deformed under pressure, and the size of the spiral coil 
can also be changed, which leads to the difference of 
sensor’s inductance. 

The electrical principle is shown in Fig. 7(d). The left 
loop in Fig. 7 is the sensor coil, and the right loop is the 

 
 
 

  
(a) Exploded view of the developed sensor (b) 3D model of the sensor 

 

  
(c) Parameters of spiral coil (d) Electrical schematic diagram of the developed sensor

Fig. 7 Schematic diagrams of the developed sensor
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equivalent circuit of the eddy current in the measured 
conductor. 

From Fig. 7(d), the following equation can be obtained 
 ൤𝑅ଵ + 𝑗𝜔𝐿ଵ−𝑗𝜔𝑀 −𝑗𝜔𝑀𝑅ଶ + 𝑗𝜔𝐿ଶ൨ ൤𝑖ଵ𝑖ଶ൨ = ቈ𝑈ሶ0቉ (18)

 
where 𝑖ଵ and 𝑖ଶ are the equivalent currents in the coil and 
the measured conductor respectively, 𝑈ሶ  is the equivalent 
voltage in the coil, 𝐿ଵ is the inductance of the sensor coil, 𝑅ଵ is the resistance of the sensor coil, 𝐿ଶ is the inductance 
caused by the eddy current, 𝑅ଶ is the resistance caused by 
the eddy current, 𝜔 = 2𝜋𝑓 is the angular frequency of the 
coil excitation current, and M is the mutual inductance 
between the coil and the target. 

From Eq. (18), the equivalent impedance and equivalent 
inductance of the sensor can be obtained as 

 𝑍ሶ = ቈ𝑅ଵ + 𝜔ଶ𝑀ଶ𝑅ଶଶ + (𝜔𝐿ଶ)ଶ 𝑅ଶ቉         +𝑗 ቈ𝜔𝐿ଵ − 𝜔ଶ𝑀ଶ𝑅ଶଶ + (𝜔𝐿ଶ)ଶ 𝜔𝐿ଶ቉ 
(19)

 𝐿௘ = 𝐿ଵ − 𝜔ଶ𝑀ଶ𝑅ଶଶ + (𝜔𝐿ଶ)ଶ 𝐿ଶ (20)

 
where 𝑍ሶ  is the equivalent impedance of the sensor, 𝐿௘ is 
the equivalent inductance of the sensor, mutual inductance 
M between the coil and the target can be written as (Wang 
et al. 2014) 

 𝑀 = 𝑘(𝛽)ඥ𝐿ଵ𝐿ଶ(0 ൏ 𝑘 ൏ 1) (21)
 

where k is the coupling factor between the primary coil and 
the secondary coil, which is a function of the distance 𝛽 
between coil and conductor (Fig. 6); the expression of 𝑘(𝛽) is difficult to obtain and is complex, depending on the 
coil geometry and target properties. 

When the frequency f, or the target conductivity is larger 
enough, such that 𝜔𝐿ଶ ≫ 𝑅ଶ . Then, the equivalent 
inductance can be expressed as (Wang et al. 2014) 

 𝐿௘ = ሾ1 − 𝑘ଶ(𝛽)ሿ𝐿ଵ (22)
 
Obviously, the inductance depends on the target position 𝛽 and the coil inductance 𝐿ଵ. By using the surface current 

approximation method, the plane spiral inductance value 𝐿ଵ 
can be calculated as (Qiao 2021). 

 𝐿ଵ = ൫𝜇଴𝑛𝑑௔௩௚𝑐ଵ/2൯ሾ𝑙𝑛(𝑐ଶ/𝜉) + 𝑐ଷ𝜉 + 𝑐ସ𝜉ଶሿ (23)
 
 

 

𝑑௔௩௚ = (𝑑௢௨௧ − 𝑑௜௡)/2 (24)
 𝜉 = (𝑑௢௨௧ − 𝑑௜௡)/(𝑑௢௨௧ + 𝑑௜௡) (25)
 

where 𝜇଴ is the vacuum permeability coefficient, n is the 
number of turns of the coil, 𝑑௔௩௚ is the average diameter 
of the coil (Fig. 7(c)), 𝑑௢௨௧ is the outer diameter of the 
coil, 𝑑௜௡ is the inner diameter of the coil, 𝜉 is the filling 
ratio of the coil. 

The value of parameter c can be written as (Qiao 2021) 
 

൞𝑐ଵ = 1.00𝑐ଶ = 2.46𝑐ଷ = 0.00𝑐ସ = 0.20 (26)

 
Combining Eqs. (22), (23) and (26), the following 

equations can be obtained 
 𝐿ଵ = ൫𝜇଴𝑛𝑑௔௩௚/2൯ሾ𝑙𝑛(2.46/𝜉) + 0.2𝜉ଶሿ (27)
 𝐿௘ = ሾ1 − 𝑘ଶ(𝛽)ሿ൛൫𝜇଴𝑛𝑑௔௩௚/2൯ሾ𝑙𝑛(2.46/𝜉) + 0.2𝜉ଶሿൟ (28)
 
The coil is composed of spiral microchannels filled with 

liquid metal, so the size of the coil will change under 
pressure. According to Eq. (5), the average diameter 𝑑′௔௩௚ 
and filling ratio 𝜉′ of the deformed coil are 

 𝑑′௔௩௚ = ቀ1 + 𝜐𝑝𝐸 ቁ (𝑑௢௨௧ − 𝑑௜௡)/2 (29)
 𝜉ᇱ = 𝜉 = (𝑑௢௨௧ − 𝑑௜௡)/(𝑑௢௨௧ + 𝑑௜௡) (30)
 

where 𝜐 is the Poisson’s ratio of PDMS, 𝑑′௔௩௚  and 𝜉ᇱ 
are the average diameter and filling ratio of the deformed 
coil, respectively. 

In the same way, the distance 𝛽′ between the coil and 
the conductor after deformation is 

 𝛽ᇱ = 𝛽 ቀ1 − 𝑝𝐸ቁ (31)
 
Then, the change in the equivalent inductance of the 

sensor under pressure can be calculated as 
 ∆𝐿௘ = 𝐿௘ᇱ − 𝐿௘଴ = 𝐿௘൫𝛽ᇱ, 𝑑ᇱ௔௩௚൯ − 𝐿௘൫𝛽, 𝑑௔௩௚൯ (32)
 

where 𝐿௘ᇱ is the equivalent inductance after deformation, 𝐿௘଴ is the equivalent inductance before deformation, 𝛽ᇱ is 
the distance between the coil and the conductor after 
deformation, and 𝑑′௔௩௚ is the average diameter of the coil 
after deformation. 

 
 

Table 1 Principles of three pressure detection modes 
Mode Basic principle Characteristic 

Resistance Ohm’s Law Simple structure; wide response range; large hysteresis and low resolution 
Capacitance Plate capacitor theory Strong repeatability; low energy consumption; low sensitivity and slow response speed 
Inductance Eddying effect Good linearity; high sensitivity; poor temperature stability 
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The basic principles and characteristics of these three 
pressure detection modes are summarized in Table 1. These 
three detection modes have their own advantages and 
disadvantages. The sensor developed in this article can 
solve the limitations of a single measurement mode by 
measuring resistance, capacitance and inductance under 
different application conditions. 

 
 

3. Fabrication 
 
The sensor developed in this paper consists of a soft 

elastomer (PDMS), a liquid metal cylinder embedded in the 
soft elastomer (PDMS) and a spiral microchannel filled 
with liquid metal. The sensor contains the upper, middle 
and lower parts, in which cylindrical cavity and spiral 
microchannel filled with liquid metal are wrapped in the top 
and bottom elastic bodies, respectively. Liquid metal is 
injected into the reserved cavity from the top liquid 
injection port to form a liquid metal cylinder with a 
diameter of 15 mm and a thickness of 2 mm. The liquid 
metal is injected into the spiral microchannel of the PDMS 
elastomer from the bottom liquid injection port to form an 
inductor. The spiral microchannel has 16 turns with an outer 
diameter of 15 mm and a trace spacing of 0.2 mm. 

In this paper, the manufacturing process of flexible 
multi-mode pressure sensor contains three steps: manufac-
turing of master mold, polymer manufacturing and 

 
 

pouring, liquid metal injection and packaging. The 
manufacturing methods of microfluidic chips are described 
as follows: molding method, hot pressing method and laser 
etching method. Soft lithography technology (Zeng 2018) 
can achieve higher accuracy and lower cost, so this 
technology is applied to process three PMMA molds shown 
in Fig. 8(a). The first mold is used to cast the top layer with 
a cylindrical cavity, the second mold is used to cast the 
bottom layer with spiral microchannels, and the last mold is 
used to cast the intermediate layer. 

A layer of release film (Zhou et al. 2020) (Ease Release 
200, Mann Technologies) is coated on the finished mold. 
The developed sensor uses the method of pouring liquid 
PDMS on the prepared PMMA mold to prepare the 
microfluidic chip, which is made of prepolymer and curing 
agent with the ratio of 10:1 (RTV615, Momentive, 
Columbus, OH) (Zhou et al. 2018). The ratio can make it 
have the advantages of high elasticity and easy casting at a 
given curing temperature (Zhou et al. 2020). The PDMS 
curing agent and prepolymer are poured into the container 
and they are evenly mixed, then the liquid PDMS is placed 
in a vacuum desiccator for 30 minutes to remove air 
bubbles. Subsequently, the bubble-removed mixture is spin-
coated onto the prepared PMMA mold at a speed of 500 
rpm, as shown in Fig. 8(b), and the liquid PDMS is heated 
and cured at 75°C for 50 minutes. 

These three cured PDMS layers are separated from the 
mold, aligned and treated with 90W oxygen plasma for 90 

 
 

  
(a) Molds made by soft lithography (b) Injection of liquid PDMS into the molds

 

  
(c) Bonding the layers and injecting liquid metal (d) Sealing with silicone sealant 

Fig. 8 The fabrication process of the sensor
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Fig. 9 Sensor sample filled with liquid metal

 
 

 
 

 
 

seconds, and are placed at 70°C for 15 minutes to make 
them permanently bonded (Ota 2018). On the molded 
PDMS microfluidic chip, a puncher is used to make two 
small holes with a diameter of 1mm at the inlet and outlet of 
the bottom spiral microfluidic channel and a small hole with 
a diameter of 1mm in the middle of the top layer for 
subsequent injection of liquid metal. As shown in Fig. 8(c), 
a syringe is used to inject liquid metal into the microfluidic 
channel in the bottom silicone rubber PDMS and the disc-
shaped hole in the top layer. 

Wires are used to connect with both ends of the bottom 
 
 

 
 

 
 

 
(a) Push-pull force gauge (b) LCR digital bridge tester 

Fig. 10 Experimental devices

  
(a) (b) 

Fig. 11 (a) Schematic diagram of the first wiring method; (b) Physical diagram of the first wiring method

  
(a) (b) 

Fig. 12 (a) Schematic diagram of the second wiring method; (b) Physical diagram of the second wiring method
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spiral micro channel, and the wire connections is sealed 
with Dow Corning 734 transparent flowable silicone 
sealant, as shown in Fig. 8(d). The sensor filled with liquid 
metal is shown in Fig. 9. 

According to the previous work (Wang et al. 2018), the 
size of this sensor is designed. The dimension of the sensor 
s 30 mm × 30 mm × 12.8 mm with the intermediate layer 
thickness of 7 mm, the spiral microchannel length of about 
527 mm, and the side length of the cross section of the 
microchannel is 0.2 mm. 

 
 

4. Experiments and analysis 
 
4.1 Experiments 
 
To evaluate the response of the sensor, the experimental 

device shown in Fig. 10(a) is employed to measure the 
changes in resistance, capacitance and inductance under the 
applied normal pressure. The sensor developed in this paper 
is placed in a digital push-pull force gauge (HF1000, Sange 
(Chongqing) Instrument Co., Ltd.). The rated load of the 
digital push-pull force gauge can reach 1000 N with an 
accuracy of 0.01 N. A flat plastic pressure plate is installed 
on it. In addition, The LCR digital bridge tester (VC4092, 
Xi’an Shengli Instrument Co., Ltd.) is used to measure the 
sensor’s resistance, capacitance and inductance under the 
applied normal pressure. The resistance measurement range 

 
 

of the LCR tester is 0.0001 Ω-1000 MΩ, the capacitance 
measurement range is 0.0001 pF-100 mF, the inductance 
measurement range is 0.0001 μH-10000 μH, and the basic 
accuracy is 0.05%.In order to study the change of 
resistance, capacitance and inductance of the sensor under 
the applied normal pressure, two different wiring methods 
are used. The first wiring method is shown in Fig. 11, which 
can be used to measure resistance and inductance. The 
second wiring method is shown in Fig. 12, which can be 
used to measure the capacitance of the sensor. In these two 
different wiring modes, the pressure plate of the sensor is 
slowly moved along the Z axis until the pressure reaches 
100 kPa. In this process, the resistance, capacitance, and 
inductance values corresponding to different normal 
pressures are recorded. 

 
4.2 Data analysis 
 
It can be found from experimental data that the 

resistance of the sensor nonlinearly changes with the 
pressure, and the capacitance and inductance of the sensor 
approximately linearly change with the pressure. In this 
paper, the least square method is used to analyze the 
experimental data. The curve of sensor resistance vs 
pressure is shown in Fig. 13(a), the curve of capacitance of 
sensor against pressure is plotted in Fig. 13(b), and the 
curve of inductance against pressure is depicted in Fig. 
13(c). 

 
 

(a) Resistance vs pressure curve (b) Capacitance vs pressure curve 

(c) Inductance vs pressure curve

Fig. 13 Curves of resistance (a), capacitance (b) and inductance (c) vs pressure 
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Table 2 Fitting parameters of three pressure measurement 
indexes 

 Resistance Capacitance Inductance 
A 0 0 0 
B 9.17299 6.58071 110.82471 𝑅ଶ 0.98796 0.99805 0.99553 

 

 
 
 
To compare with the linear fitting effect of three 

pressure measurement indexes, the linear fitting of 
resistance, capacitance, inductance and pressure is carried 
out by using the equation y = A + B𝑥. It can be seen from 
Table 2 that the correlation coefficient 𝑅ଶ of resistance, 
capacitance and inductance is greater than 0.98, which 
indicates that the fitting effect of these three indicators is 
very good. Among them, the best fitting effect is the 
capacitance, and its correlation coefficient 𝑅ଶ  reaches 
0.998, implying that the fitting curve can well reflect the 
change of the capacitance of the sensor vs the applied 
pressure. 

In addition, the error bars of these three indicators of the 
pressure sensor in its pressure range are shown in Fig. 14. 
Obviously, the errors of the three measurement indicators in 
the pressure range of the sensor are very small. 

 
 
 

5. Discussion 
 
5.1 Cyclic load experiment of the sensor 
 
Under the action of pressure, the cross section of the 

spiral microchannel of the sensor may deform, leading to 
change the resistance, capacitance and inductance of the 
sensor. The calibration experiment of pressure sensor is 
carried out by using the equipment shown in Fig. 10(a). The 
experimental data of this sensor under five loading and 
unloading cycles are shown in Fig. 15, and the partial 
enlarged diagram of the cyclic loading experimental data of 
three indexes (resistance, capacitance and inductance) is 
plotted in Fig. 15(f). It is easy to find from Fig. 15 that the 
experimental results of these three indexes little fluctuate. 

 
5.2 Performance evaluation of three pressure 

measurement indexes 
 
5.2.1 Hysteresis 
The hysteresis of the chip reflects the degree of 

misalignment of the input and output curves in the positive 
stroke and the reverse stroke. Generally, the return error 𝛾ு 
is used to evaluate the hysteresis phenomenon. The 
following formula is used to calculate the return error of 
three pressure measurement indicators (resistance, 
capacitance and inductance) during the five-cycle load 
experiments 

 
 

(a) Resistance error (b) Capacitance error 

(c) Inductance error

Fig. 14 The error of the three indicators of the pressure sensor within its pressure range 
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 𝛾ு = ฬ∆ு೘ೌೣ𝑦ிௌ ฬ × 100% (33)

 𝑦ிௌ = |𝑦௠௔௫ − 𝑦௠௜௡| (34)
 

where ∆ு೘ೌೣ  is the maximum difference of the return 
curve; 𝑦ிௌ  is the full-scale output value; 𝑦௠௔௫  is the 
upper limit output value in the pressure measurement range; 𝑦௠௜௡  is the lower limit output value in the pressure 
measurement range. 

Table 3 shows the comparison of the return errors 
among these three pressure measurement indicators. It is 
found from Table 3 that the return errors 𝛾ு of resistance, 
capacitance and inductance are all less than 1%. Therefore, 

 
 

it can be concluded that the three pressure measurement 
indicators of the sensor developed in this paper have good 
repeatability, and the accuracy of its measurement can still 
be guaranteed during long-term use. Among them, the 
return error of the capacitance is the smallest, indicating 
that the use of the capacitance for pressure sensing has the 
smallest hysteresis. 

 
5.2.2 Repeatability 
Repeatability 𝛾௥ reflects the random error of a sensor. 

This paper uses the following equation to evaluate the 
repeatability error of three pressure measurement indexes. 

 𝛾௥ = 3𝑆𝑦ிௌ × 100% (35)

(a) (b) 
 

(c) (d) 
 

(e) (f) 

Fig. 15 The change of resistance (a), capacitance (c) and inductance (e) under cyclic load and their local enlarged diagram
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Table 3 Analysis results of three pressure measurement 
indexes 

 Resistance Capacitance Inductance 𝛾ு 0.98% 0.62% 0.81% 𝛾௥ 0.65% 0.32% 0.41% 𝑆௕̅ 0.76% 0.29% 0.79% 𝛾௅ 8.89% 6.34% 4.32% 
 

 
 

S = ඩ 12𝑚 ൭෍ 𝑆௟௜ଶ − ෍ 𝑆஽௜ଶ௠
௜ୀଵ

௠
௜ୀଵ ൱ (36)

 

𝑆௟௜ = ඩ 1𝑛 − 1 ෍൫𝑦௟௜௝ − 𝑦ത௟௜൯ଶ௡
௝ୀଵ  (37)

 

𝑆஽௜ = ඩ 1𝑛 − 1 ෍൫𝑦஽௜௝ − 𝑦ത஽௜൯ଶ௡
௝ୀଵ  (38)

 
where S is the overall standard deviation of the sensor, 𝑆௟௜ 
is the standard deviation of the positive stroke at each 
detection point, 𝑆஽௜ is the standard deviation of the reverse 
stroke at each detection point, m is the number of 
verification points in the entire pressure measurement 
range, n is the number of cyclic verifications. 

Table 3 shows the comparison of the repeatability errors 
between these three pressure measurement indicators. It is 
found from Table 3 that the repeatability errors 𝛾௙  of 
resistance, capacitance and inductance are all less than 1%, 
implying there is basically no residual strain during the 
experiment. The best repeatability is capacitance, while the 
worst repeatability is resistance. 

 
5.2.3 Periodic stability of sensitivity 
The ratio of the absolute value of sensitivity difference 

between two adjacent periods to the sensitivity of this 
verification is called sensitivity periodic stability, which can 
be calculated by 

 𝑆௕ = ฬ𝑏 − 𝑏଴𝑏 ฬ × 100% (39)

 
where S௕ is the periodic stability of sensitivity, 𝑏 is the 
sensitivity of the sensor, and 𝑏଴ is the sensitivity of the 
sensor in the last cycle. 

Then, the average stability of the sensor sensitivity in 
five cycles is as follows 

 𝑆௕̅ = (𝑆௕ଵ + 𝑆௕ଶ + 𝑆௕ଷ + 𝑆௕ସ)/4 (40)
 

where 𝑆௕௜ (𝑖 = 1, 2, 3, 4)  is the periodic stability of 
sensitivity during five times of periodic loading. 

Obviously, it can be seen from Table 3 that the 
sensitivity periodic stability of capacitor is the best, 𝑆௕̅ is 

only 0.29%, and the sensitivity periodic stability of inductor 
is the worst. 

 
5.2.4 Linearity 
Linearity is an index used to evaluate the deviation 

degree of experimental data and sensor characteristic curve. 
It is usually expressed by the ratio of the maximum 
deviation ∆௟௠௔௫  between the actual data and the fitting 
curve to the full-scale output 𝑦ி௦. It can be written as 

 𝛾௅ = ฬ∆௟௠௔௫𝑦ிௌ ฬ × 100% (41)

 
where ∆௟௠௔௫  is the maximum deviation between the 
arithmetic mean value of the output value and the selected 
working line, and 𝑦ிௌ is the difference between the upper 
and lower pressure values of the measurement range. 

As can be seen from Table 3, the inductance has the best 
linearity, followed by capacitance and resistance in turns. 

 
5.3 Comparison between experimental data and 

theoretical values 
 
It can be seen from Fig. 16(a) that when the pressure is 

in the range of 0-50 kPa, the theoretical value of the 
resistance change is in good agreement with the 
experimental data, while in the range of 50-100 kPa, the 
theoretical value is slightly lower than the experimental 
data, and the difference between the theoretical value and 
the experimental data tends to increase as the pressure 
increases. Although there are differences between the 
theoretical value and the experimental value of the 
resistance, the trend of theoretical values is consistent with 
the experimental results. It is found from Fig. 16(a) that the 
slopes of the theoretical curve and the experimental curve 
gradually increase as the pressure increases. The reason is 
that as the pressure increases, the microchannel gradually 
approaches collapse, and the cross-sectional change 
increases significantly. 

When the pressure is between 0-30 kPa, the theoretical 
value of the capacitance change is in good agreement with 
the experimental value, as shown in Fig. 16(b). When the 
pressure exceeds 30 kPa, the theoretical value and the 
experimental value are slightly different. Obviously, the 
difference between the theoretical value and the 
experimental value gradually increases as the applied 
pressure increases, but the trend of the theoretical values 
and the experimental values is still basically consistent. 

In addition, we studied the relative error between 
theoretical and experimental results. Both the resistance and 
the capacitance have the maximum relative error when the 
pressure is 10 kPa, and the absolute value of the relative 
error at other points is less than 20%, as shown in Fig. 17. 
This implies that the developed theoretical models of 
resistance and capacitance can be used to explain the 
performance of the sensor, although it cannot explain all the 
observation data well. 

Although the principle of inductance change is 
investigated in Section 2.3, the expression of k(x) in Eq. 
(22) is difficult to obtain and is very complicated, 
depending on the geometry of the coil and the target 
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Fig. 17 Relative error between theoretical and experimental 
results 

 
 

properties. Therefore, the theoretical value of the inductance 
change is difficult to obtain, and the comparison of the 
theoretical value and the experimental of value inductance 
change is not investigated in this paper. 

 
 

6. Conclusions 
 
The pressure sensor developed in this paper is mainly 

composed of a polydimethylsiloxane (PDMS) elastomer, a 
cylindrical cavity filled with liquid metal on the top and a 
spiral microchannel filled with liquid metal on the bottom. 
This is a new type of flexible pressure sensor structure. The 
resistance, capacitance and inductance changes of this 
sensor under pressure can be measured through two 
different wiring methods. 

Five cyclic loading experiments were carried out on the 
pressure sensor, and the hysteresis, repeatability, sensitivity 
cycle stability and linearity of these three pressure 
measurement indexes were compared and analyzed. It is 
found that the repeatability error and return error of these 
three pressure measurement indexes are less than 1%, so it 
can be concluded that there is basically no residual strain 
when the sensor is unloaded and reloaded during the 

 
 

experiment. Among them, the repeatability of the 
capacitance is the best and the hysteresis is the smallest. 
However, the linearity of the capacitance is the worst, while 
the linearity of the inductor is the best. In addition, in order 
to calibrate the sensor, the average value of the three 
pressure measurement indexes in the five cyclic load tests 
was linearly fitted. The results show that the fitting effect of 
the capacitance is the best, while the fitting effect of the 
resistance is the worst. 

Based on linear elastic fracture mechanics, the cross-
sectional changes of the sensor microchannel under 
pressure are theoretically analyzed, and the changes of 
resistance and capacitance with pressure are deduced and 
verified with experimental data. In the range of 0-50kPa, 
the theoretical values of resistance are in good agreement 
with the experimental data of resistance, while in the range 
of 50-100 kPa, the theoretical values are slightly different 
from the experimental data, and the difference between the 
theoretical values and experimental data increases with 
increasing the applied pressure. Similarly, the theoretical 
values of the capacitance are close to the experimental data 
in the range of 0-30 kPa, and the difference between the 
theoretical value and experimental data increases with 
increasing the applied pressure when the pressure exceeds 
30 kPa. 

In this paper, the spiral microchannel filled with liquid 
metal is used to replace the rigid metal coil in the traditional 
flexible eddy current sensor to improve the flexibility and 
mechanical durability of the sensor. The experimental 
results show that the inductance linearly changes with an 
increase in pressure in the range of 0-100 kPa, and it has 
good repeatability, linearity and low hysteresis. 

In the future work, we will further analyze the principle 
of sensor inductance change and will establish a more 
accurate model to guide the design of the sensor. 
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(a) Comparison of experimental and theoretical values of resistance (b) Comparison of experimental and theoretical values of capacitance

Fig. 16 Comparison of theoretical and experimental values
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