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1. Introduction 

 
The pressure sensor is a key instrument that can directly 

obtain the internal stress distribution and magnitude of 
rocks and soils. Its main working principle is to convert the 
external pressure signal into an electrical signal according 
to a certain rule. In a variety of industries, pressure sensors, 
as the most common sensor type, have received widespread 
attention. According to the different working principles, 
pressure sensors are mainly divided into the following 
categories: resistance strain gauge pressure sensor (Yu et al. 
2010, Lebedev et al .  2012, Zheng et al .  2013), 
piezoresistive sensor (Wang et al. 2020, Georgopoulou et 
al. 2021), piezoelectric pressure sensor (Stefan et al. 2017, 
Kim et al. 2020), capacitive pressure sensor (Ko 1986, Ko 
et al. 1983), antenna frequency pressure sensor (Wang 
2010, Choi et al. 2015, Xu et al. 2016, Dildar et al. 2020, 
Liu et al. 2020, Lee et al. 2020, Mathur et al. 2020, Saha et 
al. 2020). However, the sensitive elements of traditional 
sensors used in practical engineering are usually rigid 
materials, which have the characteristics of low flexibility 
and high brittleness. As a result, the sensor (Ren et al. 2016) 
is prone to mechanical brittle fracture and fatigue failure 
under cyclic load. Flexible sensors (Li and Zhang 2008, 
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Chuang et al. 2012, Min et al. 2019, Zhang 2019, Zhou and 
Yu 2021) usually refer to sensors made of flexible materials 
with excellent ductility. Moreover, the structure of the 
flexible sensor can be changed in many ways, and it can be 
arbitrarily arranged under different measurement 
conditions, so that it can monitor the complex engineering 
environment. 

At present, the fabrication of flexible sensors is usually 
completed by liquid gallium indium alloy and 
polydimethylsiloxane (PDMS) as substrate. PDMS has 
good elasticity and excellent ductility, and can effectively 
overcome mechanical damage and fatigue damage. For 
Example, Park et al. (2010) prepared a super-elastic 
pressure sensor by etching gallium-indium microchannels in 
silicon rubber, which has a resistance change of up to 50% 
in the pressure range of 0-100 kPa, and these experimental 
measurements are in good agreement with the theoretical 
values derived from plane strain elasticity and contact 
mechanics. In 2012, in order to improve sensitivity and 
reduce sensor nonlinearity and hysteresis, Park et al. 
(2012a) compared the electrical responses of different 
cross-sectional geometries and found that channels with 
triangular or concave cross-sections exhibited minimal 
nonlinearity and hysteresis. In the same year, a sensor that 
can detect multiaxial strain and contact pressure was 
developed, and it can still work under 250% large strains. In 
2015, Jung et al. (Jung and Yang 2015) successfully 
introduced this technology into fluid viscosity 
measurement, which overcomes the complexity of the 
electrical measurement method and other problems, and its 
normalized difference is less than 5.1% compared with 
commercial viscometer evaluation. Zhou et al. (2018) 
developed a three-layer hyper-elastic pressure sensor in 
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2018, and designed the pressure sensor shell, so that it can 
be applied in practical engineering. Cohen et al. (2012) 
proposed a highly elastic strain gauge based on capacitive 
sensing, which has a variability of less than 3% under 
strains of up to 100% and thousands of cycles of loading. In 
2013, Hu et al. (2013) developed a dual-purpose flexible 
capacitive sensor, which has a strain of up to 60% when 
measuring uniaxial tension and can withstand a lateral 
pressure of 1kPa-1MPa, showing good linearity. Unlike the 
previous works, Pignanelli et al. (2019) focused on different 
etching processes and studied the generation methods of 
surface patterns of four different PDMS media. By 
comparing with different patterned media, we can 
understand the influence of flexible microstructure design 
on pressure sensitivity, which provides a new tool for 
realizing the pressure sensitivity of flexible polymer sensor. 

From the working mechanism, the current flexible 
pressure sensor can be divided into three types: resistive 
(Ventrelli et al. 2009, Park et al. 2010, Park et al. 2012a, b, 
Shi and Cheng 2013, Chossaty et al. 2015, Jung and Yang 
2015, Jiao et al. 2016, Otake and Konishi 2018, Zhou et al. 
2018, Kim et al. 2019, Shou et al. 2021), capacitive (Cohen 
et al. 2012, Hu et al. 2013, Ali et al. 2016, 2019, Won et al. 
2017, Li et al. 2019, 2021, Pignanelli et al. 2019) and 
reconfigurable antenna (Traille et al. 2008, Deshmukh et al. 
2011, Khan et al. 2011, Dey et al. 2013, 2015, Kim et al. 
2014, Castorina et al. 2016, Su et al. 2017, Zhang et al. 
2017, Saptarshi and Sungjoon 2018, Karthikeyan et al. 
2019, Zhou et al. 2019). Among them, only frequency-
reconfigurable antenna sensors can be used wirelessly. 
Moreover, the eutectic gallium-indium alloy (EGaIn), with 
liquid fluidity, metal conductivity and a unique self-
repairing ability, is suitable for fabricating frequency-
reconfigurable antennas. The liquid metal can harmoniously 
flow with the deformation of PDMS, so the frequency of 
the antenna is reconfigurable. For example, Traille et al. 
(2008) proposed a novel concept of liquid antenna, which 
can increase the range of the antenna by 5-10 times by 
changing the salinity of the liquid antenna, and they 
envisaged that similar methods can be extended to the 
development of liquid radio frequency electronics for 
implantable devices and wearable real-time biological 
signal monitoring. In 2011, Khan’s team (Khan et al. 2011) 
created a liquid metal antenna that can measure the pressure 
range, but the pressure value cannot be accurately 
calibrated. Zhou et al. (2019) developed a symmetric dipole 
pressure sensor, and the experimental results show that the 
linear relationship between displacement and its resonance 
frequency is in good agreement with the numerical and 
theoretical calculation results. However, these flexible 
frequency-reconfigurable antenna sensors generally have 
the disadvantages of large size and small measuring range. 

This paper uses soft lithography technology to etch 
PDMS into a microfluidic chip as the base material, and 
encapsulate liquid metal into the microfluidic chip to 
fabricate a liquid metal antenna as a pressure sensor. This 
liquid metal sensor antenna adopts the structure of a loop 
antenna, which breaks through the shortcomings of the 
traditional symmetrical dipole structure and reduces the 
overall size of the sensor. In addition, a new type of shell 
with a “T-shaped” structure is designed and manufactured, 

which overcomes the shortcomings of the traditional shell’s 
force characteristics and effectively expands the range of 
the sensor. Due to the high elasticity of the PDMS material 
and the unique self-healing ability of the liquid metal in the 
microfluidic channels, the resonant frequency of the liquid 
metal antenna under pressure is reconfigurable and has 
certain flexibility characteristics. It can also be combined 
with radio frequency technology to realize wireless sensing 
of physical quantities. The sensor is loaded step by step, and 
the experimental results showed that there is a good linear 
relationship between the pressure load and the resonance 
frequency. A cyclic loading and unloading experiments are 
carried out on the sensor, and the experimental results 
showed that the repeatability error γ𝒇 and the return error γு were ws small, which indicated that the sensor does not 
produce residual deformation during the cyclic loading and 
unloading process. In addition, the temperature sensitivity 
and stability of the sensor are studied. and the temperature 
correction formula is derived. 

 
 

2. Sensor design and fabrication 
 
A pressure sensor with a reconfigurable liquid metal 

antenna is developed, and the antenna is in the form of a 
loop antenna. The fabrication of the sensor is completed by 
etching micro flow channels in the PDMS flexible 
substrate, injecting gallium indium alloy into the channels 
after the substrate is bonded, encapsulating the liquid 
injection port and connecting wires, and finally installing 
the fabricated substrate and shell together. 

When the electromagnetic wave propagates in the 
medium, the expression of the resonant frequency of the 
antenna is 𝑓 = 𝑐𝜆ඥ𝜀௘௙௙ (1)

 
where, 𝑓  is the antenna resonant frequency, λ is the 
wavelength of the antenna, 𝜀௘௙௙ is the relative dielectric 
constant of the medium, and c is the speed of light. 

Electromagnetic theory shows that the circumference of 
the ring antenna is its wavelength when resonance occurs. 
Eq. (1) shows the theoretical relationship between resonant 
frequency and antenna size. 

 
 

Fig. 1 Planform 
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2.1 Antenna s ze determ nat on 
 
In order to facilitate the representation of structural 

features, the dimensions are shown in Figs. 1 and 2. 
In Figs. 1 and 2, the blue represents the micro flow 

channel encapsulated with liquid metal, and the two red 
dots in the side view represent the feed of the antenna. R1 is 
the inner diameter of the liquid metal antenna, R2 is the 

 
 

 
 

Table 1 Influence of different H0 on resonant frequency 

Number m1 m2 m3 m4 m5 
HO/mm 0.14 0.15 0.16 0.17 0.18 
ƒ/GHz 2.470 2.515 2.455 2.455 2.455 

 

 
 

 
 

outer diameter of the liquid metal antenna, R3 is the radius 
of the entire circular PDMS substrate, GAP is the distance 
between two feeding points, HO is the height of the micro 
flow channel, and H is the height of the substrate. Then, 
HFSS analysis software is used to simulate the influence of 
parameters on resonant frequency, and the size design of 
liquid metal antenna is completed. 

Firstly, the influence of parameter HO on antenna 
 
 

 
 

Table 2 Influence of different R1 on resonant frequency 

Number m1 m2 m3 m4 m5 m6
R1/mm 14.4 14.6 14.8 15.0 15.2 15.4
ƒ/GHz 2.590 2.530 2.500 2.455 2.425 2.395
 
 

 

 
Fig. 2 Side view

Fig. 3 The effect of parameter HO on the resonant frequency of the antenna 

Fig. 4 The effect of parameter R1 on the resonant frequency of the antenna 
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Fig. 5 Linear fitting diagram of R1 and resonant frequency
 
 
Table 3 Influence of different R2 on resonant frequency 

Number m1 m2 m3 m4 m5 
R2/mm 15.5 16.0 16.5 17.0 17.5 
ƒ/GHz 2.425 2.455 2.485 2.515 2.560 

 

 
 
resonant frequency is considered, and the simulation results 
are shown in Fig. 3 and Table 1. It can be seen from Table 1 
that there is no obvious corresponding relationship between 
the section height of liquid antenna and its resonant 
frequency. Therefore, the value of HO is 0.16 mm. 

Based on the above, the influence of parameter R1 
(inner diameter) on the resonant frequency of liquid antenna 
is explored. The results are shown in Fig. 4 and Table 2. It 
is obvious from Table 2 that the resonant frequency 
gradually decreases with increasing the radius of the liquid 
ring antenna. It can be found from Fig. 5 that there exists 
approximately linear relationship between the resonant 
frequency and the radius of the liquid ring antenna. 
Based on the above, the values of HO and R1 are 0.16 mm 
and 15 mm, respectively. The influence of R2 (outer 
diameter) on the resonant frequency of liquid antenna is 
 
 

simulated. The results are shown in Fig. 6 and Table 3. In 
contrast to R1, the resonant frequency of the liquid antenna 
is positively correlated with R2. The data are represented by 
a scatter diagram and are fitted, as shown in Fig. 7. It is 
found from Fig. 7 that there exists a linear relationship 
between the resonant frequency and outer diameter. 

The resonant frequency designed in this paper is 2.45 
GHz and the following parameters are determined from the 
above analysis: HO = 0.16 mm, R1 = 15 mm, R2 = 16 mm. 
Then, HFSS is used to simulate the influence of parameter 
R3 (PDMS chip radius) on the resonant frequency of liquid 
antenna. The data are shown in Fig. 8 and Table 4. As 
shown in Fig. 9, the size of R3 has little correlation with the 
resonant frequency of liquid metal antenna. 

In order to ensure that the resonant frequency is 2.45 
GHz, the parameters GAP and H are finally determined as 2 
mm and 7 mm, respectively. Since these two parameters 
have little influence on the resonant frequency, the 
influence of these two parameters is not discussed and 
studied here. Finally, the simulation results of each data are 
shown in Fig. 10. At this time, the resonant frequency of the 
antenna is considered to be 2.45 GHz, and the specific 
parameters of liquid metal antenna are shown in Table 5. 

 
 

Fig. 7 Linear fitting diagram of R2 and resonant frequency
 
 

 

Fig. 6 The effect of parameter R2 on the resonant frequency of the antenna 
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Table 4 Influence of different R3 on resonant frequency 

Number m1 m2 m3 m4 m5 m6 m6
R3/mm 18.0 18.5 19.0 19.5 20.0 20.5 21.0
ƒ/GHz 2.500 2.500 2.455 2.440 2.440 2.440 2.410

 

 
 

Fig. 9 The relationship between antenna radius R3 and 
resonant frequency 

 
 

 
 

Table 5 Chip parameters 

GAP/mm H/mm HO/mm R1/mm R2/mm R3/mm
2 7 0.16 15 16 19 

 
 
2.2 Manufacturing process 
 
The manufacturing process of antenna is shown in Figs. 

11-13, and the process can be divided into the following 
three steps: 

The first step: the mold production of the upper 
substrate and the lower substrate uses soft lithography 
technology, and the surface of the mold is processed, as 
shown in Fig. 11. 

The second step: the ratio of polydimethylsiloxane 
(PDMS) and curing agent is 10:1. After stirring the mixture 
in a container, it is placed in a vacuum chamber to remove 
bubbles. The mixed liquid is poured into the mold, and the 
mold is placed on a heating Table at 80℃ until it is 
completely solidified. PDMS is released from the mold, and 
the two ends of the microfluidic channel are punched with a 
stainless-steel tinned round punch with a size of 0.2 mm × 

 
 

Fig. 8 The effect of parameter R3 on the resonant frequency of the antenna 

Fig. 10 Final size determination
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Fig. 11 Mould manufacture 
 
 

Fig. 12 Demoulding and bonding 
 
 

1 mm to form a through hole as the main injection port. For 
precise bonding, the substrates are aligned through the 
alignment pillars, and then the substrates are bonded by 
their own gravity after alignment, as shown in Fig. 12. 

The third step: After the bonding of the substrate is 
completed, the liquid metal Galinstan is injected into the 
micropores through a syringe. The wires at the entrance and 
exit are connected, and high-viscosity and heat-stable 
adhesive is used to seal the connection position, as shown in 
Fig. 13. 

 
 

 

Fig. 13 Made and measured 
 
 

Fig. 14 The finished PDMS substrate
 
 

Fig. 15 Conventional shell construction
 
 
 

 
Fig. 16 Cloud image of conventional shell structure under stress and deformation 
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After the above steps, a reconfigurable liquid metal 
antenna chip is designed and manufactured, and the finished 
product is shown in Fig. 14. 

 
2.3 Design of sensor shell 
 
When the shell is under pressure, the surface is 

deformed. For the conventional shell structure shown in 
Fig. 15, when it is subjected to pressure, it may produce 
uneven deflection, a concave three-dimensional curved 
surface may be formed, leading to non-uniform distribution 
of the pressure acting on the PDMS chip. To reflect the 
uneven deformation of the traditional shell, ABAQUS 
software is used for simulation, and the simulation result is 
shown in Fig. 16. It can be seen from Fig. 16 that the closer 
the center part, the greater the deformation. Correspon-
dingly, the contact pressure acting on the internal PDMS 
chip is not an ideal uniform force. Therefore, in order to 
solve this problem, the shell needs to be optimized. 

In this paper, a new shell is developed, whose internal 
structure is “inverted T-shaped” pressure structure. Through 
this structure, the uneven pressure can be converted into 

 
 

Fig. 17 “Inverted T” shell construction 
 
 

 
 

uniform equivalent pressure skillfully, as shown in Fig. 17. 
Schematic diagram of “inverted T” shell structure is 

plotted in Fig. 18. To determine the dimensions of “inverted 
T” shell structure, FEM (Abaqus software) is used to 

 
 

Fig. 19 Schematic diagram of shell internal structure
 
 

Fig. 20 The manufactured shell
 
 

 
 

 
Fig. 18 Schematic diagram of shell internal structure

Table 6 Enclosure parameter value 

a b c d e f 
Shell section (loop) 

Internal diameter External diameter 
2 mm 7 mm 4 mm 3 mm 4 mm 18 mm 19 mm 21 mm 
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simulate its deformation. Considering the characteristics of 
the shell material and practical engineering applications, the 
stress and vertical deformation under different shell sizes 
are compared, and a relatively suitable size is determined. 
The final deformed contour is shown in Fig. 19. It can be 
seen from Fig. 19 that the color of the stress contour at the 
bottom tends to be consistent. Therefore, the external 
pressure can be approximately regarded as uniform pressure 
through the buffer of the inverted T-shaped structure. 
Finally, the dimension of the new shell structure is shown in 
Table 6. The manufactured shell structure is shown in Fig. 
20. 

 
 

3. Theoretical analysis 
 
When theoretical analysis is conducted, some 

assumptions need to be defined in this paper. The following 
assumptions are indispensable: 

 

(1) The selected production materials have good elastic 
properties, such as steel shell and PDMS with 
internal chip. It is assumed that sensors made of 
these materials do not produce residual 
deformation and hysteresis in actual use. 

(2) Assuming that the “inverted T-shaped” pressure 
structure inside the shell is rigid and does not 
produce any deformation. Its main function is to 
convert uneven pressure into uniform stress, so that 
the PDMS chip can be stressed uniformly. 

(3) Compared with the elastic modulus of PDMS, the 
elastic modulus of the shell is several orders of 
magnitude higher. When external force acts on the 
sensor, the effects of its deflection and deformation 
on internal chip does not need to consider. 

(4) The premise of the small deflection theoretical 
analysis of the shell is to satisfy the Kirchhoff 
hypothesis. 

 
3.1 The deformation of the sensor shell 
 
Different from the traditional shell, the working 

principle of the sensor of the new shell in this paper is that 
its deflection deformation induced by external force causes 
the change of its electrical signal. Therefore, it is necessary 
to establish the relationship between the external pressure 
and the deflection change at the center of the metal shell. As 
shown in Fig. 21, the radius of the circular thin plate is R, 
the thickness is t, and the uniform load is denoted as P. The 
coordinate system is a cylindrical coordinate system, and 

 
 

the radial distance, azimuth angle, and height are marked as 
r, θ, and z, respectively. 

Firstly, the equilibrium equation, physical equation and 
geometric coordination equation are constructed. 
Considering a micro-element body for moment-equilibrium 
analysis, we can determine Eq. (2). Considering the 
distance between the radial section and the midplane as z, 
the micro-segment is used to analyze the geometric 
equation, and the geometric equation of the relationship 
between strain and deflection can be obtained, as shown in 
Eq. (3). Finally, the physical equation is derived according 
to the generalized Hooke’s law, as shown in Eq. (4). 

 𝑀௥ + 𝑑𝑀௥𝑑𝑟 − 𝑀ఏ + 𝑄௥r = 0 (2)
 

൞𝜀௥ = −z 𝑑ଶ𝑤𝑑𝑟ଶ𝜀ఏ = − 𝑧𝑟 𝑑𝑤𝑑𝑟  (3)

 

⎩⎨
⎧𝜎௥ = 𝐸1 − 𝜇ଶ (𝜀௥ + 𝜇𝜀ఏ)𝜎ఏ = 𝐸1 − 𝜇ଶ (𝜀ఏ + 𝜇𝜀௥) (4)

 
where, 𝑀௥is the radial bending moment of micro element, 𝑀ఏ is the axial bending moment of micro element, 𝑄௥ is 
the transverse shear force of micro element, z is the distance 
between the radial section and the midplane, r is the radius, 𝑤 is the deflection, 𝜀௥, 𝜀ఏ are the strains, 𝜎௥, 𝜎ఏ are the 
stresses, E is theYoung’s modulus, and 𝜇 is the Poisson’s 
ratio. 

Combining Eqs. (3) and (4), the relationship between 
deflection and stress is written as 

 

⎩⎪⎨
⎪⎧ 𝜎௥ = − 𝐸𝑧1 − 𝜇ଶ ቆ𝑑ଶ𝑤𝑑𝑟ଶ + 𝜇𝑟 𝑑𝑤𝑑𝑟 ቇ

𝜎ఏ = − 𝐸𝑧1 − 𝜇ଶ ቆ1𝑟 𝑑𝑤𝑑𝑟 + μ 𝑑ଶ𝑤𝑑𝑟ଶ ቇ (5)

 
By integrating 𝜎௥ and 𝜎ఏ, the expressions of 𝑀௥ and 𝑀ఏ with deflection are obtained as 
 

⎩⎪⎨
⎪⎧ 𝑀௥ = −𝐷ᇱ ቆ𝑑ଶ𝑤𝑑𝑟ଶ + 𝜇𝑟 𝑑𝑤𝑑𝑟 ቇ

𝑀ఏ = −𝐷ᇱ ቆ1𝑟 𝑑𝑤𝑑𝑟 + μ 𝑑ଶ𝑤𝑑𝑟ଶ ቇ (6)

 
 

 
Fig. 21 Schematic diagram of circular thin plate under stress
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where, 𝐷ᇱ = ா௧యଵଶ(ଵିఓమ) represents the bending stiffness of 
the circular plate, which is only related to the geometric size 
and material properties of the circular plate, and t is the 
thickness of metal shell. 

Finally, combining Eq. (6) and Eq. (2), the differential 
equation for the bending of a circular plate under uniform 
load is obtained as 

 𝑑ଷ𝑤𝑑𝑟ଷ + 1𝑟 𝑑ଶ𝑤𝑑𝑟ଶ − 1𝑟ଶ 𝑑𝑤𝑑𝑟 = 𝑄௥𝐷ᇱ (7)

 
Substituting the expression of Q୰ into Eq. (7), the 

following differential equation can be written as 
 𝑑𝑑𝑟 ൤1𝑟 𝑑𝑑𝑟 ൬r 𝑑𝑤𝑑𝑟 ൰൨ = 𝑝𝑟2𝐷ᇱ (8)

 
Eq. (8) is integrated three times and can be converted to 
 𝑤 = 𝑝𝑟ସ64𝐷ᇱ + 𝐶ଵ𝑟ଶ4 + 𝐶ଶ𝐼𝑛𝑟 + 𝐶ଷ (9)

 
where, 𝑄௥ = గ௥మ௣ଶగ௥ = ௣௥ଶ , and Cଵ , Cଶ , Cଷ  are integral 
constants. 

According to the boundary conditions, integral constants Cଵ, Cଶ and Cଷ can be determined. The deflection w at the 
center of the plate is a finite value, therefore, the coefficient Cଶ is 0. In addition, the boundary condition of the sensor 
shell is peripheral fixed support, which is written as 

 ൝ w = 0         r = R𝑑𝑤𝑑𝑟 = 0        r = R  (10)

 
Substituting the above boundary conditions into Eq. (9), 

the solution of the integral constant is written as 
 

⎩⎨
⎧ 𝐶ଵ = 𝑝𝑅ଶ8𝐷ᇱ𝐶ଷ = 𝑝𝑅ସ64𝐷ᇱ (11)

 
Finally, the relationship between the external pressure 

and the deflection at the center of the metal shell is 
expressed as 

 𝑤 = 𝑝𝑟ସ64𝐷ᇱ + 𝐶ଵ𝑟ଶ4 + 𝐶ଷ (12)

 
3.2 Theoret cal analys s of nternal ch ps 
 
The relationship between the center deflection w of the 

shell and the vertical strain ε of the chip is written as. 
 𝜀 = − 𝑤𝐻 (13)
 

where, H is the height of the substrate. 
The “inverted T-shaped” pressure structure on the upper 

part of the chip produces the same deflection 𝑤 as the 
center of the shell. The lateral strain relation is 𝜀ଵ = −𝜇𝜀 
through Hooke’s law. 

PDMS chip has spatial symmetry on the central axis, 
which is the same as liquid metal loop antenna. The same 
spatial symmetry ensures that the shape of the loop antenna 
remains the loop shape after it is deformed under 
compression. Based on the elastic assumption mentioned 
above, the loop antenna can be changed back to its original 
shape after unloading. This shape design ensures the 
reconfigurable performance of the antenna sensor. 

The relationship between the circumference (L) of the 
loop antenna and its radius (𝑟ᇱ) is written as 

 𝐿 = 2𝜋𝑟ᇱ (14)
 𝑟ᇱ = (1 + 𝜀ଵ) 𝑅ଵ + 𝑅ଶ2  (15)

 
where, L is he circumference of the loop antenna, 𝑟ᇱ is the 
radius of the loop antenna, 𝑅ଵ is the inner diameter of the 
liquid metal antenna, 𝑅ଶ is the outer diameter of the liquid 
metal antenna, and 𝜀ଵ is the lateral strain. 

Combining the above equation, the relationship between 
the antenna resonant frequency and the lateral strain 𝜀ଵ is 
expressed as 

 𝑓 = 𝐶𝜆ඥ𝜀௘௙௙ = 𝐶𝜋(1 + 𝜀ଵ)(𝑅ଵ + 𝑅ଶ)ඥ𝜀௘௙௙ (16)

 
where, 𝜆 is the antenna wavelength, 𝐶  is the speed of 
light, and 𝜀௘௙௙ is the dielectric constant. 

Finally, the theoretical relationship between the 
deflection 𝑤 of the center of the shell and the resonance 
frequency 𝑓 of the liquid metal antenna in the chip is 

 𝑓 = Cλඥεୣ୤୤ = 𝐶𝐻π(H + 𝑤𝜈)(𝑅ଵ + 𝑅ଶ)ඥεୣ୤୤ (17)

 
For this sensor, only the deflection of the center of the 

circular shell needs to be considered. At this time, the 
maximum deflection of the center is obtained as 

 𝑤௠௔௫ = 𝑝𝑅ସ64𝐷ᇱ (18)

 
Combining Eqs. (17) and (18), the final expression 

between the external pressure p and the signal variable 𝑓 
can be obtained as 

 𝑓 = 𝐶𝐻π(H + ௣ோర଺ସ஽ᇲ 𝜈)(𝑅ଵ + 𝑅ଶ)ඥεୣ୤୤ (19)

 
It can be seen from Eq. (19) that the relationship 

between the external pressure p and the signal variable 
presents an inverse proportional function relationship, 
which can be approximately regarded as a primary function 
relationship within a certain range. 
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Fig. 22 MTS electro-hydraulic servo test system
 
 

Fig. 23 Electronic universal testing machine
 
 

4. Test and analysis 
 
4.1 Test equipment 
 
4.1.1 Temperature loading equipment 
The MTS electro-hydraulic servo test system can be 

used for conventional bending and torsion tests of various 
materials. It can perform tensile, three-point bending test, 
bending fatigue test, and tensile and compression fatigue 
test with temperature of various materials. This system is 
used to test the pressure frequency of the sensor in this 
paper. In addition, the influence of temperature on the 
working performance and signal performance of liquid 
metal antenna sensor is explored. The structure of MTS 
electro-hydraulic servo test system is shown in Fig. 22. 

 
4.1.2 Cyclic loading equipment 
In the pressure-frequency test of the sensor, an 

electronic universal testing machine is proposed for the 
pressurized experimental instrument, as shown in Fig. 23. 
The electronic control system conducts drive control and 

Fig. 24 Vector network analyzer (VNA)
 
 

measures the physical quantities related to force and 
deformation. Then the computer performs data processing 
and data analysis, and finally the results are outputted. 

 
4.1.3 Measuring equipment 
Vector network analyzer is a common radio frequency 

measuring instrument, which is mainly used to measure the 
performance parameters of high-frequency devices, circuits 
and systems, such as linear parameters, nonlinear 
parameters, frequency conversion parameters and so on. 
Considering that the traditional vector network analyzer has 
the characteristics of large volume, heavy weight and poor 
movement, a portable vector network analyzer that can 
meet the accuracy is adopted in the experiment, and its 
schematic diagram is shown in Fig. 24. 

In this experiment, it is planned to apply a maximum 
load of 96 kN with increasing by 16 kN in each time step, 
and it holds for 30 s to measure the antenna frequency. 
Moreover, two samples are set for each group. 

 
4.2 Data analysis 
 
4.2.1 Measured results 
The measured frequency values  𝑓ଵ  and 𝑓ଶ  of two 

identical sensors during the pressure loading process are 
shown in Table 7. 

 
4.2.2 Theoretical results 
The theoretical results of the sensor frequency are 

shown in Table 8. 
 
 

Table 7 Measured results 

Load 
F/kN 

Measured frequency 
value(𝑓ଵ) 

Measured frequency 
value(𝑓ଶ) 

0 kN 2.432 GHz 2.422 GHz 
16 kN 2.416 GHz 2.409 GHz 
32 kN 2.383 GHz 2.378 GHz 
48 kN 2.351 GHz 2.362 GHz 
64 kN 2.327 GHz 2.338 GHz 
80 kN 2.291 GHz 2.302 GHz 
96 kN 2.252 GHz 2.263 GHz 
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Table 8 Theoretical calculation results 

Load 
F/kN 

Deflection of 
shell center /mm 

Theoretical frequency 
value (𝑓ଷ) 

0 kN 0.000 2.450 GHz 
16 kN 0.175 2.420 GHz 
32 kN 0.351 2.391 GHz 
48 kN 0.526 2.362 GHz 
64 kN 0.702 2.334 GHz 
80 kN 0.877 2.306 GHz 
96 kN 1.053 2.279 GHz 

 

 
 

Table 9 Simulation results 

Load 
F/kN R1/R2 (mm) Simulated frequency 

value (𝑓ସ) 
0 kN 15.000/16.000 2.455 GHz 
16 kN 15.188/16.200 2.470 GHz 
32 kN 15.375/16.400 2.440 GHz 
48 kN 15.563/16.600 2.395 GHz 
64 kN 15.750/16.800 2.380 GHz 
80 kN 15.938/17.000 2.395 GHz 
96 kN 16.125/17.200 2.365 GHz 

 

 
 
4.2.3 HFSS software simulation results 
In order to compare with the theoretical calculation and 

actual measurement results, only the inner diameter value 𝑅ଵ and the outer diameter value 𝑅ଶ are changed without 
considering factors such as parameter H. The simulation 
results are shown in Table 9. 

 
4.2.4 Comparative analysis 
The experimental, theoretical, and simulation results of 

the sensor frequency under pressure are compared, as 
shown in Figs. 25 to 29. It can be seen from Figs. 25 to 29 
that the overall change trend is consistent, except for the 

 
 

Fig. 25 Scatter diagram of frequency and pressure 
relationship 

 

Fig. 26 Diagram of load and theoretical frequency 𝑓ଵ
 
 
 
 

Fig. 27 Diagram of load and theoretical frequency 𝑓ଶ 
 
 
 
 

Fig. 28 Diagram of load and theoretical frequency 𝑓ଷ
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Fig. 29 Diagram of load and theoretical frequency 𝑓ସ
 
 

individual parts of the simulated frequency value 𝑓ସ. From 
the numerical point of view, the measured frequency value 𝑓ଵ  and the measured frequency value 𝑓ଶ  are in good 
agreement with the theoretical frequency value 𝑓ଷ , 
implying an obvious linear relationship. 

 
 

 
 

 

Table 10 The fitted parameters 

 
Measured 
frequency 
value (𝑓ଵ) 

Measured 
frequency 
value (𝑓ଶ) 

Theoretical 
frequency 
value (𝑓ଷ) 

Simulated 
frequency 
value (𝑓ସ)

A 2.44093 2.43175 2.44864 2.46571 
B -0.00189 -0.00163 -0.00178 -0.00107 𝑅ଶ 0.99138 0.97729 0.99987 0.84211 

 
 
Substituting the fitting parameters into the linear 

relationship 𝑦 = 𝐴 + 𝐵𝑥, 𝑓ଵ, 𝑓ଶ, 𝑓ଷ, and 𝑓ସ are written as 
Eq. (20). The fitting parameters and results are shown in 
Table 10. 

 

൞𝑦ଵ = 2.44093 − 0.00189x𝑦ଶ = 2.43175 − 0.00163x𝑦ଷ = 2.44864 − 0.00178x𝑦ସ = 2.46571 − 0.00107x (20)

 
where, x represents the pressure load F, 𝑦ଵ is the measured 
frequency value, 𝑦ଶ is the measured frequency value, 𝑦ଷ 
is the theoretical frequency value, and 𝑦ସ is the simulated 
frequency value. 

The theoretical frequency value 𝑦ଷ has the best degree 
of fitness, and 𝑅ଶ  reaches 0.99987. The measured 

 
 

 
 

Fig. 30 Frequency - pressure characteristic curves at five different loading rates 

Fig. 31 Frequency - pressure characteristic curves of five cycles loading and unloading 
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frequency value 𝑦ଵ and the measured frequency value 𝑦ଶ 
also have a good degree of fitness, and they are close in 
value. However, the fitting of the simulated frequency value 𝑓ସ is not ideal, which should be caused by the simulation 
error only considering the variation of 𝑅ଵ and 𝑅ଶ during 
the simulation. 

 
 

5. Discussion 
 
5.1 Effect of loading rate 
 
In order to study the effect of loading rate on the 

performance of the sensor proposed in this paper, uniaxial 
compression experiments with different loading rates are 
performed on the sensor samples. The displacement loading 
rate is set to 0.5 mm/min, 0.6 mm/min, 0.7 mm/min, 0.8 
mm/min, 0.9 mm/min in sequence. The test results are 
shown in Fig. 30. It can be seen from Fig. 30 that the 
loading rate has a light effect on the characteristic curve of 
the sensor. Theoretically, the loading rate does not affect the 
stress-strain curve when the spring steel shell is loaded in 
the elastic stage. That is to say, whether 0.5 mm/min or 0.9 
mm/min is used in the experiment process, when the 
pressure load reaches the same value, the deformation of the 
sensor is the same, and the electrical signal output by the 
corresponding sensor must be the same. From the point of 
view, the five characteristic lines are relatively close. 
Considering the experimental error and measurement error, 
it can be considered that the loading rate has basically no 
effect on the performance of the sensor. 

 
5.2 Influence of cyclic load 
 
In actual use, the load received by the sensor is cyclic. 

Under this cyclic load, the sensor may have a certain degree 
of hysteresis, which may affect the electrical signal output 
of the pressure sensor. The sensor sample is subjected to a 
cyclic uniaxial compression experiment, loaded from 0 kN 
to 96 kN, and then unloaded to 0 kN step by step, which is 
considered to have completed a cycle. At the same time, the 
resonant frequency value outputted by the sensor is 
recorded. The frequency values corresponding to different 
cycle times are distinguished by different colors, and the 
results are shown in Fig. 31. 

Repeatability is an index to measure the output stability 
of sensor. Generally, the ratio of the maximum deviation in 
the same direction of the measurement curve to the full-
scale output is regarded as the repeatability error, and its 
expression is 

 γ௙ = ฬ∆௙௠௔௫𝑦ி௦ ฬ✕100% (21)

 
where, γ௙  is the repeatability error, ∆௙௠௔௫  is the 
maximum deviation in the same direction of the 
measurement curve, and 𝑦ி௦ is the full-scale output. 

The maximum deviation between the measured curves 
occurs between the third and fourth cycle characteristic 
curves, and the repeatability error is 1.75%. Because the 
repeatability error is very small, it can be concluded that 

Table 11 Antenna starting frequency at different 
temperatures 

10℃ (Room temperature) 2.432 GHz 
40℃ 2.431 GHz 
45℃ 2.432 GHz 
50℃ 2.432 GHz 
55℃ 2.431 GHz 
60℃ 2.431 GHz 
65℃ 2.432 GHz 
70℃ 2.432 GHz 
75℃ 2.431 GHz 
80℃ 2.431 GHz 

 
 

there is basically no residual strain after unloading in the 
above experimental process. This phenomenon coincides 
with the first assumption of the theoretical analysis, and 
ensures the basis of the frequency reconfigurable 
characteristics of the sensor. 

The phenomenon that the input and output characteristic 
curves of the sensor subjected to cyclic loading and 
unloading do not coincide is called hysteresis, which is 
generally measured by return error, and its expression is 

 γு = 12 ฬ∆ு௠௔௫𝑦ி௦ ฬ × 100% (22)
 

where, γு  is the return error, ∆ு௠௔௫  is the maximum 
difference of return curve, and 𝑦ி௦  is the the full-scale 
output. 

The repeatability error and return error are 1.75% and 
0.58%, respectively. It can be concluded that the sensor has 
good reusability and measurement accuracy. The sensor 
basically has no hysteresis, which can be well employed to 
the cyclic load conditions in the actual use process. 

 
5.3 Temperature influence 
 
5.3.1 Temperature sensitivity analysis 
The sensitivity 𝐾 is calculated by Eq. (23). Firstly, the 

influence of temperature on the initial frequency of liquid 
metal antenna is analyzed. The initial frequency of sensor 
under different temperatures is shown in Table 11. It can be 
seen from Table 11 that temperature has no obvious effect 
on the initial resonant frequency because the initial resonant 
frequency of liquid metal antenna depends on the perimeter 
embedded in the PDMS chip, and the perimeter is obviously 
not affected by temperature. 

 𝐾 = ∆௙∆ி (23)
 

where, ∆௙  is the change in frequency, and ∆ி  is the 
change in load. 

In order to better analyze the impact of temperature on 
the sensitivity of liquid metal antenna sensor, the initial 
temperature measurement data are removed here, and the 
remaining data shown in Fig. 32. It can be seen from Fig. 
32 that under the same pressure load, the higher the 
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Fig. 32 Performance curve under temperature gradient
 
 

temperature, the greater the frequency. In order to deeply 
study the influence of temperature on the sensitivity of the 
sensor, the parameters of linear fitting are analyzed. The 
fitting parameters are shown in Table 12. 

It can be found from the Table 12 that the overall trend 
of sensor sensitivity decreases with the increase of 
temperature. Numerically, the sensitivity 𝐾 of the fitting 
curve of pressure frequency value is 0.002 at room 
temperature, which is almost 1.12 times that of the fitting 
curve at 80℃. This change shows that the increase of 
temperature may lead to the decrease of sensitivity of liquid 
metal antenna sensor, which is basically consistent with the 
previous conclusion (Guo et al. 2020). The mechanism is 
that the increase of temperature may change the stress-strain 
curve of PDMS and its elastic modulus. Then, under the 
same pressure, the strain of the internal chip becomes 
smaller, which eventually leads to the smaller slope of the 
fitting curve and the decrease of the sensitivity of the 
sensor. 

 
5.3.2 Evaluation of temperature stability 
The ratio of the maximum deviation of the experimental 

data to the full-scale output is proposed to represent its 
stability, which is recorded as the temperature error, and the 
expression is written as 

 
 
 

 
 γ = ฬ∆𝒎𝒂𝒙𝒚𝑭𝒔 ฬ✕100% (24)
 

where, γ is the temperature error, ∆௠௔௫ is the maximum 
deviation of the experimental data, and 𝑦ி௦ is the full-scale 
output. 

The calculation results of the temperature error at 
different temperatures are shown in Table 13. When the 
temperature is lower than 45℃, the temperature error is less 
than 11.1%, and the maximum temperature error occurs at 
80°C, which is equal to 20.6%. This implies that the sensor 
is suitable for room temperature, and temperature has a 
greater impact on the performance of the sensor. Therefore, 
temperature factors must be taken into consideration in 
actual use. 

 
5.3.3 Derivation of temperature correction 
The previous literature shows that the elastic modulus of 

the spring steel shell (50CrVA) is little affected by 
temperature, and the initial frequency of the liquid metal 
antenna is not affected by temperature. Therefore, it can be 
concluded that the most important influence factor of 
temperature on the sensor is realized by affecting the elastic 
modulus of the base material. The relationship between the 
elastic modulus of the substrate and the temperature is 
expressed as 

 𝐸் = 𝐸଴ƒ(T) (25)
 

where, T represents temperature, 𝐸் and 𝐸଴ represent the 
elastic modulus at temperature T and 𝑇଴, respectively. 

When the temperature is T, the lateral strain of the chip 
under the pressure F is expressed as 

 𝜀் = 𝜇 𝐹𝑆𝐸் (26)

 
where,  is the Poisson’s ratio of the chip, S is the force 
area of the chip, and 𝜀் is the lateral strain of the chip. 

When the temperature is T, the frequency 𝑓  of the 
liquid metal antenna under the pressure F can be expressed 
as 

 𝑓𝑓଴ = 𝜆௢𝜆் = 𝑅଴𝑅் = (1 + 𝜀଴)(1 + 𝜀்) = 𝑓(𝑇) 1 + 𝜀଴𝑓(𝑇) + 𝜀଴ (27)

 
 
 

 

Table 12 Fitting curve parameters at different temperatures 

 Room temperature 
(10°C) 40℃ 45℃ 50℃ 55℃ 60℃ 65℃ 70℃ 75℃ 80℃ 

A 2.44867 2.45573 2.45427 2.45653 2.45893 2.456 2.43175 2.44864 2.46007 2.46571
B -0.002 -0.00186 -0.00184 -0.00183 -0.00188 -0.00179 -0.00163 -0.00178 -0.00176 -0.00174𝑅ଶ 0.99592 0.99466 0.99296 0.99254 0.99128 0.99363 0.99429 0.991 0.98849 0.98755

 

Table 13 Temperature error under different temperature conditions 
Temperature 40℃ 45℃ 50℃ 55℃ 60℃ 65℃ 70℃ 75℃ 80℃ γ 11.1% 11.1% 12.2% 12.8% 14.4% 15.6% 17.2% 18.3% 20.6%
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where 𝜀௢ = 𝜇 ிௌாబ represents the lateral strain of the chip 
when the temperature is 𝑇଴ and the pressure load is F, and 𝑅଴ and 𝑅் represent the radius of the liquid metal antenna 
when the temperature is 𝑇଴ and T, respectively. 

The final expression of 𝑓  is written as 
 𝑓 = (1 + 𝜀଴)𝑔(𝐹, 𝑇)𝑓଴ (28)
 𝑔(𝐹, 𝑇) =  𝑓(𝑇)𝑓(𝑇) + 𝜀଴ (29)

 
Eq. (28) can be used to predict the performance of the 

sensor at different ambient temperatures, and provides 
temperature correction. 

To verify the applicability of Eq. (28), this paper selects 
the experimental data, as shown in Table 14. 

The relationship of elastic modulus with temperature 
can be approximately expressed as 

 𝐸் = 2.934 − 0.014T (30)
 

where, 𝐸் is elastic modulus of the temperature T. 
Finally, the expression of 𝑓  is obtained 
 𝑓 = 𝑓ଵ଴℃ (1 + 1.357𝑒 − 4𝐹)(2.934 − 0.014𝑇)2.934 − 0.014𝑇 + 3.791𝑒 − 4𝐹  (31)

 
Substituting 𝑇 = 40°C and 𝑓  = 2.345 GHz into Eq. 

(31), the calculation result of F is 272 N, and the 
corresponding measured data is 279 N. If temperature 
correction is not considered, the result of F is 315 N. 
Therefore, the temperature correction equation is 
applicable. 

 
 

6. Conclusions 
 
This paper develops a reconfigurable liquid metal 

antenna as a flexible pressure sensor, which can overcome 
the problem of brittle fracture of traditional rigid sensors, 
and theoretically analyzes the feasibility of the pressure 
sensor. The resonant frequency range of the sensor varies 
from 2.252 GHz to 2.450 GHz, and the monitoring pressure 
range is from 0 kN to 96 kN. 

The linear relationship between resonant frequency and 
pressure is obtained, the relative error of the linearity of the 
data is very small, and the experimental results are in good 
agreement with theoretical and simulation data, indicating 

 
 

that the sensor has excellent linearity. 
The repeatability error and return error of the proposed 

sensor are 1.75% and 0.58%, respectively. This implies that 
the sensor does not produce residual deformation during the 
cycle of loading and unloading, and it performs well. It can 
be seen from the experimental results that the loading rate 
has basically no effect on the working performance of the 
sensor, because the loading rate does not affect its stress-
strain curve in the elastic stage of PDMS. When the 
pressure is the same value, the deformation of the sensor is 
the same, the electrical signals outputted by the sensor must 
be the same. 

Temperature has no effect on the initial frequency of the 
sensor, but has an effect on the sensitivity of the sensor. In 
general, the higher the temperature, the smaller the slope of 
its characteristic curve, that is, the worse the sensitivity. In 
the experimental range, the temperature error of the sensor 
is 20.56%, so the influence of temperature on the sensor 
cannot be ignored. This paper derives the temperature 
correction formula of the sensor, which can predict the 
influence of temperature factors on the performance of the 
sensor, thereby improves the reliability of the sensor. 
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