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Abstract. Capacitive flexible stretch sensors, compared to resistive ones, offer better linearity 

and are thus more promising for human motion detection applications. Current capacitive sensors, 

however, face challenges in effectively enhancing their Gauge Factor (GF), limiting their 

sensitivity. This paper presents a capacitive stretch sensor utilizing a negative Poisson’s ratio 

structure made of high Shore hardness silicone as the framework and low Shore hardness silicone 

as the dielectric layer. Liquid metal composite material is used for the electrodes. Finite element 

simulation validated the sensor’s stretching effect. The sensor achieved a sensitivity of 2 pf/mm 

and a GF value of 2.19. Its efficacy is demonstrated through the measurement of finger joint 

movements, indicating broad application potential in human motion detection. 

Keywords: Capacitive Strain Sensor, Negative Poisson’s Ratio Structure, High Strain Factor. 

1.  Introduction 

Flexible stretch sensors are used in a wide range of application scenarios, such as human movement 

recognition, machine sensing, etc [1, 2]. At present, flexible stretch sensors are mainly divided into two 

categories: resistive flexible stretch sensors and capacitive flexible stretch sensors [3, 4]. The GF value 

of resistive flexible stretch sensors is difficult to obtain effective improvement, generally around one 

point several, and the sensitivity is limited. In contrast, capacitive stretch sensors possess fewer 

limitations and higher GF values. 

The traditional methods of increasing GF value for resistive flexible stretch sensors are coating the 

sensor surface with conductive materials, stacking the sensors, using highly sensitive materials and using 

piezoresistors, which are more limited [5]. Capacitive tensile sensors are relatively more malleable and 

there are many ways to increase the GF value. For example, Zhou Guopeng et al. fabricated a flexible 

joint curvature sensor [6], which proposed a multi-stage conductive fabric sensor, i.e., a silicone material 

that does not pass the Young’s modulus was used to increase the GF value of the capacitive sensor. 

Another strategy is based on the application of metamaterial design - i.e., negative Poisson’s ratio 

structures [7, 8]. It has the property of stretching and expanding, so it has also been attempted to be used 

in the design of sensors. For example, X. Chen, M. S. Kim. and W. Yan have designed resistive tensile 

sensors with negative Poisson’s ratio structure and experimentally proved their superiority over the 

tensile sensors with conventional structure [2, 9, 10]. However, the defect of poor linearity of resistive 

sensors is still not well solved. 
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In order to improve the sensitivity and linearity of the sensor, this paper proposes a capacitive 

stretching sensor based on a negative Poisson’s ratio structure. The sensor designed in this paper utilizes 

a concave hexagonal negative Poisson’s ratio structure to improve the sensor and uses liquid metal as 

the electrode material. In the paper, the negative Poisson’s ratio structure is first modeled and finite 

element analysis is carried out using Comsol Multiphysics software; then the molds required to fabricate 

the sensor are designed using solidworks; finally a sensor is prepared and tested. The detailed modeling 

and experimental details are given below. 

2.  Method 

2.1.  Sensor Design 

In this paper, capacitive sensors have been used for the fabrication and experimental work of flexible 

tensile sensors. In the design session, the capacitance formula was analyzed to derive that the capacitance 

capacity is inversely proportional to the capacitance cross-sectional area. If there is a need to maximize 

the magnitude of change in capacitance capacity, a structure that is not affected by the radial shrinkage 

effect of the material needs to be used. 

In the paper [11], a concave hexagonal negative Poisson’s ratio structure is mentioned, in which the 

absolute value of Poisson’s ratio is highest for the concave hexagonal negative Poisson’s ratio structure 

with an initial angle of 60 degrees. However, in order to maintain the engineering feasibility, this paper 

finally chooses the concave hexagonal negative Poisson’s ratio structure with an initial angle of 45 

degrees, which is not much different from the absolute value of Poisson’s ratio. 

The structure of the negative Poisson’s ratio sensor designed in this paper is shown in Fig. 1, where 

the dielectric layer of capacitance and the negative Poisson’s ratio structure are combined together, and 

the sensor consists of the negative Poisson’s ratio structure, the dielectric layer, and the electrode layer. 

Due to the stretch-expansion property of the negative Poisson’s ratio structure, its strain in the width 

direction increases when it is stretched along the length direction, so it can compensate for the decrease 

in the area of the capacitive sensor due to the necking phenomenon, thus achieving the purpose of 

improving the performance of the sensor. 

 

Figure 1. Structure and working principle of negative Poisson’s ratio sensor 

As shown in Figure 2, a concave hexagonal negative waveform ratio structure is designed using 

Solidworks. In this design, we have used a three-column arrangement of cells to ensure that most of the 

cells are able to be subjected to lateral stretching. 
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Figure 2. The 3D design drawing of Negative Poisson’s ratio structure in Solidworks 

2.2.  Materials and Preparation 

In this paper, it was decided to use pouring to complete the main structure in terms of sensor fabrication. 

Firstly, A silica gel with a Shore hardness of 30duro and B silica gel were mixed in the ratio of 1:1, 

stirred for 3min to make the mixture homogeneous, and poured into the mold to ensure that no air 

bubbles appeared. The mold was made by 3D printing of red wax material, with a size of 2.4cm × 5.9cm, 

divided into two layers: the first layer is a negative Poisson’s ratio structure, and the second layer is a 

dielectric layer. First, the configured five-degree silica gel was poured into the first layer of the mold, 

put it into the heating table, set the temperature to 60 degrees, and wait for 20 min without demolding. 

Then in the middle of the mold coated with liquid metal, to ensure that the negative Poisson’s ratio 

structure of the upper layer of the liquid metal and full contact and evenly coated, and then connected 

to the wire, to ensure that the wire and the liquid metal in good contact with the wire, continue to the 

Shore hardness of 35duro A silicone and B silicone in accordance with the ratio of 1:1 mixing, stirring 

for 3min to make the mixture homogeneous, and then poured into the second layer of the mold into a 

heating table, set the temperature at 60 degrees Celsius, wait for 20min, take out and demold. Figure 3 

shows the fabrication process of the sensor. 

 

Figure 3. Preparation process 

Figure 4 shows the 3D design and physical drawing of the mold. We designed the mold with a 

negative Poisson’s ratio structure using Solidworks 3D design software. We designed and manufactured 

the molds using a high-precision 3D printer with a precision of 50 microns, and the mold material is 

light-cured red wax. 
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Figure 4. Negative Poisson’s ratio structural molds and physical drawings 

The prepared sensor is shown in Fig. 5 with dimensions of 1.6 cm X 5 cm and its upper and lower 

electrodes are connected with metal wires in order to realize the measurement of the capacitance value. 

 

Figure 5. The sensor 

3.  Model 

In this paper, a strain-aware model and a negative Poisson’s ratio structure model are established. By 

constructing the strain-aware model, the role of the capacitance change rate is analyzed by analyzing 

the change of the effective area of the negative Poisson’s ratio structure after the force is applied. By 

constructing the negative Poisson’s ratio structural model, the Young’s modulus of the sensor made of 

mixed materials is found out by using the average law, and the reliability of the sensor is finally analyzed. 

3.1.  Sensor Equivalent Mechanical Modeling 

Figure 6 below illustrates one cell of the inner concave hexagonal negative Poisson’s ratio structure. 

 

Figure 6. Negative Poisson’s ratio meta-cellular structure 

As shown in Fig. 6, a, b, and c are constants representing the length of the bottom edge, the length 

of the hypotenuse, and the width of the cell ribs of the inner concave hexagonal negative Poisson’s ratio 

structure, respectively, and θ0 is the degree of the angle between the bottom edge and the hypotenuse of 

the inner concave hexagonal negative Poisson’s ratio structure. According to the literature [2], the 

Poisson’s ratio of the inner concave hexagonal negative Poisson’s ratio structure is obtained as follows: 
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υ𝑎 =
𝑏 sin 𝜃0 (sin 𝜃0 − cos 𝜃)

(𝑎 − 𝑏 cos 𝜃0)(sin 𝜃0 − sin 𝜃)
(1) 

It is mentioned in the literature [9] that the equivalent Young’s modulus of a two-dimensional 

negative Poisson’s ratio structure satisfies the following relationship: 

𝐸𝑎/𝐸𝑠 = 𝜌/𝜌𝑠 (2) 

Where 𝐸𝑎  refers to the Young’s modulus of the negative Poisson’s ratio material, ρ refers to the 

structural density, and 𝜌𝑠 refers to the material density. The negative Poisson’s ratio model constructed 

in this paper is in two-dimensional form without considering the thickness (regarded as equal thickness), 

then the density ratio can be equated to the area ratio, that is: 

𝜌/𝜌𝑠 = 𝐴/𝐴𝑠 (3) 

Therefore, under the negative Poisson’s ratio model constructed in this paper, the negative Poisson’s 

ratio structure is satisfied: 
𝐸/𝐸𝑠 = 𝐴/𝐴𝑠 (4) 

Rewriting the equation, the Young’s modulus of the negative Poisson’s ratio structure is as follows: 

𝐸𝑎 =
𝐴𝑎

𝐴𝑠
𝐸𝑠 (5) 

It is known that the Young’s modulus and Poisson’s ratio of the dielectric layer material are Eb,vb, 

respectively. Here, we use the averaging law to solve for the equivalent Young’s modulus, Ee, and 

Poisson’s ratio, ve, of the composite material with the following expressions: 

𝐸𝑒 =
𝑉𝑎

𝑉
𝐸𝑎 +

𝑉𝑏

𝑉
𝐸𝑏 (6) 

𝜐𝑒 =
𝑉𝑎

𝑉
𝜐𝑎 +

𝑉𝑏

𝑉
𝜐𝑏 (7) 

Where Va and Vb are the volumes of the negative Poisson’s ratio structure and the dielectric layer 

material, respectively, and V is the total volume of the composite. 

According to Hooke’s law, S is the area over which the boundary load acts, and assuming that the 

tension in the z-axis direction is ∂z, the strain in the z-axis direction is ℇz, and Ee is a constant, the strain 

in the z-direction can be expressed as: 

𝜀𝑧 =
𝜎𝑧

𝐸𝑒
 (8) 

According to the defining equation of Poisson’s ratio, there are: 

𝜈𝑒 = −
𝜀𝑥

𝜀𝑧
(9) 

Rewriting Eq. (9), the strain of the sensor along the x-axis can be expressed as: 

𝜀𝑥 = −𝜀𝑧𝜐𝑒 (10) 

3.2.  Capacitive sensing model 

Assuming that the length and width of the liquid metal capacitance part of the flexible tensile sensor are 

L0 and W0 respectively, the Poisson’s ratio is ve, the initial thickness of the dielectric layer is d0, and 

the elastic silica gel is regarded as isotropic and incompressible. The capacitance part of the dielectric 

constant and dielectric elastomer volume is unchanged, L0 is the initial length of the liquid metal 

capacitance, W0 is the initial width of the liquid metal capacitance, d0 is the initial thickness of the 

dielectric layer, then there are: 
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𝐿0𝑊0𝑑0 = 𝐿𝑊𝑑 (11) 

Where the constant L0 is the initial length of the liquid metal capacitor, ε is the strain of the sensor, 

and νe is the Poisson’s ratio of the liquid metal capacitor (unchanged during stretching); then L0(1+νe) 

is the length of the sensor after stretching. According to the tangential strain of the liquid metal 

capacitance is calculated as the width of the liquid metal capacitance after stretching is W0(1-νeε), 

because this paper uses the negative Poisson’s ratio structure as the main structure of the flexible tensile 

sensor, the tangential strain is opposite to the strain generated in the direction of the stretching, and the 

width of the liquid metal capacitance after being subjected to the stretching is W0(1+νeε). So its 

thickness after being subjected to stretching becomes: 

𝑑 =
𝑑0

(1 + 𝜀𝑧)(1 + 𝜀𝑥)
(12) 

Initially, the capacitance value is: 

𝐶 = 𝜀0𝜀𝑟

𝐿0(1 + 𝜀𝑧)𝑊0(1 + 𝜀𝑥)

𝑑
(13) 

Substituting Eq. (2) gives the value of capacitance after stretching as: 

𝐶 =
𝜀0𝜀𝑟𝑊0（1-v𝑒𝜀𝑧）

2
𝐿0（1 + 𝜀𝑧）

2

𝑑0
(14) 

The rate of change of capacitance is known to be ∆C/C0, which is obtained by substituting it into the 

substitution equation (14): 
𝛥𝐶

𝐶0
=

𝐶 − 𝐶0

𝐶0
= (1 + 𝜀𝑧)2(1 + 𝜀𝑥)2 − 1 (15) 

The expansion of Eq. 15 into a 4th order polynomial can be simplified by omitting the 3rd and 4th 

order terms: 
𝛥𝐶

𝐶0
=

𝐶 − 𝐶0

𝐶0
= (1 + 𝜀𝑧)2(1 + 𝜀𝑥)2 − 1 (16) 

The sensitivity coefficient s and the GF value of the capacitive sensor are defined as follows, 

respectively: 

𝑠 =
𝛥𝐶

𝛥𝐿
(17) 

𝐺𝐹 =
𝛥𝐶𝐿0

𝐶0𝛥𝐿
(18) 

4.  Footnotes Numerical and finite element analysis 

4.1.  Numerical Analysis 

Using the mathematical model in Chapter 3, we can calculate the capacitance change results of the 

improved sensor numerically. In this paper, we used matlab software for programming (see attached for 

the program) to simulate and compare the rate of change of capacitance of the improved sensor and the 

conventional sensor after being stretched by force. As shown in Fig. 7, the improved sensor has a higher 

rate of change of capacitance for the same stretching length, implying that the sensor proposed in this 

paper is more sensitive. 
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Figure 7. Comparison of numerical calculations of the rate of change of capacitance of the improved 

sensor with that of the conventional sensor 

Figure 8 shows the effect of the initial angle of the negative Poisson structural ratio cell on the 

Poisson’s ratio. Assuming that a and b in Figure 5 are kept constant and only the angles of the two edges 

are changed. Another initial angles of 30, 45 and 60 degrees, respectively, the change in negative 

Poisson’s ratio can be calculated and its absolute value increases with the increase of the angle. 

 

Figure 8. Poisson’s ratio of the negative Poisson’s ratio structure for different initial angles and different 

strains va 

1.1.  Finite Element (FEM)Analysis 

The following simulation results were obtained by importing the stl file of the negative Poisson’s ratio 

structure in COMSOL, adding the Silicone material property and applying a boundary load of 100N/m2 

at one of the ends. Visual inspection found that the negative Poisson’s ratio structure did not occur radial 

shrinkage effect, with the characteristics of negative Poisson’s ratio structure. 

The simulation parameters of the model include: the Young’s modulus of the negative Poisson’s ratio 

material is 450 kPa; the Young’s modulus of the dielectric layer material is 250k Pa; the boundary load 

is 1N; and in order to perfectly simulate the tensile behaviour of the silica gel material, we adopt the 

intrinsic model of the superelastic material. In this simulation, we use the second-order M-R model, and 

its model parameters C0, C1 are 1.1X105 and 0.12X105, respectively. 
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Figure 9. Tensile simulation of negative Poisson’s ratio structure 

We simulated the tensile effect of the negative Poisson’s ratio sensor architecture and obtained the 

tensile displacement output of each part of the sensor by setting the displacement of the tensile surface 

to 10 mm. As can be observed from Fig. 10, the necking phenomenon of the sensor in the y-axis direction 

is effectively suppressed after the improvement using the negative Poisson’s ratio architecture. 

  

(a) Advanced Structure (b) Conventional Structure 

Figure 10. Comparison of negative Poisson’s ratio structure with conventional sensor tensile simulation 

5.  Experimental Results and Discussion 

In this chapter, a series of experiments were designed to complete the testing in order to verify the 

excellent performance of the negative Poisson’s ratio structured capacitance sensor. The experimental 

equipment used include a tensile test bench, a tensiometer, a high-precision capacitance meter, a 

millimeter-precision straightedge, and a real-time module for commercial tiny capacitance 

measurements (including demo software).   

As shown in Figure 11, the negative Poisson’s ratio structure was stretched as expected without the 

radial shrinkage effect of the conventional structure. 
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Figure 11. Tensile test of negative Poisson’s ratio structure 

Figure 12 shows the tensile stress test rig used, which we utilized to test the basic tensile properties 

of the prepared capacitors. The tensile force test rig consists of a motorized tensile stage, fixtures (to 

hold the tensile transducer) and a tensile force tester. The initial value of the capacitor, C0, was measured 

to be 48.3 pF and the initial length of the capacitor, L0, was 53 mm. 

 

Figure 12. Basic tensile test setup 

We used a high-precision capacitance tester to measure the capacitance change value under different 

stretch length variations. The data are shown in Figure 12, and the capacitance change value reaches 35 

pf at a length change of 1.75 cm. According to equations (17) and (18), using the data in Fig. 13, we can 

calculate the sensitivity s of the sensor to be 2 pf/mm, and the GF value is 2.19. 
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Figure 13. Basic stretching data 

 

Figure 14. Tension sensor applied to finger flexion joint measurement 

We used a tiny capacitance measurement module to monitor the real-time changes in the finger joints, 

and Figure 14 shows the real-time bending angle data of the middle joint of the index finger using its 

host computer software, which we measured for 30, 45 and 90 degrees of finger flexion, respectively. 

 

Figure 15. Dynamic display of joint movements. 

Figure 15 shows an animation of the joint movement demonstration obtained using the real-time 

monitoring software provided with the commercial measurement module. Using the improved 
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capacitance pull sensor and measurement system, we can monitor finger flexion changes in real time. 

In the future, this feature is expected to be used for somatosensory measurements and robot control. 

6.  Conclusion 

This paper first analyses other articles and concludes that the use of capacitive sensors and the use of a 

negative Poisson’s ratio structure with an initial angle of 45 degrees are able to improve the GF value of 

the sensor while taking into account the engineering difficulty. In this paper, the structure of the sensor 

is first designed. The capacitance includes three layers: two polar plates and a dielectric layer, which is 

in the middlemost layer of the whole sensor, so the negative Poisson’s ratio structure is included in the 

dielectric layer. The two outermost layers are protective layers. In this paper, the simulation of Comsol 

and Matlab is carried out for capacitive flexible tensile sensors. The sensors were also fabricated and 

tensile tests were performed. The main contributions of this paper include: 

1.In this paper, the negative Poisson’s ratio structure is introduced into the sensor, which improves 

the GF value of the capacitive sensor. 

2. an analytical model of capacitive sensors with negative Poisson’s ratio structure is established, 

which provides a basis for sensor design. 

This paper is still not the best in engineering, after theoretical analysis, the initial angle of 60 degrees 

of negative Poisson’s ratio structure is the best. However, for the consideration of engineering difficulty, 

the negative Poisson’s ratio structure with an initial angle of 45 degrees was finally selected. In future 

work, this paper will overcome the engineering problems and continue to improve the GF value of the 

sensor. 
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