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ABSTRACT: Auxetic structures (negative Poisson’s ratio) are a group of materials that expand 
(contract) under tensile (compression) longitudinal loading. In this work, the effect of re-entrant auxetic 
structure geometry on Poisson’s ratio was investigated under large tensile loading experimentally 
and numerically and showed that the location and stiffness of rotation joints are two new important 
parameters affecting the value of Poisson’s ratio. Poisson’s ratio increases as the rotation joints tighten 
and move away from the center of the structure. Therefore, by changing the location and stiffness of the 
rotation joints, it will be easy to obtain re-entrant auxetic structures with different Poisson’s ratios, which 
makes it possible to build piezoresistant auxetic sensors with different sensitivities. A highly sensitive, 
stretchable piezoresistant auxetic sensor made of silicon rubber and chopped carbon fibers is proposed 
for low strain values. The main feature of this sensor is its high sensitivity for strains less than 6%, which 
previous works have been unable to detect this range of strains. Shifting strain is the value of strain in 
which the Poisson’s ratio of the structure changes from negative to positive. The provided auxetic sensor 
performs exceptionally well until the shifting strain and then performs as conventional sensors. This 
improvement in sensing performance is about 150% (in terms of gauge factor).
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1- Introduction
Poisson’s ratio ( ) is defined by dividing the lateral strain 

to the longitudinal strain in the longitudinal tensile loading 
[1]. This parameter indicates how material becomes narrow 
when stretched. In this work, a type of metamaterial with 
negative Poisson’s ratio (auxetic structure) was designed and 
used as auxetic piezoresistant sensor. There are two methods 
for designing auxetic structures. The first one is parametric 
optimization that the desired Poisson’s ratio is obtained by 
changing the dimensions of the structure and the second one 
is topology optimization approach that the desired Poisson’s 
ratio is achieved by using mathematical rules [1-3].

Piezoresistant pressure sensors convert input force into an 
electrical signal by changing the resistance. These sensors 
have attracted considerable attention due to their simplicity 
of design and ease of use. Most flexible piezoresistant 
sensors are made by coating a flexible material (including 
open-cell fibers, films, and foams) by conductive coating 
of nanomaterials (including carbon nanotubes, graphene, 
nanowires, and nanoparticles) by using process methods 
such as mixing, coating, and printing [4-10]. In addition 
to nanomaterials as active sensing elements, the properties 
of the base material also play a key role in determining the 
final sensing performance. Most studies on the effects of the 
base material have focused on the elastic modulus, and it has 
been suggested that the porous base material with reduced 

elastic modulus increases the sensing property. Furthermore, 
the Poisson’s ratio can affect the sensing performance of 
piezresistant sensors, although not many studies have been 
performed on it [7].

In this article, the relationship between the deformation 
behavior of auxetic structures and their sensing properties 
has been investigated. To design an auxetic piezosensitant 
sensor, three steps including designing the auxetic structure, 
investigating the deformation and converting it into an 
auxetic piezosensitive sensor must be performed which 
these three steps were explained in this work. To this end, re-
entrant auxetic structures were designed by level set topology 
optimization method and then were printed by 3D printing 
technique. The deformation behavior of these structures has 
been investigated under large tension experimentally and 
numerically and it has been shown that re-entrant auxetic 
structures are auxetic up to a specific strain, called shifting 
strain, and then have positive Poisson’s ratio. Finally, by using 
the obtained ideas, production method of a piezoresistant 
auxetic sensor for small value of strains was discussed. 

2- Methodology
The volume fraction and Poisson’s ratio of the re-entrant 

auxetic structure used to manufacture the sensor are 40% 
and -1.2, respectively. The presented auxetic sensor consists 
of 36 unit cells and its dimensions are 48x60. In order to find 
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the sensitivity threshold of the auxetic sensor, composites 
with different volume fractions were made of silicone rubber 
and chopped carbon fibers with a volume fraction difference 
of 0.5% (5 samples for each case). The sensitivity threshold 
was found to be 5.53% of chopped carbon fiber volume 
fraction.

The mixture of silicone rubber and chopped carbon fiber 
was molded onto the die of auxetic structure and after one 
hour the auxetic structure was dried and peeled off from the 
die. The Victor 86C digital multimeter which has the ability 
to connect to a computer was used to record the changes in 
sensor resistance. Simultaneously, the data was saved by 
using DMM Data software.  The clamp jaws of the zwick/
Roell z100 universal testing machine were insulated using 
plastic glue. 

3- Results and Discussion
In previous works, the performance of two groups 

of sensors has been investigated: (a) Combination of 
chopped carbon fiber and silicone rubber [9] (b) composite 
sandwich of material of sensor [10]. The first group had 
a relatively small gauge factor (approximately 50) at the 
strain of 25% while The composite sensor showed better 
results including hysteresis (3% at 50% strain), higher 
sensitivity (100<GF<120) and considerable stretchability 
(approximately 300%). However, both of them were 
restricted to large strains and were not able to measure low 
strains. In this work, an auxetic sensor for measuring low 
strain values with good performance (lower than 6%) was 
proposed. 

Fig.  1 shows the results of this work with the previous 
work [9] for different strains from 1% -6% in terms of 
sensitivity. According to Fig.  1, both previous sensors 
could not detect strains of less than 4% and for strains in 
the range of 4% -6%, the sensitivity of the proposed sensor 
is significantly higher than the previous conventional 
sensor. Fig.  2 shows the electromechanical performance of 
the sensor. In this Fig. , the Y-axis on the right shows the 
mechanical properties of the sensor until failure point. At 
the strain of 18%, the sensor was disjointed and before the 
mentioned strain, the diagram was continuously decreasing 
and increasing due to rupture of structure cells and after the 
structure was completely broken, the diagram drops sharply. 
The Y-axis on the left of the diagram simultaneously shows 
the electrical behavior of the sensor. As explained before, 
the performance of the sensor is very good until the strain of 
6% and after this value of strain, the sensor loses its auxetic 
properties and behaves like conventional sensors. Before 
the strain of 6%, the diagram of electrical performance was 
increased.  It is noticeable that after the mentioned strain 
until the strain of 18%, the diagram was still increasing but 
the slope of that was reduced.

4- Conclusions
In this work, a high-sensitivity low-strain sensor made of a 

mixture of silicone rubber and chopped carbon fiber using an 
auxetic structure is proposed. We have shown that the auxetic 
sensor has a good performance up to the shifting strain and 
then their performance is the same as conventional sensors 
because until the shifting strain the value of Poisson’s ratio of 

Fig.  2. Electromechanical performance (stress-strain diagram 
and GF characteristics) of an auxetic sensor

Fig.  1. Comparison of performance of conventional and auxetic 
sensors made with a mixture of silicone rubber and chopped 

carbon fibers. 

3 
 

sensor is very good until the strain of 6% and after this 
value of strain, the sensor loses its auxetic properties 
and behaves like conventional sensors. Before the strain 
of 6%, the diagram of electrical performance was 
increased.  It is noticeable that after the mentioned strain 
until the strain of 18%, the diagram was still increasing 
but the slope of that was reduced. 

 

Fig.  1. Comparison of performance of conventional and 
auxetic sensors made with a mixture of silicone rubber and 

chopped carbon fibers.  

 

     Fig.  2. Electromechanical performance (stress-strain 
diagram and GF characteristics) of an auxetic sensor 

4. Conclusions 

In this work, a high-sensitivity low-strain sensor made 
of a mixture of silicone rubber and chopped carbon fiber 
using an auxetic structure is proposed. We have shown 
that the auxetic sensor has a good performance up to the 
shifting strain and then their performance is the same as 
conventional sensors because until the shifting strain the 
value of Poisson's ratio of structure is negative and then 
it becomes positive. Significant improvement in the 
gauge factor and sensitivity of the sensor has been 
observed. Silicone rubber as a base material and 

chopped carbon fibers as a conductive element were 
mixed together and they were molded in the form of a 
re-entrant auxetic structure. Previous studies could not 
measure low strains but due to the softness of the 
silicone rubber and the low value of shifting strain of 
the structure, strains less than 6% can be measured well 
with our proposed sensor.   

References 

[1] S. Rezaei, J. Kadkhodapour, R. Hamzehei, B. 
Taherkhani, A.P. Anaraki, S. Dariushi, Design and 
modeling of the 2D auxetic metamaterials with 
hyperelastic properties using topology optimization 
approach, Photonics and Nanostructures - Fundamentals 
and Applications, 43 (2021) 100868. 
[2] B. Taherkhani, A.P. Anaraki, J. Kadkhodapour, S. 
Rezaei, H. Tu, Large deformation of TPU re-entrant 
auxetic structures designed by TO approach, Journal of 
Elastomers & Plastics, 0(0)  0095244320938411. 
[3] P. Vogiatzis, S. Chen, X. Wang, T. Li, L. Wang, 
Topology optimization of multi-material negative 
Poisson’s ratio metamaterials using a reconciled level 
set method, Computer-Aided Design, 83 (2017) 15-32. 
[4] Y. Jiang, Z. Liu, N. Matsuhisa, D. Qi, W.R. Leow, 
H. Yang, J. Yu, G. Chen, Y. Liu, C. Wan, Z. Liu, X. 
Chen, Auxetic Mechanical Metamaterials to Enhance 
Sensitivity of Stretchable Strain Sensors, Advanced 
Materials, 30(12) (2018) 1706589. 
[5] H.W. Kim, T.Y. Kim, H.K. Park, I. You, J. Kwak, 
J.C. Kim, H. Hwang, H.S. Kim, U. Jeong, Hygroscopic 
Auxetic On-Skin Sensors for Easy-to-Handle Repeated 
Daily Use, ACS Applied Materials & Interfaces, 10(46) 
(2018) 40141-40148. 
[6] K. Takei, T. Takahashi, J.C. Ho, H. Ko, A.G. 
Gillies, P.W. Leu, R.S. Fearing, A. Javey, Nanowire 
active-matrix circuitry for low-voltage macroscale 
artificial skin, Nature materials, 9(10) (2010) 821-826. 
[7] H. Tian, Y. Shu, Y.L. Cui, W.T. Mi, Y. Yang, D. 
Xie, T.L. Ren, Scalable fabrication of high-performance 
and flexible graphene strain sensors, Nanoscale, 6(2) 
(2014) 699-705. 
[8] B. Taherkhani, M.B. Azizkhani, J. Kadkhodapour, 
A.P. Anaraki, S. Rastgordani, Highly sensitive, 
piezoresistive, silicone/carbon fiber-based auxetic 
sensor for low strain values, Sensors and Actuators A: 
Physical, 305 (2020) 111939. 
[9] M.B. Azizkhani, J. Kadkhodapour, S. Rastgordani, 
A.P. Anaraki, B. Shirkavand Hadavand, Highly 
Sensitive, Stretchable Chopped Carbon Fiber/Silicon 
Rubber Based Sensors for Human Joint Motion 
Detection, Fibers and Polymers, 20(1) (2019) 35-44. 
[10] M.B. Azizkhani, S. Rastgordani, A.P. Anaraki, J. 
Kadkhodapour, B.S. Hadavand, Highly sensitive and 
stretchable strain sensors based on chopped carbon 
fibers sandwiched between silicone rubber layers for 
human motion detections, Journal of Composite 
Materials,  (2019) 0021998319855758. 

  

3 
 

sensor is very good until the strain of 6% and after this 
value of strain, the sensor loses its auxetic properties 
and behaves like conventional sensors. Before the strain 
of 6%, the diagram of electrical performance was 
increased.  It is noticeable that after the mentioned strain 
until the strain of 18%, the diagram was still increasing 
but the slope of that was reduced. 

 

Fig.  1. Comparison of performance of conventional and 
auxetic sensors made with a mixture of silicone rubber and 

chopped carbon fibers.  

 

     Fig.  2. Electromechanical performance (stress-strain 
diagram and GF characteristics) of an auxetic sensor 

4. Conclusions 

In this work, a high-sensitivity low-strain sensor made 
of a mixture of silicone rubber and chopped carbon fiber 
using an auxetic structure is proposed. We have shown 
that the auxetic sensor has a good performance up to the 
shifting strain and then their performance is the same as 
conventional sensors because until the shifting strain the 
value of Poisson's ratio of structure is negative and then 
it becomes positive. Significant improvement in the 
gauge factor and sensitivity of the sensor has been 
observed. Silicone rubber as a base material and 

chopped carbon fibers as a conductive element were 
mixed together and they were molded in the form of a 
re-entrant auxetic structure. Previous studies could not 
measure low strains but due to the softness of the 
silicone rubber and the low value of shifting strain of 
the structure, strains less than 6% can be measured well 
with our proposed sensor.   

References 

[1] S. Rezaei, J. Kadkhodapour, R. Hamzehei, B. 
Taherkhani, A.P. Anaraki, S. Dariushi, Design and 
modeling of the 2D auxetic metamaterials with 
hyperelastic properties using topology optimization 
approach, Photonics and Nanostructures - Fundamentals 
and Applications, 43 (2021) 100868. 
[2] B. Taherkhani, A.P. Anaraki, J. Kadkhodapour, S. 
Rezaei, H. Tu, Large deformation of TPU re-entrant 
auxetic structures designed by TO approach, Journal of 
Elastomers & Plastics, 0(0)  0095244320938411. 
[3] P. Vogiatzis, S. Chen, X. Wang, T. Li, L. Wang, 
Topology optimization of multi-material negative 
Poisson’s ratio metamaterials using a reconciled level 
set method, Computer-Aided Design, 83 (2017) 15-32. 
[4] Y. Jiang, Z. Liu, N. Matsuhisa, D. Qi, W.R. Leow, 
H. Yang, J. Yu, G. Chen, Y. Liu, C. Wan, Z. Liu, X. 
Chen, Auxetic Mechanical Metamaterials to Enhance 
Sensitivity of Stretchable Strain Sensors, Advanced 
Materials, 30(12) (2018) 1706589. 
[5] H.W. Kim, T.Y. Kim, H.K. Park, I. You, J. Kwak, 
J.C. Kim, H. Hwang, H.S. Kim, U. Jeong, Hygroscopic 
Auxetic On-Skin Sensors for Easy-to-Handle Repeated 
Daily Use, ACS Applied Materials & Interfaces, 10(46) 
(2018) 40141-40148. 
[6] K. Takei, T. Takahashi, J.C. Ho, H. Ko, A.G. 
Gillies, P.W. Leu, R.S. Fearing, A. Javey, Nanowire 
active-matrix circuitry for low-voltage macroscale 
artificial skin, Nature materials, 9(10) (2010) 821-826. 
[7] H. Tian, Y. Shu, Y.L. Cui, W.T. Mi, Y. Yang, D. 
Xie, T.L. Ren, Scalable fabrication of high-performance 
and flexible graphene strain sensors, Nanoscale, 6(2) 
(2014) 699-705. 
[8] B. Taherkhani, M.B. Azizkhani, J. Kadkhodapour, 
A.P. Anaraki, S. Rastgordani, Highly sensitive, 
piezoresistive, silicone/carbon fiber-based auxetic 
sensor for low strain values, Sensors and Actuators A: 
Physical, 305 (2020) 111939. 
[9] M.B. Azizkhani, J. Kadkhodapour, S. Rastgordani, 
A.P. Anaraki, B. Shirkavand Hadavand, Highly 
Sensitive, Stretchable Chopped Carbon Fiber/Silicon 
Rubber Based Sensors for Human Joint Motion 
Detection, Fibers and Polymers, 20(1) (2019) 35-44. 
[10] M.B. Azizkhani, S. Rastgordani, A.P. Anaraki, J. 
Kadkhodapour, B.S. Hadavand, Highly sensitive and 
stretchable strain sensors based on chopped carbon 
fibers sandwiched between silicone rubber layers for 
human motion detections, Journal of Composite 
Materials,  (2019) 0021998319855758. 

  



B. Taherkhani et al., Amirkabir J. Mech. Eng., 53 (Special Issue 6) (2021) 947-950, DOI: 10.22060/mej.2021.19043.6940

949

structure is negative and then it becomes positive. Significant 
improvement in the gauge factor and sensitivity of the sensor 
has been observed. Silicone rubber as a base material and 
chopped carbon fibers as a conductive element were mixed 
together and they were molded in the form of a re-entrant 
auxetic structure. Previous studies could not measure low 
strains but due to the softness of the silicone rubber and the 
low value of shifting strain of the structure, strains less than 
6% can be measured well with our proposed sensor.  
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