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Abstract 

This study investigated the combined effects of loading rate and applied strain on the 

behavior of auxetic materials and developed a user-defined material model to capture 

these effects during loading. First, test specimens were made of conventional 

polyurethane foams according to ASTM D-3574; then, with a thermo-mechanical 

process, the conventional foam was converted to auxetic polyurethane foam. Tensile 

experiments were conducted by applying different strains (i.e., 10, 40, and 80%) and 

loading rates (i.e., 0.01, 1, and 5 s-1). Displacements were tracked during the tests by 

digital image correlation. Statistical analysis using analysis of variance (ANOVA) 

showed that both strain and loading rate significantly affect Poisson’s ratio (p˂0.0001). 

It was also found that transient strain auxeticity (TSA) depends on the applied loading 
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rate. The user-defined material was developed from the experiments and used in a 

finite element model (FEM) to capture Poisson's ratio variations because of changing 

loading circumstances. The model's predictive ability (i.e., the model's validity) was 

examined by performing different experiments (i.e., different from those used for 

developing the model), showing a maximum difference of 10% compared to measured 

Poisson’s ratio-strain curves from experiments. 
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1- Introduction 

 A material with a negative Poisson's ratio (NPR) is termed auxetic material. In 

1987, the first auxetic foam was created [1]. Auxetic foams have exhibited distinct 

features such as resistance to indentation due to increased shear modulus with 

respect to regular foams [2], [3], [4], [5], [6]. These materials have also shown a 

superior ability to absorb vibrations [7], [8] and microwaves [9], [10] as compared to 

conventional foams. Because of the aforementioned qualities, auxetic materials have 

a broad variety of uses, including personal protective equipment [11] and energy 

absorption [12], [13], [14], [15]. The proper comfort, high energy absorption, and low 

weight of auxetic materials have prompted manufacturers of sports protective 

equipment to actively explore these materials to be used in shoes, gloves, and 

helmets[16]. As a result, to make use of these materials in various applications and 



3 
 

throughout their working lifespan, the dependency of Poisson's ratio ( ) on loading 

circumstances needs to be determined.  

The magnitude of applied strain has been found as a key factor affecting the 

. For instance, variations of   in conventional polyurethane foam have shown a 

significant dependency on the strain[17], [18], [19]; i.e.,   increased by about 50% 

from 0.3 to 0.58 during a compressive test[20]. Refs. [21], [22], [23], [24] found that in 

an auxetic polyurethane foam material by increasing the amount of strain, negative 

Poisson's ratio (NPR) began to increase due to the reduction in the amount of residual 

strains, i.e., produced in the thermo-mechanical process, converting a conventional 

foam to an auxetic one, and after a specific strain (i.e., transition strain), the material 

showed a positive   like a conventional foam; the   was about -0.22 at the beginning 

of loading, and after applying a strain of 100%, [21] the   value became 0.02; i.e.   

value increased by almost 110%. Ref. [15], [25], [26] found that   changed for auxetic 

structure by changing the applied strain in tensile loading. 

In addition to the amount of strain, the applied loading rate has been found to 

influence the   in polyurethane foams [27], [28]. Also, for auxetic polyurethane foams 

studies revealed that increasing the loading rate was found to change the NPR with a 

faster rate (i.e., at a smaller strain) compared to lower loading rates, moving toward 

the positive amount of   [29], [30], [31]. In other words, by increasing the rate of 

loading, the residual strain, i.e., produced in the thermo-mechanical process, changed 

with a sharper trend; e.g., the initial   for a specimen was 0.08, and it remained in the 

auxetic domain by applying a 70% strain at  = 0.01 s-1, while, the same specimen 

turned into a conventional foam when loaded under a 11  of 50% at   = 1 s-1[29].  
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The studies mentioned above performed some experiments and did not 

develop a model to predict the material behavior during loading at different loading 

rates. The experiments were conducted under compressive loading, which can show 

a different behavior compared to tensile loading conditions. Furthermore, none of 

those studies investigated the simultaneous effects of strain and loading rate (i.e., 

interaction between these two loading parameters) on the variations of  . The current 

study, therefore, investigates the combined effects of strain and loading rate on 

variations of   for tensile loading. Design of experiments is performed, and 36 tests 

are conducted under various loading scenarios, i.e., strain values between 0 and 80% 

and loading rates ranging from 0.01 to 5 s-1. Statistical analysis is used to determine 

the main and interactional effects of the loading parameters. Based on the 

experimental results, a user-defined material code with adaptive   is developed using 

finite element modeling (FEM). We hypothesized that this adaptive FEM could predict 

the mechanical behavior of the auxetic foam under different loading conditions, i.e., 

different from those performed to develop the code.  

2- Materials and Method 

2-1 Design of experiments 

In the present study, three 11  levels which were 10, 40, and 80%, and four 11  

values of 0.01, 0.1, 1, and 5 s-1 were examined. The design of experiments was done 

based on a general full factorial approach giving twelve loading scenarios. To ensure 

repeatability, each test was repeated three times, and, hence, a total number of 36 

experiments were conducted.  

2-2 Specimen preparation 
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A conventional polyurethane foam with a density of 20 
3

kg

m
 and an initial 

thickness of 5 mm was utilized to make the auxetic foam following the approach of 

[32]. The specimen geometry was generated by ASTM D-3574 Test E, as seen in 

Figure 1a. A thermo-mechanical treatment was used to convert the conventional foam 

into an auxetic foam; first, the specimen was placed in a specially designed pressure 

mechanism and compressed from 5 to 2 mm (Figure 1b). After that, the entire system 

was exposed to heat, i.e., at a softening temperature of 200 C  for 45 min. The foam 

was then cooled down to room temperature for 10 min. Finally, the system was 

exposed to 150 C  for 45 min to finalize the microstructure shaping into an auxetic 

foam. 

2-3 Test setup  

A servo-hydraulic Machine (i.e., Zwick-Roell Amsler HTC 25-400) with a load 

cell having a capacity of 20 kN and accuracy of 1 N was used to load the specimen 

fixed on a specially designed fixture to prevent slippage during testing (see Figure 2a). 

The crosshead speed and effective length of the specimen (i.e., the distance between 

the two jaws of the fixture) were adjusted in the way that the desired 11  was achieved, 

e.g., for 11  of 0.01 s-1 with the specimen effective length of 35 mm, the crosshead 

speed was 0.35 mm. s-1. Digital image correlation was used to measure deformations 

in directions 1 (i.e., loading direction), 2, and 3 (i.e., perpendicular to the loading 

direction). To do this, a dark porous pattern was made on the specimen. A digital 

camera with a maximum resolution of 4K and a maximum frame per second of 240 

was used to record the deformation of the specimens while they were being loaded. A 

source of white light in front of the specimen at a 45 cm distance aided capture high-

quality images. To achieve uniform loading during the experiments, before starting the 



6 
 

test, a grid image was captured, the upper and lower parts of the fixture were parallel, 

and the position of the test specimen in the fixture was ensured. One grid image was 

shown in Figure 2b. The video recordings were imported to the software (GOM 

Correlate software, GOM Metrology Co., Schmitzstraße 2, 38122 Braunschweig, 

Germany) for image processing. The axial and transversal strains ( 11 , 13 , and 23 ) 

were measured by three digital extensometers for each direction that were specified 

in the software. The magnitude of strain for longitudinal and transversal directions was 

obtained by taking the average of the values from the extensometers in each direction. 

The facet size of these extensometers was 17 pixels, and the computation method for 

tracking   with these extensometers was based on more point matches against the 

previous frame of the video. Table 1 summarizes the tests performed in the current 

study.  

2-4 Statistical analysis 

A two-sided analysis of variance (ANOVA) with a confidence interval of 95% 

was used to evaluate the significance of changes in mean values of   (obtained from 

repeated tests) with variations of 11  and/or 11 . 

2-5 Finite element model (FEM) 

A FEM was built in Abaqus software with a general static solver. The boundary 

conditions and loading on the specimen were applied in the model (see Figure 3a) to 

represent the testing configuration as depicted in Figure 2. A continuum three-

dimensional element with a size of 0.2 mm was employed based on a mesh-size 

sensitivity analysis. Since the   changes with the applied 11  and 11  of loading, a 

user-defined material code was developed based on the test findings to obtain a 

constitutive model with an adaptive  . As a result of this adaptive code,   was defined 
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as a function of 11  and 11 . The flowchart of Figure 4 shows the procedure conducted 

to develop the code. This code was then used to predict the deformation of auxetic 

foams in different loading cases. 

2-6 Material model 

As a result of a linear stress-strain curve, Hook's model was used in this study 

to reduce the experiments and computational costs in comparison with nonlinear 

models like orthotropic Fung's model, which has 18 experimental coefficients to 

calibrate the model. Calibration experiments were conducted to obtain Hook's model 

constants. As will be shown in Section 3-3, those experiments exhibited a good 

correlation (at least 90%) with Hook's model using the adaptive Poisson’s ratio. The 

model code was written in FORTRAN 77 language with adaptive   in different 

directions during loading. The code was then coupled with Abaqus software to predict 

the material behavior during loading. Finally, the model predictions were compared 

with experimental results (other than the calibration experiments) to validate the FEM. 

Also, Table 2 shows the material properties used in the simulation. Hook’s law can be 

written in the following form (2-7): 
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In the FEM developed, the compliance matrix will update with changing   in 

different directions based on Equation (2 to 7). 

3-Results 

3-1 Manufacturing 

The conventional foam was converted to auxetic foam with a thermo-

mechanical process as explained in Section 2-2. To ensure repeatability of the 

manufacturing process, the procedure was performed on 63 specimens. After the 

thermo-mechanical process [32] the auxetic foam’s thickness was reduced by 46% in 

comparison with conventional foam’s thickness (from 5 mm to 2.7 mm see Figure 5) 

with the coefficient of variant (CoV) of 1.5% for 63 specimens. Furthermore, the 

measured   for different specimens had a CoV of 4% as will be shown in Section 3-

2.  

As is obvious in Figure 6, the walls of the foam’s microcell buckled in such a 

way that the mean perimeter of each cell decreased by about 50% (from 1.76 mm to 

0.88 mm) and the area reduced by almost 60% (from 0.18 mm2 to 0.06 mm2). 

3-2 Experimental results for conventional foam (Class A) 

As indicated in Table 1, Class A tests (i.e., Cases 1-12, termed as control tests) 

were conducted to examine variations of   for conventional foams under different 

loading conditions. As you can see in Figures 7a-c the   always had a positive value 

for 11  = 0.01 to 1 s-1 the   had three regions which started with a descended region 

after observed an ascended region and finally a plateau region was observed. On the 

other hand, the   for 11  = 5 s-1 has an ascended behavior in all strains. 

3-3 Experimental results for calibration auxetic foams (Class B) 
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Figure 8a shows the engineering stress-strain curve for auxetic foams loaded 

under different 11 . Also, Poisson’s ratios of different directions for 11 = 0.01 s-1 are 

depicted in Figure 8b which showed a good correlation in their trend with the literature 

[33], [34]. 

3-4 Experimental results for validation auxetic foams (Class C) 

3-4-1 Effect of 11ε  on 13  

Figs. 9a-c show the 13  variations for different loading conditions. As it is obvious 

from Figure 9, The analysis reveals significant variations in 13  for different 

combinations of 11  and 11  values: 

1. For 11  = 0.01: 

 A substantial 225% increase was observed when comparing 11  = 10% 

to 11   = 40%. 

 An even more substantial 378% increase was noted between 11  = 

10% and 11  = 80%. 

2. For 11  = 0.1: 

 A 121% increase was observed when comparing 11 = 10% to 11 = 

40%. 

 A 142% increase was observed when comparing 11  = 10% to 11 = 

80%. 

3. For 11  = 1: 
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 A 105% increase was noted for 11  = 40% compared to 11  = 10%. 

 A 157% increase was observed for 11  = 80% compared to 11  = 10%. 

4. For 11 = 5: 

 A 21% increase was seen for 11  = 40% compared to 11  = 10%. 

 A 6% increase was observed for 11  = 80% compared to 11  = 10%. 

3-4-2 Effect of 11ε  on 13  

The trend of 13  for auxetic foam during different loading conditions changed, 

as is obvious from Figures 10a-d. The overall variation pattern of 13  could be 

categorized into three regions. In the first region, 13  starts to decrease until its min 

value. By increasing the loading rate, this region decreases ( 11 = 13% to 11 = 0). The 

second region has a positive slope which means that 13  starts to increase and convert 

from an auxetic foam to a conventional foam after reaching a certain strain (meet its 

transient strain auxeticity). This region continues until the 13  reaches its max value 

on those loading conditions. This region was also affected by the loading rate, and by 

increasing the loading rate, the region occurs at a smaller domain of strain ( 11 = 47% 

to 22%). The third region is the plateau region which means 13  reaches its max value, 

and by increasing strain, the 13  has a semi-constant value. By increasing the loading 

rate, this region was increased, which implies that by increasing the loading rate, the 

13  reaches its max value at a smaller strain ( 11  =20% to 57%). 

3-5 Statistical analysis for 13ν  
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Statistical analysis shows that all parameters, including 11  and 11 , and the 

interaction between them, can affect the variations of 13 . Based on this analysis, 11  

is the most effective parameter and after that, the interaction between 11  and 11 , and 

11  are located, respectively, in descending order of influence. Experiments showed 

that, in addition to the amount of 11  applied, auxetic foam   behavior was also 

influenced by the 11 . Figure 11 indicates that the foam with a 11  = 10% had the lowest 

13  and that this value rises with increasing 11 , such that the foam with 11  = 80% 

showed the highest Poisson ratio. Increasing 11  acted the same way as increasing 

the amount of 11 ; the value of the   moved toward positive values by elevating either 

11  or 11 . As shown in Figure 11, at the 11  of 5 s-1,   always had a positive value. 

This foam's behavior took place due to the increasing amount of 11  on the bucked 

walls of the honeycomb structure of auxetic foam, which started to open, and with 

increasing the rate of loading, this phenomenon occurred in a shorter duration. 

The ANOVA statistical analysis results revealed that the effect of changing the 

11  from 10% to 40% had the most significant effect on changing the  . Additionally, 

the highest slope of   changes with 11  is observed for the 11  of 5 s-1 (see Figure 

12a). Moreover, as Figure 12b shows, it was observed that the interaction of these two 

loading factors in quasi-static 11  is significant, while increasing the 11 , the interaction 

effect noticeably reduced.  

3-6 Statistical analysis for TSA 

The statistical study of TSA illustrates that strain, 11 , and the interaction of 

these two loading factors, all, had an influence on the variations of  , and that the 11  
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magnitude had the most significant effect in this analysis. After the 11  effect, the 

interaction between parameters and 11  effects were positioned, respectively. 

Experiments showed that the foam's TSA also depends on the amount of 11  and 11 , 

with increasing the 11  the TSA of the foam decreased, moreover, for 11  = 0.01 to 1 

s-1 The TSA has the same value for 11 = 80% but for the 11 = 40% the TSA doesn’t 

follow a predictable pattern, as seen in Figure 13. Also, Figure 13 shows that for the 

11 = 5 s-1 no TSA is observed, and the foam does not show auxetic behavior  

The same statistical analysis for TSA shows that increasing 11  = 1 to 5 s-1 had 

a critical role in the foam's TSA behavior by a rapid change in TSA, making it zero at 

the beginning of loading. Also, the interaction between 11  and 11  had the same trend 

as did  , i.e., the interaction between these two loading parameters in quasi-static 

loading conditions had a more significant effect on TSA compared to dynamic loading 

conditions. Figures 14a-b show the trends explained above. 

3-7 Finite element analysis 

A strain-rate dependent user-defined material code in FEM was developed to 

capture variations of Poisson’s ratio for the applied strains using the measurements 

recorded for calibration experiments. Equations (3-1 to 3-12) (i.e., lines fitted on the 

calibration experiments in Figs. 10a-d give the estimated linear relationships between 

Poisson’s ratio and applied strain for different loading rates. These lines had an overall 

accuracy of within R-square = 90% compared to experimental results. For the non-

auxetic direction of the material Equations (3-13 to 3-16) define the behavior of 

Poisson’s ratio for different strain rates. 
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(3-1) 
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(3-7) 
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To validate the model, the deformation of validation auxetic foams (i.e., Cases 

C in Table 1) measured from experiments was compared to that obtained from FEM 

for both auxetic direction (13) and non-auxetic direction (12). The regression was 

(3-12) 
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conducted using the Weighted Interpolation method showing R-square values of 87% 

and 83% for 11  = 0.05 and 0.5 s-1 for auxetic direction and for non-auxetic direction 

R-square values of 80% and 85% for 11  = 0.05 and 0.5 s-1, respectively (see Figs. 

15a-b). The R-square values represent the points in the graph where the experiments 

and FEM models differ more from each other. 

4-Discussion 

This is the first study to our knowledge that investigates the simultaneous 

effects of tensile loading parameters (i.e., strain and loading rate) on changes in 

Poisson's ratio of auxetic polyurethane foams. The main objective was to first examine 

the existence of such influences and to develop an adaptive model to capture these 

effects. Significant influences of both effects were observed with the following 

outcomes: 1) Poisson’s ratio for auxetic foam depends on the loading parameters of 

strain and loading rates and the interaction between them. 2) The TSA of auxetic foam 

was affected by the amounts of strain and loading rates and the interaction between 

them. 3) The developed model can successfully predict the behavior of auxetic foams 

during loading under different loading conditions. 

Experimental curves of 13  against the applied 11  = 40 and 80% for 11  = 0.01 

to 1 s-1 included three regions (i.e., three different patterns were recorded); (a) in the 

first region, the 13  decreased with a rise in the applied strain until it reached its 

minimum amount [33], [35]. This was attributed to the opening of the microcell's walls 

that had been buckled in the thermo-mechanical process of converting a conventional 

foam to an auxetic; (b) in the second region, the 13  raised with strain, returning to a 

conventional foam with a positive 13  at strains between 18 and 20%. In this domain, 
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microcells continued to open and converted to a rectangle-like shape; (c) the third 

zone, starting from a strain of about 40%, showed an almost unchanged 13  up to the 

final strain of 80% as the cells’ structure did not alter. However, for conventional foam, 

just two regions were seen [20]; i.e., the second and third ones. In other words, by 

increasing 11  for regular foams the foam’s 13  goes towards higher values, and after 

a specific 11  (near 50%) reaches a plateau region. 

In dynamic loading ( 11  = 5 s-1), however, the foam's 13  began with a positive 

value which means the foam at this 11  did not show an auxetic behavior,  raising with 

a constant slope until the microcells became rectangular, and after that (i.e., a 11  of 

about 20%), the 13  did not change with a further increase in the applied strain. This 

behavior is believed to be due to the time-dependent deformation of foam cells which 

is related to the foam’s cell size [36]. Because 11  accelerates the process the buckled 

cell’s walls go to the straight alignment, this transition occurs in a shorter time, and the 

11  is smaller than under low 11  ( 11  = 0.01 to 1) loading conditions [24]. 

 Statistical analysis showed that both 11  and 11  had significant influences on 

the foam Poisson’s ratio, consistent with previous observations for compressive 

loading [29]. In addition, the interaction of 11  and 11  played a pivotal role in variations 

of 13  during loading. In this regard, the interaction of 11  and 11  in the lower rates 

(i.e., 0.01 and 1 s-1) was more pronounced as, at these rates of loading, the microcells 

had more time to respond, which was not possible at the loading rate of 5 s-1. 

 The study for TSA shows that in addition to the 11 , the 11  also has an 

important effect in determining the 11  domain that foam has an NPR. The interesting 
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finding is that by increasing the 11 , the effect of interaction between 11  and 11  on the 

TSA would decrease due to the same reason mentioned for 13  in the former 

paragraph. 

 The FEM developed can be used to predict variations of 13  and 12  under 

tensile loading conditions in the regimes of loading rates like those examined in this 

study, i.e., the model shall be needed to be calibrated for high loading rates such as 

impact loading and compressive loading circumstances. In other words, the proposed 

model is an orthotropic model based on Hook's law, which was validated by the stress-

strain curve in the direction of loading. Furthermore, for the model to account for non-

linear deformations more accurately, a suitable hyperplastic material model (e.g., 

Fung) will be required. Such a model needs calibration for its coefficients by a 

significant number of experiments though. The model verification and validation were 

done by comparing the deformation during loading between the model and 

experiments (see Figure 16). Test class A (see Table 1) was used for verification and 

the model had more than 90% correlation with experiments. Model validation was 

done by test class C (see Table 1), and the model had more than 80% correlation with 

experiments.  

5- Conclusions 

In conclusion, an attempt was made to gain a better insight into the behavior of 

auxetic foams under different tensile load conditions. Microcells’ deformations were 

found to change during loading, thus altering the 13  value with increasing the applied 

strain. This behavior markedly differed when the applied loading rate was elevated. A 

load-rate dependent FE code was developed to incorporate these effects. The model 

was then successfully used to predict variations of 13  in different loading conditions, 
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but in ranges like those employed for the model’s calibration. The results of this study 

show that desired auxetic-structure properties strongly depend on the magnitude of 

applied deformations and loading rates. This must indeed be considered in designing 

such materials/structures for different applications.  
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Tables caption list: 

1. Table 1: Testing table which categorizes experiments based on the purpose 

of testing and loading conditions. 

2. Table 2: Material property of auxetic foam. 

Tables: 

Table 1: 

Testing class and purpose 
Case 
No. 11  11  

A: conventional foams (control tests) 
Purpose: comparison with auxetic foams 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

10 
40 
80 
10 
40 
80 
10 
40 
80 
10 
40 
80 

0.01 
0.01 
0.01 
0. 1 
0.1 
0.1 
1 
1 
1 
5 
5 
5 

B: Calibration auxetic foams 1 10 0.01 
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Purpose: finding   behavior in different loading conditions 

and developing FEM 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

40 
80 
10 
40 
80 
10 
40 
80 
10 
40 
80 

0.01 
0.01 
0.1 
0.1 
0.1 
1 
1 
1 
5 
5 
5 

C: Validation auxetic foams 
Purpose: examining the capability of the model to predict the 

behavior of auxetic foams at different loading conditions 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
40 
80 
10 
40 
80 
10 
40 
80 

0.05 
0.05 
0.05 
0.5 
0.5 
0.5 
2.5 
2.5 
2.5 

 

Table 2: 

Mechanical Property Quantity 

  
3

kg

m
 20 

 1E 170 MPa 

 2E 170 MPa 

 3E 150 MPa 

 12G 420 MPa 

 13G 520 MPa 

 23G 420 MPa 

 

Figures caption list: 

1. Figure 1: a) Schematic of the specimen of ASTM D-3574 Test E. b) The 
pressure mechanism and the specimens. 

2. Figure 2: a) The test setup shows the light source, digital camera, and 
specimen attached to the fixture. b) Experimental set-up to ensure uniform 
loading during testing. 

3. Figure 3: FEM of the test specimen a) Boundary conditions and loading. b) 
Element size. 

4. Figure 4: The flowchart showing the procedure performed to develop an 
adaptive user-defined material (UMAT) FEM code based on the outputs of 
experiments. 
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5. Figure 5: a) Conventional foam with honeycomb cells. b) Temperature-time 
graph of the thermo-mechanical process. c) Auxetic foam with buckled 
honeycomb[32]. 

6. Figure 6: a) Conventional foam with honeycomb cells and thickness of the 
specimen. b) Auxetic foam with buckled honeycomb cells and thickness of the 
specimen. PG, T, A, and L represent the words polygon, thickness, area, and 
perimeter, respectively. 

7. Figure 7: Variation of 13  for conventional foams at different loading 

conditions. a) 11 =10%. b) 11   = 40%. c) 11  = 80%. 

8. Figure 8: Mechanical property of auxetic foam. a) Stress-strain curve for the 

auxetic foam with 11  = 0.01 s-1. b) Variations of   for the nonauxetic direction 

of foam at 11  = 80% and 11  = 0.01 s-1 And compare their   magnitude and 

trend with conventional foam. 

9. Figure 9: Variations of 13  for auxetic foams under different loading conditions. 

The 13  first has a negative value which goes to a positive value, and at the 

final stage, it reaches a constant value until the end of loading. So, according 

to the image processing findings, variations of 13  to 11 . a) for  11 = 10%. b) 

for 11 = 40%. c) for 11 = 80%. 

10. Figure 10: The blue line represents variations of 13  for a) 11 = 0.01 s-1, b) 11

= 0.1 s-1, c) 11 = 1 s-1, d) 11 = 5 s-1, recorded during experiments. The red line 

indicates the TSA region; the black dashed line is the curve fitted on the 
experiment’s curve (see sec 3.7). 

11. Figure 11: 13  measured for different loading conditions. 

12. Figure 12: The ANOVA to investigate the effect of the loading parameter on 

the  . a) Main effects Plot for   which indicates that The 11  has the most 

effect on the   from 11  = 10 to 40%, on the other hand, The 11  has the most 

effect on the   between the 11  =1 to 5 s-1. b) Interaction plot for   that shows 

the interaction between 11  and 11  had the most effect on the loading 

condition of 11  = 0.01 s-1 and 11  = 40%, while the least effect was observed 

at loading conditions of 11  = 5 s-1 and 11  = 40%. 

13. Figure 13: Transient strain auxeticity (TSA) measured for different loading 

conditions. No TSA was observed for 11  = 10% and all strains for 11  = 5 s-1. 

14. Figure 14: a) Main effects plot for transient strain auxeticity (TSA). By 

increasing the quantity of 11 , the amount of TSA is decreased. By increasing 

the 11  amount of TSA decreased dramatically. b) Interaction effect on the  . 

Interaction in the load case with 11  = 0.01 s-1 has the most effect, and the 

load case with 11 = 5 s-1 has the least effect on the changing  . 

15. Figure 15: Comparison of FEM results and measured Poisson's ratios at the 
loading rate of a) 0.05 s-1 (auxetic direction, R-square = 87%, non-auxetic 
direction, R-square = 80%), b) 0.5 s-1 (auxetic direction, R-square = 83%, 
non-auxetic direction R-square = 85%). 
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16. Figure 16: Displacement vectors for the adaptive Hook's model and compare 
with experiments data for model validation. 

 

 

 

 

 

 

Nomenclature 

E1 Young’s modulus in direction 1 

E2 Young’s modulus in direction 2 

E3 Young’s modulus in direction 3 

G12 Shear modulus in plane 12 

G13 Shear modulus on plane 13 

G23 Shear modulus in plane 23 

0x  FEM initial parameters ( 0 11 11, ,   ) 

solx  FEM outputs ( , ,stress strain ) 

11  Normal strain in direction 1 

22  Normal strain in direction 2 

33  Normal strain in direction 3 

12  Shear strain in plane 12 

13  Shear strain in plane 13 

23  Shear strain in plane 23 

  Loading rate 

11  Loading rate in direction 1 
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11  Normal stress in direction 1 

22  Normal stress in direction 1 

33  Normal stress in direction 1 

12  Shear stress on plane 12 

13  Shear stress on plane 13 

23  Shear stress on plane 23 

uniax  Uniaxial stress 

0  Initial Poisson’s ratio 

12  
Poisson's ratio corresponding to loading in direction 1 and strain in 

direction 2 

21  
Poisson's ratio corresponding to loading in direction 2 and strain in 

direction 1 

13  
Poisson's ratio corresponding to loading in direction 1 and strain in 

direction 3 

31  
Poisson's ratio corresponding to loading in direction 3 and strain in 

direction 1 

23  
Poisson's ratio corresponding to loading in direction 2 and strain in 

direction 3 

32  
Poisson's ratio corresponding to loading in direction 3 and strain in 

direction 2 
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