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A B S T R A C T  
 

 

   A three-dimensional finite element (FE) model of the heel and shoe sole was developed to analyze the 

effects of materials with different Poisson's ratios for midsole on energy absorption and impact shock in 

the heel area during walking. The heel model was obtained from CT-scan data. The FE model was 

verified using Anybody software for barefoot with data obtained from gait analysis. Sole layers and 

plantar soft tissue were modeled, and five different Poisson's ratios (-0.4, -0.2, 0, 0.2, and 0.4) were 

compared for the midsole layer. In order to obtain the contact force, experiments were performed on a 

force plate using shoes with either auxetic or conventional midsole layer. Rayleigh damping theory was 

used to simulate viscous damping behavior in the midsole layer. The results showed that for materials 

with the same Young's modulus, there was less compression, energy absorption, and viscous dissipation 

energy in the auxetic model in comparison to the conventional model. However, when compressive 

strains of sole layers were the same (i.e., by changing Young's modulus), more energy absorption (about 

9%) was observed for the midsole with negative Poisson's ratio with respect to the conventional midsole 

layer. The outcome of this work can guide shoe manufacturers to design shoe soles with longer lifetime 

that, at the same time, cause less fatigue for the spine. 
 

 

1. INTRODUCTION1 
 
Frequent impact loadings of the musculoskeletal system 

during locomotion in case of not being effectively damped 

have the potential to lead to several injuries and health 

problems, such as stress fractures, osteoarthritis, cartilage 

breakdown, Type 1 shin splints, knee injuries, and low back 

pain [1]. Attenuating the impacts between the foot and the 

ground during gait is one of the most important functions of a 

footwear sole. It has been shown that both ground reaction 

forces and transient stress waves transmitted up the lower limb 

during walking were affected by footwear. Furthermore, 

midsoles with stiffer materials were generally associated with 

higher shock levels transmitted up to spine [2]. Hence, 

choosing the main material for the shoe sole, as one of the most 

effective parameters determining the whole sole characteristic, 

has always been addressed by footwear manufacturers. 

Natural rubber, polyurethane, polyvinyl chloride (PVC), and 

ethylene-vinyl acetate (EVA) foams are some materials 

commonly used as the main material of the footwear sole. In 

the past few years, the idea of using soles with "auxetic 

structures" has been patented by some manufacturing 

companies [3]. Auxetic structures have a negative Poisson's 

ratio, ν, defined as the ratio of transverse strain to longitudinal 

strain. A vast range of artificial auxetic materials have been 
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developed in different scales [4]. The auxetic structures might 

be varied between a few nanometers to 1 meter [5]. These 

structures are fabricated either by 3D printing or by post-

processing the existing non-auxetic foams [6]. 3D printing is 

considered as a novel methodology in manufacturing the 

auxetic structures with non-random cell orientation, however, 

high cost, scale limitation, and the existence of defects are 

among the technical barriers of this method [7]. An example 

of post-processing the conventional foams is implementing the 

thermo-mechanical methodology which includes compressing 

the foam along three orthogonal directions during molding [8]. 

As a result of this methodology, polyvinyl chloride (PVC) 

foam [9,10], closed-cell PU foam [11] and silicone rubber 

foam [12] could be converted into foams with auxetic 

behavior. The mechanical properties of these foams can be 

adjusted by applying different geometrical and processing 

parameters in the thermos-mechanical procedure [13]. Lakes 

and Elms [14] performed some holographic indentation tests 

and proved that auxetic re-entrant foams had a higher yield 

strength and lower stiffness, E, in comparison to conventional 

foams of the same density. Moreover, they found that dynamic 

impact energy absorption was noticeably higher for auxetic re-

entrant foam than that for conventional foams. Moroney and 

Alderson [15] conducted a study on improving the protection 

of sports apparel using an auxetic material. The enhanced 

  

https://minerva-aset.com/jdaf/
file:///C:/Users/h_far/Desktop/nourani@sharif.edu


M. Daei Daei et al./ Journal of Design Against Fatigue, Vol. 1, No. 2, (July 2023)  43-51                                                      44 

 

 

properties of the apparel were conformability, superior energy 

absorption, and reduced thickness. Also, more flexibility was 

felt by users due to the synclastic curvature in the deformed 

auxetic material. Experiments on auxetic foams in snow- sport 

safety devices carried out by Allen and Duncan [16] showed 

that the energy absorption of a composite pad with auxetic 

foam was about three times of the energy absorption of a 

conventional equivalence under quasi-static compression with 

a concentrated load. Having a high energy absorption capacity 

and simultaneously high indentation resistance, which is 

generally associated with better stability, would make an 

auxetic material a suitable fit for the footwear sole [17]. It was 

also shown in Ref [18] that using an auxetic material in high 

heels would decrease the peak plantar pressure onto the 

forefoot in comparison to that of traditional materials. Their 

study focused only on the redistribution of plantar loafing in 

forefoot, and not in the heel area, during walking. Ref. [19] 

patented a new sport shoe design with auxetic sole that was 

claimed to aid conformability around heel area. Furthermore, 

an auxetic heel support designed by [20] was shown to be more 

comfortable and shock absorptive compared to bulk 

elastomers and foams. Dehaghani et al. [21] went even further 

and showed a decrease of impact in lumbar spine by wearing 

an auxetic shoe compared to the conventional shoes in a set of 

gait analyses. Although the auxetic materials may be a 

sufficient alternative of conventional materials for sports 

shoes, the amount of viscous dissipation energy in auxetic 

materials in comparison to the conventional counterparts is 

still unidentified. None of the studies mentioned above 

suggested a model of shoe midsole interacted with an auxetic 

structure. No study obtained the amount of viscous dissipation 

energy caused by compression in the shoe sole. This study 

aimed to generate a finite element (FE) model of an auxetic 

midsole to obtain the amount of energy absorption and 

comfortability in comparison to traditional midsoles and to 

measure the efficiency of using this midsole. Several 

experiments were performed on a force plate using shoes with 

auxetic and non-auxetic midsoles to compare the impact 

shocks during walking. Moreover, viscous energy loss, as an 

important factor in designing the shoe sole, was calculated for 

both types of midsole. 

 

 

2. MATERIAL AND METHODS  
 

2.1. GAIT ANALYSIS  
 

In clinical gait analysis, both the individual abilities to walk 

and how he walks are studied. Instrumented gait analysis is an 

accurate and precise measurement tool to capture the human 

gait parameters such as spatiotemporal, kinematic, and kinetic 

measures [22]. In contrary with wearable sensing systems, gait 

measurement tools are low-cost, low setup-time, lightweight 

and portable [23]. In this study, the heel impact and energy 

absorption in the rear section of the shoe sole were analyzed. 

The gait analysis with auxetic and three non-auxetic (i.e., 

conventional) shoes was carried out on a Kistler force plate in 

Mowafaghian Rehabilitation Institution, Tehran, Iran, to 

obtain the normal forces created during walking. The force-

time diagrams were obtained, and the measured forces were 

input to the FE model as tabular data to obtain the heel load 

and stresses in both auxetic and regular structures. An adult 

male subject weighted 71.8 kg with a height of 175 cm, walked 

on a force plate, wearing either the conventional or auxetic 

shoes (see Figure 1). The thickness of all soles in the heel area 

was around 2.5 cm, and all of them had the same size of 42.5 

(European standard). The auxetic shoe (i.e., with the auxetic 

midsole) was the Nike product (Nike free RN with model 

number: 408323), and three non-auxetic shoes were 

conventional sports shoes from different brands. The subject 

was asked to walk at a steady pace, beginning at least 5 meters 

ahead of the force plate starting point. The experiments on 

each pair of shoes were repeated five times to ensure the 

repeatability of testing. 

 

 
(a) 

 
(b) 

Figure 1 (a) Walking on the force plate with a conventional 

shoe. (b) Walking on the force plate with Nike auxetic shoe. 

All the experiments were performed by a subject, who 

weighted 71.8 Kg with a height of 175 cm. 

 

2.2. FINITE ELEMENT MODELING 
 

In order for modeling the heel, the calcaneus from a male adult 

was generated by a CT scan (see Figure 2a). The point cloud 

data extracted from CT-scan was then converted to a solid 

body using SOLIDWORKS 2017 to build the bone geometry. 

Finally, the model was imported in ABAQUS 2016 (Figure 

2b). The calcaneus bone was assumed to be elastic. Table 1 

lists the mechanical properties used in the model. The plantar 

soft tissue was placed under the calcaneus (Figure 2c). In order 

to avoid extra simulation costs, only the part of the plantar soft 

tissue which contacts the shoe sole was modeled. Plantar soft 

tissue was modeled as an extruded surface covering the 

calcaneus. The geometry of the surface was defined based on 

the contact surface between the foot and shoe. The minimum 

unloaded thickness of the tissue, from the bottom of the tissue 

to the lowest part of the calcaneus, was reported 15.2 mm (see 

Figure 2c) [24]. The experimental compressive stress-strain 

diagram of plantar soft tissue was used to estimate the hyper-
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elastic behavior of the tissue [25]. Ogden fitting criteria was 

used to estimate the hyper-elastic behavior. The sole of the 

shoe usually consists of three layers: insole, midsole, and 

outsole. In modern sports shoes, insole and midsole layers are 

made of EVA foam to be lighter and more flexible than 

conventional foams [26]. Generally, the outsole is made of 

carbon rubber or blown rubber. These materials were modeled 

as linear elastic (Table 1) since FE results proved that in low 

strains, e.g., strains experienced in sole layers during walking, 

there was no meaningful difference between elastic and hyper-

elastic model. The geometry of the sole was modeled the same 

as the cross-section of the plantar soft tissue model with a 

thickness of 2.5 cm (Figure 2d). The upper part of the sole is 

insole, with a thickness of 2 mm [26]. The midsole was placed 

under the insole with the properties of an EVA foam but 

different in the amount of Poisson's ratio: EVA foam has the 

Poisson's ratio of almost zero, while in the present model, 

Poisson's ratio was varied from -0.4 to 0.4. Under the midsole, 

the outsole was modeled with a thickness of 2 mm [26]. In the 

FE model the part geometries were assembled together by 

rigid tie connection (from top to bottom: calcaneus, plantar 

soft tissue, and shoe sole). The calcaneus was assumed fixed 

by ENCASTRE constraint (constraint on all displacements 

and rotations at a node) on the side of ankle and the other parts 

were free to move in the space. A rigid plate was placed at the 

bottom of the sole to simulate the real boundary conditions 

during walking. The obtained impact loads from the force 

plate will be applied to this rigid plate. Due to its complex 

geometry the model was meshed with quadratic tetrahedral 

elements with the size of 2 mm and the mesh convergence 

analysis was performed. Prony series were used to simulate the 

viscoelastic behavior of the midsole with the coefficients [27] 

listed in Table 2. 

 

Table 1. Material properties used in FE models. 

Model part 

Young’s 

modulus 

(MPa) 

Poisson’s 

ratio 

Mass 

density 

)3kg/m( 

[28] Calcaneus 7300 0.3 812 

Soft plantar 

tissue [20] 

Hyper-

elastic 

- 1052 

[24]Insole  5.4 0.49 200 

Midsole [24] 10 variable 200 

Outsole [27] 25 0.42 1100 

 

Table 2. Prony coefficients of viscoelastic behavior in the 

midsole; gi Prony is the shear relaxation or shear traction 

relaxation modulus ratio, ki Prony is the bulk relaxation or 

normal traction relaxation modulus ratio, and tau Prony is the 

relaxation time. 

g-i Prony         k-i Prony            tau-i Prony 

___________________________________ 

   0.195               0.195                   0.91 

 

 

 
                          (a)                                        (b) 

 
(c) 

 
(d) 

Figure 2 (a) Skeleton of the foot consists of tarsal bones, 

including talus and calcaneus [28]. (b) Imported calcaneus 

bone model in ABAQUS from point cloud provided by a CT-

scan. (c) Plantar soft tissue under the calcaneus covered the 

lower surface of the calcaneus. (d) The sole 

 

 

2.3. Modal Analysis to obtain viscous damping 
parameters 
 

Rayleigh damping theory was used to simulate viscous 

damping behavior in the midsole [29]. The equivalent 

Rayleigh damping form is: 

 

[𝐶] = 𝛼[𝑀] + 𝛽[𝐾] (1) 

 

where [C], [M], and [K] are the damping, mass and stiffness 

matrices of the system, respectively. α and β are damping 

coefficients defined as [29]: 
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𝛽 =
2𝜉1𝜔1 − 2𝜉𝑚𝜔𝑚

𝜔1
2 −𝜔𝑚

2  (2) 

𝛼 = 2𝜉1𝜔1 − 𝛽𝜔1
2 (3) 

 

where ξ1 = damping ratio for the first mode of the system; ξm 

= damping ratio for the mth significant mode; ω1  = natural 

frequency for the first mode of the system, ; ωm = natural 

frequency for the mth significant mode. Modal analysis was 

carried out on the sole to find the damping coefficients 

required to simulate the viscoelastic behavior of the sole. For 

such a system with large degrees of freedom, approximately 

100% of mass participation was found to occur in the first 

modes [29]. Hence, the goal was to find these modes and then 

to obtain the damping coefficients. A modal analysis was 

performed on the midsole in SOLIDWORKS 2017 

simulations. Boundary conditions were applied so that the 

lateral side of the midsole was fixed in the XZ plane (see 

Figure 3) (i.e., it was assumed that the lateral side of the 

midsole did not move during walking in XZ plane). Mesh sizes 

were exactly the same as those in the ABAQUS model. 

Different Poisson's ratios (0.4, 0.2, 0, -0.2, and -0.4) were 

applied in the model to obtain the Rayleigh damping 

coefficients in each simulation. It was found that about 97% of 

mass participation occurred in the first four modes of the 

model with ν = 0.4 (Table 3). It was assumed that the Rayleigh 

damping coefficients of the current shoe sole were 

approximately the same as those of the natural rubber. For this 

model, the minimum damping ratio, ξ1=0.02 was assigned to 

the first mode, and the specified damping ratio of ξ4=0.08 was 

defined for the fourth mode [30], which are the values for a 

natural rubber. The modal analysis for the models with other 

Poisson's ratios (i.e., 0.2, 0, -0.2, and -0.4) also confirmed that 

significant modes were the first four modes. As mentioned 

above, m was 4 for the present study. By substituting the 

values obtained from modal analysis (see Table 3) in Eq. (2) 

and Eq. (3), α and β were calculated. The same procedure was 

done to obtain α and β for other Poisson's ratios (as can be seen 

in Table 4), and corresponding Rayleigh coefficients were 

defined for the midsole with different values of Poisson's ratio. 

 

Table 3 Results of the modal analysis of midsole with Poisson's 

ratio of 0.4 in SOLIDWORKS. 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

 

 

 

 

Table 4. Rayleigh coefficients obtained for different 

Poisson's ratios 

 

 
Figure 3 Modal analysis of midsole in SOLIDWORKS 

(mode 1 for the model with ν = 0.4). The lateral side of the 

midsole was fixed in the XZ plane. 

 

In order to obtain stresses on the ankle and, consequently, the 

impact force, it was assumed that the upper side of the 

calcaneus was fixed with the load acting on the lower side of 

the sole (Figure 4a). Corresponding impact loads acting under 

the rigid plate were the measurements from the force plate, as 

described in Section 2.1. It will be shown in Section 3 that two 

peaks were observed in the force-time graph obtained from the 

force plate in gait analysis. The first peak was attributed to the 

load experienced by the heel, while the second one was related 

to the toe-off moment. Since the heel stresses are investigated 

in this study, only the first peak was applied in the FEM; i.e., 

the load data from beginning to the time of the first peak using 

a tabular amplitude were input to the model. Since the load 

was distributed on the sole area, it was defined as a pressure to 

the bottom side of the model (see Figure 4a). The simulations 

were done for five different values of Poisson's ratio (0.4, 0.2, 

0, -0.2, and -0.4) and their corresponding damping coefficients 

obtained from Table 4 (α and β). The explicit solver in Abaqus 

2016 was implemented on a 4-core 2.40 GHz processor with 

8 Gb of memory and each simulation took around 10 hours. 

 

2.4. VERIFYING THE FE MODEL 
 

In order to verify the FEM, an experiment by a barefoot male 

subject with a weight of 83 kg and a height of 174 cm was 

performed on the force plate. Normal forces measured on the 

Mode number 

Natural 

frequency 

(rad/s) 

Mass 

participation 

Y direction 

(%) 

1 6878 85.260 

   

2 8539 0.148 

3 10525 0.923 

4 10926 10.402 

5 12773 0.003 

6 14454 0.005 

7 15735 0.000 

8 15867 0.005 

Poisson’s 

ratio 
𝛚𝟏 𝛚𝟒 𝛏𝟏 𝛏𝟒 𝛂 

𝛃 
6-10* 

0.4 6878 10926 0.02 0.08 
-

691.85 
20.43  

0.2 7068 11949 0.02 0.08 
-

593.97 
17.55 

0 7205 12787 0.02 0.08 
-

519.13 
15.55 

-0.2 7564 13882 0.02 0.08 
-

507.51 
14.15 

-0.4 8279 15560 0.02 0.08 
-

521.14 
12.43 
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force plate (Figure 5a) were input to the barefoot FE model 

(i.e., the shoe sole layers were removed from the model).  

Vertical reaction forces were obtained during impact. These 

forces were the loads transferred from the calcaneus to the 

ankle at the beginning of the impact when the heel touched the 

ground. Anybody software was then used to obtain the forces 

created in the ankle during walking. The gait model in 

Anybody was defined with the weight and height of the person 

(Figure 5b). Similarly, the vertical forces created in the ankle 

in the gait model had two peaks; the first one attributed to the 

heel interaction with the ground. Figure 5c compares the force 

data in the ankle from the start of walking to the moment of 

the first peak in FEM and Anybody model. The timing was 

slightly different in these models due to the difference in 

walking speed between the experiment and Anybody model. 

The graphs were scaled in the same time period to eliminate 

this timing difference. The normalized root-mean-square 

deviation formula was used to obtain deviation between two 

sets of data with the calculated normalized error of 8.8 %. 

Therefore, it was concluded that the magnitude of forces and 

behavior of force-time graphs obtained from Anybody 

software and FEM were approximately the same during the 

time of walking. Moreover, the peak loads on the heel were 

almost equal for both models. 

 

 
(a)                                                (b) 

Figure 4 The boundary conditions and load applied to the FE 

model. The calcaneus was fixed on the side of the ankle. 

Loading extracted from the force plate was applied as 

pressure to the lower side of the rigid plate. (b) The model 

was meshed into tetragonal elements with global size of 4 

mm. 

 

3. RESULTS AND DISCUSIONS 
 
A comparison of measured force-time graphs for auxetic and 

regular shoes is shown in Figure 6; the auxetic graph shows 

the average data of 5 experiments with the same shoes and the 

same conditions to minimize the effects of human errors and 

make the comparison less dependent on the manner of 

walking. The conventional graph shows the average value of 

three sets of experiments, which were done with three different 

conventional shoes (again, each set of experiments with each 

pair of shoes was repeated five times). The vertical forces are 

those created during walking in the lower side of the sole. The 

two force-time graphs for auxetic and regular midsoles were 

scaled in the same time period (see Figure 6). Figures7a, 7b 

and 7c indicate the viscous dissipated energy, strain energy 

and vertical component (i.e. perpendicular to the sole surface) 

of mean strain, respectively, for a Young’s modulus of 10 MPa 

with different values of Poisson’s ratio. Figure 7d shows the 

strain energy of an auxetic model with a Poisson’s ratio of -0.4 

for varying Young modulus values. This negative value for 

Poisson’s ratio was chosen as an example in order to find the 

mean strains experienced by an auxetic shoe and to compare 

the results with the outputs obtained from a conventional shoe 

with the same structure but having a Poisson’s ratio of 0.4. The 

same procedure can be performed for any other value of 

Poisson’s ratio to obtain a set of parameters that can result in 

same amounts of mean strain. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5 (a) Vertical force-time graph measured on the force 

plate for a barefoot male subject with a weight of 83 Kg. (b) 

Gait model of the examiner walking on the force plate in 

Anybody software. (c) Comparison between vertical forces 

created in the ankle of the gait model in Anybody from zero 

to time of the first peak and forces created in the fulcrum 

(i.e., the upper side of the calcaneus which assumed to be 

fixed) in the FE model. 
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Figure 6  Vertical force-time graph for auxetic and 

conventional shoes. The curve of conventional midsole is the 

average of all three conventional shoes. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7 Viscous dissipation energy for models with 

different Poisson's ratios and Young's modulus of 10 MPa. 

(b) Strain energies of sole for models with different Poisson's 

ratios. The Young's modulus of all models is 10 MPa. (c) The 

mean value of the vertical strain created in the midsole 

during compression for models with different Poisson's ratios 

and Young's modulus of 10 MPa. (d) Strain energies of the 

auxetic model with Poisson's ratio of -0.4 for different values 

of Young's modulus. 

 

As seen in Figure 6, the second peak of the force was almost 

the same in both auxetic and conventional shoes. The first 

maximum value of force in the auxetic shoe was only about 

1.2% less than that in conventional shoes. Moreover, the time 

of the first peak was delayed in the auxetic shoe about 0.03 s 

with a decreased slope in force-time graph. Statistical analysis 

of the two sets of data in Figure 6 yielded the P-value of 0.870, 

and the difference is statistically insignificant. In Figure 7a, 

the amount of viscous dissipation energy indicates the energy 

retrieval capacity of the sole; more viscous dissipation energy 

means less energy is recovered by the expansion of the sole 

during separating from the ground. In a mass-spring-damper 

equivalent system, this energy is the same as the energy 

eliminated by the damper. It is obvious that the minimum 

dissipation energy value occurred for ν = 0, while the 

maximum amount was observed for ν = 0.4. In conclusion, the 

model with ν = 0 is the most efficient one because it yields less 

dissipation energy in comparison to other models. As 

discussed in the introduction, the amount of strain energy 

reflects the effect of the midsole structure on the heel force; 

more strain energy means the more energy would be absorbed 

by the sole, rendering the impact shock decreases. According 

to Figure 7b, strain energy increases as ν becomes positive. For 

positive ratio values, there were not any significant changes in 

strain energy values, implying that a model with ν = 0 had 

approximately the same capacity to save the strain energy with 

a material with ν = 0.4. But for the negative values of Poisson's 

ratio, the strain energy decreased by about 20% with a 

reduction in Poisson's ratio from ν = 0 to ν = -0.4. The results 

obtained by assuming the same Young's modulus in all the 

models contradict the experimental results where the auxetic 

shoe showed almost more capability to save strain energy and 

decrease the impact load indicated in Figure 6. In order to 

investigate this behavior, the mean value of the vertical strain 

created in the midsole during compression and deformation 

was calculated. As can be seen in Figure 7c, the mean vertical 

strain value for ν = 0.4 was about 39% more than that for ν = 
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-0.4, implying more compression in the midsole for the 

positive value at the constant Young's modulus of 10 MPa. 

Finally, a comparison of energies for constant mean strains but 

varying Poisson's ratios and Young's modulus values was 

conducted. One way to increase the capacity of stored strain 

energy is to use a softer material as the midsole; however, 

Robbins and Waked [31] proved that using a stiffer material in 

the shoe sole would provide more stability for the user. In 

other words, more compression in the sole layers might make 

the user feel unstable. That is why shoe manufacturers do not 

produce very soft shoe soles. In order for equalizing the mean 

vertical strain for both auxetic and non-auxetic models, 

Young's modulus of the midsole in FEM was reduced from 10 

MPa to 7 MPa for ν = -0.4. The mean vertical strain obtained 

was 0.32, the same amount as the mean vertical strain for the 

model with ν = 0.4 and E = 10 MPa (see Figure 7c). The strain 

energy obtained from the model with ν = -0.4 and E = 7 MPa 

was 310 MJ, which was about 9% more than the value 

obtained from the model with ν = 0.4 and E = 10MPa (Figure 

7b). More energy absorption results in a smoother impact 

during running, as indicated in Figure 6 in the first peak where 

the heel contacts with the ground. The auxetic shoe shows a 

lower value of contact force compared to the conventional 

shows.  Nevertheless, the viscous dissipation energy was 72 

MJ (i.e., about 26% more than the value of the conventional 

model with E = 10 MPa and ν = 0.4). Hence, in the auxetic 

model with ν = -0.4 and E = 7 MPa, there was about 26% more 

energy loss than the conventional model with E = 10 MPa and 

ν = 0.4. Strain energies of the auxetic model (ν = -0.4) with 

different Young's modulus values are shown in Figure 7d. As 

a result, the strain energy in the auxetic model could increase 

even more than the conventional model by reducing Young's 

modulus when the mean vertical strain, and consequently, the 

sole compression remained unchanged (i.e., without any 

change in the stability of the user). Therefore, auxetic midsole 

properties could be optimized to save more strain energy with 

respect to the strain energy stored by conventional midsoles. 

More stored strain energy would cause the impact shock to be 

smoother, and the user would feel more comfortable. 

Moreover, by bending auxetic foams, a dome-shape curvature 

is obtained in controversy with saddle shape, which is obtained 

in conventional foams [17]. This characteristic of auxetic 

foams would make the midsole cover all the parts of the foot 

during walking, and the user would feel less resistance when 

shoes start bending. It was shown that there is a growth in 

viscous dissipation for the softer model (e.g., in the auxetic 

model with ν = -0.4 and E = 7 MPa), and it would cause more 

energy loss during walking. However, for impact shock 

reduction, it is worthy to use auxetic structure in midsole 

manufacturing. This model can also be compared with EVA 

foam (i.e., the foam with Poisson's ratio of zero), which is 

widely used in shoe sole production in recent years. It is 

predicted that the auxetic midsole would have better energy 

absorption (see Figure 7b), while EVA foam would cause less 

energy loss due to less viscous dissipation energy (see Figure 

7a). 

 

4. CONCLUSIONS 
 
This study showed about 9% more energy absorption and less 

impact shock in the auxetic midsole in comparison to 

conventional midsoles with the same compression (i.e., the 

same stability and softness felt by the user) during walking. By 

reducing Young's modulus from 10 MPa to 7 MPa for the 

auxetic foam, a higher energy absorption (i.e., an increase of 

about 41%) was obtained. Hence, with the same amount of 

softness, higher energy absorption (and subsequently higher 

comfortability) was achieved. In conclusion, decreasing 

Young's modulus up to a specific value would not cause more 

compression in the auxetic midsole in comparison with 

conventional midsoles. This auxetic characteristic helps the 

shoe manufacturers to increase the comfort and at the same 

time keep their softness standards (e.g., the sole should not be 

too soft in a way that keeping the balance during walking 

seems though). Furthermore, the fact that the auxetic shoe 

absorbs considerably higher amount of energy can be 

beneficial for sport shoe manufacturers who search for 

recycling the lost strain energy in each step. For an auxetic 

model, more energy loss (i.e., about 26%) was observed with 

respect to a conventional model in the most severe case (e.g., 

an auxetic shoe with Poisson's ratio of -0.4 and Young's 

modulus of 7 MPa compared to a conventional shoe with 

Poisson's ratio of 0.4 and Young modulus of 10 MPa). 

Nevertheless, since the amount of energy loss was much 

smaller than the amount of energy absorption, it is still 

recommended to use auxetic structures for shoe sole 

manufacturing. This work has presented a novel approach to 

compare the conventional shoe soles with the auxetic ones 

which enhances the comfort and efficacy. The finite-element 

approach enabled us to explore different material properties 

among auxetic materials with low cost and rapid 

implementation. The latter might be used to optimize the 

material properties by finding the best configurations for 

Young modulus and Poisson’s ratio. Nevertheless, the 

feasibility of fabricating such an optimized material remains a 

question which we leave it for the future works. On the other 

hand, gait analysis was proven to be a robust tool to obtain the 

impact force of different types of shoes. In conclusion, the 

Auxetic foam would be an appropriate alternative for 

conventional midsole materials in terms of reducing the 

impact shock transferred to the heel, thereby decreasing the 

risk of spinal injuries in the long-term. The methodology 

presented in this work can guide shoe manufacturers to design 

an optimized structure based on different criteria defined by 

shoe experts. 
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