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An extrapolation method to remove spurious stress concentration in 
micromechanical analyses of composites using pixel-based meshes 
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A B S T R A C T   

It is easier to generate a finite element mesh of complicated geometries with voxel-based meshes compared to 
conformal meshes. However, the local stresses in voxel-based meshes are higher owing to artificial stress con
centration caused due to jagged lines that approximate a curve. We propose a method that accounts for this 
anomaly which would lead to accurate prediction of maximum von Mises stress in voxel-based meshes. The 
method is based on the variation of reciprocal of stresses and associated numerical gradient. The prediction of the 
proposed method is compared against the results of a conformal mesh by considering four two-dimensional 
example problems. The accuracy of the proposed method is verified using different mesh densities, material 
properties, and integration schemes. The proposed method was also implemented on a conformal mesh to verify 
that it filters out just the spurious stress concentration and not the realistic stress concentration.   

1. Introduction 

Finite element (FE) based micromechanics has been widely used in 
the study of textile composites to calculate the effective elastic constants 
[1–3]. The linear elastic analysis often involves the identification of the 
smallest building block of the textile composite called a repeatable unit 
cell (RUC) followed by the imposition of periodic boundary conditions 
on the FE mesh of the RUC [4–8]. The process of obtaining an FE mesh of 
RUC of textile composite is not a straightforward process due to the 
presence of undulating, interweaving yarns and associated complicated 
textile architecture. Furthermore, the generated FE mesh needs to be 
homologous to apply periodic boundary conditions [9]. These re
quirements are relatively easy to satisfy in the voxel meshing technique. 
The computational advantages of using a voxel mesh over other meshes 
such as structured mesh, grid-based mesh, and unstructured triangular 
meshes can be found in the works of Kim et al. [10]. The voxel meshes 
can be generated through preprocessing modeling software such as 
TexGenTM [11,12]. In voxel mesh, the domain of interest is discretized 
into an almost uniform rectangular arrangement of hexahedrons. These 
hexahedron elements are assigned values of material properties based 
on the yarn volume fraction calculated for an individual element which 
eventually depends on the location of the centroid of each element. This 
means that each finite element is either assigned a yarn or a matrix 
property. Therefore, the boundary separating the yarn and the matrix in 

voxel mesh is facetted, stepped jagged, or zigzag rather than a smooth 
curve. This staircase-like boundary produces artificially high stresses in 
its vicinity [13–15]. The material discontinuity at the boundary is a 
legitimate reason for stress concentration. However, the zigzag bound
ary exaggerates the stress concentration which is not present in the 
actual material. This anomaly is a local phenomenon that does not show 
up when the local stresses are averaged over the domain to obtain 
macro-stresses. Hence, many works can be found in the literature that 
have used voxel meshes to calculate the homogenized elastic constants 
of textile composites [10,11,16,17]. However, it might not be accurate 
to predict the failure of the composite based on the local maximum 
stresses due to artificial stress concentration. It is also known from the 
literature that even though increasing the mesh density leads to a better 
approximation of yarn geometry, it does not resolve the aforementioned 
mesh artifact. TexGenTM does have the capability to produce conformal 
meshes with tetrahedron elements but such meshes are susceptible to 
element distortions, low element volumes if the mesh is not properly 
seeded, and in general, require a greater number of elements than 
hexahedron mesh. The quality of tetrahedron mesh is further worsened 
if it is used to generate FE mesh of curved RUC for the analysis of textile 
composite tubes [18]. Thus, even though it is computationally favorable 
to use voxel-based meshes, their use is limited to the prediction of 
effective elastic constants of textile composites. The micromechanical 
models that are based on local stresses like direct micromechanics [19] 
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cannot be used in analyses that use voxel meshes. 
There are few works that address this limitation. Fang et al. used a 

weighted averaging technique to alleviate the spurious high stresses in 
voxel meshes [13]. In this method, the stresses in layers of elements, in 
the neighborhood of the zigzag boundary were averaged. The averaged 
layers of elements had the same material properties. Fang et al. illus
trated this method by considering different numbers of layers in the 
vicinity of the zigzag boundary. They also tried different weighted 
averaging schemes by considering different weight functions. However, 
all the averaging schemes gave relatively similar results and it is unclear 
if their preferred method of the two-layer averaging scheme [20] would 
work in other applications. A different averaging scheme is also found in 
the literature [14]. However, in these averaging schemes, there is no 
quantitative way of deciding the domain over which local stresses are to 
be averaged. There have been other pre-processing methods to 
approximate the zigzag boundary through a smoother curve by appro
priate movement of nodes [21]. However, moving nodes of a yarn 
element implies that the material coordinate system must be redefined 
for every yarn element which complicates the mesh generation process. 

Thus, it would be helpful if there was a method to account for 
spurious stress in the voxel-based mesh. Working in that direction, we 
propose a novel method to minimize artificial stress concentration 
observed in voxel meshes. This method is a post-processing procedure 
that will not affect the computation in FE solvers. The proposed pro
cedure is compared against the results of conformal mesh (where the 
boundary is smooth) by considering von Mises stress. The two- 
dimensional problems were intentionally chosen so that both pixel- 
based (which is a two-dimensional analog of voxel-based mesh) and 
conformal meshes can be easily generated. The robustness of the pro
posed method was evaluated by considering two examples of material 
discontinuity and two example problems of plates with a hole. The 
plates with a hole example problems were considered as the maximum 
stress can be calculated by using the stress concentration factors. The 
emphasis was on developing a method to filter out the artificial stress 
concentration rather than dealing with a complicated problem. The 
proposed procedure called the extrapolation method can be easily 
adapted to three-dimensional meshes. 

2. Methodology 

We intend to estimate the maximum von Mises stress from pixel- 
based mesh which is closer to the maximum von Mises stress observed 

in the conformal mesh. The following examples are considered:  

1) Unidirectional composite under transverse tension,  
2) Unidirectional composite under shear strain,  
3) Finite width plate with a circular hole subjected to uniaxial tension, 

and  
4) Finite width plate with an elliptical hole subjected to uniaxial 

tension. 

A linear elastic response was assumed in all four cases. 

2.1. Generation of pixel-based meshes 

To generate pixel-based mesh, the domain of interest is discretized 
uniformly to form an array of rectangles. For problems involving ma
terial discontinuity, an element is assigned a material property of either 
fiber or matrix depending on its nodal coordinates. For instance, an 
element is assigned a fiber property only if all its nodes are within the 
fiber, otherwise, a matrix property is assigned to it. A 2-D RUC of the 
unidirectional composite was modeled by both pixel-based mesh and 
conformal mesh. A quarter model of RUC (shown in Fig. 1) was 
employed to analyze unidirectional composite under uniaxial transverse 
tension while a full model was used to analyze unidirectional composite 
under shear strain. In the problems involving geometric discontinuity 
such as a hole, a similar idea was adapted wherein the nodes that lie 
within the radius of the hole were deleted, resulting in a pixel-based 
mesh. The conformal meshes were generated using the pre-processing 
modeling features available in ABAQUS 2019 software. 

2.2. The pre-processing steps 

The quarter model and the boundary conditions for the unidirec
tional composite under uniaxial tension are shown in Fig. 1. The spec
ified displacements were ux = 0 alongAB, uy = 0 along AD, uy = 2mm 
alongBC, and CD was traction free where ui refers to the displacement in 
i direction. 

In the case of the unidirectional composite under shear load, periodic 
boundary conditions were imposed on the full model of RUC: 

Fig. 1. The quarter model of RUC was used to analyze unidirectional composite under transverse tension. The pixel-based mesh (a) has a zigzag path separating the 
fiber–matrix boundary while the conformal mesh (b) has a smooth fiber–matrix boundary. The fiber elements are in green and the matrix elements are in grey. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ux(Lx/2, y) − ux(− Lx/2, y) = 0

uy(Lx/2, y) − uy(− Lx/2, y) =
γxy

2
Lx

ux(x, Ly/2) − ux(x, − Ly/2) =
γxy

2
Ly

uy(x, Ly/2) − uy(x, − Ly/2) = 0

(1)  

where γxy is non-zero shear strain, Lx and Ly are dimensions of the RUC 
as shown in Fig. 1. 

For problems of finite width plates with a hole, remote traction of 50 
MPa was applied in the x-direction and a quarter model as shown in 
Figs. 2 and 3 was used. 

The proposed procedure was implemented for different meshes 
(namely coarse and finer), different integration schemes (namely 
reduced and full integration schemes), and different materials (namely 
M1, M2, and M3). This not only helped us in assessing the robustness of 
the proposed method but also in understanding how artificial stress 
concentration affects the maximum von Mises stress in different meshes. 
The number of elements in coarse and fine mesh for each pixel-based 
and conformal mesh is presented in Table 1. It can be observed that 
the number of elements in the conformal and pixel-based mesh is 
comparable for unidirectional composite problems. However, for the 
plate problems, there is a significant difference between the number of 
elements in the two meshes. This is due to the presence of a hole in the 
conformal mesh, which meant that the mesh had to be refined near the 
geometric discontinuity. Furthermore, the mesh size of pixel-based mesh 
was required to be decreased so that the maximum stress in pixel-based 
mesh exceeded stress from empirical solutions and facilitate a valid 
comparison between the results of conformal and pixel-based meshes. 

2.3. The extrapolation method: 

The minimum and maximum von Mises stresses in the vicinity of a 
discontinuity in the pixel-based mesh are exaggerated due to the zigzag 
boundary of discontinuity such as a hole or an inclusion. We intend to 
filter out this factitious effect and accurately predict the maximum von 
Mises stress from the results of pixel-based mesh. The extrapolation 
method, which was used for this purpose is explained in the rest of this 
section by considering the FE-generated von Mises stresses in fiber ele
ments of the unidirectional composite under transverse tension. How
ever, the extrapolation method can be used to remove artificial stress 
concentration in other stresses as well. 

The first step involves extracting the von Mises stresses at the inte
gration points (or at nodes). This is followed by calculating the recip
rocal of von Mises stresses and sorting the reciprocal values in ascending 
order as shown in Fig. 4. The least reciprocal value corresponds to the 
maximum value of von Mises stress. We intend to estimate the accurate 
value of maximum von Mises stress by considering their reciprocals. 
Thus, in this study, we are interested in the accurate prediction of the 
least reciprocal value of von Mises stress. In Fig. 4, the horizontal axis 
represents the rank of the reciprocal value. The least reciprocal value is 

ranked 1, while the highest rank is equal to about 70% of the data points. 
Although the data points beyond 70% have lower stress values, they 
could have significant gradients (i.e. stress values could drop drastically) 
and possibly affect the results. To circumvent such confounding effects, 
the last 30% of data points were not considered in further analysis. It can 
be observed that the curve in Fig. 4 is almost vertical initially and then it 
starts flattening out. The sudden change in slope at point B is of interest. 
The reciprocal values in the regionAB correspond to spurious von Mises 
stresses that are produced in the fiber as an artifact of pixel-based mesh 
discretization and may not be realistic. To resolve this mesh artifact, we 
consider 30 data points ahead of point B (i.e., region BC) as the trust
worthy region for reasons explained in the rest of this section. It should 
be mentioned that the choice of 30 data points is arbitrary but is based 
on our experience with many analyses. The region BC represents the true 
stress values that are based on the physics of the problem rather than the 
mesh artifact. A linear equation is fit to the trustworthy region BC such 
that reciprocal value is the dependent variable and rank is the inde
pendent variable. The inverse of the intercept (point A′ in Fig. 4) of the 
fit equation is then considered as the real value of the maximum von 
Mises stress. 

It can be observed that successful identification of the trustworthy 
region is key to accurate prediction of maximum von Mises stress. Thus, 
a mathematical procedure involving the numerical gradient of the curve 
shown in Fig. 4 was used to objectively identify the pointB. The nu
merical gradient was calculated by using MATLAB built-in function 
gradient that calculates the gradient of n − dimensional vector a based on 
the central difference method [22]: 

G = gradient(a) =

⎧
⎨

⎩

G(1) = a(2) − a(1)
G(i) = 0.5(a(i + 1) − a(i − 1)),∀i = 2, 3, ..., n − 1

G(n) = a(n) − a(n − 1)

⎫
⎬

⎭

(2) 

As the gradient was noisy, it was smoothed twice by using MATLAB 
built-in function smooth based on Savitzky-Golay filter with a span of 
five and polynomial of degree one [23]. The relatively high values of 
smoothed gradients were identified by considering their z-score which 
was calculated as: 

z − score =
(smoothed gradient) − mean(smoothed gradients)

std(smoothed gradients)
(3)  

where std(smoothed gradients) is the standard deviation of the smoothed 
gradients. 

The z-score measures how far a value is from the mean of the data in 
terms of the standard deviation. The z-score of smoothed gradients was 
as shown in Fig. 5, where the start of the trust-worthy region corre
sponds to the rank when the z-score drops to zero for the first time. It is 
represented by pointB. The 30 data points from B form the required 
trustworthy region as shown in Fig. 5. This method of choosing the 
trustworthy region by considering z-score = 0 gave reasonably accurate 
results for the problems of unidirectional composites. The premise here 

Fig. 2. The dimensions and boundary conditions of the FE model for a finite plate with a circular hole.  
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was that the realistic stress value cannot increase abruptly but rather 
approach the maximum value smoothly without drastic changes in the 
slope along its ascent. However, this does not hold for a finite width 
plate with geometric discontinuity such as a circular hole or an elliptical 
hole as the stresses increase rapidly at the vicinity of the hole. Hence, 
choosing z-score = 0 might remove the realistic stress concentration for 
plates of finite width and a hole. The discussed procedure was repeated 
at different values of z-score and it was found that z-score = 8 gave 
reasonable results which are further discussed in the next section. The 
key steps in this procedure are summarized as follows:  

1) Extract the von Mises stresses.  
2) Calculate the reciprocal of von Mises stresses and sort them in 

ascending order. In subsequent steps consider the first 70% of 
reciprocal values.  

3) Calculate the numerical gradient of sorted reciprocals and smoothen 
them based on the Savitzky-Golay method (with a span of 5 and 
polynomial of degree 1). This smoothening operation is done twice to 
reduce excessive fluctuations.  

4) Calculate the z-score of the smoothened gradients. At z-score =
0 (point B) and 30 data points beyond that (towards right in Fig. 5) 
form the trustworthy region, and finally  

5) Fit a linear equation to the trustworthy region and consider the 
reciprocal of the equation’s intercept as the maximum value. 

In this study, the extrapolated value represents the reciprocal of 
realistic maximum von Mises stress. Indeed, the maximum von Mises 
stress predicted by the pixel/voxel mesh at the zigzag boundary is 
inaccurate. However, the von Mises stress values at the finite elements 
sufficiently far away from the zigzag boundary are less influenced by the 
discretized modeling approach. The success of pixel/voxel-based mesh 
in predicting the effective elastic constants is proof that the stress values 

Fig. 3. The dimensions and boundary conditions of the FE model for a finite plate with an elliptical hole.  

Table 1 
The number of elements in each of the meshes considered in this study.  

Mesh type Unidirectional composite Finite width plate 

Transverse tension Shear strain Circular hole Elliptical hole 

Pixel-based Conformal Pixel-based Conformal Pixel-based Conformal Pixel-based Conformal 

Coarse mesh 1,369 1,337 8,464 8,333 18,744 120,434 51,609 17,057 
Fine mesh 12,321 12,311 17,689 18,740 38,275 22,540 116,059 52,182  

Fig. 4. The reciprocal of von Mises stresses produced in fiber elements when 
the unidirectional composite is under transverse tension. 
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Fig. 5. The z-score of smoothed gradients. The point B is identified when the z- 
score equals 0 for the first time and 30 data points from there on is the trust
worthy region. 
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at a sufficient distance from the zigzag boundary are useful. But, if the 
extrapolation is based on values very far away from the zigzag bound
ary, then the extrapolated value might not be a true representation of the 
reciprocal von Mises stress. The z-score of the numerical gradient en
sures that the trustworthy region is at an optimal distance from the 
zigzag boundary and makes the reciprocal stresses of the trustworthy 
region reliable enough. 

As stated in the introduction, the emphasis was on simpler 2-D 
problems where the analytical solution was readily available (plates of 
finite width with a hole) or where the generation of either conformal 
mesh or pixelized mesh did not pose a challenge. This choice was 
intentional to focus on developing a method to filter out the artificial 
stress concentration in the pixelized mesh. 

3. Results and discussions 

In this study, the results of conformal mesh were treated as the 
benchmark solution. The performance of the pixel-based mesh, extrap
olation method, and the averaging scheme proposed by Fang et al. [13] 
were evaluated by comparing the respective results with that of the 
conformal model. 

3.1. Unidirectional composite under transverse tension 

The analysis was carried out for different materials and different 
integration schemes. The material properties are given in Table 2. The 
corresponding results of maximum von Mises stresses are shown in 
Table 3. The reported percentage of error is relative to the results of 
conformal mesh. The contour plot of von Mises stresses is shown in 
Fig. 6, from which it can be inferred that those elements closer to the 
zigzag (step-like) boundary show high spurious stresses. These spurious 
stresses do not vanish away even for finer meshes, which is consistent 
with the observations made in the previous studies [13,24]. It is noted 
that the distribution of von Mises stresses in the conformal mesh is 
different from that of a pixel-based mesh. However, this study is only 
concerned with the prediction of maximum von Mises stress from pixel- 
based mesh after considering the artificial stress concentration. 

It is seen from the similar maximum von Mises stresses in conformal 
meshes with M2 material, that the solution had converged at coarse 
mesh itself. It can be observed from Table 3 that the proposed extrapo
lation method performs better than the averaging method proposed by 
Fang et al. [13]. The results further show that the full integration scheme 
is most detrimental in pixel-based meshes as it exaggerates the highest 
von Mises stress by more than 100%. For the identical mesh and inte
gration scheme, the relative error of pixel-based mesh is highest at 87% 
for M3 (for which Young’s modulus of fiber is 40 times that of the ma
trix) and is least at 15% for M1 (for which Young’s modulus of fiber is 
2.5 times that of the matrix). Thus, it can be noted from Tables 2 and 3, 
that exaggeration of highest von Mises stress is a function of the dif
ference in elastic constants of fiber and matrix. Therefore, in a particular 
material system, if the fiber and matrix properties are comparable to 
each other, then local stress-based analysis through pixel-based meshes 
might be an innocuous approach. However, the error in pixel-based 
mesh drops to within 16% across the considered cases when the 
extrapolation method is implemented. It can also be observed that when 
the extrapolation method is implemented on a conformal mesh, the pre
diction error is less than 2% across material systems, mesh densities, and 

integration schemes considered in this study which means that the 
extrapolation method preserves much of the realistic stress concentration. 

3.2. Unidirectional composite under shear load 

The contour plot of von Mises stress for unidirectional composite 
under in-plane shear is shown in Fig. 7. It can be observed that the values 
of von Mises stress in the first quadrant are repeated in the other three 
quadrants. Thus, to avoid duplicity only the values of fiber elements in 
the first quadrant were considered in the extrapolation method detailed 
earlier in Section 2.3. The stresses in fiber elements in the pixel-based 
mesh were higher than those observed in the conformal mesh. The re
sults are summarized in Table 4. The error in pixel-based meshes is 
higher for full integration and M3 material. These results are consistent 
with results observed in unidirectional composite under transverse 
tension discussed in Section 3.1. The extrapolation method consistently 
yields results that are closer to that of conformal mesh. The performance 
of the extrapolation method and the averaging scheme proposed by Fang 
et al. [13] are as shown in Table 4. It is seen that when the extrapolation 
method is implemented on the results of a conformal mesh, the pre
diction error is within 2%, thus preserving the realistic stress concen
tration which was also observed in Section 3.1. 

In the following section, we shall adopt the extrapolation method to 
remove stress concentration in problems having geometric 
discontinuities. 

3.3. Analysis of a finite width plate with a circular hole 

In this example, a homogeneous plate of finite width with a circular 
hole, shown in Fig. 2, is subjected to uniaxial tension. Unlike the pre
vious unidirectional composite examples, the stress concentration due to 
the presence of a hole can be calculated by appropriate stress concen
tration factors. The plate was assumed to be homogeneous and of unit 
thickness. The stress concentration factor based on the dimensions 
shown in Fig. 2 was found to be 2.24 relative to nominal stress [25]. The 
maximum von Mises stresses are shown in Table 5. The FE analysis was 
carried out by considering a quarter model as shown in Fig. 2. The 
maximum values of σxx in a conformal mesh were 186 MPa, 189 MPa, 
186 MPa in coarse mesh with reduced integration, coarse mesh with full 
integration, and fine mesh with reduced integration, respectively, which 
is consistent with the expected maximum stress of 187 MPa based on the 
empirical stress concentration factors [25]. 

The maximum von Mises stress in the pixel-based mesh is more than 
30% of the von Mises stress predicted in conformal mesh due to the 
spurious stress concentration. It was earlier stated that the z-score =
0 criterion will not identify the start of the trustworthy region in the case 
of plates of finite width with a hole. Therefore, to find an appropriate 
criterion, the extrapolation technique was carried out at different values 
of z-score ranging from 0 to 10 in increments of 1. The error from each z- 
score was calculated for both conformal and pixel-based meshes and 
were as shown in Figs. 8 and 9. It can be observed that the error in the 
conformal mesh is almost insensitive to the z-score. This means that the 
slope of the reciprocal von Mises stress does not change drastically in the 
conformal mesh. However, in pixel-based mesh, it can be observed that 
the error changes from − 35% to 2% for a plate with a circular hole as 
shown in Fig. 8. The error for a plate with an elliptical hole changes from 
− 45% to − 5% as shown in Fig. 9. This proves that the slope of the 
reciprocal of von Mises changes drastically in pixel-based mesh due to 
the presence of sharp corners. From Figs. 8 and 9, z-score = 8 was chosen 
as the criterion for identifying the start of the trustworthy region in the 
pixel-based mesh. Based on this criterion, the extrapolation method on 
pixel-based mesh predicted maximum von Mises stress to within 6% of 
the conformal mesh (see Table 5). It can also be seen that the realistic 
stress concentration in the conformal mesh is preserved when the 
extrapolation method is used on the conformal mesh. Additionally, the 
extrapolation method gives more accurate results than the smoothing 

Table 2 
The material properties used in this study.  

Material Young’s modulus (MPa) Poisson’s ratio 

Fiber Matrix Fiber Matrix 

M1 2.5 1  0.35  0.3 
M2 10 1  0.35  0.3 
M3 40 1  0.35  0.3  
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method proposed by Fang et al. [13]. 

3.4. Analysis of plate of finite width with an elliptical hole 

The dimension of the plate and elliptical hole were given earlier in 
Fig. 3. The stress concentration factor based on the dimensions of the 
geometry was found to be 3 relative to nominal stress [25]. The 
maximum σxx were 379 MPa, 380 MPa, 376 MPa in coarse mesh with 
reduced integration, coarse mesh with full integration, and fine mesh 
with reduced integration respectively, in conformal meshes which is 
consistent with the expected maximum stress of 375 MPa based on 

empirical stress concentration factors [25]. From Table 6, it can be 
observed that the extrapolation method on pixel-based mesh predicts 
the highest von Mises stress to within 13% of the conformal mesh. As 
observed in Section 3.1, when the extrapolation method is implemented 
in a conformal mesh, the results are almost identical to the original 
values of the conformal mesh before applying the extrapolation method. 

It is to be noted that the extrapolation method, predicts only the value 
of maximum von Mises stress and, it does not give any information on 
the location of predicted maximum von Mises stress. It also does not 
provide information on the altered stress distribution due to this artifi
cially enhanced stress concentration. The method only helps remove the 

Table 3 
The maximum von Mises stresses developed in the quarter model of RUC of the unidirectional composite under uniaxial transverse tension. The deviation relative to 
maximum von Mises stress calculated from conformal mesh is shown in parenthesis.  

Material Mesh Conformal mesh 
(MPa) 

Extrapolation method on 
conformal mesh (MPa) 

Pixel-based 
mesh (MPa) 

Extrapolation method on 
pixel-based mesh (MPa) 

Smoothing method of Fang et al. 
on pixel-based mesh (MPa) 

M1 Coarse mesh and 
reduced integration  

0.3984 0.3941 
(-1.08%) 

0.4563 
(15%) 

0.4060 
(2%) 

0.4082 
(2%) 

M2 Coarse mesh and 
reduced integration  

0.7227 0.7169 
(-0.8%) 

1.0819 
(50%) 

0.7744 
(7%) 

0.8028 
(11%) 

M2 Coarse mesh and full 
integration  

0.7240 0.7224 
(-0.22%) 

1.7047 
(135%) 

0.8416 
(16%) 

0.8379 
(16%) 

M2 Finer mesh and 
reduced integration  

0.7238 0.7213 
(-0.35%) 

1.0935 
(51%) 

0.7637 
(6%) 

0.7690 
(6%) 

M3 Coarse mesh and 
reduced integration  

0.8943 0.8897 
(-0.51%) 

1.6708 
(87%) 

0.9844 
(10%) 

1.6052 
(19%)  

Fig. 6. The contour plot of von Mises stress in fiber elements in pixel-based mesh (a) and conformal mesh (b) when the unidirectional composite is under trans
verse tension. 

Fig. 7. The contour plot of von Mises stress in pixel-based (a) and conformal (b) mesh for a unidirectional composite under in-plane shear.  
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artificial stress concentration arising from the discretization method. 
The maximum von Mises stress value at the zigzag boundary depends 

on the computational conditions such as type of elements, material 
systems, and mesh size. The performance of the extrapolation method 
was assessed in various cases for two-dimensional problems. The results 
are shown in Tables 3-6. From these tables, it is conclusive that the 
extrapolation method consistently gives a better estimate than the 
maximum von Mises stress predicted by pixelized mesh. Thus, the 
extrapolation method does account for the influence of computational 
conditions. However, the considered computational conditions are not 
exhaustive, as finite element studies have many element types. The 
analysis was restricted to the ones that we are most likely to use in our 
ongoing research of textile composites. 

Furthermore, the degree of stress concentration depends on the type 
of stress. For the same loading conditions, the exaggeration of individual 
stress components is not uniform. As we were interested in the strength 

of the composite, we dealt with equivalent stress measures rather than 
individual stress components. The robustness of the proposed extrapo
lation method was verified by implementing it on the conformal mesh 
that does not exhibit artificial stress concentration. It was observed that 
the maximum von Mises stress predicted by the extrapolation method on 
the conformal mesh is within 1.5% of the realistic stress concentration. 
Thus, we believe that the extrapolation method is likely to be more 
helpful than harmful in the prediction of individual stress components or 
principal stresses. 

4. Conclusions 

In this study, we observed stress values of pixelized mesh, in general, 
are exaggerated due to artificial stress concentration. This effect was 
particularly severe in meshes with a full integration scheme followed by 

Table 4 
The observed results of maximum von Mises stress in fiber elements when the unidirectional composite is under shear load. The values in parenthesis are the deviations 
calculated relative to maximum von Mises stress from conformal mesh.  

Material Mesh Conformal mesh 
(MPa) 

Extrapolation method on 
conformal mesh (MPa) 

Pixel-based 
mesh (MPa) 

Extrapolation method on 
pixel-based mesh (MPa) 

Smoothing method of Fang et al. 
on pixel-based mesh (MPa) 

M1 Coarse mesh and 
reduced integration  

0.5814 0.5815 (0.02%) 0.6047 (4%) 0.5998 
(3%) 

0.5843 
(0.5%) 

M2 Coarse mesh and 
reduced integration  

0.8563 0.8568 
(0.06%) 

1.0733 (25%) 0.9957 
(16%) 

0.8657 
(1%) 

M2 Coarse mesh and full 
integration  

0.8601 0.8510 
(-1.06%) 

1.574 (83%) 1.2059 
(40%) 

0.9046 
(5%) 

M2 finer mesh and 
reduced integration  

0.8578 0.8569 
(-0.10%) 

1.1174 (30%) 0.9551 
(11%) 

0.8727 
(2%) 

M3 Coarse mesh and 
reduced integration  

0.9723 0.9731 (0.08%) 1.6054 (65%) 1.2637 
(30%) 

1.1372 (17%)  

Table 5 
The comparison of maximum von Mises stress developed in a plate with a circular hole in the pixel-based mesh and conformal mesh. The values in parenthesis are the 
deviations calculated relative to maximum von Mises stress from conformal mesh.  

Mesh Conformal mesh 
(MPa) 

Extrapolation method on 
conformal mesh (MPa) 

Pixel-based 
mesh (MPa) 

Extrapolation method on pixel- 
based mesh (MPa) 

Averaging scheme of Fang et al. on 
pixel-based mesh (MPa) 

Coarse mesh and 
reduced integration 

186 186 
(0.02%) 

204 
(10%) 

181 
(-3%) 

159 
(-14%) 

Coarse mesh and full 
integration 

187 187 
(0.07%) 

248 
(33%) 

176 
(-6%) 

157 
(-16%) 

Finer mesh and reduced 
integration 

186 186 
(0.21%) 

213 
(15%) 

190 
(2%) 

168 
(-10%)  

Fig. 8. The error in conformal and pixel-based meshes in a finite width plate 
with a circular hole at different values of z-score. 

Fig. 9. The error in a conformal and pixel-based mesh in finite width plate with 
an elliptical hole at different values of z-score. 
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a mesh of lower mesh size. Consequently, the maximum von Mises stress 
predicted by a pixelized mesh is inaccurate. We discussed an extrapo
lation method that can screen out the spurious/factitious stress con
centration in pixelized meshes while preserving the physically 
meaningful stress concentration. This was achieved by using a data- 
driven method to identify a trustworthy region based on the z-score. 
This was helpful in separating the reliable stress data from the stresses 
that were affected by the artifact of zigzag mesh. It is true that the 
extrapolation method cannot be generalized to an arbitrary problem. 
However, the proposed extrapolation method can estimate the physi
cally meaningful maximum stress to within 40% accuracy compared to 
the conformal mesh including adverse scenarios. Even though the 
example problems are limited to pixel-based 2-D meshes, the procedure 
can be applied to 3-D voxel meshes by following a similar approach. 
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