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Image

Jie Xu?, Yin Liu?, Jiagin Li®, Wenhao Shen?, and Jean-Pierre Corriou®

aState Key Laboratory of Pulp and Paper Engineering, South China University of Technology, Guangzhou, P.R. China;
bLaboratoire Réactions et Génie des Procédés, UMR 7274-CNRS, Lorraine University, ENSIC, Nancy Cedex, France

ABSTRACT

The microstructure of fibrous paper plays an important role in its property
investigation. In this study, an approach is proposed to extrapolate a 2D
image into a virtual 3D microstructure. Five types of handsheets made of
different pulps were prepared. Then, a hybrid function of two-point correla-
tion and lineal-path function (5,&L,) and co-occurrence correlation functions
(CCFs) was used in the simulated annealing reconstruction method. Thus,
microstructures of two-phase fiber-pore handsheets were reconstructed
using 2D scanning electron microscopy images. Finally, penetration simula-
tions and calculations of the absolute permeability of handsheets were
conducted. The statistical values of two-point correlation function (S,) and
lineal-path function (L,) extracted from the reconstructed images were used
to characterize the reconstruction accuracy, and the comparisons of recon-
struction accuracy and time were made. The study results showed that the
3D microstructures of fibrous handsheets could be reconstructed effectively
by S,&L, and CCFs, identifying with the targets. The accuracies were around
107, and the reconstruction times by CCFs were shortened by 30-60%
compared with S,&L,. Moreover, the visual permeability simulation results
could reflect the structural difference of handsheets, according to the calcu-
lated absolute permeability. These findings provide a guidance for 3D recon-

struction of natural fiber paper.
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The porous fiber material is a classical type of functional material with a network structure. As
a porous biomaterial, paper has a complex 3D anisotropic structure composed of fibers and pores
(Ghassemzadeh and Sahimi 2004a, 2004b; Ghassemzadeh et al. 2001), whose pore structure is
irregular, largely affecting its physical, optical, and transport properties (Costa et al. 2021; Du et al.
2021; Milanovic et al. 2020). Recently, owing to its renewability and recyclability, as a substitute to
plastic products, paper has been continuously developed as functional materials, such as the materials
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for separation, filtration, and electrochemistry in petrochemical, medicine, and environmental protec-
tion areas (Schiller and Wang 2018; Wang and Gao 2021; Zhou et al. 2019), whose performance are
greatly affected by their inherent pore network structures. Therefore, the determination of the fibrous
microstructure of a paper sheet is critical for its physical and chemical properties.

Property studies based on the structure of the paper sheet are mainly conducted at macroscopic
scale (Moura, Ferreira, and Figueiredo 2005), using the traditional experimental detection and
theoretical analysis methods, which cannot quantify and visualize the relationship between the
microstructure and property of paper sheet. With the development of computer simulation, the
studies on the internal fiber-pore structure, fluid permeability (Taghiyari et al. 2019) and stress-
strain (Lin, Bai, and Xu 2021) of paper sheet have been put forward.

For microstructure characterization, 2D imaging techniques involve scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM), and 3D imaging techniques include
focused-ion-beam scanning electron microscope (FIB-SEM) and X-ray computed tomography (CT).
The comparisons of these techniques are summarized in S1 of Supplementary Information (SI).
Alternatively, with the technical progresses of computer and scanning imaging, some novel recon-
struction algorithms have emerged to generate 3D models (Sahimi and Tahmasebi 2021), for
instance, to reproduce the pore structures of sandstone or solid oxide fuel cell electrodes (Gao
et al. 2015; Zhang et al. 2019), by using experimental 2D high-resolution micrographs at low costs
and flexible ways.

The 3D reconstruction can be realized by computer simulation with mathematical correlation
functions to describe the statistical and topological properties of pore structure (pore space distribu-
tion, pore size) for porous materials. These statistical methods mainly include simulated annealing
reconstruction (SAR) (Jiao, Stillinger, and Torquato 2009; Yeong and Torquato 1998a, 1998b; Zachary
and Torquato 2011), Gaussian random fields reconstruction (Mukherjee and Wang 2006), and
multiple-point statistics reconstruction (MPS) (Strebelle 2002; Tahmasebi and Sahimi 2012, 2013,
20164, 2016b). The poor connectivity of the Gaussian random fields reconstruction limits its applica-
tion. MPS mainly focuses on characterizing the correlation between multiple points, it has the unique
advantages in dealing with long-distance connecting channels and characterizing some complex pore
space shapes. However, there are high requirements for the initial 2D training images, and the
continuity of the generative model needs to be improved.

In these 3D statistical reconstruction methods, SAR method is particularly attractive with regard to
its ability to introduce various correlation functions to reconstruct the micropore structures for any
type of porous material by minimizing the difference between target and reconstructed microstruc-
tures (Zhou and Xiao 2018). Moreover, in the SAR method, a number of N-point correlation functions
have been developed to extract enough information from images, including two-point correlation
function (Corson 1974), lineal-path function (Lu and Torquato 1992), and two-point cluster function
(Jiao and Chawla 2014; Torquato, Beasley, and Chiew 1988). However, for the microstructure images
in the cases of anisotropic, multiphase or large-format, the high calculation cost of SAR with N-point
correlation functions is inevitable. To overcome the drawbacks of N-point correlation functions,
developed from the gray-level co-occurrence matrix (GLCM) (Haralick, Shanmugam, and Dinstein
1973) in the texture analysis method, co-occurrence correlation functions (CCFs) (Feng et al. 2018)
have been applied to microstructure reconstruction, which can effectively extract the structure
characteristics of porous material (Kim et al. 2021).

All the aforementioned statistical reconstructions of 3D microstructure including SAR method are
based on image information. Since the fiber porous material can be essentially regarded as a two-phase
material, meaning that their binary images can be obtained in terms of images, it is theoretically
possible to extend these reconstruction methods to various porous materials including paper sheet
with different properties. Considering the similarity and difference of the microstructures between
paper and other porous materials, in the study, the SAR method is applied as an initial attempt to
reconstruct the 3D microstructure of fibrous paper, expecting to develop the 3D microstructure of
paper sheet by the low-cost 2D image.
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Figure 1. Roadmap of microstructure reconstruction for paper sheet.

Aiming to reconstruct the 3D microstructure of fiber-pore two-phase for paper sheet, the present
study utilized a hybrid function of two-point correlation function and lineal-path function (S,¢L,), and
the CCFs function as the objective functions in SAR method, respectively. As shown in Figure 1, the
study roadmap is explained as follows. Five different types of handsheets made of eucalyptus, masson
pine, bamboo, bagasse, and cotton pulps were first prepared, and their 2D images were obtained by
SEM analysis. Subsequently, using the 2D SEM images as inputs, the corresponding 2D and 3D porous
models for different handsheets were constructed using the correlation functions of S,é+L, and CCFs,
respectively. Their comparisons of reconstruction time and precision were also demonstrated conclu-
sively. Eventually, based on the reconstructed 3D structures, the penetration processes of water in the
porous structure of handsheets were simulated, and the absolute permeability of different fiber papers
were calculated and compared. In the study, the applicability and validity with SAR method to
reconstruct the pore structure of paper were revealed by the simulation results, providing the reliable
simulation data for the development of functional paper as porous structural materials.

Experiment

To perform the 3D reconstruction of fiber paper with different raw materials, paper sheets with
different pulp boards were made by a manual paper machine (TAPPI T-205), and then the 2D images
of the paper sheets were obtained by SEM as the target image for reconstruction. Finally, the air
permeability of the paper sheet was measured.

The experimental details are provided in S2 of SI, and all the reconstructions and simulations in the
study were performed using a computer with Intel CPU i5-9300 H (2.40 GHz).
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Methodology
Simulated annealing reconstruction for paper sheet

In the study, the basic method of SAR was first applied as the theoretical basis of the reconstruction of
handsheet microstructure, then three correlation functions including two-point correlation function
(S2), lineal-path function (L,) and co-occurrence correlation functions (CCFs) were employed indivi-
dually to characterize the structural characteristics of handsheet.

“Image annealing” is the process of minimizing the statistical angle difference between the
reconstructed image and the target image, namely, the process of reducing the system energy to
aminimum. The flow chart of the simulated annealing reconstruction is illustrated in Figure 2, and the
specific introductions of SAR and Figure 2 are put in S3 of SL

The principles of the two-point correlation function s§’> (x1,%;) and the lineal-path function

Lgi) (x1, x2) are explained in S4 of SI (Fig. S2), and the principle of co-occurrence correlation functions
(CCFs) to extract image morphological information is detailed in S5 of SI (Fig. S3).

Permeability simulation

Darcy’s law based on experiments has been widely used in fluid research of porous media (Whitaker
1986), as illustrated in Eq. (S15). In Darcy’s law, the absolute permeability k is defined as a measure of
the ability of a porous material to transport a single-phase fluid. It is an inherent property of the
material which is not influenced by external conditions. Moreover, in most applications of paper sheet,
it mainly focuses on the transmission process of fluid in its thickness direction (Z-direction), such as
filter materials (Pan et al. 2021), packaging barrier materials (Alexandersson and Ristinmaa 2021). In
the present study, according to the actual situation, the boundary conditions of the simulation model
for paper sheet are set as Figure 3, and the absolute permeability in the Z-direction (ZD) of the paper
sheet was calculated with the numerical simulation based on computational fluid dynamics (CFD).
The details of simulation are provided in S6 of SI.

Results and discussion
Two-dimensional reconstruction model of paper sheets

As shown in Figure 4, 2D structure images were obtained by SEM analysis. Then, the median filtering
(Esakkirajan et al. 2011) and OTSU method (Poletti et al. 2012) were applied to denoise and binarize
the images, respectively. Based on the binarized SEM images (Figure 5), using correlation functions S,
&L, and CCFs, the two-dimensional reconstruction models were developed, respectively, and their
reconstruction results were further compared.

2D reconstruction model with the correlation function S2&L2 and CCFs

Prior to the structure reconstruction with the correlation functions S,e~L, and CCFs, to balance the
reconstruction accuracy and calculation speed, the suitable distances (r4, 1 and r..) of the two-point
correlation function, lineal-path function and co-occurrence correlation functions were determined
first. The details of distance determination are provided in S7.1 of SI (Figs. S4 and S5). In addition to
the determination of distance, by a trial and error method, the other main simulated annealing
parameters of S,¢L, and CCFs were also set as shown in Table 1.

Due to the space limitation, the example of the handsheet made of bagasse (Figure 5(d)) is
considered, and its 2D reconstruction results with hybrid S,é+L, function and CCFs function are put
in Figure 6 (the detailed process refers to S7.2 of SI).

It can be observed that the reconstruction results with hybrid S,é~L, function (Figure 6(b)) and
CCFs function (Figure 6(c)) do not exactly represent the real microstructure (Figure 6(a)) from an
intuitive point of view, which could not be quantitatively characterized in this visual way for judging
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Figure 2. The flow chart of the simulated annealing reconstruction.

the accuracy of the S,¢~L, method. In fact, it is universally acknowledged that S,é~L, is a reduced
dimensional descriptor of microstructures (Zhang et al. 2019), and the similarity between the
reconstructed and actual microstructures is often evaluated via some statistics of geometric properties,
such as porosity, pore distribution, and connection (Wu and Jiang 2013).

Thus, in the present work, the statistical characteristics of pore structure (S, and L,) in the images
are used to quantitatively evaluate the difference between the target microstructure and the recon-
structed results. Using Figs. 6(a—c) as the individual inputs, the statistical geometric properties of the
target image (Figure 6(a)), the S,&L, reconstructed image (Figure 6(b)) and the CCFs reconstructed
image (Figure 6(c)) were extracted by Eqs. (S4) and (S5). The extracted S, and L, values from Figs. 6(a,
b) are compared and shown in Figure 6(d). Similarly, results for the extracted correlation function (S,
and L,) values from Figs. 6(a,b) are shown in Figure 6(e). Both in Figs. 6(d,e), it is clear that the S, of
the reconstructed result matches the target data very well, indicating that their pore space distribution
is very close. Similarly, the L, of the reconstructed result matches the target data very well, revealing
that their pore size and connectivity state are very close.
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Pressure Inlet: 1.3x10°Pa

Wall Wall

4
X

Figure 3. Boundary conditions of the simulation model for paper sheet.

Pressure Outlet: 1.0x10°Pa

Figure 4. SEM images of the handsheets made by (a) eucalyptus, (b) masson pine, (c) bamboo, (d) bagasse, and (e) cotton.

The aforementioned study results demonstrate that, with the simulated annealing parameters in
Table 1, the correlation functions S,&L, and CCFs are effective and feasible in the 2D microstructure
reconstruction for fiber and pore of paper sheet.

Comparison of 2D reconstruction with correlation functions S2&L2 and CCFs
To compare the reconstruction results with the correlation functions S,¢»L, and CCFs, using the data
from Figs. 6d,e, their reconstruction time and accuracy are listed in Table 2, in which the reconstruc-
tion accuracy was calculated by Eq. (S1) and expressed as an energy difference.

As presented in Figure 2, the SAR reconstruction time starts from the input of target image and
terminates when the energy is less than the default minimum energy value AE;;, = 107, As listed in
Table 2, based on the default minimum energy, the required reconstruction time for the methods of S,



JOURNAL OF NATURAL FIBERS (&) 13821

.

A\
AR

«& it
"o --g—'»'.,-:;' f
el -

A
AT

Figure 5. Binarized SEM images of the handsheets made by (a) eucalyptus. (b) masson pine. (c) bamboo. (d) bagasse. (e) cotton.

Table 1. Simulated annealing algorithm parameters.

Parameter Symbols Value
Distance of the S, rq 20
Distance of the L, n 20
Distance of the CCFs [ 20
Monte Carlo (MC) step kmc 500
Temperature reduction factor k 0.9
Maximum allowed failed iterations Keail 107°
Minimum energy AEin 107°
Minimum temperature Tonin 107XT initial
Initial temperature of S,&L, reconstruct T1, initial 107
Initial temperature of CCFs reconstruct T2, initial 107

&L, and CCFs are 3.67 and 2.07 min, respectively. The reconstruction time by the method CCFs is
43.37% lower than that by S,¢>L,. Besides, as for the reconstruction accuracy, both S, energy differences
of S,¢L, and CCFs reconstruction results achieve 10~ level, while their L, energy differences only reach
10™* level, which is lower than the reconstruction accuracy with S,. It means that the reconstruction
accuracy for the distribution characteristics of pore (S,) is higher than that for its connectivity (L,).

Three-Dimensional reconstruction of paper sheets

Based on the 2D reconstruction results in Section 4.1, the two efficient reconstruction methods (S,&L,
and CCFs) were further employed to reconstruct the 3D microstructures of five types of handsheets
and their reconstruction results were also compared.

3D reconstruction models with the correlation functions S2&L2 and CCFs

Due to the limitation of computing ability, the target size of the 3D reconstructed images by S,&L, and
CCFs was set as 100 x 100 x 100 voxels. Taking the paper sheet by bagasse pulp as an example, the 3D
views of the reconstructed bagasse-sheet microstructures by $,¢L, and CCFs correlation functions are
shown in Figure 7, respectively (details refer to S8.1 of SI). The 3D reconstructed views for the
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Figure 6. (A) SEM image of the bagasse handsheet (300*300 pixels), (b) 2D reconstruction image with the hybrid $,&L, function, (c)
2D reconstruction image with CCFs function, (d) comparison of the correlation function values extracted from the images (a) and (b)
by hybrid S,&L, function, (e) comparison of the correlation function values extracted from the images (a) and (c) by CCFs function.

Table 2. Comparison of 2D reconstruction results with correlation functions S,&L, and CCFs (for bagasse sheet).

Reconstruction methods Reconstruction time (min) S, energy difference L, energy difference
S8&L, 3.67 2.98x107° 3.41%x107*
CCFs 2.07 3.36x107° 9.17x107*

handsheets made of eucalyptus (Fig. S6), masson pine (Fig. S7), bamboo (Fig. S8), and cotton pulps
(Fig. S9) are supplied in S8.2 of SI (Figure 8).

A comparison between the actual porosity and the computed one based on the 3D structure
reconstruction is shown in Figure 9. It clearly demonstrates that, no matter what kinds of paper
sheets are, their variation trends of the actual porosities and the computed ones based on the
reconstructed structure are highly consistent. The porosity of the SEM image is one of the constraints
in SAR, which makes the porosity of the 3D model from a large number of realizations (S,&L, and
CCFs) unchanged and the same as that of the SEM image (no error bars in Fig. 8.2). It is observed that
the 3D reconstruction results of S,¢»L, and CCFs are generally similar in macroscopic pore structure,
but different with regard to the details from the views in Figure 7. To evaluate the reconstruction
accuracy, using the SEM target images (Figure 5) and the generated 3D reconstruction models (S,&L,
and CCFs) as the inputs individually, their statistical geometric properties were extracted by Eqs (54)
and (S5). The extracted S, and L, values from the diverse inputs of the five types of samples are
compared in Figure 8. Being similar to the 2D structure reconstruction, the reconstructed S, and L,
values by these two kinds of reconstruction algorithms (S,&L, and CCFs) are virtually indistinguish-
able from those of the targets. Thus, these comparison results indicate that the reconstructed 3D
structure features reliably reproduce the 2D structure features of the handsheet, which were extracted
from the analyzed SEM images.
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(b)

Figure 7. 3D views of reconstructed structures for bagasse handsheet by (a) hybrid S,&L, function, (b) CCFs function.

Comparison of 3D reconstruction with correlation functions S2&L2 and CCFs

To compare the 3D reconstruction results with the correlation functions S,¢+L, and CCFs, utilizing the
data in Figure 8, their reconstruction times and accuracies based on the equative default minimum
energy (AEn,=107") are listed in Table 3. The analyzed porosities of various handsheets were
obtained from the binary image (Figure 5). Due to the complexity of 3D pore characteristics caused
by piling up numerous 2D layers, much more reconstruction time is required for 3D reconstruction
process than that required for 2D process. As displayed in Table 3, the consumed 3D reconstruction
time ranges for S,¢»L, and CCFs were [3.64-16.35 h] and [1.47-9.85 h], revealing that compared with
the S,&L, method, the reconstruction time by CCFs is shortened by 30-60%. It means that, while
ensuring accuracy, the reconstruction efficiency is greatly improved and the running cost is saved by
CCFs reconstruction method.

Besides, to investigate the relationship between paper porosity (analyzed from Figure 5), recon-
struction time and accuracy clearly, the reconstruction results of different types of handsheet in
Table 3 were further analyzed and plotted in Figure 10. As shown in Figure 10(a), by both methods of
S,&L, and CCFs, the reconstruction time basically increases with the increment of the paper sheet
porosity, which is consistent with the technology analysis. In particular, when the porosity is greater
than 26%, S,&L, method takes more reconstruction time with the increment of porosity than that by
CCFs. Therefore, CCFs are advantageous with respect to S,&#L, in reconstruction efficiency for
microporous materials and more complex pore structures. As for the reconstruction accuracy ana-
lyzed in Figure 10(b), with the increase in porosity, the energy difference between the reconstructed
images and target images with statistical features (S, and L,) gradually widens. In particular, for the
bagasse-sheet and cotton-sheet, possessing large porosities (31.38% and 32.94% in Table 3), their
energy difference reaches 10™* level (Table 3 and Figure 10(b)), which implies that the 3D reconstruc-
tion accuracy decreases with the increment of porosity.

Permeability simulation of 3D reconstruction

Concerning the transmission property of fibrous porous network, the most crucial criterion for
characterizing the fluid behavior is the permeability which largely depends on its geometry. In the
study, based on the reconstructed 3D pore structures with the correlation function CCFs for paper
sheets in Table 3, an absolute permeability simulation was further conducted to investigate the fluid
flowing behavior in the pores of the paper sheet.

Based on the simulation method in Section 3.2, using the water stream flowing through the five
kinds of paper sheets in the thickness direction, under the boundary conditions defined in Figure 3, the
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Figure 8. Comparison of S, and L, correlation functional values of the target images and the reconstructed microstructures for five
types of handsheet.

permeability simulation results were obtained and presented in Figure 11. To quantify the simulated
permeability of five kinds of paper sheets, calculating with Darcy’s law given in Eq. (S10), the absolute
permeability of different handsheets were obtained and shown in Figure 12.

In Figure 11, the black streamlines represent the route of water stream passing through paper sheets.
It can be observed in Figure 11 that the fluid flows in the handsheets of eucalyptus (Figure 11(a)),
bagasse (Figure 11(d)) and cotton (Figure 11(e)) are denser than those in masson pine (Figure 11(b))
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Figure 9. Comparison between the actual porosity and the computed porosity based on the 3D structure reconstruction.

Table 3. Comparison of 3D reconstruction results with correlation functions S,&L, and CCFs (for five different paper sheets).

Types of Paper Analyzed Reconstruction Reconstruction Improvement of reconstruction Energy
sheet Porosity (%) Methods Time (h) efficiency (%) difference
Eucalyptus 26.27 S,&L, 8.63 30.82 5.92x107°
CCFs 5.97 5.11x107°
Masson pine 24.15 S,8&L, 5.08 43.11 6.34x107°
CCFs 2.89 4.99x107°
Bamboo 20.07 S,&L, 3.64 59.62 5.58x10™°
CCFs 147 4.40x107°
Bagasse 31.38 SH&Ly 14.97 37.07 1.18x107*
-CCFs 9.42 1.25%x107*
Cotton 3294 S,&L, 16.35 39.76 3.33x107*
CCFs 9.85 3.43x107*
B1  _mssa 16.35
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Figure 10. Comparison of 3D reconstructions of five kinds of handsheet. (a) reconstruction time, (b) reconstruction accuracy.
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mm

Figure 11. Permeability simulation results for five kinds of handsheets. (a) eucalyptus, (b) masson pine, (c) bamboo, (d) bagasse, and
(e) cotton.

and bamboo (Figure 11(c)). Moreover, based on the simulation data in Figure 11, the calculated
absolute permeability in Figure 12 reveals that the paper sheets made of eucalyptus, bagasse, and cotton
have higher absolute permeability than those of masson pine and bamboo. It means that, if the porosity
is large, the fluid paths are numerous and the streamlines are densely distributed, indicating a high
absolute permeability. Besides, the experimental air permeability of paper sheets in Figure 12 displays
the same results as those for calculated absolute permeability; in other words, the paper sheets made of
eucalyptus, bagasse, and cotton have higher air permeability than those of masson pine and bamboo.
The results of this study demonstrate that the permeability simulation of paper sheets can be verified
with the experimental data, reflecting the difference between various raw materials.
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Figure 12. Calculated absolute permeability and the experimental air permeability of different paper sheets.

Conclusions and perspective

In this study, the simulated annealing reconstruction (SAR) method was employed to reconstruct the
3D fiber-pore structure of paper sheets. Five types of handsheets made of eucalyptus, masson pine,
bamboo, bagasse, and cotton pulps were considered. Based on the binarized SEM images of five
handsheets, the two-dimensional (2D) and three-dimensional (3D) reconstruction models were
developed using the correlation functions S,e#L, and CCFs, respectively, and their reconstruction
results were compared. Finally, penetration simulations and calculations of the absolute permeability
of different handsheets were conducted. The following conclusions were obtained.

(1) Using the analyzed SEM images of handsheets as targets, with the S,¢#L, and CCFs functions,
the 2D reconstruction models of bagasse handsheet were developed in 3.67 min and 2.07 min
with the correlation functions S,&L, and CCFs, respectively, which shows that the efficiency of
CCFs was 43.37% higher than that of S,&L,.

(2) The consumed 3D reconstruction time ranges for S,&L, and CCFs were [3.64-16.35 h] and [1.47-
9.85h], showing that the reconstruction times by CCFs were shortened by 30-60% for 3D
microstructure reconstruction. Besides, using both the correlation functions S,¢»L, and CCFs, the
extracted S, and L, values from the reconstructed 3D models were indistinguishable from those of
the target SEM images, and the accuracy was basically at the level of 10~>. These results demon-
strated that, while ensuring accuracy, the reconstruction efficiency by CCFs method was higher.

(3) The visual permeability simulation results could reflect the structural difference of various
handsheets with different pulps, and the trend of the calculated absolute permeability by
Darcy’s law were in agreement with that of the experimental air permeability, verifying the
accuracy of permeability simulation.

The applicability and validity with SAR method to reconstruct the pore structure of paper sheet
were revealed by the simulation results in the present study. Besides, it can be also used as
a nondestructive characterization method for paper structure, playing an important role in its
performance study. Furthermore, the present work can be strengthened by other efficient reconstruc-
tion methods in the future, such as the cross-correlation-based simulation method, which has been
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considered as the most efficient method of multiple-point statistic reconstruction which can recon-
struct nonstationary images.

Highlights

Reconstruct virtual 3D microstructures of handsheets by analyzing 2D SEM images.
Two-phase fiber-pore handsheets made of five different fibers are considered.

Use two functions of S2&L2 and CCFs in a simulated annealing reconstruction method.
Visual penetration simulations reflect structural differences of various handsheets.
Calculated absolute permeability of handsheets agrees well with experimental values.
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