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Realistic 3D microstructure models of wood fiber networks (WFNs, e.g., paper, molded fibers, hot-pressed fibers,
etc.) are of interest for numerical modeling of mechanical, optical, and other physical properties. One challenge
is to numerically describe 3D high-density WFN (HD-WFN) models with complex fiber shapes without fiber
overlapping. An efficient method is proposed to generate 3D HD-WFN microstructures with porosities as low as
21.5% while without fiber overlapping. The HD-WFN microstructures are obtained by compressing an initially
sparse structure using a geometrically designed 3D displacement field. The sparse structure can be optimized to
obtain a very low-porosity HD-WFN by reducing the local fiber clustering. The method can generate HD-WFNs
with designated shapes (e.g., molded shapes) and varied structural parameters, including fiber width, orienta-
tion, location, and material thickness. Each interfiber bond and local material axis in the HD-WFN models can be
determined for numerical simulation of properties. The optical scattering of transparent HD-WFN models
(polymer matrix composites, transparent paper) is numerically studied using ray tracing methods. The open-

source code is available on GitHub, and it can be used to obtain a large dataset for deep learning modeling.

1. Introduction

Wood fiber networks (WFNs) can be used to replace fossil-based
plastics [1-3] in packaging applications, including packaging for in-
dustrial products and food trays [4]. WENs, including paper, molded
fibers [5], and hot-pressed fiber networks [6] are porous materials. They
can be considered as composites of fibers and air, where a higher fiber
volume fraction V; or lower porosity (P = 1-Vy) improves the mechanical
properties of WFN significantly. For instance, a conventional kraft paper
with relatively high porosity (P of 55-65%) has an elastic modulus of ~
2 GPa and a strength of 12-30 MPa [7]. Hot-pressed high-density un-
bleached kraft WFN (P of ~ 25%) can reach a modulus of 10-13 GPa and
a strength of 100-155 MPa [6,8]. Material design and application of
those high-density wood fiber networks (HD-WFNs) should be supported
by thorough investigations of structure-property relationships. Experi-
mental approaches have limitations [9].

Materials design, development, and structure—property understand-
ing would be aided by numerical modeling, such as the computational
homogenization-based representative volume element (RVE) model.
The RVE is the smallest volume that can represent the macroscopic
material properties [10]. For WEN, a realistic microstructure is the
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starting challenge [11]. Simon [12] classified WFN paper microstructure
models into four major categories: fiber networks reconstructed from
micro-CT images, structured networks, synthetic networks with random
distributions, and synthetic networks with statistical distributions.
Inspired by the review from Bargmann et al. [13], we classify the RVE
generation method for WFNs into two categories: micro-CT-based
methods and geometrical methods.

The RVEs generated from micro-CT images are close to the real WFN
microstructures. The volume images of fiber-reinforced biodegradable
polymer composites recorded by micro-CT can directly function as the
RVE [14] for numerical simulation after image processing. The statis-
tical parameters of the fiber and fiber network geometries can be ob-
tained from the analysis of micro-CT images using image processing
techniques [15]. The generation of each RVE requires a real micro-CT
image. For deep learning approaches, this is a limitation since large
datasets are required. Another limitation is that parametric studies are
difficult to perform since systematic variations in fiber geometries and
orientation distributions in the microstructure model cannot be pro-
vided straightforwardly.

Geometrical methods for 3D WFN microstructure model generation
tend to be simpler. The microscopic fiber network structure is generated
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“synthetically” based on simplifying assumptions. To create 3D high-
density WEN (HD-WFN) microstructures, challenges include 1) reach-
ing high relative density (Vy) or low porosity (P), 2) reaching a micro-
structural description that can accurately simulate the real network
structure, and 3) avoiding fiber overlap (parts of two fibers occupying
the same space). Liu et al. [16] proposed a 2D lattice model to simulate
the failure of paper due to sequential fiber or inter-fiber bond fracture.
3D fiber networks are more realistic but at a higher computational cost.
Ma et al. [17] constructed a 3D periodic random beam network based on
a geometrical method. They simulated the cross-linkers into the fiber
network by inserting beam elements between the intersected fibers. This
method is more suitable for low-density materials (low Vy). The fibers
are straight beams, which are different from the real WFN material.

Niskanen and Alava proposed a deposition technique, which is an
effective geometrical method [18]. The fibers are sequentially deposited
[19]. The deposited fibers can bend and conform geometrically to the
fibers below. Such 3D fiber network microstructures have been used to
simulate deformation and failure behavior [19]. The advantage of this
method is the controlled distribution of fiber geometry, including
length, cross-sectional shape, and orientation. One limitation is that low
porosity (or high Vj) is challenging. Verho et al. [20] generated the
WFNs by combining micro-CT images and synthetic networks with sta-
tistical distributions. They first analyzed the micro-CT images for
morphological statistics. The RVE is then constructed based on size,
orientation and shape statistics from the analysis. The construction step
to generate a single RVE is laborious and the final V; value was 25.5% (P
= 74.5%). It is difficult to reach high V; in the RVEs generated by this
method.

The porosity of hot-pressed WFNs can be as low as 25% [6] and
possibly even less. Compressing a sparse microstructure is an effective
way to improve V. Sliseris et al [21] proposed to first obtain statistical
parameters from micro-CT images. An initial high-porosity (P = 78%)
fiber network is generated by using a fiber lay-down process via the
commercial software GeoDict [22]. The volume is compressed using an
efficient Fast Fourier Transform (FFT) based method to obtain a higher
density. The reported V; of the compressed fiber network is 40 %
(porosity P = 60 %). A similar method has been used to model the 3D
microstructure of compressed gas-diffusion layers [23]. Here, the fiber
network is compressed with a simple displacement field, which may lead
to fiber overlapping. Their algorithm, therefore, requires an additional
iterative avoidance algorithm to fix the fiber overlapping issue.

The commercial product, like GeoDict (Math2Market GmbH, Ger-
many) [22] has been widely used to generate the paper structures
[21,24,25] by using the sequential deposition and local relaxation
strategy. The generated models have been used to study airflow and
particle transport via simulation [24] and to investigate the structur-
e-mechanical property relationships using deep learning [25]. With this
tool, it is challenging to achieve a very high V; without fiber overlapping
or significant algorithm convergence issues. The ProcessGeo modules in
GeoDict can compress a high-porosity structure based only on the ge-
ometry information to reach a low porosity. However, the original
structural morphology will limit the porosity that the material can reach
due to the possible local fiber clustering. Additionally, the compression
usually leads to very wavy fibers, which is not always realistic in WFNs.
Accurate tracking of the fiber orientation tensor at every voxel is also
challenging, which is important for material property assignment.

To our knowledge, no prior method achieves numerical models of
realistic WFNs with P down to around 20% without fiber overlapping.
Here, we develop a simple and efficient method for this purpose. The
WENs can reach very low P without fiber intersection. A sparse micro-
structure is geometrically compressed using a carefully designed 3D
displacement field. Initially, a group of fibers is generated, and they are
assumed to have an elliptical cross-section to facilitate mathematical
description. A collapsed cross-sectional shape is typical for chemically
processed wood pulp fibers [26], and here the elliptical shape represents
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any wood pulp fiber hot-pressed to high V;. These fibers are stacked one
by one to form a thick, low-density (or high-porosity) structure. A 3D
compressive displacement field is retrieved from the initial sparse
structure by assuming that 1) the fibers are incompressible and 2) the
“interfiber” air is uniformly compressed. The 3D displacement field is
obtained directly from volume image analysis rather than stress analysis
for efficiency. To reduce porosity, the sparse WEN is compressed using
the retrieved compressive displacement field. This method means that
fiber overlapping is naturally avoided; parts of neighboring fibers cannot
occupy the same space.

The former strategy still struggles to reach very low porosity due to
the possible local fiber clustering. Therefore, an optimization strategy is
suggested. The idea is to reduce the local fiber clustering in the initial
sparse microstructure by optimizing the location of each fiber using the
particle swarm algorithm. The optimization step can further reduce the
porosity to around 20% without fiber overlapping or obvious weight
loss. The obtained porosity is very close to the lowest porosity (25% [6]
or even lower) of WFNs reported in literature. The generated micro-
structure models match well with the real 3D HD-WFN (porosity around
20%) microstructural images obtained by scanning electron microscope
(SEM).

The proposed method can also numerically simulate WFNs with
complicated geometry (such as double curvature or folded shapes),
enabling a geometrical model of the molded fibers. The method also
allows for segmenting every single fiber in the compressed WFNs,
locating fiber bond distributions (fiber surfaces close to each other), and
obtaining local principal material axes distributions of distorted fibers,
which are critical for fiber waviness analysis and physical properties
modeling. To facilitate the use of this method, the source code for 3D
HD-WFN microstructure model generation is released on GitHub.!

The generated HD-WFN models are then used to study the optical
scattering of transparent wood fiber composites and paper using ray
tracing [27]. The optical scattering is assumed to result from the
refractive index (RI) difference between the fibers and the matrix (air or
polymer). The ray tracing method tracks the paths of a group of rays
through the 3D microstructures using geometrical optics, and optical
haze can be obtained (scattering at large angles, >2.5°). The ray tracing
is very efficient since the time-consuming 3D microstructure meshing is
avoided. In this work, the effect of fiber orientation distribution on the
optical scattering of WFN is first evaluated. Additionally, the optical
scattering behavior of the WFN and WFN-polymer composites is also
compared.

2. Method
2.1. Real HD-WFN materials and processing

We used never-dried, high-lignin, unbleached softwood kraft pulp
supplied by SCA Munksund AB. These fibers, showing minimal me-
chanical damage, are straight and have favorable eco-indicators [6].
Average fiber length is ~ 2.0 mm, width 34.7 pm, with a low kink index,
as reported in [28]. Chemical composition is ~ 13.7% lignin, 67% cel-
lulose, 9.7% glucomannan, and 9.5% xylan [6,28].

Aqueous fiber suspensions (0.3-0.4 wt%) were vacuum-filtered into
wet sheets using a Finnish hand-sheet former (Lorentzen & Wettre,
Sweden). Sheets were cold-pressed, then hot-pressed at 185 °C for 20
min to form dense fiber networks with random in-plane orientation [6].
Oriented sheets were prepared using a dynamic sheet former (Formette
Dynamic, Fibertech AB, Sweden) at 1200 rpm with 0.2 wt% pulp sus-
pension. Both sheet types had a basis weight of ~ 200 g/m? and were
pressed identically. Final sheet thickness was ~ 170-180 pm. Estimated
porosity was ~ 24% for random sheets and ~ 20% for oriented sheets,

1 https://github.com/BinChenOPEN/3D-High-Density-Wood-Fiber-Network-
Model.
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calculated from dimensions, weight, and an assumed lignocellulose
(skeleton) density of 1.5 g/cm3.

2.2. Real microstructural analysis using a scanning electron microscope

Surface and cross-section microstructures were studied using a SEM
(TM-1000, Hitachi) and FE-SEM (S-4800, Hitachi). Cross-sections of hot-
pressed WEN sheets were embedded in epoxy and polished. Samples
were sputter-coated with Pt-Pd for 20-60 s using a Cressington 208HR
coater.

2.3. HD-WEN microstructure model simulation

2.3.1. Method summary

The flowchart for 3D HD-WFN model generation is summarized in
Fig. 1. A group of elliptical fibers is generated analytically. These fibers
are stacked one by one to form a sparse WFN (Fig. 1(a)). The location of
each fiber is optimized (Fig. 1(b)) under a constraint of lower porosity,
which is an important step to reach a very low porosity (high density).
The center part is then clipped (Fig. 1(b)) to avoid the inhomogeneity in
the boundary. A 3D compressive displacement map (Fig. 1(c)) is then
generated from the sparse WEN based on only geometrical information,
which is the key step in this method. The sparse WFN is compressed by
using this 3D displacement field so that a compressed HD-WFN is ob-
tained (Fig. 1(d)). This method can also generate molded HD-WFN
structures with given shapes (Fig. 1(e)), such as double curvature or
folded shapes, by carefully designing the 3D compressive displacement
fields. Additionally, the proposed method can segment every fiber,
locate the fiber bonds, and obtain the principal material axis distribution
in the complex fiber morphology using postprocessing (Fig. 1(f)). The
generated HD-WFN microstructure models are used for optical property
study in this work. All the microstructures in this work are in units of
voxels, and they can be transferred to metric units by multiplying a scale
factor.

(a) Sparse WFN
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2.3.2. Sparse WEN structure generation

The initial sparse, low-density structure includes a group of
randomly distributed straight fibers. The generation of the sparse
structure starts by generating a set of separated fibers. The orientation
and size of each fiber are given following a given statistical distribution.
Each fiber is located in a 3D cubic volume of the same size, where the
fiber is assigned a value of 1, while the remaining regions (i.e., air) in the
volume are 0. The fiber is simulated with an elliptical cross-section to
mimic the compressed fiber (details in Supplementary Material SI1.
Single fiber generation). The fibers can then be stacked together along
the thickness direction to obtain the sparse WFNs Vgparse (Fig. 1(a)).

Different types of WFN can be obtained by controlling the distribu-
tion of the fiber orientation . For instance, a uniform distribution of  in
[0, 7) can get an isotropic (isotropic for the in-plane fiber orientation)
WEFN. A Gaussian distribution of 0 leads to an aligned WFN with a
principal orientation. A more realistic WFN can be created by using fi-
bers of different widths. Examples include the WFNs made from birch
and balsa fibers, where vessels and fibers have significant size variation.

2.3.3. 3D compressive displacement field construction

The compression of the sparse structure following a designed 3D
compressive displacement field is a critical procedure in the proposed
method. The 3D compressive displacement field is obtained using a
purely geometrical method by following the basic assumptions:

e Air is compressible, while the fibers (including the lumen) are
incompressible along the thickness direction (z direction in Fig. 1
(@));

e The compressed paper has a uniform thickness distribution.

e The compressive strain for air is the same along the thickness di-
rection (z-direction) at any point (x,y) (Fig. 1(a)).

Based on these assumptions, the 3D compressive displacement fields

w(x,y, z) for the sparse WFN can be obtained by first retrieving the 3D
compressive strain field €(x,y, z) along z direction. This is the key step in

(b) Optimized sparse WFN

Single fiber Stacking Optimization
> »
Clipping
(f) Postprocessing
Optical property study  Principal material axis Segmented fiber network

(c) Compressive
displacement field

(d) Compressed flat WFN‘

(e) Molded WFN

Fig. 1. Flowchart of HD-WFN microstructures generation: (a) sparse WFN by stacking multiple compressed fibers along thickness direction; (b) sparse WEN by
optimizing the every fiber location in plane, which is important for reaching a low porosity; (c) 3D displacement field used to deform the sparse WFN; (d, e) the
compressed WFN with a flat and double curvature shape; (f) processing to segment every single fiber, detect the local principal material axis and simulate opti-

cal scattering.
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this method.

The voxel value in the initial sparse WFN microstructure volume is
notated as Vsparse (X, Y, 2), where (x,y, z) is the voxel coordinate (unit of
pixel). Vsparse (X, Y, 2) has a value of 1 and 0 for the voxel (x, y, z) occupied
by fiber and by air, respectively. Suppose that the sparse WFN micro-
structure Vgparse has a thickness of Tsparse (unit of voxel). The total
amount of fiber material in the sparse WFN volume Vg at location (x,
y) along the thickness (z direction) direction is calculated as M(x,y):
M(va) = Z:il’lme VSPal’SE (x,y, Z) (1)
The thickness of the compressed WFN cannot be thinner than Tcompressed
(Eq. (2)) since the fibers are assumed incompressible along the z direc-
tion (thickness direction).

TCompressed = n}(?,X(M(Xv y) ) (2)

It means that the thickness of the compressed WFN T¢ompressea (unit of
voxel) is governed by the local region of highest fiber content along z
direction in the sparse WFN Vgparse. The compressive strain at every
point (x,y,z) in the sparse volume Vgpase can be readily determined
since we know 1) the thickness of Vgparse before compression (Tsparse) and
after compression (Tcompressed); 2) the total material amount M(x,y)
along z direction (i.e., thickness direction). The compressive strain
comes only from the compression of the air. For the voxels (x,y,z)
occupied by air, the strain is calculated as

TSparse - TCompressed

3
“Mixy) @

.y, =~
parse

Tsparse — Tcompressed denotes the thickness change of the WFN before and
after compression, which is also the thickness change of the air, since the
fibers are assumed incompressible. Tgparse —M(x,y) denote the amount of
air along z direction in the sparse WFN at the location (x,y). Therefore,
£(x,y,2)|,; measures the relative thickness change (i.e., strain) of the air
content at the voxel (x,y, ). For the voxels occupied by fibers (including
lumen), we have the compressive strain &(x,y,2)|gp, = 0 due to the
incompressibility assumption.

The 3D compressive displacement map w(x,y,z) along z direction (i.
e., thickness direction) can be integrated from the strain field ¢(x,y, 2).
On the bottom layer (z = 0), the displacement is w(x,y,0) = 0. Suppose
that the displacement at the lower layer z = 2o (0 < 2o < Tsparse —1) in
the sparse volume is determined as w(x,Yy, %), the displacement at the
neighboring layer z = z; +1 can be determined as

w(x,y,20 + 1) =w(x,y,20) + €(x,y,20 + 1), (0 < 2o < Tsparse — 1) “4)

For instance, w(x,y,1) can be calculated from w(x,y,0), where w(x,Yy,
0) = 0. The 3D displacement fields w(x,y,z) in the whole sparse WFN
can be obtained slice by slice from the bottom slice (z = 0) to the top
slice (z = Tsparse) sequentially.

Note that there is no stress analysis involved; the approach is purely
geometrical. The directly constructed 3D displacement field considers
only the fiber rigidity along the z direction (fiber cross-section). The
fiber may easily bend with large shear strain and noise. This is not
realistic. This displacement field may lead to a very wavy fiber shape,
which reflects low rigidity in x-y plane. The wavy fiber shape is mainly
due to the rapid change of the compressive displacement field between
neighboring voxels. A smoother compressive displacement field will
lead to less wavy fibers, which reflects higher stiffness for the fibers in x-
y plane. Therefore, the fiber bending stiffness is also taken into account
(rigidity along fiber direction) by smoothing the 3D displacement fields
with a moving average smoothing routine (with a convolution kernel
size of 11 x 11 x 1) in the x-y plane (see a smoothed displacement map
in Fig. 1(c)). This smoothing method is purely geometrical and effective.
An example (Fig. S1) demonstrates that the 3D HD-WFNs generated
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from the displacement without smoothing are significantly noisier
compared with those with displacement field smoothing.

2.3.4. Fiber network compression

The value of every voxel in the compressed WFN (Fig. 1(d)) can be
obtained from the displacement field w(x,y, z) (Fig. 1(c)) and the sparse
WEFN Vsparse:

VCompressed (X7J/7 z+ W(Xs% 2.') ) = VSparse (X,}’, Z) (5)

For any point (x,y, z) in the sparse WFN Vgparge, it moves to (x,y, z + w(x,
¥.2)) in the compressed WFN Viompressed- It means that the voxel value
Vcompressed (X, ¥,24+w(x,y, 2) ) should be the same as Vsparse(x,Y, 2). The
value of 1 and 0 in the compressed WFN volume Viompressed T€presents
fiber and air, respectively. To avoid the boundary effect from the
displacement map, only the center part in the compressed WFN
Veompressed 18 kept by removing 9 voxels along each edge in the x and y
directions.

2.4. Microstructure refinement

The WFN microstructures can be further refined for more chal-
lenging tasks. This work introduces three refined microstructures:

1) WFNs with varied fiber morphologies: The wood fibers in real
WEFN composites are not perfectly straight and solid. Introducing size
variation and curvature into the fibers might be more realistic. Slightly
hollow fibers might also be of interest for lower V.

2) HD-WFNs with very low porosity: The porosity of the directly
compressed WFNs can hardly reach very low, i.e., ~20%. An optimi-
zation step that refines the locations for all fibers in the sparse WEN is
introduced to improve V; in the compressed WFNs. The method can lead
to the WFN with very high density or low porosity (~20%).

3) Molded WFNs with designated 3D shape: Molding is a very pop-
ular process to create 3D products, such as egg cartons, food trays, and
various packing products from wood fibers. The HD-WFNs models with
given 3D shapes can help simulate the mechanical properties of such
products.

2.4.1. WENs with curved fibers

The fibers are initially straight. We apply an extra in-plane
displacement map to each fiber to obtain curved fibers, more similar
to experiments. The same method has been used to generate high-
fidelity 3D wood microstructure models [29]. These displacement
maps, instead of compressing the fibers along the z direction, distort the
fibers in the x-y plane to offer more in-plane variation of each fiber.
More complicated fiber morphologies can be obtained by carefully
designing the in-plane displacement map.

2.4.2. WEN with very low porosity using fiber location optimization

The generation of high-density (or low-porosity) WFNs is chal-
lenging. The compressibility of the sparse WFN is limited when many
fibers, for statistical reasons, are accumulated in the same local region in
the thickness direction (z-axis). The local fiber clustering is also what we
have observed in experimental studies [6]. We assume that the cell wall
cannot be compressed, which seems reasonable. The WFN cannot be
further compressed due to local accumulation of fibers on top of each
other in certain regions, even if there are still large porous areas in other
locations. Note that the “compression plate” is rigid, so that as soon as
one region consists only of incompressible fibers (no air), further
compression of the neighboring regions is no longer possible, and no
further compression takes place.

The density of the compressed WFN can be improved (i.e., reduce
porosity) by optimizing the location of each fiber in the x-y plane while
keeping their orientations (Fig. 1(b)). The idea is to reduce the possible
local clustering of the fibers in the WFN.

Here, the particle swarm algorithm is used to optimize the locations
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(in x-y plane) of all fibers simultaneously to reduce the expected
porosity, which is calculated as 1 —mean(M(x,y) )/ Tcompressed- The ex-
pected porosity can be estimated before WFN compression, since
Tcompressed and M(x,y) can be calculated from the sparse WFNs, which is
very important for efficiency. In the optimization, each fiber has two
degrees of freedom. The fiber locations should not be completely free to
move in the x-y plane in the optimization. Instead, in this work, the fi-
bers are only allowed to shift less than 100 voxels in the x and y di-
rections. If we suppose that there are N fibers in the sparse WFN, the
optimization has 2N degrees of freedom. The fiber locations leading to
minimum expected porosity will be used to generate the HD-WFNs after
obtaining the corresponding 3D compressive displacement fields.

The fiber optimization procedure is validated on an isotropic sparse
structure with 100 fibers. The M(x,y) without and with fiber optimiza-
tion is shown in Fig. 2(a) and (b), respectively. The optimized M(x,y)
(Fig. 2(b)) is far more homogeneous compared with the original one
(Fig. 2(a)). The expected porosity decreases from 40.6 % to 21.8 % after
fiber location optimization.

2.4.3. Molded 3D HD-WFNs with a designated shape

The molded WEFN can be simulated with given molded shapes, such
as the flat shape (upper of Fig. 3), the double curvature shape (lower part
of Fig. 3), and the folded shape, by carefully designing the 3D
displacement fields (see Fig. 3). The HD-WFNs can then be obtained by
compressing the initial sparse WFN using the given 3D displacement
fields. The 3D displacement map to obtain the flat paper is shown in the
upper part of Fig. 3.

To obtain a 3D molded shape, the 3D displacement field is a com-
bination of planar compression and an extra shape molding (lower part
of Fig. 3). It can guide the flat paper to any desired shape, such as double
curvature and folded shapes. Take a mold with double curvature as an
example. A curvature mold is applied afterwards to reshape the paper
morphology. The displacement field for the spherical (double curvature)
mold shape is written as:

V@ =X (7~ Vo)

6
R (6)

w(x,y,2) = R — R x cos| asin

where R is the radius of the mold. The center of the sphere mold is (xm,

¥m, R). The compressive displacement field is constant along the z di-
rection at location (x, y). The summation of the two 3D displacement
fields (lower part of Fig. 3) can deform the sparse WEN structure to a
compressed double curvature HD-WFN. In a similar way, molded WFN
with a folded shape can be generated.

2.5. Numerical simulation of optical scattering using ray tracing

The refractive index (RI) difference between the fiber and the “ma-
trix” (air or polymer) in the composites is an important reason resulting
in optical scattering in the wood fiber composites. Based on the gener-
ated HD-WFN microstructures, the effect of fiber orientation and the
addition of a polymer matrix on the optical scattering of HD-WFNs can
be studied. In this work, haze is used as the indicator for optical scat-
tering [30]. An incident light beam meets a specimen and exits at the
opposite surface of the specimen. Due to the RI difference between wood
fiber and air or polymer matrix, the exiting rays will be scattered. Haze
[30] is defined as the exit rays with scattered angles larger than 2.5"
divided by the total number of transmitted rays. This is a widely used
standardized indicator for optical scattering assessment of optical
materials.

For efficiency, the ray tracing method based on geometrical optics is
used. The ray tracing method can trace ray paths in 3D microstructures
without the need for a complex and time-consuming mesh, which is a
significant advantage in simplicity and efficiency. It has been used to
study the optical scattering of transparent wood composites [27]. The
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implementation procedure of the ray tracing in a wood-based composite
has been described in detail in Ref. [27]. To facilitate the use of this
method, the open-source code of ray tracing is shared on GitHub,?
accompanied by a usage tutorial. The code can be used to study the
optical scattering of a composite once given the 3D microstructure
model and the RIs of the reinforcements and the matrix of the composite.

In the simulation, on one surface of the 3D microstructure model
(Fig. 4), 1000 rays are perpendicularly incident into the sample in a
region with a size of 250 x 250 voxels. The rays will deflect their di-
rection at the interface of two optical media due to the RI mismatch
between the matrix (polymer or air) and the fibers. The ray tracing
method [27] tracks the 3D deflected paths of every ray inside the 3D
microstructures until it exits from the back side of the specimen. Many
exit rays will be scattered with large ray angles to the incident light. The
haze can be determined by analyzing the scattered ray angle distribution
of the emergent rays. For simplicity, only the rays that leave the sample
from the opposite surface are counted for the haze calculation. This
simplification may lead to an error for strongly scattering microstruc-
tures due to rays exiting through lateral surfaces. The haze might
therefore be underestimated. A larger-scale microstructure can help to
reduce the fraction of the rays escaping from the lateral surfaces.
However, the generation of large microstructures can be very time-
consuming.

In this work, the optical scattering of four materials is studied and
compared (Fig. 4), including HD-WFNs: 1) with oriented fibers (Fig. 4
(a)); 2) with randomly distributed fibers (Fig. 4(b)); 3) with oriented
fibers and impregnated with polymer matrix (Fig. 4(a)); 4) with
randomly distributed fibers and impregnated with polymer matrix
(Fig. 4(b)). 1) and 2) are transparent paper structures containing fibers
and air, and 3) and 4) are wood fiber-polymer composites. The Rls of
wood fiber, polymer matrix, and air are given as 1.54, 1.535, and 1,
respectively. The composites are all generated from 100 fibers with very
similar thickness.

3. Results

A set of high-density (or low-porosity) 3D WFN models with isotropic
and oriented fibers is generated. Molded WFNs with given shapes,
including double curvature and folded shapes, are simulated. WFNs with
curved fibers and fibers of various sizes are also generated. Lastly, we
segmented the fibers and assigned spatially varied principal material
axes to each fiber, which is important for physical property simulation.
The optical properties are studied and compared for different HD-WFN
materials.

3.1. WFNs with isotropic fiber orientation

Fig. 5(a) and (b) show the compressed WFNs without and with fiber
location optimization. The WFN microstructures include 100 fibers with
isotropic orientation and have a size of 482 x 482 voxels in the x-y
plane. The fibers are assumed to be fully compressed (i.e., without air in
the lumen) and with a width of 80 voxels as well as a thickness of 9
voxels. The elliptical cross-sections present a high aspect ratio to mimic
the compressed fibers. The fibers have a relatively smooth shape due to
the average smoothing operation of the 3D compressive displacement
map, to mimic the effect of fiber stiffness. The porosity P is 44.8% for the
compressed WFNs (Fig. 5(a)) without fiber location optimization. The
fiber location optimization strategy can reduce the porosity to 27.7%
(Fig. 5(b), see the smaller dark void in the cross-section image in the
middle panel), which matches well with the real material microstruc-
tures observed by SEM (Fig. 5(c)). In Fig. 5(a), the right side of the cross-
section image (middle panel) represents a local material accumulation,
which limits further compression of the WFNs, even though there are

2 https://github.com/BinChenOPEN/Composite_Optical_Scattering.
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Fig. 2. Total material content distribution M(x,y) of the sparse WEN prior to compression: (a) without and (b) with fiber location optimization procedure. The color
denotes the total material amount along the thickness direction (z direction).
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Fig. 3. Generation of compressed 3D HD-WFN microstructure model with given shapes: upper) flat paper and lower) double curvature shape by compressing a sparse
WEN following well-designed 3D displacement fields.
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Fig. 4. Ray tracing for optical scattering study in HD-WFNs with (a) oriented fibers with a standard deviation of fiber orientation of z/16 and (b) isotropic fiber
orientation. The HD-WFNs contain either air (“paper™) or a polymer matrix (polymer composites).
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Fig. 5. Compressed WFNs with 100 isotropic fibers: (a) without and (b) with fiber location optimization. (c) SEM images of real random WFN material with a
thickness of ~ 170-180 um and porosity of 24 % in the upper) in-plane and lower) cross-section plane.

large voids on the left. The inhomogeneous fiber distribution contributes
to the high porosity of the compressed WFNs, where no fiber location
optimization has been used.

3.2. Oriented WFNs

The oriented WFNs (Fig. 6) can be obtained by assigning a Gaussian
distribution (mean of 0, standard deviation of z/8) instead of a uniform
distribution for the fiber orientation ¢#. The mean value of the fiber
orientation denotes the material principal orientation. The standard
deviation governs the extent of fiber misalignment. Fig. 6(a) and (b)
show the obtained oriented WFNs without and with fiber location
optimization. The fiber location optimization operation can reduce the
porosity from 46.5% (Fig. 6(a)) to 25.1% (Fig. 6(b)). The cross-section

X X

images clearly show fewer voids in the WFNs with fiber location opti-
mization (Fig. 6(b)). The fiber alignment along the y-axis in the cross-
section images (Fig. 6(a)) can be clearly observed. The generated ori-
ented HD-WFN microstructure (Fig. 6(b)) matches well with the real
material microstructures observed by SEM (Fig. 6(c)).

3.3. Molded WEN with designated shapes

The mold forming of paper materials (WFNs) with double curvature
(Fig. 7(a)) and folded shape (Fig. 7(b)) is also simulated. The double
curvature (spherical) mold (Fig. 7 (a)) has a radius of 2000 voxels, while
the fold angle (Fig. 7(b)) has an angle of 157.4". The generated micro-
structures can be used to study the mechanical properties of molded
WEN products.

' (b)

Fig. 6. Compressed WFNs with 100 oriented fibers: (a) without and (b) with fiber location optimization. The fiber orientation follows a Gaussian distribution with a
mean value of 0 and a standard deviation z/8. The 3D structures are on the left, while the cross-section images are shown on the right. (¢c) SEM images of real oriented
WEN material with a thickness of ~ 170-180 ym and porosity of 20 % are shown in the left) x-y, middle) x-z and right) y-z plane.
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Fig. 7. Molded HD-WFNs from 100 fibers with (a) double curvature and (b) folded shapes; Compressed-oriented HD-WFNs from (c) 50 and (d) 200 fibers with

flat shape.

3.4. HD-WFNs with different thickness

HD-WFN materials with three different thicknesses are simulated for
both oriented and isotropic WFNs (Table 1). The thickness has a sig-
nificant impact on the porosity in that thicker structures show lower
porosity. A simple thought experiment tells us that with fewer fibers, the
probability is high that we will have many regions with large porosity.
Remember that as soon as there is a single location with only fully
compressed fibers through the thickness (no air), no further compression
takes place.

The fiber orientation (oriented or isotropic) has a small effect on
porosity (Table 1). The oriented HD-WFNs can generally reach a slightly
lower porosity compared with the random ones, which matches well
with the prepared real materials (24% for random WFNs against 20% for
oriented WENS). The oriented HD-WFNs with 50, 100, and 200 fibers are
shown in Fig. 7(c), Fig. 6(b), and Fig. 7(d), respectively.

The fiber location optimization procedure can significantly increase
WEN density (or reduce porosity, Table 1). The reason is that the fiber
locations are optimized to reduce the local fiber clustering, which is a
key factor in limiting the compressibility of a WFN. The fibers are more
evenly distributed after the fiber location optimization procedure. The
WENs can reach very low porosity, i.e., 21.5%, when 200 fibers are
included in the microstructure. Such porosity is very close to hot-pressed
HD-WEFNs (~20%) reported in the literature [31]. The thicker HD-WFN
has a lower porosity. HD-WFNs with even lower porosity should be
achievable by including an even larger number of fibers (thicker mate-
rial). When the number of fibers is large enough, the fibers, in theory,
show a closer to a uniform distribution in space. In this case, the fiber
location optimization operation is less needed. After fiber location
optimization, the HD-WFNs with preferred fiber orientation show
slightly lower porosity (for the ones with fiber numbers of 100 and 200)
compared with those with isotropic fiber orientation.

3.5. HD-WENs with varied fiber morphologies

More HD-WFNs (Fig. 8) were generated by using other types of fi-
bers: curved fibers (Fig. 8(a)), fibers of various sizes (Fig. 8(b)), and
hollow fibers (Fig. 8(c)). In Fig. 8(a), some fibers have obvious curvature

Table 1

Porosity for the compressed HD-WFNs with different numbers of fibers. The
oriented WFN has a mean value of 0 and a standard deviation of /8 for the fiber
orientation.

Fiber angle Fiber Porosity without fiber Porosity with fiber
distribution number location optimization location optimization
(%) (%)
Oriented fibers 50 52.9 31.4
100 46.5 25.1
200 39.8 21.5
Isotropic 50 52.5 31.3
distribution 100 44.8 27.7
200 39.7 23.9

(see the fiber along the red straight dashed line). Fig. 8 (b) shows the HD-
WEN comprising fibers with different dimensions, which is more real-
istic compared with a constant fiber size for real wood materials. The
fiber width varies from 60 to 120 voxels in this model. The HD-WFNs
discussed previously are all composed of completely solid fibers.
Under a lower state of compression or due to the springback, fibers may
have a central hollow space (lumen) (Fig. 8(c)). The hollow lumen is
apparent from the zoomed-in cross-section image in the lower-right
panel of Fig. 8(c).

3.6. Postprocessing of the generated HD-WFN models

3.6.1. Fiber segmentation

To help study the physical properties of WFNs, every fiber in the HD-
WEN is segmented (Fig. 9). Such information is very important for the
simulation of mechanical properties in the fiber network scale [32]. For
every voxel in the initial sparse structure, its counterpart location in the
compressed WFN is also known based on the 3D displacement field.
Therefore, for every voxel in the compressed WEN, we can inversely
determine its location in the initial sparse structure and the corre-
sponding fiber. The fibers can be labeled with different colors in the
compressed-oriented WFN (Fig. 9 (a)). A single fiber (Fig. 9 (b)) and a
fiber—fiber bond (Fig. 9 (c)) are isolated from the compressed WEN. The
fibers show wavy shapes due to the compression and interactions be-
tween fibers, which matches well with the observation from SEM images
(Fig. 9 (d)) of the real WFN materials.

3.6.2. Interfiber bonds

Interfiber bonds are of critical importance for the mechanical prop-
erties of WFNSs. In the elastic range, they influence the interfiber stress
transfer and stiffness parameters. During failure, they are also very
important, although more difficult to analyze. The fiber bond distribu-
tion in the compressed HD-WFNs can be determined (Supplementary
Material S2. Fiber bond distance). Interfiber bonds (the red regions) are
located between fibers (Fig. 10(a) and (b)). Fig. 10(c) presents only the
interfiber bond distribution, with the color representing the distance
between the fibers. The interfiber distance can reflect the difference in
fiber bond strength among the HD-WFNs. Fiber gaps with a distance
smaller than a threshold value (1 voxel in this work) are defined as
interfiber bonds. The threshold may be determined more accurately in
the future based on experimental characterization. The extracted
interfiber bond properties are of great interest for numerical modeling of
mechanical properties [33,34].

3.6.3. Local fiber orientation distribution

Wood fibers can be described as orthotropic fibers. If a fiber is
perfectly straight, the analysis is simplified. The fibers are, however,
significantly distorted (Fig. 11 (a)) in the compressed WFNs as well as in
real WFNs. The principal material axis varies spatially following the
complex morphology of the fiber. Numerical simulation needs to assign
orthotropic material properties to the fibers in the local material coor-
dinate system (different at every point). We can obtain the spatial
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(a)

Smalf fiber

Fig. 8. Compressed HD-WFNs with different morphologies for the fibers: (a) curved fibers, (b) fibers with different dimensions, and (c) hollow fibers.

(a)

Fig. 9. Compressed WFNs with (a) all fibers being segmented, (b) a segmented single fiber, and (c) a segmented fiber bond; (d) SEM images showing the wavy shape
of the fibers in the real WFNs.

(a) (b)

Fig. 10. Fiber bond determination in compressed WFN: WEN with interfiber bonds marked in red color (a) 3D view and (b) cross-sectional view; WFN with (c) varied
interfiber bond distance reflecting the fiber bond strength difference. (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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Fig. 11. Compressed paper with different fibers: (a) curved fibers, (b) fibers with different sizes, and (c) hollow fibers.
distribution of the principal material axis for the compressed WFN the fiber. The local fiber orientation for all points in the compressed HD-
(Supplementary Material S3. Material principal axis determination). The WFNs can be determined. It is then possible to accurately assign

principal material axis on a distorted fiber (Fig. 11 (a)) is shown in orthotropic material properties to local regions in all fibers of com-
Fig. 11 (b). A zoomed-in region in Fig. 11 (c) shows that the fiber (cell pressed HD-WFNs.
wall) orientation (see the arrow orientation) follows the morphology of
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3.7. Optical scattering of HD-WFNs using simulation

The haze (percentage of scattered light > 2.5°) [30], an indicator for
optical scattering of the material, is studied by simulation. The haze
concept is slightly modified in this work to indicate the projection of the
scattered light (percentage of scattered light > 2.5°) in X and Y di-
rections (Fig. 4). The haze results of HD-WFN materials (“composites™)
for light transmitted through-the-thickness are obtained and shown in
Table 2. For the “paper” materials, the “matrix” is air (fibers and air in
the HD-WFN). This is related to materials such as transparent paper used
to make engineering drawings. The other material is polymer compos-
ites, where the matrix is a polymer with a RI better matched to the RI of
the fibers. The projected haze in X and Y directions for a through-
thickness light beam (Fig. 4) is presented for those HD-WFN compos-
ites, see Table 2. All the WFN microstructures involve 100 fibers. The
isotropic HD-WFNs show isotropic optical scattering, while the oriented
ones present slightly anisotropic optical scattering. The main result is
that the “paper” materials with fibers and air show very high haze in the
range 76.6-87.4% whereas polymer matrix composites only show haze
in the region 25.9-29.4%, meaning less scattering.

4. Conclusions

We proposed a simple and efficient method to generate 3D high-
density wood fiber network (HD-WFN) microstructure models for nu-
merical simulations. This method first generates a sparse 3D micro-
structure by stacking several single fibers together without any
overlapping. The key procedure uses a purely geometrical method to
design a 3D compressive displacement field. The displacement field is
generated by assuming compressibility for air and incompressibility for
the fibers. A compressed HD-WFN can be obtained by compressing the
sparse microstructure following the designed displacement field. As a
purely geometrical method, the proposed method can readily control
fiber dimensions, orientation, location, number, and material thickness.
The major findings in this work include:

The proposed method can numerically generate 3D HD-WFN models
of very high density or low porosity (21.5%), which show strong
similarities with real materials.

The fiber location optimization procedure is the key step to reach
such low porosity, since it can reduce the local fiber clustering. The
porosity can be further reduced by removing the incompressibility
assumption of the fibers. Thicker WFNs might reach lower porosity
due to better fiber distribution homogeneity, simply due to statistical
distribution reasons.

The proposed method can readily generate the WFNs with any given
molding shape with only negligible extra computational effort.

The method provides insight into processing-structure relationships.
For instance, the fiber location optimization can guide the design of
WEN with lower porosity. By shaking the fibers in the plane, the
material porosity can be reduced.

The fiber orientation, i.e., isotropic or oriented fibers, is not so
important for material porosity.

This method can segment every fiber and determine the spatially
varied principal material axis at every voxel. This information is
important for 1) accurate numerical simulation of physical proper-
ties (such as optical and mechanical properties) of HD-WFNs and 2)
statistical analysis of the microstructure morphology.

The extent of interfiber bonds can be determined or controlled in the
compressed HD-WFNs. The fiber gap distance difference can reflect
the interfiber bond strength variation, which can contribute to more
accurate mechanical property simulations.

The generated 3D HD-WFN microstructures are used to study the
optical properties of HD-WFN composites. The isotropic HD-WFNs show
isotropic optical scattering (large-angle scattering), while the oriented
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Table 2
Haze of different WFN materials (composites) with air or polymer as “contin-
uous” matrix phase.

HD-WFN composites Refractive index Haze (%)
Matrix Wood X Y
fiber direction direction
Oriented fibers 1 (air) 1.54 87.4 76.6
(angle standard 1.535 1.54 29.4 25.9
deviation: 7/16) (polymer)
Isotropic fibers 1 (air) 1.54 86.0 83.9
1.535 1.54 27.3 27.4
(polymer)

WEFNs present slightly anisotropic optical scattering. The impregnation
of the HD-WFNs by a RI-matched polymer matrix can significantly
reduce the optical scattering. The long-term goal is to train a deep
learning model from a large dataset of microstructures for structur-
e-property relationship investigations. Thousands of WFN microstruc-
tures can be generated by varying the fiber sizes, shape, orientation, etc.
It must be noted that the method is geometrical with no strict physics
theory (e.g., stress analysis) for WFN generation. More experimental
data can improve the model. The proposed model does not naturally get
a periodic RVE, which is critical for the numerical homogenization.
Future work will be on generating a periodic RVE.
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