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Abstract: Developments in 3D printing and CT scanning technologies have facilitated the imitation of
natural wood structures. However, creating composites from the elementary features of anisotropic
wood structures remains a new frontier. This paper aims to investigate the potential of constructing
and 3D printing mechanically customizable composites by combining anisotropic elementary models
reconstructed from the micro X-ray computed tomography (u-CT) scanning of wood. In this
study, an arbitrary region of interest selected from the p-CT scanning of a sample of Manchurian
walnut (Juglans mandshurica) was reconstructed into isosurfaces that constituted the 3D model of
an elementary model. Elementary models were combined to form the wood-inspired composites
in various arrangements. The surface and interior structures of the elementary model were found
to be customizable through adjusting the image Threshold and Surface Quality Factors during 3D
volume reconstruction. Compressional simulations and experiments performed on the elementary
model (digital and 3D printed) revealed that its compressive behavior was wood-like and anisotropic.
Numerical analysis established a preliminary link between the arrangements of elementary models and
the compressive stiffness of respective composites, showing that it is possible to control the compressive
behaviors of the composites through the design of specific elementary model arrangements.

Keywords: wood; micro X-ray computed tomography; 3D printing; biomimicking composites; wood
flour-filled polylactic acid

1. Introduction

Natural (biological) materials are a valuable source of inspiration for the design and fabrication of
high-performance synthetic materials [1]. Through research on the complex structure and extraordinary
(mechanical) properties of biological materials [2,3], high-performance bio-inspired materials can
be developed.

The most ubiquitous biological material, wood, is a lightweight cellular composite with strong
anisotropic mechanical properties that rivals contemporary synthetic materials [4]. Wood can not only
bear substantial self-weight and wind load, but can also transport nutrients over long distances to sustain
tree growth through its interior structure [5]. At the micro level, wood structure is primarily formed by
parallel hollow tubes (tracheids in softwood or vessels in hardwood) that are composed of wood cells.
This alignment of tracheids/vessels along the stem axis of a tree is the source of the special properties
of wood [2,4,6,7]. Lightweight wood-structure-mimicking composites could not feasibly be fabricated
without the use of 3D printing and the assistance of X-ray computed tomography technology [8].
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Micro X-ray computed tomography (u-CT) is a powerful tool for visualizing material structures
and is often used to explore the structural properties of biological materials [9-13]. Images acquired by
a p-CT which correspond to the 3D structure of the parenchyma could be transformed into models
for finite element analysis [14] and additive manufacturing (AM)/3D printing [9,15]. AM/3D printing
allows for the fabrication of parts exhibiting complex geometries, such as interconnected porous
structures [16]. Although existing studies have explored the scanning and recreation of wood material
structures through p-CT scanning and 3D printing, the potential of utilizing the anisotropic nature of
wood’s elementary features to construct mechanically customizable lightweight composites has been
scarcely discussed.

In this paper, the three-dimensional porous structure of wood was reconstructed from u-CT
images. An elementary model selected from the reconstructed structure was combined to form the
composite models. Numerical analyses were performed to demonstrate the relation between the
mechanical properties of the composites and the arrangements of elementary models. The obtained
elementary model and composites could be fabricated by AM/3D printing.

2. Materials and Methods

2.1. CT Scanning and Volume Reconstruction

A cubic wood sample of Manchurian walnut (Juglans mandshurica) sized 20 mm X 20 mm X 20 mm
was scanned in this study. Let the stem of the tree be defined as the primary axis, the level surfaces
orthogonal to the primary axis be defined as cross sections and the parallel level surfaces as longitudinal
sections [7]. As shown in Figure 1a, for convenient comparison between the scanned wood sample
and the reconstructed model, the primary axis of this sample was aligned with the Z-axis, with cross
sections in the XY-plane and longitudinal sections in the XZ- and YZ-planes.

Figure 1. (a) wood sample; (b) 3D volume reconstruction; (c) region of interest (ROI) selection;
(d) isosurface creation from the selected ROI; (e) printable elementary model in the CURA software;
(f) printed scaled-up elementary model of composites on a scale of 1:5.

The equipment used in this study was an eXplore Locus Micro-CT scanner (GE Healthcare,
London, ON, Canada). The wood sample was placed in the scanning area and scanned under protocol
“45pum_24R_18min”. Scanning parameters used were set to the following specifications: X-ray tube
voltage of 80 kV, X-ray tube current of 450 pA, scanning technique of “360 Degree”, scan time of 18 min,
frames to average of 1, angle of increment of 0.5°, exposure time of 400 ms, detector bin mode of 2 X 2,
and voxel size of 45.0 um X 45.0 pm X 45.0 um.
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The scanned model was created using the built-in 3D reconstruction software MicroView?2.0 +
ABA (GE Healthcare, London, ON, Canada). Arbitrary regions of interest (ROls) were isolated
to create isosurfaces which form the elementary model. ROIs used in this study were sized
2mm X 2 mm X 2 mm.

2.2. 3D Printing

The compression testing samples were prepared through an FDM (fused deposition modeling)
3D printer (605 S model, Shenzhen Aurora Technology Co, Shenzhen, China) with a nozzle diameter
of 0.4 mm. The 1.75 mm (diameter) wood-flour-filled polylactic acid (PLA) filaments were bought
from Shenzhen Andsun Co. (Shenzhen, China). The printing parameters were set as follows: layer
height 0.3 mm, shell thickness and line width 0.4 mm, filling density 100%, printing speed 30 mm-s~*,

printing temperature 200 °C, hot bed temperature 60 °C, and wire material flow rate 100% [3].

2.3. Compression Simulations

Compression simulations with loads along the X/Y/Z-axis were completed using a finite
element analysis (FEA) tool in INVENTOR software (Student version 2019). Material properties
(Young’s modulus of 2.24 GPa, Poisson’s ratio of 0.38, and yield strength of 25 MPa for PLA) and
constraints were applied to the model first. The model was then meshed before force simulation.
Constraints that act as rigid surfaces were applied under the models. Loads perpendicular to the
X/Y/Z-axis were applied on top of elementary and composite models. The X/Y/Z-axis displacement of
the top surface of the model under compression was calculated [17].

2.4. Compression Experiments

Specimens (3D-printed elementary models) were stored at room temperature for over 24 h before
conducting compression experiments. The compression force and displacement of specimens were
measured by a universal testing machine (Changchun Kexin instruments Co. Changchun, China).
The testing speed was set to 2 mm/min and the capacity of the force cell was 1 kN.

3. Results and Discussion

3.1. Wood Volume Reconstruction and 3D Printing

3D volume reconstruction after scanning is shown in Figure 1b, with its axes aligned with the
axes of the scanned sample. Similarly, its cross sections and longitudinal sections are parallel to the
XY-plane and the XZ/YZ-planes, respectively. An arbitrary region of interest (ROI) sized 2 mm X 2 mm
x 2 mm was selected to create an isosurface for the creation of an elementary model of composites,
as highlighted in bright yellow in Figure 1c. The generated isosurface of the elementary model is
shown in Figure 1d, with its volume and surface area (surface area was defined to be the summation of
the surface area of all polygons that make up the isosurface) adjustable through volume reconstruction
parameters. The porosity of the reconstructed isosurface is described by Equation (1).

@ = (Vror = Vm)/ Vror 1)

where V,, is the volume of the reconstructed isosurface and Vo is the volume of the corresponding ROL
As shown in Figure le, the reconstructed elementary model is 3D printable in the CURA software.
The printed elementary model of composites is shown in Figure 1f.

3.2. Effects of 3D Volume Reconstruction Parameters on the Model

3D volume reconstruction parameters, image Threshold (T) and Surface Quality Factor (SQF),
appeared to have relatively significant effects on the reconstructed elementary model. T values
calculated with methods detailed by Ostu [18] define the grayscale values that are used to generate
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isosurfaces. SQF, ranging from 0 to 1, defines the image resample value. A smaller SQF generates
rougher, coarser surfaces, whereas a larger SQF results in finer, higher-quality surfaces.

As shown in Figure 2, at a T value of —522, SQF values appeared to have a significant impact
on the surfaces and internal structures of the reconstructed model, with larger SQF values resulting
in lower porosity, a greater surface area (Figure 3a), and structural complexity. At an SQF value of
0.5, as depicted in Figure 2, from T values of —542 to —502, greater T values corresponded to greater
structural complexity in the reconstructed model.

T=-522

SQF=0.25

SQF=0.5

Figure 2. Effects of Surface Quality Factor (SQF) and image Threshold (T) values on the surface and
interior structure of reconstructed models.

As shown in Figure 3b, the model porosity was proportional to T values, signifying greater
fragmentation at higher T values. For example, at a larger T value of —502, the model was fragmented
and broken. It can also be seen in Figure 3b that the surface area of the reconstructed model increased
before decreasing as the T value increased from —542 to —502, peaking at a T value of —522. As shown
in Figure 3a, for the same T factor, the model’s surface area was inversely proportional with its porosity.
In Figure 3b, under the same SQF factor, with the increase of porosity, the model’s surface area increased
before decreasing.

Therefore, it is evident that SQF and T values could be adjusted to create elementary models with
varying surface and interior structural properties, which could be used to create an assortment of
unique composites upon combination or dilation.
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Figure 3. Effects of SQF (a) and Threshold (b) on surface area and porosity of the reconstructed model.

3.3. Elementary Model Compression Analysis

In the study, simulation and experimental methods were used to analyze the compressive behavior
of the elementary model. Compression simulations of an elementary model (T = —522 and SQF = 0.25)
with load along the X/Y/Z-axis were completed using an FEA tool in the INVENTOR software. PLA’s
mechanical properties were first applied to the model. The model was then meshed before compression
simulation. Constraints that act as rigid surfaces were applied under the model. Loads of 0.1 MPa loading
level perpendicular to the X/Y/Z-axis were applied on the top of the elementary models. The X/Y/Z-axis
displacement of the top surface of the elementary model under compression was then calculated.
Visual results of simulated compression along the X/Y/Z axes on the elementary model are shown in
Figure 4a. Displacements of stressed surfaces along each axis are graphed in Figure 4b. Simulation results
showed that under the same compression load, the smallest compression occurred in the Z-axis among
the three axes, while displacements along the X and Y axes were comparable. These simulation results
implied that the model’s stiffness was greater in the Z direction than the X and Y directions, which is
consistent with the compressional behavior of wood. In other words, the model’s cross sections were
more resistant to compression than its longitudinal sections as wood is highly anisotropic, meaning that
its stiffness along the grain is much higher than its stiffness across the grain [7,19].
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Figure 4. (a) Elementary model compression simulation (using PLA’s mechanical properties; T
factor of the model was -522 and SQF factor was 0.25); (b) Displacement of stressed surfaces in the
direction of each axis; (c) Plot of force vs. displacement for each axis from printed elementary model
compression experiments.
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In order to verify whether the 3D-printed elementary model shared its digital counterpart’s
anisotropic compressive behavior, elementary models were magnified to a scale of 1:3 and underwent
compression experiments with loads along the X/Y/Z-axis. Figure 4c shows results of the printed
elementary model’s compression experiment where, under the same stress, the smallest compression
again occurred in the Z-axis, which agrees with the simulated results as well as the mechanical
properties of wood. Therefore, the compressive behavior of the digital and printed elementary model
was anisotropic with greater compressional resistance in its cross sections.

Comparing Figure 4b,c, the printed model was less resistant to compression in the Z-axis than the
digital model. This might be the result of structural defects introduced by FDM printing technology in
the printed model such as intralayer cavities [17], fiber debonding [20], and interlayer voids [21].

3.4. Composite Performance Tuning

Using the axis with the greatest compressive stiffness as the primary axis, eight elementary
models were combined to form each composite model. As shown in Figure 5, three composite models
were designated P1, P2, and P3. All eight elementary models in P1 were oriented along the Z-axis,
while four elementary models in P2 and P3 were oriented to be orthogonal to the Z-axis. Visual results
of compression simulations of composites P1, P2, and P3 are shown in Figure 5.

Figure 5. Composites designed through the permutation of elementary models and compression
simulations on composites (using the simulation method descripted in Section 3.3).

As shown in Figure 6, composites formed by distinct arrangements of elementary models resulted
in varying compressive behaviors along the Z and Y axes. As depicted by Figure 6a, the compressive
stiffness of P1 was significantly greater than that of P2 and P3 in the Z direction, while P2 had the
greatest compressive stiffness in the Y direction.
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Figure 6. Displacements along the Z and Y axes under compression with a loading level of 0.5 MPa.
(a) The displacement of stressed surface along the Z-axis; (b) The displacement of the stressed surface
along the Y-axis. The sums of row/column/layer sum maxima of feature matrices are plotted by the
red line.

Let the elementary model be orientated as shown in Figure 7a, with its primary axis along the
Z-axis. Let cross sections of the elementary model be represented by the feature value of 1 and
longitudinal sections the feature value of 0, as shown in Figure 7b. As depicted in Figure 7c, let
elementary models along the X-axis be designated as Columns (C) from 1 to i, models along the Y-axis
as Rows (R) from 1 to j, and models along the Z-axis as Layers (L) from 1 to k. Therefore, any slice,
vertical or horizontal, could be represented by a matrix of the feature values for models with primary
axes in any of the X/Y/Z directions.
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Figure 7. Tensor formation methodology for composite models: (a) Elementary model; (b) Feature
value of the elementary model in the XY/XZ/YZ planes; (c) Positions of each elementary model in the
composite model; (d) Tensor representation of composite models P1, P2, and P3 in feature values.

For example, the kth slice orthogonal to the Z-axis could be represented by:

CiRiL; --- Cl'Rij

CiR1L; --- ClR]'Lk

The sum of the column/row/layer sum maxima of k feature matrices could be used to represent
the material’s compressive stiffness in the Z direction.
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The ith slice orthogonal to the Y-axis could be represented by:

CiRiLy -+ GiRiLy

CiRiLy -+ GRiLy

The sum of column/row/layer sum maxima of i feature matrices could be used to represent the
material’s compressive stiffness in the Y direction.
The jth slice orthogonal to the X-axis could be represented by:

ClR]'Lk C,'R]‘Lk

CleLl CiRle

The sum of column/row/layer sum maxima of j feature matrices could be used to represent the
material’s compressive stiffness in the X direction.

Forming tensors (3D matrices) as described in Figure 7d, we obtained:

Arrangement P1:

Two matrices orthogonal to the Z-axis could be formed. For layer 1 along the Z-axis, we have

11
the feature matrix [ 11 ] with a maximum row sum of 2 and column sum of 2. For layer 2 along

11
the Z-axis, we have the feature matrix [ 11 ] with a maximum row sum of 2 and column sum of 2.

For slices parallel to the Z-axis, we have a maximum layer sum of 2. Thus, the sum of row/column/layer
sum maximais2+2+2+2+2=10.
Two matrices orthogonal to the Y-axis could be formed. For layer 1 along the Y-axis, we have

the feature matrix [ 8 8 ] with a maximum row sum of 0 and column sum of 0. For layer 2 along

the Y-axis, we have the feature matrix [ ] with a maximum row sum of 0 and column sum of 0.

0
For slices parallel to the Y-axis, we have a maximum layer sum of 0. Thus, the sum of row/column/layer

sum maximaisO+0+0+0+0=0.
Arrangement P2:
Two matrices orthogonal to the Z-axis could be formed. For layer 1 along the Z-axis, we have

11
the feature matrix [ 0 0 ] with a maximum row sum of 2 and column sum of 1. For layer 2 along

the Z-axis, we have the feature matrix [ ] with a maximum row sum of 2 and column sum of 1.

00
For slices parallel to the Z-axis, we have a maximum layer sum of 2. Thus, the sum of row/column/layer
sum maximais2+1+2+1+2=38.

Two matrices orthogonal to the Y-axis could be formed. For layer 1 along the Y-axis, we have

1 1
the feature matrix [ 11 ] with a maximum row sum of 2 and column sum of 2. For layer 2 along

the Y-axis, we have the feature matrix [ ] with a maximum row sum of 0 and column sum of 0.

0
For slices parallel to the Y-axis, we have a maximum layer sum of 1. Thus, the sum of row/column/layer

sum maximais2+2+0+0+1=5.
Arrangement P3:
Two matrices orthogonal to the Z-axis could be formed. For layer 1 along the Z-axis, we have

1
the feature matrix [ (1) 0 ] with a maximum row sum of 1 and column sum of 1. For layer 2 along
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0
For slices parallel to the Z-axis, we have a maximum layer sum of 2. Thus, the sum of row/column/

layer sum maximais1+1+1+1+2=6.
Two matrices orthogonal to the Y-axis could be formed. For layer 1 along the Y-axis, we have the

0
the Z-axis, we have the feature matrix [ 1 ] with a maximum row sum of 1 and column sum of 1.

00
feature matrix [ 0 0 ] with a maximum row sum of 0 and column sum of 0. For layer 2 along the

00
Y-axis, we have the feature matrix [ 0 0o ] with a maximum row sum of 0 and column sum of 0. For

slices parallel to the Y-axis, we have a maximum layer sum of 0. Thus, the sum of row/column/layer
sum maximaisO+0+0+0+0=0.

The sums of maxima are plotted in Figure 6a,b in the red line. Comparing these sums with
surface displacement under compression, the sums of maxima were inversely proportional to the
displacement and are thus proportional to compressive stiffness. In other words, composites with
larger sums of maxima should be more resistant to compression. Therefore, these results have shown
that the mechanical properties, specifically compressive stiffness, of wood-inspired composites could
be designed by arranging and combining the elementary models in particular orders.

4. Conclusions

(1) u-CT scanning enables the efficient computation and generation of structurally customizable
elementary models of natural biological materials, specifically wood. Surface and interior structural
properties of reconstructed models could be controlled by adjusting SQF and Threshold values during
3D volume reconstruction.

(2) Elementary models of the scanned sample were anisotropic and could be combined in a variety
of arrangements to form composites with varying compressive properties.

(3) The results of the numerical analysis demonstrated the existence of a relation between
the compressive behavior of the designed composites and their respective arrangements of wood
elementary models.

The application of u-CT and 3D printing in the design and fabrication of wood-inspired composites
is still in its early stages. Future studies could explore the employment of higher-precision pu-CT
scanners to create finer elementary models and investigate other mechanical properties of wood-inspired
composites beyond compressive properties, such as their sound and shock absorption capabilities.
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