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Mechanical properties of wood-inspired cell wall geometries were
considered through compression testing and Finite Element Analysis
(FEA) with ANSYS simulation. Six models, including earlywood, latewood,
and various array configurations, were fabricated via 3D printing using
acrylonitrile butadiene styrene (ABS) filament. Compression tests
highlighted the annual ring model’s robustness, exhibiting a maximum load
of 12707 MPa, while the 4x3 matrix displayed the lowest strength at 4247
MPa. Shifting rows led to reduced strength, which was particularly evident
in vertical prints. An analysis of variance revealed significant differences
in mechanical properties. Discrepancies between experimental tests and
FEA results ranged from -45.9% to 35.2%. Earlywood exhibited a
maximum deformation of 2.6 mm, whereas latewood showed lower
deformation, indicating geometry’s influence on material behavior. Mesh
quality remained consistent, ensuring dependable simulation outcomes.
These findings underscore the pivotal role of geometry in compression
resistance, laying the groundwork for future studies on wood densification
mechanisms and the development of customized wood composites.
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INTRODUCTION

One of the most important criteria determining the strength properties of wood
material is the microstructure of wood cells (Chen et al. 2020; Toumpanaki et al. 2021;
Yan et al. 2022). A wood cell wall usually consists of several layers (a primary layer and
three secondary sublayers), and the microfibrils in each of these zones are oriented in
different directions and geometries. Wood cells are composed of cell walls and lumens (the
interior hollow or water-filled core spaces) and resemble an octagonal structure similar to
a honeycomb structure (Yan et al. 2022) for hardwoods while they resemble rows of
parallelograms with rounded corners in the case of softwoods. Chemically, the wood cell
wall is considered a small-scale composite material consisting of cellulose, hemicellulose,
and lignin (Kollmann et al. 1975; Isoeai et al. 1989). Within that composite, lignin and
hemicelluloses form the matrix components. The task of these matrix components is to
stick together and to strengthen the structure.

Aydin & Gorgulu (2024). “3D printed wood cell walls,” BioResources 19(4), 7493-7512. 7493



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

The essential axes (longitudinal-L, Radial-R, and Tangential-T) of wood define the
anisotropy of wood. The secondary cell wall layer is mainly responsible for the anisotropic
behavior. The cellular porous solid structure of wood is thought to be responsible for its
mechanical characteristics, and when the wood cell is loaded perpendicular to the grain
direction, the molecular arrangement of polymer components inside the S2 sublayer
becomes crucial because this sublayer has the greatest thickness. In essence, the
orientation-dependent mechanical characteristics of the wood cells and subsequently of the
wood itself are determined by the anisotropy of the microfibrils in the S2 layer (Kollmann
etal. 1975; Yan et al. 2022).

Recently, additive manufacturing (AM) has been a way of producing goods with a
similar appearance to wood or wood-based materials with the help of filaments that include
wood flours or such elements. Laminate object manufacturing is the earliest technique of
AM that uses paper (Gibson et al. 2021); therefore, manufactured objects look much like
wood appearance and behave similarly to wood (Gebhardt 2011). Furthermore, printed
goods or elements may be assumed to be the substitution of traditional wooden parts or
structures (Gibson et al. 2021). Fused deposition modeling is one of the most used
techniques of the AM that uses polymer-based filaments. It is expressed that the FDM can
easily be used to form wood fibers, and in general, mechanical behavior comparable to
wood can be obtained (Buonamici et al. 2019). The FDM technique uses different filaments
made of polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polyethylene
terephthalate (PET), and thermoplastic polyurethane (TPU), which present different
physical and mechanical behaviors. However, accumulation of the fluidified filament
requires attention due to printing failures, such as warping, which is particularly seen for
ABS (Chua et al. 2017). Furthermore, it should be noted that the accumulation direction
and alignment of the models may cause anisotropic structure in 3D printing.

When literature was reviewed, furniture or joint-related issues (Mai et al. 2022;
Nicolau et al. 2022; Yilmaz Aydin 2022; Saad 2024; Ueda 2024), mimicking the cell
structure of wood (Correa et al. 2015; Markstedt et al. 2019; Aydin and Aydin 2022),
mechanical evaluation (Aydin 2023; Oztiirk et al. 2024), warping behavior (Kam et al.
2019), bonding (Krapez Tomec et al. 2021), utilization of wood-plastic composites (Tomec
et al. 2021; Tomec and Kariz 2022), and wood flour (Ibrahim et al. 2014; Zhang et al.
2016; Montalvo Navarrete et al. 2017; Tao et al. 2017; Kariz et al. 2018; Das et al. 2021)
were evaluated over additively manufactured parts or structures.

Mechanical characterization of wood can be done destructively and non-
destructively. Furthermore, numerical methods are attracting more attention nowadays due
to their predictable properties without wasting material and requiring advanced test tools.
Finite element modeling and analysis is one of the commonly applied practices for the
predicting the anisotropic mechanical behavior of wood (Eslami et al. 2021; Hong et al.
2011; Yilmaz Aydin and Aydin 2017).

Nature is the inspiration source for humankind, and the trees or woods are structures
that reflect the unique patterns. Annual rings (AR) of a tree are one of the reflections and
store lots of knowledge within them. Biomimetic the AR using the AM and figuring out
the influence of some irregularities of the AR on the compression behavior and comparing
with the numerical modeling and analysis are the main objectives of this study. The 3D
modeling, additive manufacturing, static testing, and numerical analysis are the workflow
phases of this study.
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EXPERIMENTAL

Wood Cell Geometry Design and Arrays

SolidWorks software (Dassault Systemes S. A., Vélizy-Villacoublay, France) was
used for the 3D modeling of simplified wood-based structures. The wall thickness and
lumen diameters of the cells (without rounded corners indeed the real softwood structures
have) in the earlywood (EW) and latewood (LW) for the models are presented in Fig. 1.
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Fig. 1. Form and dimensions (mm) of the models

Six different 3D models (Fig. 1 A through F) of the wood-based structures were
created to evaluate the differences between EW (Fig. 1A) and LW (Fig. 1B), and the
influence of ring dislocation by 2 mm (Fig. 1E) and 4 mm (Fig. 1F) shifting the middle
row of the control structure (Fig. 1D). The thickness of the models was 11 mm. As shown
in Fig. 1, the cell wall thickness and lumen diameter of the models were 2 mm and 7 mm
for EW models, respectively. For LW models, the cell wall thickness was 2 mm and the
lumen dimension was 2x5 mm.

Additive Manufacturing

Solid 3D models were converted to Standard Triangle Language (STL) format for
printing, and the models were sliced using XY Zware software (XYZ Printing, New Kinpo
Group, Taiwan).

Additive manufacture was carried out using a Da Vinci 1.0 AIO 3D printer (0.4
mm nozzle diameter, XYZ Printing, New Kinpo Group, Taiwan). All of the examples were
printed at 100 um resolution using the software’s default, good printing parameters (30%
infill density, rectilinear infill type, normal shell, 0.2 mm layer height, and slow speed).
For layer accumulation, acrylonitrile butadiene styrene (ABS) filament with 1030 kg/m3
density and 1.075+0.05 mm diameter was employed. For the original XYZ ABS filament,
the default temperatures for the nozzle and printing bed were around 214 °C and 90 °C,
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respectively. To determine the effect of printing orientation, samples were printed vertical
and horizontal alignments.

Compression Test

The ASTM D695 (2015) or ISO 604 (2002) standards were used to determine the
rigid polymers’ compression characteristics. However, the majority of studies evaluating
3D-printed samples did not perform experiments using such a standard.

Test specimens for compressive properties of rigid plastics are described in
ASTMDG695 (2015). The specimen sizes are 12.7x12.7x25.4 mm? and 10x10x4 mm?®
according to ASTM D695 (2015) and ISO 604 (2002), respectively. As shown in Fig. 1,
the sizes of the samples were below the standard, particularly with ISO 604 (2002).

The compression properties of the wood-based constructions produced additively
were ascertained by static compression testing without the need for a reference. The test
was performed at 1.5 mm/min speed (1.3 £ 0.3 mm is the standard testing speed according
to ASTM D695 (2015)). A total of 36 samples for 6 different models were tested.
Regarding ASTM D695 (2015), 5 and 10 samples should be tested for isotropic and
anisotropic materials, respectively. Consequently, compression strength and strain values
were determined. Furthermore, the obtained static results were compared with the results
of numerical analysis (Finite Element Modeling and Analysis, FEM&A), which was
performed using ANSYS R21 software.

Finite Element Analysis (FEA)

The compression of the wood cells was simulated using a commercial FEA
program named ANSYS. Considering the microstructure of the wood and the nozzle
structure of the 3D printer, larger scale models were used in simulation and experiments.
Different cell structures and row numbers were considered in the created geometries. There
were six models in total, the first three of which were single rows, the last three were three
rows. The different cell wall models considered are given in Fig. 2. The heights of the
wooden cell walls were kept constant; only their widths were changed. Model A had a
width of 7 mm, and B had a width of 2 mm. C was designed as a combined version of them.
Models D, E, and F were designed as three rows of A, but in E and F the middle row was
offset by 2 and 4 mm, respectively. The material properties of the element used for
modeling in the FEA are presented in Table 1.

Table 1. Properties of Plastic, ABS Used in the Analyses

Plastic, ABS
Density 1030 kg/m3
Young's Modulus 1628 MPa
Poisson's Ratio 0.4089
Bulk Modulus 2978.4 MPa
Shear Modulus 577.76 MPa
Secant Coefficient of Thermal Expansion 0.000184 1/°C
Tensile Ultimate Strength 36.26 MPa
Yield Strength 27.44 MPa
Thermal Conductivity 0.0001997 W/mm.°C
Specific Heat Constant Pressure 1.4x10°% J/kg.°C
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Fig. 2. A: Earlywood (EW), B: Latewood (LW), C: EW and LW combined, D: EW 4x3 Matrix, E:
EW 4x3 Matrix, middle row shifted, F: EW 4x3 Matrix, middle row double-shifted

In the finite element analysis, the Ansys Static Structure module was used as the
stress simulation computer program. The material subjected to compression was defined
as elastoplastic material. Thus, when the force applied as a result of compression exceeds
the elastic region of the material, permanent deformations can be observed by passing into
the plastic region. Rigid compression plates were placed on the lower and upper sides of
the test specimens to perform the compression action. The displacement of both
compression plates was defined as 2.5 mm to compress the material, and a total
displacement of 5 mm was defined. The sample material was defined as ABS (acrylonitrile
butadiene styrene), which is also the material used in the experiments, and the compression
process of 6 test samples formed after compression was carried out. The deformations,
stress, and strain contours formed as a result of the FE (finite element) analysis were
illustrated and compared to the experimental results.

Because there were six different geometries, six different simulations were done.
Apart from the number of elements and nodes, their skewness and orthogonal qualities also
varied. ANSYS recommends that the maximum skewness of a geometry be less than 0.95,
and a value between 0 to 0.25 in the mesh quality spectrum is considered excellent. The
minimum orthogonal quality, which is another criterion that determines the mesh quality,
is required to be greater than 0.1. Orthogonal quality in the range of 0.95 to 1.0 is also
given as excellent in this spectrum.

The fact that the geometries used were rectangular and the mesh preference was
made in this direction has brought the skewness and orthogonal quality closer to the
maximum quality. The mentioned values were also created for 6 geometries and are given
in Table 2.
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Table 2. Mesh Metrics Table

Specimen | Nodes | Elements Maximum | Skewness Minimum Orthogonal
Skewness Status Orthogonal Quality | Quality Status
A 140,733 | 32,146 5.48x107 | Excellent 1.0 Excellent
B 102,589 | 23,794 4.68x107 | Excellent 1.0 Excellent
C 239,145 | 55,122 4.70x107 | Excellent 1.0 Excellent
D 368,261 82,834 3.28x10* Excellent 1.0 Excellent
E 367,354 | 82,834 7.76x10* | Excellent 1.0 Excellent
F 367,354 82,834 4.50x10* Excellent 1.0 Excellent

To analyze the mechanical properties of cell walls during compression, stress, and
strain are determined by the following equations (Cambaz et al. 2022; Yan et al. 2022),

F

Onom = N (1)
d

Enom = Fy (2)

where nominal stress (onom) Was calculated as the contact force between pressure plates (F)
divided by the initial contact area between pressure plates (4). Nominal strain (enom) is
defined as the displacement (dy) divided by the initial height of the specimen (H). Von-
Mises stress, also known as effective stress, can be expressed as,

2
Oym = JO-S[(Gx - Gy)z + (Gy —0,)% + (0, — 0 )?] + 3(Txy + Tyzz + T15%) ©)
where ox, oy, and oz represent normal stresses, and txy, Tyz, Tzx represent shear stresses.

RESULTS AND DISCUSSION

Compression Test Results

The statistics for the mechanical properties of the softwood inspired structures are
presented in Table 3. A complete AR presented a higher load-carrying performance than
EW and LW, while the worst was LW. The vertically printed AR was around 16.4% higher
than that of horizontally printed. The same tendency was observed for LW. However,
horizontally printed EW presented a 7.7% higher Fmax. The Fmax of LW was around 55.4%
lower than that of AR. The Fmax of horizontally printed LW was 22.6% lower than those
of horizontally printed EW. However, there was a neglectable difference (0.2%) between
EW and LW, which were vertically printed.

The load was applied perpendicular and parallel to the layers for vertically and
horizontally printed samples, respectively. Due to the large hole size in EW models,
vertical printing caused weak structure against the loading direction. This issue is assumed
to have been a function of fiber direction and the size of the lumen, which is well-known
in wood structures. The CS increases with the increase in tracheid wall thickness and
decreases with the increase in tracheid diameter (Mankowski and Laskowska 2021). As is
well known, the CS order of the wood is Longitudinal > Radial > Tangential. Therefore,
applying load through the fiber direction provides the highest values. For additively
manufactured samples, this statement is false, because the alignment of the cells is not
perpendicular to the applied load for horizontally printed samples. Therefore, these samples
cannot be assumed as the L direction of the wood. However, vertically printed samples can
be assumed as R-direction samples in terms of load application direction.
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Contrary to Fmax, LW presented the highest CS. As in Fmax, Vvertical printing
provided better performance. The EW presented the same opposite behavior in terms of
printing orientation that is mentioned. The AR was around 43.4% and 45.6% lower than
those of the LW and EW, respectively. The differences between EW and LW for CS ranged
from 20.2% to 83.7%. Generally, it is expressed that the CS of EW is 50% of the CS of
LW value for sapwood. Furthermore, the CS of LW in heartwood is around 2.5 times higher
than the CS of EW (Mankowski and Laskowska 2021). However, for EW models, CS
values are closer to AR instead of being half. Furthermore, Chun-Won et al. (2001)
reported 19.32 MPa, 79.7 MPa, and 457 MPa MOR values for EW, LW, and solid wood,
respectively. The order and ratio between the MOR values do not match the results of this
study. Except for CS, Buyuksari et al. (2017) reported that tensile strength values of LW
for Scots pine is 3.2 times higher than EW.

According to Mankowski and Laskowska (2021) there is no statistically significant
difference between EW and LW for CS. However, as shown in Table 3, not only AR but
also CS means of EW and LW models presented significant differences according to
analysis of variance (ANOVA) results (P < 0.05).

Load and stress values at 5 mm elongation ranged from 3663 MPa (LW horizontally
printed) to 9123 MPa (AR Horizontally printed), and 11.58 MPa (AR vertically printed) to
17.85 MPa (LW vertically printed), respectively. Wang et al. (2023) reported around 10,
8.5, and 14 MPa compressive stress for AR, EW, and LW of Douglas fir. The LW section
of wood presented much higher compressive stress than EW and AR. The EW section
presented slightly lower compressive stress than AR. However, when compared, the LW
> EW > AR compressive stress order of this study did not agree with the reported data,
particularly for AR vs EW. It should be taken into consideration that the compression of
EW is easier because cell walls are thin and cell lumens are large; hence, the compressive
stress of the AR is determined by the EW compressive stress (Wang et al. 2023).

Figure 3 shows that samples were buckled. Aydin (2023) observed buckling and
shearing of AM small-sized samples. The same behavior was reported by Wang et al.
(2023), who noted that rather than being flattened, buckling of the tracheid was observed
in LW due to compression. The LW has thick and stiff cell walls that tend to bend in one
direction.

Fig. 3. Deformation of the samples

Generally, an increase in compressive ratio causes an increase in strain, and strain
primarily concentrates on EW. A great amount of compression energy is absorbed by LW
cells with a slight strain because of the highly stiff structure. The basic differences between
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LW and EW are cell wall thickness, microfibril angle, and density, which make LW higher
shear strength than LW (Li et al. 2021). Thus, the majority of the deformation is
characterized by the more flexible EW (Wang et al. 2023).

In wood structure, as a naturally growing material, there is an inhomogeneous
formation. Mechanical and processing properties of the wood are significantly influenced
by the EW and LW share in a ring, as well as the transition of these distinctive sections,
whether it is gradual or abrupt (Barbour 2004). As shown in the Fig. 1, there was no
transition zone for AR and no inhomogeneity for the cell properties except for shifting. As
a result, discrepancies in the coefficients of variations were small.

Table 3. Mechanical Properties EW, LW, and AR Structures

Printing

Sampl . g . cs* Load (N)* @ 5 mm Stress (MPa)* @ 5 mm
es Ortlsqnta Fmax (N) (MPa) Elongation Elongation
Vertical 1[207 217 1[60'%? 8660° [11.83] 11.58° [11.83]
AR Horizon- 109.20b .
i 4] | 146074 91232 [2.97] 12.20° [2.97]
c d
Vertical ?7823] 1[;‘ 'g% 5777¢[9.23] 11.98° [9.23]
EW - > -
Horizon- | 73283° 15.13¢d
ol 263 263 7213° [2.64] 14.90P [2.64]
C a
Vertical ‘[388321 z[g'gi] 47139 [12.39] 17.85% [12.39]
LW - . :
Horizon- | 5667¢ 21.46°
ol 5,68 5.68] 3663° [6.83] 13.88" [6.83]

* Duncan Homogeneity Groups, values in the brackets are the coefficient of variation

The statistics for the mechanical properties of the matrix structure are presented in
Table 4. The uniform models (control) presented better performance than the shifted ones.
However, either for vertical or horizontal printing, these values were significantly lower
than the lowest values of EW, LW, and AR models. The ratio between the cross-section
and height of the samples may have played a role in the decreased values. Because the
matrix structure had a higher height, it may have caused a reduction in the resistance to
load by deforming the layers’ integrity. As shown in Fig. 1, the EW and matrix structure
was the same in terms of cell and lumen properties. However, averages of the vertically
and horizontally printed 4 x 3 matrix control samples presented 54.8% and 72.5% lower
Fmax, respectively. The differences for CS were the same.

As is well known, there are disorders in the cell array of wood either in EW or LW,
and it is assumed that this is one of the essential factors that influence the wood mechanical
properties. As seen in Table 4, 2 and 4 mm shifting of the middle row of the matrix created
disorder for EW configuration. Shifting caused 43.1% and 23.4% decreases in Fmax for
vertical and horizontal samples, respectively. The decreased percentages for CS were the
same. Load at 5 mm deformation values were 29.5% and 23.1% decreased regarding
vertical and horizontal alignment, respectively. The decrease in stress was the same.
According to ANOVA (P < 0.05), differences between means for 4 x 3 matrix structures
were statistically significant.
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Sam- F.'rintin.g Frmax (N)* CSs Load (N) @_5 mm Stress (MPa) _@ 5mm

ples Orientation (MPa) Elongation Elongation

ffonl Vertical ﬁf_jg; [%2%? 33335 [13.68] 6.89° [13.68]
Horizontal ?72_3;; [87'279? 40972 [6.78] 8.46% [6.78]

2mm Vertical ‘E;J gi; [%%ib] 2793 [8.8] 5.77°° [8.8]
Horizontal ?ﬁﬁ [792101? 3303"[8.52] 6.83° [8.52]

4 mm Vertical [2522; [%_ZC] 2350° [1.28] 4.86° [1.28]
Horizontal [ﬁ?f;] [fgf;] 3150° [15.74] 6.51° [15.74]

* Duncan Homogeneity Groups, values in the brackets are the coefficient of variation

Aydm (2023) observed plateau regions similar to those of this study (Figs. 4 and
5). It can be thought that the plateau region of the EW, LW, and AR must differ because
the cell lumen size is not the same. Furthermore, LW and AR might present shorter plateau
lengths. However, it is thought that printing parameters, such as infill density and type, are
related to this strain occurring at low stress. Furthermore, not only do the mechanical
characteristics of the filament dictate the mechanical attributes of the printed parts, but they
also have an impact on the FDM processability, such as brittleness, which causes filament
breaks and failure in printing (Chua et al. 2017). The infill density of the models was 30%.
Therefore, it must be taken into consideration that there can be significant differences in
the mechanical behavior between the additively manufactured models and solid ABS.
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4000 Vertically Produced Control Samples
3500
- 3000 Horizontally Produced 2mm Shifted Sample§
Z 2500 Horizontally Produced 4mm Shifted Samplg
T ,,
S 2000
—
1500
1000
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Deformation (mm)

Fig. 4. Load deformation curves for the 4x3 ring structures
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It is clear that from the load-deformation curves for all models, there were artifacts
(toe regions) that occurred due to take-up of slack, and alignment or seating of the
specimens. Therefore, to determine the correct zero point of strain, these artifacts should
be compensated. However, this compensation must be applied in terms of linear (Hookean
behavior) or nonlinear (no Hookean behavior) regions. As shown in Figs. 4 and 5, curves
presented the Hookean regions. Therefore, the offset yield point is applicable with
acceptable error.
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Fig. 5. Load deformation curves for EW, LW, and AR samples

In general, EW and LW present distinctive differences, and they ought to be
assessed independently (van Buijtenen 2004). This study simulated this independent
evaluation of EW and LW over additively manufactured wood-inspired cellular models.
Models exhibited different load-deformation behaviors against the structure, reflecting the
cellular formation of wood (earlywood, latewood, and annual rings). However, further
investigation is needed to figure out the slope of the orientations, filament type, etc.

Finite Element Analysis Results

In the simulations, the displacement values were entered on the rigid compression
plates, and thus these models were exposed to compression. Deformation, stress, and strain
contours were reflected using the Ansys Static Structure module of six designed wood cell
wall models. The aim of this work was to shed light on the mechanism of densification
occurring in wood and find the necessary geometry to further strengthen it.

When the wood cell wall Type A is examined in Fig. 6, it is noteworthy that the
highest deformation occurred on the surfaces where the pressure plates come into contact.
It was seen that bending occurred on the outward-facing sides of the model, and
compression-induced barreling occurred at other transition points, and their thickness
increased.
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Fig. 7. Distributions of deformation, strain, and stress of wood cell wall Type B
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The maximum deformation was approximately 2.6 mm at the contact points of the
compression plates, and the minimum was 0.0016 mm on the inward-facing surfaces of the
bridges. When the stress and strain contours were examined, a similar color distribution
was observed. It was observed that the places where the stress was maximum were the
sharp points and corners on the surfaces of the part where it contacted the pressure plates.
In general, the areas where stress occurred were the places where the cell walls were linked
to each other. It was seen that stresses and strains approached zero in the blank parts.

In the Type B sample, a high amount of barreling was observed. It seems that this
barreling caused the holes in the test material to be almost closed. Wood cell Type B gave
much lower deformation, stress, and strain compared to Type A. It can be seen that the
maximum stress occurred on the facing surfaces of the hollow parts of the wood cell (see
Fig. 7.).

Type C wood cell wall was formed by adding Type A and B to each other in series.
Although it was composed of a combination of these two types, it showed higher strength
properties even when evaluated individually. It was also observed that the symmetry of the
stress and strain contours at the junction of the two wood cells was disturbed.

Fig. 8. Distributions of deformation, strain, and stress of wood cell wall Type C

Although Type D was basically Type A with three rows added on top of each other,
it was seen that the deformation, stress, and strain values decreased gradually as the
maximum went towards the middle row where the forces were applied. This effect can be
seen in the contours (Fig. 9), where the deformation was higher in the right and left parts
of the specimen, that is, in the edges, and relatively lower in the center. It is thought that
the reason for this is that the barreling event took place at the edges and the column
structures holding the middle part prevent it in this part. Moreover, while the wall was a
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single layer at the edges, the fact that this wall had two layers at the cell junction points
kept the structure strong relative to failure. The symmetry of the specimen was also
effective relative to the homogeneity of stress and strain distributions.
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Fig. 9. Distributions of deformation, strain, and stress of wood cell wall Type D

Wood cell wall Type A, with 3 rows, middle row shifted (Type E), breaks the
symmetry seen in the previous test samples, and when the deformation contour is
examined, an increasing deformation rate can be seen from right to left (Fig. 10). The
presence of a double wall on the rightmost vertical edge and the absence of a support

Aydin & Gorgulu (2024). “3D printed wood cell walls,” BioResources 19(4), 7493-7512. 7505



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

column in the middle at the far-left caused unbalanced stress distributions in the part. This
is a harbinger that the stress and strain reach the maximum in the parts where the
asymmetrical columns are connected, and that rupture may occur at these points in further
compression.
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Fig. 10. Distributions of deformation, strain, and stress of wood cell wall Type E

Considering the contours shown in Fig. 11 occurring in Type F, the maximum stress
generated was approximately 2.12 MPa lower than in Type E. The columns on both sides
supporting the middle row were effective at this point. Angled potential rupture zones seen
in Type E were replaced by vertical potential rupture zones.
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Fig. 11. Distributions of deformation, strain, and stress of wood cell wall Type F

To create realistic models for the numerical analysis, material properties and
behavior under loads must be completely known (Chua et al. 2017). Furthermore,
performing realistic numerical analysis can save time and avoid wastage of materials in the
destructive testing. To achieve these goals, load and deformation behaviors of the AM
models were figured out to determine the accuracy of the numerical analysis. Results
demonstrated that FEM&A reasonably predicted the load-deformation behavior of the AM
models with a maximum -45.9% difference in average stress.

It should be taken into consideration that anisotropic and orthotropic modeling of
the structures requires detailed material properties such as full elastic constants. However,
analysis by isotropic models is easier. In the literature, some studies evaluated the ABS
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parts produced by the FDM method. Recent studies have considered the influence of
isotropy and anisotropy on the stress and tensile strength by FEM&A and destructive test
(Bellini and Glceri 2003), raster angle and air gap on mechanical properties (Gorski et al.
2015), orientation (0°, 45°, and 90°) on tensile properties (Tang Dan et al. 2018),
stretching, tensile strength, and hardness (Sikora et al. 2024), and internal support
structures in different geometrical arrangements on compression test and FEM&A
validation (Villalpando et al. 2014). In this respect, the AM gives opportunities for better
figuring out the structural properties of wood and evaluating mechanical features over
FEM&A (Wimmer et al. 2015).

CONCLUSIONS

1. Asis well known, wood is a polar orthotropic material, but the additive manufacturing
(AM) models did not replicate this structural property. Consequently, there were
significant differences in the strength hierarchy, plateau regions, and other mechanical
characteristics.

2. In this study, the samples were compressed in a tangential direction. To better
understand the compression behavior of wood-inspired AM structures, samples also
should be printed considering the fiber orientation of the wood and this will be done in
a future study.

3. Numerical differences demonstrated that finite element analysis (FEA) is applicable to
predict the compression behavior of AM with reasonable results. Not only the printing
parameters, such as infill density, orientation, and layer height, and model design
(geometry and size of the cells, etc.), but also the physical and mechanical properties
of the filament used for layer accumulation defined the mechanical behavior of models.

4. White acrylonitrile butadiene styrene (ABS) filament was used to print the wood-based
structures. Future research may explore the use of filaments modified with wood flour
to produce real-like wood structures.
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