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ABSTRACT

Wood has played a crucial role in the field of architecture, prototyping, and engineering, owing to its aesthetic appeal
and specific mechanical properties tailored for diverse applications. The application 3D printing has facilitated
the replication of natural materials like wood, enhancing both their visual and mechanical attributes. This research
aims to investigate the mechanical properties of 3D printed PolyWood™ materials and compare them with those of
real wood composites. The mechanical property assessments conducted on PolyWood™ samples encompass tensile,
flexural, and compression tests. The obtained results are analyzed and compared with data from literature readings
on real wood composites. The average tensile strength of PolyWood™ material is 20.31 MPa, the flexural strength is
31.36 MPa, and the compression strength reaches up to 21.70 MPa. In comparison with real wood composites, the
PolyWood™ sample exhibits inferior performance in most mechanical properties. Regarding tensile strength, the
performance of the material is comparable to other composite but is almost 50% lower than the Pure PLA
performance. However, in term of Young’s Modulus, a significant difference is observed across all references,
indicating more flexibility and larger elastic deformation under a given load for PolyWood™ material. The
differences on flexural strength were not obvious, with one research study showing lower strength. Finally, the
compressive performance of real wood composites and pure PLA demonstrates superior resistance and strength
when contrasted with PolyWood™ materials.
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INTRODUCTION (with or without filament), powder bed fusion
technology, liquid deposition modeling, and binder jetting
(Das et al. 2021). Wood components are consisting of
various fibers such as lignin, cellulose, nanocellulose that
can be chemically prepared to be usable as printing
materials for additive manufacturing techniques (Tomec
& Kariz 2022). Cellular composition of wood is as depicted
in Figure 1. The use of 3D printing makes it possible to
replicate the lightweight structure found in wood (Tao et
al. 2020). The investigation of wood-based materials in 3D
printing encourages efforts to enhance and address
challenges. These challenges include improving mechanical
properties, reducing dimensional instability, minimizing
part deformation, enhancing aesthetics, offering an eco-
friendly substitute for carbon or glass-filled polymer
matrices, and cutting down material expenses.

Wood, the most common biological material, is a
lightweight cellular composite with strong anisotropic
mechanical properties that can compete with modern
synthetic materials. Aesthetic criteria and artistic value are
essential for some furniture prototypes and architectural
models. High-performance bio-inspired materials can be
generated through research into the complex structure and
exceptional (mechanical) capabilities of biological
materials (Tao et al. 2020). Natural materials, particularly
biological ones, serve as a great source of inspiration for
designing and manufacturing high-performance synthetic
materials. The adaptability of wood extends to its
transformation into powders, allowing for 3D printing
through various additive manufacturing technologies like
material extrusion techniques.
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a Hierarchical cellular structure of wood with pronounced anisotropy
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FIGURE 1. Hierarchical structure and compositions of woods
Source: Chaoji & Hu (2020)

To keep up with the rapid expansion of 3D printing,
it is increasingly important to explore new materials, such
as advanced composites, aesthetically refined choices, and
high-performance materials designed for specific
applications. (Norazyan et al. 2023). The raw material used
in this study for the 3D printing process is PolyWood™, a
commercially available filament by Polymaker. Parts
fabricated with PolyWood™ material will have a wood-like
appearance. Although the final parts mimic wood, the
material is entirely made from PLA, without actual wood
powder, and is claimed to resemble wood in terms of
density and appearance. The material is innovated using
Jam-Free™ technology, eliminating the risk of nozzle
clogging normally associated with wood fiber in wood
composite 3D printing (Zhu et al. 2020).

Apart from appearance, PolyWood™ was aimed to
have the same density as real wood. Based on the material
specification data provided by the manufacturer, the density
of the material is only 0.8 g/cm?. While real wood density
usually falls between 0.35 and 0.85 g/cm?, and the density
of pure PLA, on the other hand, is 1.25 g/cm?®. The material
is made with Stabilized Foaming™ technology to have
very low density compared to its base material, PLA
density.

Building on this information, the motivation behind
this study is to assess whether the properties and appearance
of printed PolyWood™ resemble those of wood or PLA.
The study objectives are twofold: first, to evaluate the
mechanical properties of 3D printed samples made from
PolyWood™; and second, to compare the mechanical
performance of PolyWood™ with that of 3D printed wood-
polymer composites. The goal is to establish a clear
classification and application for the material based on
these properties.

METHODOLOGY

The research study followed the process outlined in Figure
2. Sample preparation adhered to the ASTM D638, ASTM
D790, and ASTM D695 standards for tensile, flexural, and
compressive testing, respectively. The compressive sample
was 4 cm in height and 1 cm in diameter, maintaining the
recommended 1:4 ratio as specified by the standard. All
tests were conducted using a Universal Testing Machine.
As shown in Figure 3, five samples were printed for each
test to determine the average value. Additionally, the
standard deviation was calculated to highlight the variance
in the test results
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FIGURE 2. Flowchart of study

PolyWood™ by Polymaker, shown in Figure 3 is the
material used in this study. The filament was printed using
a Raise3D printer with settings that included a nozzle
temperature of 210°C, a plate temperature of 60°C, and a
printing speed of 45 mm/s. To reduce the risk of clogging,
a larger nozzle size of 0.4 mm was employed in this study.

FIGURE 3. PolyWood™ filament

After conducting the tests, the obtained results undergo
thorough analysis. Additionally, a comprehensive
comparison is made to assess the performance of
PolyWood™ in relation to other 3D printed wood
composites documented in previous research. During the
literature review, values are extracted from studies with
diverse objectives, some of which examine the effects of
wood composition rather than solely concentrating on the
parameter of interest. In such cases, preference is given to
values closely aligning with the parameter considered in
this study.

(a)

(b)

FIGURE 3. Printed sample for (a) tensile, (b) flexural, and (c)
compressive tests

RESULTS AND DISCUSSION

The post-test condition of the samples is illustrated in
Figure 4. Notably, all tensile samples experienced fractures
within the gauge length. Out of the five specimens, only
two underwent complete fracture, while the remaining
three exhibited high ductility by bending rather than
breaking. In the compression test, the specimen
was compressed until the maximum force, revealing the
low-density behavior of the printed material.



2574

FIGURE 4. The specimen after (a) tensile, (b) flexural and (c) compression test

Concerning the stress-strain curve, as depicted in the
plots for the three tests in Figures 5(a), 5(b), and 5(c), the
tensile and compressive results exhibited consistency
across all samples. With the exception of the flexural result,

where slight variations in behavior align with the
distinctions between bent and fully broken samples as can
be referred in Figure 4(b). Nevertheless, the ultimate
strength is comparable among all five samples.

(8) ——samplel ——Sample? —— Sample3
25 Sample 4 e Sample 5
20
=
2 15
w10
£
w5
0
0 15
Strain (%)
(b) Sample 1 Sample 2 Sample 3
40 Sample 4 Sample 5
~ 30
o
% 20
£
210
0 T T 1
0 2 Strain (%) 4 6
(C) Sample 1 Sample 2 Sample 3
500 Sample 4 Sample 5
400
2300
&
3200
a2
“1100
0
0 20 40 60 80 100
Strain (%)

FIGURE 5. The stress-strain curve for (a) Tensile test, (b) Flexural test and (c) Compressive test.



The results of the tensile, flexural, and compressive
tests are summarized in Table 1. The higher standard
deviation observed in the flexural breaking point can be
attributed to the varying outcomes experienced by the
flexural samples. The data in Table | reflects the results
obtained from the printed and tested PolyWood™ material.
The ultimate strengths, or peak strengths, recorded were
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20.31 MPa for tensile, 31.36 MPa for flexural, and 21.70
MPa for compressive tests. However, these values are based
on experimental data from specific printing conditions. To
properly evaluate the performance of this material, it is
essential to compare it with values from other past studies
of similar condition; 3D printed, wood-polymer composites
and pure PLA, which is the focus of this study.

TABLE 1. Results from stress-strain tests

Points on curve

Average value of stress (MPa)

Standard deviation

Tensile Strength Breaking Point
Peak Strength

Young’s Modulus
Flexural Strength Breaking Point
Peak Strength

Compression Strength Ultimate Strength

17.70 0.340
20.31 0.148
709.00

9.90 6.582
31.36 0.898
21.70 0.002

Table 2 presents a comparison of results obtained in
the current study with findings from previous research on
3D printed wood material, along with the general values
of PLA. All the referred value from Researcher 1,
Researcher 2 and Researcher 3 are generally on 3D printed
WPC, except one that is still based on WPC but not 3D
printed. The study of tensile strength usually represented
by two parameters, ultimate strength and Young’s Modulus,
therefore both parameters were included in the study and
from the past research of some literatures on the same

interest. As the point of this study, other parameters are
flexural strength and compressive strength. As can be seen
from Table 2, there are only two researchers has studied
two or three parameters in the same study. Researcher 1,2
and 3 are not related and was referred independently to
show range of wood composite properties. Since some
researchers focus solely on specific parameters in their
studies, comparisons for other parameters necessitate
referencing different researchers.

TABLE 2. Comparison of result with various past studies

Current Researcher 1 Researcher 2 Researcher 3 Pure PLA
Study
Tensile Peak 20.31 MPa 19.2 MPa 19.8 0.8 MPa 16.26MPa 40.23 MPa
Strength Strength (Guessasma et (Yang & Yeh, (Zhang et al. (Atakok et al.
al. 2019) 2020) 2022) 2022)
Young’s 709 MPa 438+ 10 MPa 1731 +60 MPa 3.65 GPa (Bhagia 4.17 GPa
Modulus (Guessasma et (Yang & Yeh, et al. 2020)
al. 2019) 2020)
Flexural 31.36 MPa 47.26 MPa 34.0 + 1.5 MPa 27.47 MPa 43.6 MPa
Strength (Zandi et al. (Yang & Yeh, (Chen et al. (A Nugroho et
2020) 2020) 2020) al. 2018)
Compression 21.70 MPa *12.27 MPa 31.8+ 0.6 MPa 33.7 MPa 43 MPa
Strength (Lietal. 2022) (Yang & Yeh, (Xi & Zhao, (Abeykoon et al.
2020) 2022) 2020)

*not 3D printed

The tensile ultimate strength of the PolyWood™
material utilized in this study is comparable to findings
from other studies, with discrepancies ranging from only
0.29 to 4.05 MPa. In comparison to 3D printed pure PLA,

the ultimate strength of the material in our current study
is only 50%. The determination of the Young’s Modulus
value involves the strain rate of the material during loading,
explaining the significant difference in Young’s Modulus
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despite the comparable ultimate strengths. The three
researchers in the comparison utilized real wood fiber in
their studies, but the final results depend on the composition
of the polymer in the composite. For instance, Bhagia et
al. (2020) reported a Young’s Modulus of 3.65 GPa,
compared to 709 MPa in this study. A comparison with
pure PLA also yielded a substantial difference, possibly
influenced by the lower density of PolyWood™.

In terms of flexural performance, the average value
determined in this study falls within the range observed in
other studies, ranging from 27.47 MPa to 47.26 MPa.
Notably, Zandi et al. (2020) achieved the highest value of
47.26 MPa, focusing on the influence of experimental
parameters such as layer height, nozzle diameter, fill
density, and printing velocity on flexural strength. The
material used was 3D printed Timberfill, a PLA material
reinforced with real wood fiber. In comparison, pure PLA
without reinforcement yielded a flexural strength of 43.6
MPa. Generally, a material’s density can significantly
impact its flexural strength. However, the relationship
between the two is not straightforward and can depend on
various factors, as discussed in a study on the effect of
density profile on the flexural modulus of polymer foams
(Rodrigue, 2007).

Regarding compressive strength, the material
employed in this study exhibits lower values. Wood
composites are not commonly used in compression
applications, as observed in non-3D printed wood
composites. Other 3D printed materials demonstrated
comparable values, ranging around 32.4 to 33.7 MPa.
Ultimately, pure PLA exhibits higher strength in terms of
compression performance.

Among the referenced studies, Yang and Yeh (2020)
conducted comprehensive mechanical testing, mirroring
the approach adopted in this current study. Their study
utilized a commercial wood-polymer-composite filament,
comprising 40 wt % wood fiberand 60 wt % PLA, sourced
from Formfutura BV in Gelderland, The Netherlands. The
material’s density is 1.20 g/cm?, closely resembling pure
PLA with a density of 1.25 g/cm?, while PolyWood™ has
alower density at 0.8 g/cm?. In the study by Yang and Yeh
(2020), the primary focus was on exploring the effect of
printing speed on various properties, including three
fundamental mechanical performance aspects. However,
the variation in printing speed affected the volume and
weight of the printed specimens, consequently modifying
the density. The newly calculated values ranged from 0.96
to 1.07 g/cm?, positioning the density between PolyWood™
and pure PLA. Notably, the tensile strength of PolyWood™
and Wood-Polymer Composite (WPC) in that study
appeared almost identical. In the quest for the tensile
modulus, the combination of wood fiber and PLA in the
WPC material increased the strain rate, although lower

than that of pure PLA without wood fiber. The trends
observed in Table 2 indicate a similar pattern in the flexural
results, with PolyWood™ and WPC in Yang and Yeh’s
(2020) study demonstrating comparable strength, while
the elasticity of PLA was reduced by the presence of wood
fiber. Another study indicated that the filaments exhibited
an increase in tensile strength from 55 MPa to 57 MPa with
the addition of 10% wood, yet a decline occurred at higher
wood content levels, reaching 30 MPa for filaments with
50% wood content (Kariz et al. 2018).

Variance emerged in the compression results,
potentially attributed to the orientation difference. Yang
and Yeh’s (2020) study subjected the printed part to
longitudinal compression along the printing X-axis,
whereas in the current study, the compression loading are
on the printing building orientation. The vertical layers,
coupled with the strength between adjacent layers,
contributed support, resulting in higher compressive
strength. In contrast, the loading on PolyWood™ materials
led to compaction, which is more favorable for less dense
structures. A study highlighted varying effects of wood
sawdust incorporation, revealing a reduction in the tensile
strength of the composites, while a notable increase in
flexural strength values was observed with the addition of
wood sawdust (Narlioglu et al. 2021).

CONCLUSION

This study has successfully conducted a comprehensive
analysis of the mechanical properties of PolyWood™
materials, specifically focusing on tensile, flexural, and
compressive properties in the context of 3D printing. The
obtained findings were subsequently compared to results
from other studies, leading to the following main
conclusions: PolyWood™ stands out as the optimal choice
for applications where aesthetic appeal and a wood-like
appearance are crucial. However, in terms of overall
performance, the mechanical behavior of PolyWood™ falls
short when compared to other materials utilizing 3D printed
wood-polymer composites. Despite being made from PLA
and employing special techniques to reduce density, the
performance of PolyWood™ is also inferior compared to
pure PLA materials.

Looking ahead, future explorations can involve
investigating the impact of different orientations on the
mechanical properties of PolyWood™. Furthermore,
considering that wood materials are often used in wet
conditions, exploring the hydrophobic properties of
PolyWood™ can be a potential application. This additional
research can provide insights into the material’s performance
and usability in environments characterized by moisture
exposure.
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