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Abstract: Additive manufacturing of composites composed of wood residues
and ecofriendly binders such as sodium silicate could reduce the carbon
footprint of the construction industry. In this paper the spatially varying
mechanical behavior of a single layer of a 3D-printed wood-sodium silicate
composite with a 50:50 wt.% known as PrinTimber was investigated. Flexural
testing revealed the outer edges of a single printed layer of composite material
exhibited greater strength compared to the inner regions of the same sample.
Furthermore, tensile tests demonstrated that the longitudinal modulus of
elasticity of a single layer was lower than the transverse modulus of elasticity
of the same layer. Optical images revealed the 3D printing process tended to
arrange wood fibers in a particular manner. The unique fiber arrangement
within the layer explains the observed directional dependent response of the
sample.
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1 Introduction

According to the United Nations Environment Program the built environment sector accounts for
37% of energy related carbon emissions on a global scale [1]. Carbon emissions occur at every stage of
a building’s life cycle, from the extraction and processing of raw materials, through construction and
operation, to deconstruction and disposal. The extent of emissions during the manufacturing and
disposal phases depends on the types of materials used. For example, the cement industry alone
contributes to as much as 8% of global CO. emissions [2]. Integrating environmentally friendly
materials and manufacturing methods into construction practices is critical to reducing the carbon
footprint.

Advancements in large-scale additive manufacturing, or 3D printing, [3, 4] combined with the use
of environmentally friendly materials [5, 6] could significantly improve the sustainability of the
construction industry. The application of additive manufacturing in building construction is a relatively
recent innovation, with initial demonstrations and theoretical explorations emerging in 2014 [7, 4].
Unfortunately, concrete is the most commonly used material for 3D printing in the construction industry
[8]. Using a more sustainable material to 3D print structures presents several advantages. For example,
wood is a well-known and highly investigated renewable material. However, only 40% of wood volume
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is converted into usable lumber [9]. 3D printing structures from wood residues could reduce cost and
lower the carbon footprint.

Extensive research has been done on additive manufacturing of wood composites in small tabletop
sized 3D printers [10-12]. However, the application of wood in large-scale additive manufacturing is
relatively more scarce [13]. A brief summary of several studies in this area are as follows. Henke and
Treml [14] explored large-scale additive manufacturing using spruce wood chips mixed with gypsum,
methyl cellulose, sodium silicate, and cement as binding agents. Methyl cellulose and sodium silicate
showed poor mechanical performance. In contrast, gypsum and cement provided better results, with
cement achieving the best mechanical properties. In a related study, Henke et al. [15] developed an
extrusion process for constructing building elements using wood chip concrete, composed of Portland-
limestone cement and untreated softwood chips mixed in a 1:1 volumetric ratio.

Gardner et al. [16] 3D printed a boat roof tooling mold, created using a composite material
inclusive of 20 wt.% wood flour and 1 wt.% cellulose nanofibrils within a polylactic acid (PLA) matrix.
Zhao et al. [17] developed a 3D printing process using poplar fiber-reinforced PLA composites,
composed of 20% poplar fibers and 80% PLA by weight, successfully demonstrating the suitability of
this material for large-scale additive manufacturing by 3D printing a podium base. Additionally, their
findings revealed that the elastic modulus of the composite initially increased and then decreased as the
fiber size increased from less than 180 pm to 2360 pm. A PLA-wood based 3D-printed building
prototype was constructed through a collaboration between Oak Ridge National Laboratory and the
University of Maine, called BioHome3D [18]. The building prototype was printed in four sections and
transported to site for assembly.

A project is currently underway at the University of Idaho in collaboration with Auburn University.
The project aims to develop the scientific foundation needed to transform minimally processed natural
wood waste into 3D-printed houses [19]. A unique aspect of the project is the use of thermoset binders
as opposed to thermoplastic binders such as PLA. Using thermoset binders results in lower embodied
energy as the material does not need to be heated prior to flowing through an extruder. As part of this
project, Orji et al. [20] explored the use of wood fiber and sodium silicate mixtures as a viable material
for additive manufacturing, demonstrating promising results in terms of mechanical and thermal
properties. Carne et al. [21] utilized the same wood-sodium silicate based composite to design and
fabricate a single screw extrusion based 3D printing system, from which the material investigated in
this paper was manufactured. This extrusion based 3D printing system which utilizes wood residues
and thermoset binders has been named PrinTimber.

Fiber orientation is a critical factor influencing the mechanical properties of composites. The effect
of screw extrusion processes on fiber alignment has been studied in materials that employ low
concentrations of fiber [22-24]. However, the effect of screw extrusion processes on fiber alignment in
materials with a high concentration of wood fiber (like the one being investigated in this study) have
not been studied. A lack of understanding of fiber alignment significantly limits our ability to effectively
utilize wood-based composites, as it impacts their mechanical properties and swelling and shrinking
behavior. Additionally, understanding fiber alignment is essential for exploring the potential of
incorporating chopped fibers to reinforce the material. The work presented below provides insights into
fiber arrangement, which can serve as a foundation for developing detailed micromechanical models to
explain and predict how fiber alignment influences mechanical properties.

Understanding the mechanical behavior of additively manufactured wood based composites that
use thermoset binders (PrinTimber) is essential in determining their suitability for 3D printing in
construction. This paper therefore investigates the mechanical behavior of a 3D-printed wood-sodium
silicate composite, with a focus on the mechanical properties of a single printed layer. The composite’s
homogeneity, as well as spatially and directionally dependent mechanical properties were studied.
Specifically, flexural tests were performed on specimens with different thicknesses to identify the point
at which the material began to exhibit continuum behavior. Tests were then conducted to evaluate the
mechanical behavior of different regions within a single printed layer. The tensile behavior both along
the length of the printed layer and in the transverse direction was evaluated. The effects of the
manufacturing process on the macrostructural arrangement of wood particles in the sample was also
investigated in relation to mechanical behavior.
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2 Methods

2.1 Materials

Wood residue was obtained from the Plummer Forest Products lumber mill in Post Falls, ID and
sifted using a 20-mesh screen followed by a 40-mesh screen. The moisture content of the sifted wood
residue was between 7.2-7.6 wt.%. The composition of the sawmill residue by type of tree species is
shown in Tab. 1. A 37 wt.% solution of sodium silicate was obtained from ThermoFisher Scientific,
Waltham, MA, USA. A sieve analysis combined with the use of optical microscope images was used
to determine particle size and distribution of the sifted wood residues.

Table 1. Weight % of different tree species found in the sawmill residue

Tree Species Weight %
Douglas-fir 40
Grand-fir and Hemlock 34
Ponderosa and Lodgepole pine 17
Ceder 7
Spruce 2

2.2 Additive Manufacturing Process

Sodium silicate was mixed with sifted wood residue at a 50:50 wt.% ratio on a dry basis. An
extrusion-based 3D printing system was used to fabricate test samples as shown in Fig. 1, [21]. The
wood-sodium silicate mixture was mixed and fed into the funnel where it was guided forward using a
constant pitch screw rotating at 40 RPM inside a 35 mm diameter water cooled barrel. At the end of the
barrel, the wood sodium silicate mixture was pushed through a die equipped with a pressure transducer.
The typical pressure reading at the die was 11 MPa during the sample printing process. The material
then traveled through a Teflon lined braided steel hose and a nozzle, both of which had an internal
diameter of 22 mm. The nozzle was attached to a 3D printing system composed of an X-Y gantry and
a print bed that could be raised and lowered in the Z direction [21]. Samples were produced using a
nozzle height of 15 mm from the print bed. A single printed layer is shown in Fig. 2a. The 1-axis shown
in the figure will be referred to as the longitudinal direction, while 2-axis will be referred to as the
through-thickness direction, and the 3-axis will be referred to as the transverse direction. A single
printed layer of extrudate measured 15-17 mm in height (through-thickness) and 35-50 mm in width
(transverse direction) Fig. 2b. After manufacture, samples were dried in an air-conditioned laboratory
space. The moisture content of samples ranged between 12% and 14% at the time of testing.
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Fig. 1. Components of the printer system used to manufacture the wood-sodium silicate composite.

2.3 Particle orientation of printed samples

It was hypothesized that the additive manufacturing process would preferentially align larger wood
particles in certain directions creating sample anisotropy. Optical images were used to determine the
spatial orientation and arrangement of wood particles within a single printed layer of wood sodium
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silicate. Images were acquired at various stages of the additive manufacturing process and at various
sections or planes through the thickness of 3D printed samples.
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Fig. 2. (a) Printed wood-sodium silicate composite, (b) cross section of printed wood sodium silicate composite
with typical dimensions.

2.4 Evaluating continuum behavior and size effects

Three-point bending experiments were conducted to investigate the effect of specimen size on
mechanical property measurements and to determine at what spatial scale a continuum assumption
could be made. Specimens were prepared, as illustrated in Fig. 3a. Four specimens were tested at
thicknesses of 2 mm and 4 mm and six specimens were tested at a thickness of 6 mm. All specimens
were obtained from the middle most portion of the same 3D printed sample and were 15 - 16 mm wide.
A span-to-thickness ratio of 14 was maintained for all three-point bending experiments (Fig. 3b). The
tests were performed on a 5944 series Instron universal testing machine with a constant displacement
rate of 0.3 mm/min.

(b) (©
Fig. 3. (a) Three-point bending specimens with thicknesses of 2 mm, 4 mm and 6 mm extracted from the center
most portion of the 3D printer layer. (b) The dimensions of the extracted specimens. (c) The three-point bending
test setup.

The apparent flexural modulus of elasticity (Er) and flexural strength (Sg) were determined by [25],

PP
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where P is the applied load, Pmax is the maximum load, L is the span, b is the width and T is the thickness
of the specimen, and A is the cross-head displacement of the Instron testing machine.

2.5 Specimen Preparation

It was determined that test specimens needed to be at least 6 mm thick to ensure continuum
behavior (see Section 3.3). This presented a challenge to determine spatial variation in mechanical
properties across the thickness because the height of a printed layer is 15-17 mm. Therefore, only two
test specimens were produced across the thickness of a 3D printer layer as depicted in Fig. 4. A total of
twelve specimens were created (i.e., six pairs of specimens).

specimen
(Bot-1) |

Fig. 4. Three-point bending test specimens. In total, 12 specimens were extracted, six from the top and six from
the bottom of the 3D printed layer.

2.6 Spatial variation in flexural modulus and bending strength

Previous studies have concluded that 3D printed wood-sodium silicate composites exhibit much
lower tensile strengths than compressive strengths [21]. Therefore, during bending tests, failure always
occurs on the tensile side of the specimen. Because of this, test specimens were strategically arranged
in pairs to enable fair comparison of differences in strength between the middle of the 3D printed layer
and the outer regions of the 3D printed layer. In particular, the Top-1, Top-3 and Top-5 specimens were
oriented such that material from the outer region of the 3D printed layer was being loaded in tension
while for Top-2, Top-4 and Top-6 specimens the material from the inner region of the 3D printed layer
was being loaded in tension. All the ’Bottom” specimens were oriented such that material from the outer
region of the printed layer was being loaded in tension. All tests were performed with the same
conditions specified in Section 2.4. This arrangement enabled multiple comparisons between specimens
to determine the difference in strength both along the length and through the thickness of the sample as
described below.

Preliminary testing revealed that the specimen orientation did not affect flexural modulus
measurements. In particular, nondestructive bending tests were conducted within the elastic range of
three different test specimens. Each test specimen was tested in two orientations. There was no
observable difference in flexural behavior based on orientation. Therefore, the flexural moduli of all
specimens (Top and Bottom) were plotted to scan for differences in modulus along the length and
through the thickness of a single 3D printed layer. To scan for differences in bending strength along the
length of a single 3D printed layer, specimens were grouped according to orientation and values were
plotted.

e W T ™ ™ e

Top-1 | Top-2 Top-3 | Top-4 Top-5 | Top-6 |

) ) )

Bot-1 | Bot-2 | Bot-3 | Bot-4 ‘ Bot-5 | Bot-6 |

Fig. 5. Specimen pairs for flexural strength evaluation, with arrows indicating paired comparisons. The
highlighted surface on each specimen represents the tension region during the 3-point bending test.

In addition, a paired analysis between test specimens was conducted to determine variations in
bending strength through the thickness of a single 3D printed layer. In particular, when the top specimen
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was tested in a flipped orientation (Top-1, Top-3, and Top-5) it was compared to other Top specimens
immediately adjacent to it (Top-2, Top-4, and Top-6) which were in an unflipped orientation. In
addition, Top-2, Top-4, and Top-6 specimens were compared to the test specimens immediately below
them (Bot-2, Bot-4, and Bot-6). The specimen pairs are illustrated in Fig. 5. In this way each pair
composed one specimen in which the tensile surface of the specimen contained material from the outer
portion of the 3D printed layer while the tensile surface of the other specimen contained material from
the inner portion of the 3D printed layer.

2.7 Longitudinal and transverse tensile behavior

Specimens needed to be 6 mm thick to ensure continuum behavior (see Section 3.3). This prevented
fabrication of three-point bending specimens in the transverse direction as adequate span to thickness
ratios could not be achieved. Therefore, tensile test of dog-bone shaped specimens were used to analyze
differences in the longitudinal and transverse properties of the PrinTimber material. Specimen
dimensions were established using a scaled-down version of the specimens recommended in ASTM
D1037 [26]. Typical specimen dimensions and the experimental set up are shown in Fig. 7. The
thickness of the test specimens ranged from 6 to 7 mm. An Epsilon extensometer (model 3442) with a
10 mm gauge length was used to measure strain during the test. All tests were conducted on an Instron
universal testing machine with a displacement rate of 0.4 mm/min until failure. To determine
differences in transverse and longitudinal properties a paired analysis was conducted similar to the one
outlined Section 2.5. In particular, specimens were prepared as shown in Fig. 6. A total of 12
longitudinal specimens and 12 transverse specimens were produced. The properties of each specimen
were compared to the properties of those specimens immediately adjacent to it. For example, T2 was
compared to L1 and L2.

(@) (b)

Fig. 7. (a) Dimensions of tensile test specimens. (b) Test setup with a tensile specimen clamped in self-
tightening grips and an extensometer in place.

3. Results and discussion
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3.1 Sieve analysis results and particle characterization

Results from the sieve analysis used to characterize particle size and particle distribution of the
sifted wood residues are shown in Fig. 8a. Results indicated 53% of the wood particles by weight had
a particle size greater than 420 jum, whereas 27% of the wood particles were between 420 pm -250 m
and 20% of particles were less than 250 pm. A significant portion of the particles over 420 pm had an
elongated shape. These elongated particles are expected to play a dominant role in determining
mechanical properties. Therefore, 140 particles with lengths greater than 1 mm were separated and
measured using optical images taken from an AM scope optical microscope. Their length distribution
is presented in Fig. 8b. Of the 140 particles, 34% were 1.5-2 mm long, 28% were 2-2.5 mm long and
7% were 3-3.5 mm long. None of the fibers were longer than 3.5 mm.
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Fig. 8. (a) The sieve analysis results of sifted wood residues (b) Distribution of fibers with lengths > 1 mm.

3.2 Particle orientation within the printed layer

Fig. 9a and Fig. 9b display cross-sectional images of the wood-sodium silicate extrudate after
exiting from the print nozzle (but before being deposited on the print bed). The wood particles are

Fig. 9. (a) Cross-sectional view of the highly compressed wood-sodium silicate mixture upon extrusion from the
nozzle. (b) Magnified optical micrograph of cross section of the extrudate exiting from the nozzle with the
center denoted by the gray circle.

After the extrudate exits the nozzle, it is deposited onto the print bed which is oriented
perpendicular to the nozzle as shown in Fig. 10a. Upon deposition, the material at the back of the nozzle
is pushed back which creates the ripples seen in Fig. 10b. In contrast, the material at the front of the
nozzle is pushed in the print direction and gets deposited at the bottom of the layer.
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Fig. 10. (a) The wood-sodium silicate mixture as it is extruded from the nozzle. (b) Plan view of the printed
wood-sodium silicate composite layer with the ripples that occur due to material push back at the back of the
nozzle. (c) Fiber arrangement at different heights of a 15 mm thick printed layer. ‘h’ is measured from the
bottom of the layer. (d) General schematic representation of fiber arrangement and flow mechanisms during

material deposition.

To determine the effects of printing on the particle arrangement, images were acquired at different
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heights in the through-thickness direction of a 15 mm thick printed layer, as shown in Fig. 10c. At the
top of the sample (h = 15 mm) the elongated fibers follow the path of the ripple shown in Fig. 10b. In
the range h = 12 mm to h = 6.5 mm the fiber orientation is well defined and is curved opposite to the
print direction following the same pattern as the ripples seen in 10b. It can be seen that the degree of
curvature of the orientation path of the elongated particles tends to increase as the height decreases. At
h =10 mm and h =8 mm a small band of fibers can be seen near the edges of the sample that are fully
oriented in the print direction. This band increases in size as height decreases to h = 6.5 mm with more
elongated particles being oriented in the print direction. At height h = 5.5 mm most of the fibers are
oriented parallel to the print direction. Between h=5.5 mm and h = 5 mm, fibers begin to curve in the
print direction (opposite the direction of the ripples seen on the top of the sample). This is due to material
exiting the front of the nozzle being pushed in the print direction. A random fiber orientation is seen at
h = 1 mm which could be due to unrestricted material flow in the outer regions. In summary, at the top
of the sample, elongated particles follow the path of the ripples shown in Fig. 10b whereas near the
bottom of the sample the elongated particles follow a path that is almost a mirror image of the path at
the top of the sample. In the middle of the sample exists a transition region in which the particle
orientation gradually shifts. However, the middle of this transition does not occur in the middle of the
sample but rather appears to occur at about one third of the height of the 3D printed layer. Thus, test
specimens that are obtained from the top two thirds of the sample predominantly contain elongated
particles oriented in a curved path opposite to the print direction whereas specimens obtained from the
bottom one third of the 3D printed layer predominantly contain elongated particles orientated in a
curved path in the print direction (Fig. 10d).

3.3 Continuum behavior and size effect results
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Fig. 11. Boxplot showing (a) the flexural modulus and (b) the flexural strength of specimens with thicknesses
(T) of 2 mm, 4 mm, and 6 mm. The horizontal line within each box represents the mean value. The error bars
extend to the minimum and maximum data points.

The effect of specimen thickness on mechanical properties was evaluated by conducting three-
point bending flexural tests on specimens of varying thickness but identical span to thickness ratios. As
illustrated in Fig. 11a, the flexural modulus increased as the specimen thickness increased. On average,
the 4 mm and 2 mm thick specimens exhibited a 25% and 37% reduction in flexural modulus,
respectively, compared to the 6 mm specimens. The flexural modulus values of the 6 mm thick
specimens showed good correlation with flexural test of entire printed layers (15-17 mm thick) [21].
The authors therefore concluded that if the minimum dimension of the specimens is at least 6 mm thick,
then the material will act as a continuum. This parameter is primarily influenced by the long wood fibers
present in the composite. If specimens are created with lower thicknesses, then these long fibers that
provide additional reinforcement may be cut off, thus reducing the overall stiffness of the specimen.
Results from the sieve analysis of the wood particles demonstrated that the longest wood particles were
on the order of 3.5 mm in length. Thus, the material may begin to exhibit continuum behavior at a
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thickness less than 6 mm (potentially occurring anywhere between 4 and 6 mm). However, for the
remaining mechanical experiments, 6 mm was used as the minimum baseline.

The effect of specimen thickness on flexural strength was also investigated. Fig. 11b shows the
flexural strength of 2 mm, 4 mm and 6mm thick specimens. In all the tests, failure was initiated on the
side of the specimen being loaded in tension. On average, the flexural strength of the 6 mm thick
specimens was 35-44% higher compared to the 2 mm and 4 mm thick specimens. Strength is influenced
by various factors. In the wood composite under investigation, it is governed by the properties of
constituents (sodium silicate and wood fiber), the size and distribution of wood particles within the
composite, the bonding between larger elongated particles and the surrounding sodium silicate and finer
wood particulates, as well as any defects arising from the manufacturing process. In the 2 mm thick
specimens, the probability of the presence of critical material defects is low compared to the 4 mm and
6 mm thick specimens simply because there is less cross-sectional area in the thinner specimen.
However, the thinner specimens may also have a lower probability of containing longer wood particles
that are believed to provide reinforcement against tensile failure. In other words, bending strength is
determined by various parameters that can interact or counteract each other in non-intuitive ways.

3.4 Spatial variation of flexural modulus

Flexural modulus values of all specimens are plotted in Fig. 12. The average flexural moduli of
specimens obtained from the top and bottom of the 3D printed layer were 3168 MPa and 3272 MPa
respectively. In general, there is no significant difference in flexural stiffness between the top and
bottom of the 3D-printed layer.
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Fig. 12. The variation of the flexural modulus along the printed wood-sodium silicate composite layer at upper
and lower regions.

3.5 Spatial variation of bending strength

The flexural strengths of all specimens are shown in Fig. 13a. The flexural strength of specimens
varies along the length of the 3D printed layer. This was expected and is due to natural variation in
wood residue and the manufacturing process. Results from the paired analyses explained in the methods
section are shown in Fig. 13b. This figure compares the strength of outer regions of the 3D printed layer
to the strength of the inner regions of the 3D printed layer. On average, the outer portions of the 3D
printed layer were 18% stronger than the inner regions of the sample. This may be because, during the
manufacturing process, the wood-sodium silicate mixture is first compressed along the outer edges as
it moves forward through the barrel. The middle or center portion of the extrudate is filled last after the
shank of the screw is reduced. This may create a less dense and weaker region in the middle of the 3D
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printed layer. It is also possible that curing dynamics may play a role and that the outer portions of the
sample may dry/cure at a different rate than the inner regions.
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Fig. 13. The first three sets of flexural test specimens are displayed, with the colored line indicating the tensile
surface during the 3-point bend test. (a) Flexural strength at the bottom, middle and top regions of the 3D
printed layer. (b) The percent difference in flexural strength of the outer region compared to the inner region of
the 3D printed layer.

3.6 Longitudinal and transverse tensile behaviors
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Fig. 14. Percentage difference in tensile modulus of the transverse specimens compared to longitudinal
specimens. On average the transverse specimens were twice as stiff as the longitudinal specimens.

To determine differences in longitudinal modulus and strength VS transverse modulus and strength,
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dog-bone shaped specimens were created and subjected to tensile tests. The difference in tensile
modulus in the longitudinal and transverse directions is shown in Fig. 14.

The dotted line in the figure separates specimen sets obtained from two different 3D printed
samples. The figure indicates that on average the transverse tensile modulus is about twice as large as
the longitudinal tensile modulus. The observed difference in longitudinal and transverse moduli of the
specimens can be attributed to the arrangement of elongated wood particles in the 3D printed layer. In
particular, all specimens used in this analysis were acquired from the center most portion of the 3D
printed layer. The optical images of Fig. 10c demonstrate that elongated wood particles are oriented in
the transverse direction near the center of the 3D printed layer. Thus, in the transverse specimens the
elongated particles were oriented along the direction the load was being applied. Conversely in the
longitudinal specimens, the load was being applied perpendicular to the direction of the elongated wood
particles.

The ultimate tensile strengths of the transverse and longitudinal direction specimens are presented
in Fig. 15. The dotted line separates specimen sets obtained from two different 3D printed wood-sodium
silicate samples. In general, the results are inconclusive. It appears the strength changes along the length
of the 3D printed layer as expected. However, there is no clear trend evident in differences between
longitudinal VS transverse strength. This is interesting as there were very clear differences in tensile
moduli between transverse and longitudinal specimens. It is important to consider the failure patterns
observed in the specimens when interpreting these results.
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Fig. 15. The variation of ultimate tensile strength of transverse and longitudinal specimens along the printed
wood composite layer. Sample 01 and Sample 02 refer to two distinct layers.

Failure patterns of the dog-bone shaped specimens are shown in Fig. 16. All of the longitudinal
specimens failed near their centers, while all the transverse specimens exhibited failure away from the
center. The use of dog-bone shaped specimens is prescribed in numerous testing standards with the goal
of ensuring failure occurs near the center of the specimen in the region of constant width. When failure
occurs outside of this region (as it did in the present study) the calculated strength values are likely less
than the true material strength. This is because stress concentrations exist near the end of the specimen
where the width of the specimen necks down. In this study the transverse specimens likely failed away
from the center due to the effects of elongated wood particles orientation. The dotted lines in Fig. 16
show the orientation of the elongated wood particles. In the longitudinal specimens, the wood particles
are aligned in a relatively uniform structure, leading to consistent material behavior along the entire
length of the specimen. Consequently, failure was observed in the middle region of the specimen, as
desired, where the tensile stress is the highest. In contrast, within the middle region of the transverse
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specimens, the long fibers are aligned along the loading direction. This likely improves the strength
characteristics in the middle region of transverse specimens. However, failure did not occur in this
region. Rather failure occurred near the end of the specimen where the wood particles are aligned in a
weaker orientation, at an angle to the loading axis. Unfortunately, the shape and size of the dog-bone
specimens are limited by the dimensions of the 3D printed layer. This prevented manufacture of other
dog-bone shaped specimens that would better ensure failure in the proper region of the transverse
specimens. The next step is to better understand the stress distributions within a single 3D printed layer
of PrinTimber material by creating a micro-mechanical finite element model that is able to account for
the continuously varying distribution of elongated wood fibers within the material.

Longitudinal specimens Transverse specimens

Long-fiber orientation

Fig. 16. Longitudinal and transverse specimens after ultimate failure. The dotted lines indicate fiber orientation
of the specimens.

4. Conclusions

The flexural and tensile behaviors of a 3D-printed wood-sodium silicate composite were
determined. The composite features a complex material structure, characterized by a range of wood
particle sizes and orientations. The presence of elongated wood particles (greater than 1mm in length)
plays a significant role in determining mechanical properties. The arrangement of these particles is
primarily influenced by two key steps in the manufacturing process. First, as the material is pushed
forward through the barrel by the rotating screw the particles get oriented into a circular path. Second,
as the material is deposited onto the print bed the particle orientation gets altered. In the top region of
the 3D printed layer, the particles follow a path which curves away from the print direction. At the
bottom of the sample, the particles follow a path which curves in the same direction as the print direction.

Flexural experiments demonstrated that the wood-sodium silicate composite material exhibits
continuum behavior at a specimen thickness of 6 mm, with a significant increase in flexural modulus
and strength compared to thinner specimens. The spatial variation in the flexural modulus at the upper
and lower regions of the printed layer exhibited similar trends. The flexural strength at the center of the
printed layer was notably lower compared to the outer edges.

Tensile tests revealed the transverse tensile modulus is about twice as high as the longitudinal
modulus. A more comprehensive characterization of the 3D printed wood-sodium silicate composite
from experiments is challenging due to the complexity of the spatially varying orientation of wood
particles within the sample. Future research focused on developing micro-mechanical finite element
models may provide further insight into the bulk behavior of PrinTimber. The experimental data
obtained in this study can aid in the development of such models. Further research is also needed to
evaluate the mechanical behavior of multilayered wood-sodium silicate composites.
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