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Abstract

Biobased, foam-like polyester composite materials were 3D-printed from a
thermoset paste formulation composed of sebacic acid, glycerol, citric acid, and
cellulose nanocrystals in water and ethanol with potassium chloride as a salt
porogen. Thin walls and lattices were 3D-printed with geometry selected to facilitate
post-printing processes such as water removal during polyester curing, and the post-
curing removal of the salt porogen. The compressive performance of these moisture-

sensitive lattice structures was investigated after conditioning at different humidity
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levels and by water immersion. Finite element analysis was used to simulate the
compressive performance of these porous lattice structures using a crushable foam
material model. Addition of plant triglyceride oils from sunflower and coconut were
trialled to modify the compressive performance and moisture sensitivity. Addition of
5wt% coconut oil to the formulation prior to 3D-printing was found to lower the
cured material’s stiffness under dry conditions while increasing the compressive

plateau strength of the lattice structures after water immersion.

Keywords: Additive manufacturing, nanocellulose, polyester, foam, direct-write

assembly



1. Introduction

Additive manufacturing technologies are often well-suited for fabricating open
lattice, space frame, or thin-walled structures [1]. Such structures have a number of
advantages compared to solid, monolithic structures such as reduced print times,
lower material costs, and mass reduction for the manufactured objects. These open
and thin-walled structures also have high surface-area-to-volume-ratios which can
facilitate the use of diffusion-base production processes and surface treatments.
Solvent evaporation and polyester curing with volatile condensation by-products are
examples of processes that can benefit from thin, high-surface-area structures. The
use of salt porogens in thermosets with post-curing leaching is often used for
creating porous scaffolds or biomedical applications [2-5], and the leaching process
benefits from high-surface-area structures. New formulations and fabrication
approaches can be developed specifically for 3D-printing these open and thin
structures and utilise post-printing processes which benefit from high surface-area-
to-volume structures (drying, curing, diffusion-based component removals, or
various surface treatments). However, some of these formulations and fabrication
approaches have proven to be unsuitable for preparing the thick monolithic
specimens which are the basis of standard mechanical testing procedures such as
ASTM D1621. These new materials can be unsuitable for conventional manufacturing
approaches such as casting because of problems such as blistering due solvent
evaporation and release of water during curing reactions. In an effort to compare the
mechanical properties of formulations unsuitable for fabricating thick, monolithic

testing specimens, this work experiments with the fabrication and compressive
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testing of lattice structures.

Simple “log-pile” lattice structures of extruded strands in stacked arrays are
commonly found in the 3D printing literature [6-9] and are used across a diverse
range of materials and application areas, including the direct-write assembly of
ceramics [10, 11] and hydrogels used as cell culture scaffolds [3, 12]. Often used in
trials of formulation printability [10, 13, 14], these “log-pile” lattice structures can be
created via the rectilinear infill pattern feature on typical software used to generate
the g-code toolpaths for 3D printers. In the current work, such “log-pile” lattice
structures are printed, cured, made porous through salt porogen removal, cut into
subsample specimens, conditioned as replicates, then tested under quasi-static
compression testing to compare different formulation variants and evaluate how
their performance changes with moisture uptake. Modelling of these lattice
structures in compression was also investigated and was informed from smaller-
scale compression and tensile experiments.

Cellulose-based materials and other bio-based polymers with polar chemistry tend
to be water sensitive, often undergoing substantial changes in dimensions and
properties with exposure to moisture, leading to major changes in structural
geometry and mechanical properties [15, 16]. Such water-sensitivity in materials is a
potential problem in a range of different applications [17], however this sensitivity is
also potentially useful in the creation of responsive materials for 4D printing [18].
Establishing formulation assessment approaches and having a better understanding
of the effects of moisture in 3D-printed biobased materials is important, whether the

aim is to improve water-resistance for more stable performance in a range of
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environments or enhancing water-sensitivity for engineering controlled 4D
responses. In keeping with an overall aim to create 3D-printable formulations from
biobased and bioderived reagents the, addition of triglyceride plant oils was trialled
with the aim of adjusting both the compressive performance and the moisture
sensitivity of the cured material. Coconut oil was chosen as an example of highly
saturated plant oil and for comparison sunflower was chosen as an example of
unsaturated plant oil. Coconut oil containing triglycerides largely composed of
saturated fatty acids [19] was hypothesised to remain mostly unreacted during the
curing process and act as a plasticiser in the cured material. Sunflower oil with a
higher proportion of carbon-carbon double bonds (from unsaturated fatty acids such
as linoleic acid) was hypothesised to be able to undergo oxidative cross-linking
during the curing process [20], potentially providing a second, more water-resistant
thermoset phase to the composite.

2. Materials and methodology

Cellulose nanocrystals in powder form were purchased from Celluforce™, Canada.
Citric acid (CsHsO7) crystals, glycerol (C3HsOs, 99.7% USP grade), Sunflower
(Helianthus annuus) oil, and refined coconut (Cocos nucifera) oil were purchased
from Pure Ingredients Ltd, New Zealand. Sebacic acid (Decandioic acid, CioH1804)
granules (99% purity) were purchased from Sigma-Aldrich. Ethanol, acetone and
potassium chloride (each EMSURE® analysis grade), along with silica gel desiccant

(granulate with orange indicator) were sourced from Merck KGaA, Germany.



2.1. Preparation of formulations

A base syringe-printable formulation was prepared by mixing the constituents in
proportions outlined in Table 1. Distilled water, glycerol, citric acid and cellulose
nanocrystals were mixed together, and stirred at 90-96°C for 40 minutes to form a
shear thinning gel. Sebacic acid was dissolved in boiling ethanol then mixed into the
gel which was then stirred at 90-96°C for a further 50 minutes (note that water and
ethanol were evaporating during these steps). Potassium chloride salt (KCl) was ball-
milled and passed through a 250um sieve before being mixed into the formulation as
a porogen filler. The resulting formulation was treated with two homogenisation
steps (3 minutes at 3000rpm) on a benchtop homogeniser (Silversen L4RT) with
manual mixing between steps before being stored in sealed containers and cooled.
At this point the base formulation was found to lose 32% of its original mass after 1
hour in an oven at 105°C, and lost 41% of original mass with a 48 hour cure at 105°C.
Two 85.5g samples of this base formulation were spatula-mixed with 4.5g of either
sunflower oil or melted coconut oil to create the modified “+ sunflower oil” and “+

III

coconut oil” formulation variants each with 5wt% oil. Formulations were stored at

5+3°C, and warmed to room temperature prior to printing



Table 1: Base formulation

Constituent Mass added, g wt% (excluding water & ethanol)
Cellulose nanocrystals 42.9 11%

Citric acid 54.6 14%

Sebacic acid 101.4 25%

Glycerol 63.2 16%

Potassium chloride 141.2 35%

Ethanol 159.7

Distilled water 193.6

2.2. Syringe 3D printing of the formulations

The formulations were transferred to 60 ml syringes and printed through a tapered
polypropylene tip (1.52mm ID, Jensen Global) on to a sheet of PTFE-coated glass
fibre fabric (Dotmar Engineering Plastics). The same g-code toolpath was used to 3D
print two lattice (or “log pile”) structures (Figure 1a) from each of the three
formulation variants. An SDS-60 Syringe Dispenser on an Engine-SR machine (Hyrel
International, Inc) was used to carry out the 3D printing. The lattice g-code (Figure
1a) was generated from slicing a 63.4mm x 63.4mm x 10mm square prism in Slic3r
software based on the following parameters: extrusion widths and layer heights set
to 1.2mm, 40% rectilinear infill, 10mm/s printing speed, no perimeter shells
(although with the overlap of infill with perimeter shell setting fixed at 100%).

A thin-walled box section structure was also 3D-printed (Figure 1b) from the oil-free
base formulation. The square tube (or box section) structure was 80mm x 80mm x

6mm with walls composed of strands stacked 5 layers high and one strand wide.



Once cured samples were cut from the walls of the box section for small scale

compression and tensile testing to inform the simulations.

Figure 1: Representations of syringe printing g-code toolpaths for (a) “log pile” lattice structures

and (b) the box section structure.

Figure 2: (a) Syringe printing of large lattice structure, (b) post-cure lattice structure with red box
indicating cutting to create lattice specimens as replicates for condition and testing, (c) lattice
sample of base formulation (d) lattice sample of base formulation + sunflower oil. White scale bars

represent 5Smm.



2.3. Post-printing treatments and conditioning
Printed structures (Figure 2a) were cured for 48 hours in a vented oven (105+2°C).
Thermal curing involves a condensation reaction where glycerol, sebacic acid, and
citric acid polymerise to form a polyester [21-23]. During curing ester bonds between
the surfaces of the cellulose nanocrystals and the polyester matrix may also form.
The polymerisation reaction produces water which is removed by the elevated oven
temperature. Following curing, the lattice structures were immersed in distilled
water (4 litres of water per 40g of cured material) for 24 hours to dissolve the
potassium chloride and create the porous foam-like structure. Subsequently, the
structures were rinsed with distilled water, cut into lattice specimens with a scalpel
(specimens were approximately square based on cutting out 5 strands by 5 strands
wide as indicated in Figure 2b), then dried in a vented oven for 20 minutes
(105+2°C). These lattice specimens (Figure 2c,d) were then stored in sealed box with
silica desiccant at 23°C for over 72 hours prior to the 48-hour conditioning steps.
Four sets of lattice specimens (with 7 replicates) of each formulation variant were
used to investigate how the compressive properties, weight gain (water uptake) and
dimensional changes (swelling) would be influenced by four different conditioning
environments. The sets of 7 lattice specimens were used as replicates for the
conditioning experiment. The four conditioning environments where specimens
were placed for 48 hours at 23°C were:

1. Low humidity (sealed container, specimens above silica desiccant)

2. 50% relative humidity (conditioning in a Binder constant climate chamber)

3. High humidity (sealed container, specimens above liquid distilled water)
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4. Water immersion (sealed container, specimens held under distilled water)

Dimension changes were measured from digital photographs taken before and after
curing of the printed lattice structures and before and after conditioning of cut
lattice specimens. Compression testing was carried out in a room at 23°C and 50%
relative humidity on lattice specimens within minute of the specimens being
removed from the conditioning chamber.

2.5. Physical and mechanical characterisation

Scanning electron microscopy: Samples were mounted on carbon tape and coated in

platinum using a Hitachi E1030 lon sputter Coater prior to SEM images being
recorded on a Hitachi S-4700 Scanning electron microscope. Scalped cut surfaces
were imaged. To minimise issues with liquid oil, additional SEM images were
recorded after the foam lattice samples were treated with boiling acetone. For the
boiling acetone treatment 0.04g sub-samples of lattices were each immersed in
40mL of boiling acetone for 5 minutes, washed with 40ml of acetone, and allowed to
dry (24 hours at room temperature followed by 20 min in a 105°C oven) prior to SEM
analysis.

Compression testing of lattice structures

An Instron 33R4204 universal testing machine with a 5 kN static load cell was used to
test the lattice specimens (5 replicates) in quasi-static compression. The speed of
testing was 5 mm/min and the specimens were loaded in what was the z-axis during
printing. A pre-test procedure closed the distance to specimens at 10mm/min and

started recording data after the load reached 0.5 N.
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Tensile and compression testing of walls and strands

To inform modelling of the lattice structure, foam samples were cut from 3D printed
walls prepared from the base formulation. Quasi-static compression and tension
were tests were carried out with a standard Instron 5567 testing device. Flat platen
compression rigs for testing of single strand samples (cross section 1.4 mmx1.04
mm) were designed which included two extensometers to measure the compression
displacement. A 1kN load cell was used and an initial 6N preload applied to the test-
piece. The final compression ratio was 75% of the original thickness. The tensile test
was carried out with a 10N load cell. For the measurement of strain, an optical

extensometer was used. Figure 3 shows the compression and tension testing setups.

Figure 3: Compression (a) and tension (b) experimental testing setups

2.6. Foam and lattice deformation modelling
The foam and lattice finite element modelling was undertaken using

ABAQUS/STANDARD Mechanical. An inverse calibration technique using
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MCalibration software version 5.1.2 was used in combination with a FEA model of a
single strand to determine an appropriate material constitutive model and input
parameters for the foam which included permanent plasticity deformation under
compression tests. This technique compares an FEA simulation of the test using
ABAQUS version 2016 to the experimental data to fully characterise the behaviour of
the material. Finite element (FE) simulation of the 3D-printed lattice structure (base
formulation after 50% RH conditioning) was carried out using ANSYS static structural

19.2 package.

3. Results and discussion

3.1. 3D printability, curing observations and lattice density

The base formulation and those modified with plant oil addition were found to be
printable into lattice structures which did not collapse post-printing or during the
curing process (Figure 2). During drying and curing the printed structures underwent
shrinkage. With 48 hours of cure the lateral shrinkage was greater in the oil-free
base formation (-11.8+0.5%) than formulations with coconut oil addition (-8.6+0.8%)
or sunflower oil addition (-6.5+0.4%), with significant differences in cure shrinkage
found between all formulation variants. Slight yellowing had occurred during curing
in the base formulation and the formulation with coconut oil addition. In contrast,
the formulation with added sunflower oil underwent considerable yellowing and
browning during the curing process, assumed to be related to reactions involving the
unsaturated fatty acids present on the sunflower lipids [20].

Bulk densities of the dry lattice structures after the salt removal step were calculated
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as 0.53g/cm? for the base formulation material, 0.54g/cm?3 for the material with
added coconut oil and 0.51g/cm? for the material with added sunflower oil (standard
deviations in these values were 0.02-0.03 g/cm? indicating little difference in lattice
bulk densities).

3.2. Dimensional changes and water uptake during conditioning

The weights of specimens from all three formulation variants increased with higher
humidity conditioning with the greatest weight increases occurring found water
immersion conditioning (Table 2). The specimens with added sunflower oil had the
highest water uptake with full water immersion. A small (<1wt%) weight loss in the
specimens with the low humidity conditioning in the desiccant chamber indicated
that the specimens had some moisture content prior to the start of conditioning.
After high humidity conditioning, specimens with added coconut oil exhibited the
lowest water uptake. Dimensional increases were on average between +3.1% and
+7.5% for specimens conditioned in high humidity or with water immersion (Table 2)
and length increases were found to be smaller than measured height increases
(length increases averaging around 56% of the observed sample height increases).
Although these swelling results had relatively large standard deviations (Table 2),
they indicate significant anisotropy in the swelling of the 3D-printed structures,
potentially resulting from the printing process aligning cellulose nanocrystals within
the composite along the printing direction. This swelling anisotropy was less
pronounced than that previously reported for 3D-printed lattice structures printed

from cellulose nanofibril-reinforced hydrogels by Sydney Gladman et al [18].
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Table 2: Dimensional changes and weight changes after conditioning for 48 hours at 23°C

Height changes
Base formulation
Base formulation+coconut oil

Base formulation+sunflower oil

Low
humidity

50% Relative
humidity

High humidity Water

immersion

+0.08% (1%)
+0.7% (0.8%)

+0.9% (1.4%)

+0.03% (1.3%)
+0.9% (1.3%)

+1.1% (1.1%)

+8.8% (1.6%)
+7.9% (1.4%)

+5.0% (2.1%)

+7.5% (2.1%)
+6.5% (1.4%)

+6.3% (2.3%)

Length changes
Base formulation
Base formulation+coconut oil

Base formulation+sunflower oil

Low
humidity

50% Relative
humidity

High humidity

Water
immersion

+0.1% (1.4%)
+1.1% (0.7%)

+0.7% (1.1%)

-1.8% (1.7%)
-0.2% (1.1%)

+0.5% (1.1%)

+5.7% (2.4%)
+4.2% (1.2%)

+2.7% (1.7%)

+3.9% (1.7%)
+4.1% (1.3%)

+3.2% (1.1%)

Weight changes
Base formulation
Base formulation+coconut oil

Base formulation+sunflower oil

Low
humidity

50% Relative
humidity

High humidity

Water
immersion

-0.5% (0.1%)
-0.5% (0.1%)

-0.8% (0.2%)

+2.2% (0.2%)

+2.02%(0.06%)

+1.8% (0.5%)

+18.5% (0.6%)
+16.0% (0.4%)

+17.5% (0.6%)

+51(3%)
+48% (2%)

+71% (3%)

Values in brackets represent 1 standard deviation from measurements of 7 replicates

3.2. Mechanical testing

Example quasi-static force-displacement curves for the lattice specimens under

compression (Figure 4) had major regions which resemble the regions identified in
other foams. In typical foam materials these three regions are known as the pseudo-

elastic region (at low displacements), the plateau region, and a densification region
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(found at high displacements) [24]. Additional features (resembling sharper
increases in load and smaller plateaus) on the force-displacement curves were often
observed at the beginning of the apparent densification region and may result from
the failure or collision of parts of the lattice structure and higher strains. These
additional features may also result from partial plastic collapse of foam cell walls
because the failure is localised in a band transverse to the loading direction. When
the cells have almost completely collapsed the opposing foam cell walls touch and
further strain compresses the solid itself. Multiple gradients were also observed in
the load-displacement curves before the plateau, complicating the analogy with
traditional foam compressive behaviour. Structural stiffness values (Figure 5a) were
calculated from the maximum slope occurring below 1 mm displacement on the
force displacement graph then converted to engineering stress and strain values
assuming a square prism for the bulk lattice structure based on the outer dimensions
of the lattice structure tested. Values for stress at 10% strain (Figure 5b) were
calculated based on the ASTM D1621-10 approach [25]. That standard calculates a
‘compressive strength’ at 10% strain unless a stress maximum has occurred at a
lower strain value. However, these lattice structures tended to yield or reach a
distinct plateau at much higher strains (20-55%) and the ‘stress at 10% strain’ values
had a close correlation with the ‘structural stiffness’ values (Figure 5a). Compressive
‘plateau strength’ values for the lattice structures (Figure 5b) were calculated as the
maximum stress occurring before the end of the main plateau region. The end of the
plateau region in these lattice specimens was often seen as sharp increases in stress

before typical foam densification occurs.
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Figure 4: Example force-displacement plots from lattice sample compression for (a) base

formulation, (b) base formulation +coconut oil, (c) base formulation + sunflower oil.
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The compressive performance of specimens from all three formulations were highly
sensitive to moisture content, demonstrating considerably lower stiffness ( Figure 5a
and Figure 5b) and lower plateau strengths (Figure 5c) after 48 hours of exposure to
high humidity or water immersion when compared to 48 hours of standard
conditioning (50% relative humidity, 23°C) or the low humidity conditioning in a

container of desiccant.

The addition of either coconut oil or sunflower oil to the base formulation resulted in
materials with decreased stiffness (-30-40%) at lower moisture levels when
compared to the oil-free base formulation (Figure 5) indicating the oils can act as an
alternative plasticiser to water at lower moisture levels. The sunflower oil addition
results in a material which loses considerably more plateau strength than the oil-free
base formulation with water immersion, suggesting that the sunflower oil addition
interferes with the polyester cross-linking resulting in a weaker material. In contrast,
coconut oil addition appeared to slightly improve the plateau strength of specimens
conditioned with water immersion. Of the desiccant-dried specimens from the low
humidity conditioning, those with added coconut oil were more resistant to damage
during the compression testing (Figure 6). In contrast the specimens from the
formulation with added sunflower oil underwent major damage during the
compression testing, indicating the sunflower oil introduced weakness and

brittleness to the composite material.
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Figure 6: Low humidity conditioned specimens after compression testing of 5 replicates, (a) base

formulation, (b) base formulation +coconut oil, (c) base formulation + sunflower oil.

To inform the initial modelling, compression and tensile tests were conducted on
specimens of the base formulation cut from 3D-print thin wall structures and
conditioned at 50% relative humidity. Figure 7a shows example experimental
compression and tension engineering stress-strain results of the foam at strain levels
of less than 10%. Cyclic tensile tests were undertaken which confirmed that the

material showed elastic behaviour to this strain level.
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Figure 7: Engineering stress-strain curves for a single strand (a) compressive and tensile results
between -10% and +10% strain levels, (b) compressive testing results to 75% strain. Base

formulation after 50% relative humidity conditioning.

As seen from Figure 7a and Figure 7a, the deformation of the foam strand exhibits the
three known regions which occur during uniaxial compression of foams: initial elastic
deformation below approximately 10% of strain, collapse deformation with a sloping plateau
to around 45% strain, and then rapidly increasing stiffness due to densification [26]. The
initial elastic region of the compressive loading curve is attributed to cell wall bending. The
sloping collapse plateau can be interpreted as involving elastic buckling and/or plastic
yielding of cellular structures [27] which can absorb a considerable amount of specific
energy. When the foam’s cells have almost completely collapsed densification occurs,
resulting in a significant increase in compressive stress with further strain [26-28].

3.3. Modelling and simulation

Three material models from ABAQUS were investigated (hardening plasticity [29],
hyperfoam [24, 30] and crushable foam [27, 31]) and of these the crushable foam
model with volumetric hardening proved to be the most accurate for this material.
The crushable foam is a material property that, unlike hyperfoam, models the

plasticity of a material as well as the densification region. The inputs to this model
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therefore focus on the material’s plasticity by requiring the plastic Poisson’s ratio
and vyield stress and uniaxial plastic strain from the point of plasticity to densification.
The compression yield stress ratio and hydrostatic yield stress ratio are also needed.
Figure 8a compares experimental data and crushable foam material model obtained
by an inverse calibration technique, using an FEA model of a single strand. It was
found that the FE modelling predicted solutions exhibits fairly close agreement with
those values obtained from experimental with a maximum relative error smaller
than 10% at 0.4 mm displacement. The error increases to 20% at 0.75mm
displacement. Possible causes of the error include variability in the cross-sectional
geometry of the experimental specimens and frictional effects. Figure 8b shows the
total deformation of the foam strand from the FEM solution up to 75% of
compressive strain using the crushable foam material model obtained by the inverse
calibration technique. The crushable foam model does not explicitly include the
effect of porosity which will of course affect the mechanical properties of the printed
material, however the use of an inverse calibration approach from a single strand for
determining the input parameters means that these effects will be captured to some

extent.
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Figure 8: (a) Comparison between uniaxial compression experimental data and crushable foam
material model obtained by inverse calibration technique. (b) Total deformation in loading
direction of foam strand under 70% of compressive strain from ABAQUS FE solution and legend

units are mm.

Finite element (FE) simulation of the 3D-printed lattice structure was carried out for
the base formulation after 50% RH conditioning. The indenter and the base were
modelled as isotropic structural steel with a Young’s Modulus of 200 GPa and a
Poisson’s ratio of 0.3. The foam materials were modelled with an ABAQUS Crushable
Foam plasticity model. All strands in the lattice structures were assumed bonded
together (self-contact) to avoid possible collapse of the lattice if it comes into
contact with itself. Augmented contact surface—surface algorithms were imposed at
all material interfaces. The elements used were of type Tet4 linear elements with
dimensions of approximately 0.1mm giving a total of approximately 39,000
elements. Due to large deflection and distortion in FE simulation and in order to

improve the accuracy of simulation results, mesh nonlinear additivity approach with
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skewness 0.9 was applied. Figure 9 shows the FEA von Mises stress and plastic strain
distribution for the deformed lattice structure with 50% RH base formulation under 3
mm compression displacement. It can be seen that compressive forces were
sustained by cross over points of two strands which have the greatest stress. In
contrast, free sections without any contact with other strands experienced low level

of stress and plastic strain.
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Figure 9: FEA simulation of “log-pile” lattice structure under 3mm compression deformation,

Colours indicates (a) plastic strain and (b) von Mises stress

Force-displacement data from compression experimental test of the base
formulation (50% relative humidity conditioning) is compared with FE simulation
results predicted by the crushable foam material model in Figure 10. The FE

simulation results are given up until a maximum displacement of 3.8mm because of
23



convergence issues due to extensive local nonlinear deformation beyond this point.
It can be seen that the calibrated crushable foam model features all three regions
and follows the experimental load—displacement response until approximately 50%
of strain, however the initial elasticity deformation (region 1) exhibited a higher
stiffness than found in experimental data and the simulated force/displacement
slope over the 1-2mm displacement range was shallower than that found in

experimental data.
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Figure 10: Load-displacement response of “log-pile” lattice structure under compressive loading,
base formulation at 50% relative humidity. Simulation result compared to 5 experimental

replicates.
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The value for structural compressive stress at 10% strain (base formulation after,
50% relative humidity conditioning) was determined by the simulation to be 0.31
MPa which is higher than the experimental test which averaged 0.26 MPa. The FE
simulation generated a value for plateau strength of 0.65MPa which was close to
0.67-0.76 MPa values obtained from experimental results (Figure 5c). For a lattice,
the size of the voids will of course affect the stiffness and strength with a denser
lattice of smaller voids having higher strength and stiffness. The ability of this
printing approach to tailor both the material behaviour and the lattice geometry
provides important opportunities to tailor the overall response as needed.

3.4. Scanning electron microscopy

The foams exhibited cuboid pores from the removal of the KCl salt crystals (Figure
11). At higher magnification (Figure 11d), particles with diameters around 80 nm
could be observed protruding from broken foam walls and these resemble SEM
images previously reported for a thermoset matrix reinforced with dispersed
cellulose nanocrystals [32]. The foams prepared from the formulation with added
coconut oil presented problems with SEM imaging due to liquid oil being present. In
contrast, the foam specimens from formulations with added sunflower oil did not
have this problem indicating the sunflower oil reacted during curing to form a solid.
A boiling acetone treatment was conducted on lattice specimens prior to further
SEM imaging. This acetone treatment resulted in weight losses (-15% from the oil-
free lattice specimens, -30% from the lattice specimens with coconut oil and -35%
from the lattice specimens with sunflower oil). The specimens cured from the oil-

containing formulations had greater weight removals with the acetone treatments
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indicating that this treatment removes the oil related phases. When compared to the
base formulation lattice sample (Figure 12a), larger numbers of finer voids (on the
order of 10 um across) were observed in samples from the lattices with added
coconut oil (Figure 12b) and sunflower oil (Figure 12c) after the acetone treatment.
Two prominent types of surface textures could be observed at higher magnifications
on samples in the base formulation lattices (Figure 12d). One is a rough surface with
what appeared to be protruding particles or nodules and the second is a smooth
surface. Assuming the rough surface is related to the presence of dispersed cellulose
nanocrystals in a matrix (a similar texture to what has been reported for CNC
dispersed in thermoplastics [33, 34]) then the smooth surface could relate to what
was a phase with high sebacic acid content which contained no cellulose
nanocrystals prior to curing. During curing the cellulose nanocrystals are expected to
be relatively immobile in contrast to the diffusing polyester monomers/oligomers
and this is hypothesised to result in these smooth regions remaining free of cellulose
nanocrystals in the cured material. Smooth regions remain after acetone treatment
in the base formulation lattices (Figure 13a,b). In contrast, smooth regions appear to
be removed by acetone in the case of the lattices with added sunflower oil (Figure
13c,d) indicating that the smooth regions are inadequately cured in the presence of

sunflower oil.
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Figure 11: Scanning electron microscope images of lattice specimens, (a) base formulation, (b) base
formulation + coconut oil, (c) base formulation + sunflower oil, (d) base formulation + sunflower oil

at 10,000x magnification.
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Figure 12: Scanning electron microscope images of samples from lattice specimens after acetone
treatment, (a) base formulation, (b) base formulation + coconut oil, (c) base formulation +

sunflower oil, (d) base formulation at 5000x magnification.

28



,ﬂ:_! |_|“\r~| PRI

o el £ 50.0um, 5.0kV 7.6mm x1.00k SE(M)

Figure 13: Scanning electron microscope images of samples from lattice specimens comparing
surfaces with and without acetone treatment, (a) base formulation, (b) base formulation after
acetone treatment, (c) base formulation + sunflower oil, (d) base formulation + sunflower oil after

acetone treatment.

3.5. Further discussion and demonstration

To demonstrate the production of larger and more complex foam structures using
this approach with biobased formulations an ‘elbow guard’-size design was printed
(Figure 14). This object exceeded 65mm in build height above the print bed without
collapse and could be printed in approximately 30 minutes at a printing speed of 15

mm/s from one 60mL capacity syringe. Additional KCl was added to mitigate
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collapse risk when printing this higher structure and to improve dimensional stability
during curing, with the salt content (on a water & ethanol free basis) increased to
44wt% from the 35wt% used in the base formulation (

Table 1). 3D printing thermoset formulations containing NaCl salt as a porogen has
recently been demonstrated by Lei et al. [3] and they also note the benefits of the
salt in reinforcing the uncured structures. In the current work printable formulations
which are sufficiently stable during curing are achieved through the use of both
cellulose nanoparticles and KCl salt microparticles, allowing lower salt loadings to be
used. CNC gel formulations also allow water and ethanol to be used to maintain
extrudability of the paste, providing additional variables for optimising printability

generally.
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Figure 14: 3D printing an ‘elbow guard’ foam demonstrator object from base formulation + coconut

oil with salt content increased to improve dimensional stability, (a) g-code toolpath for the design,
(b) early stages of 3Dprinting, (c) post-printing and pre-curing, (d) final object after curing and salt

removal.

3D printing foams and complex structures with foam-like compressive performance
may have future applications in customised protective equipment, orthotics and
other cushioning or wearables-type applications, moving beyond the tissue scaffold-
type applications for which syringe-printed gels are often investigated. There is
scope to customise both formulation and printed structure to engineer specific
compressive performances and responses to applied pressure or impact and this is
where modelling capability will be useful. In the case of biobased formulations,
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improved control of moisture sensitivity will be important in future developments
along with improving the specific mechanical performance of the materials to make
them more comparable to conventional foam materials. Selection of application
areas where moisture sensitivity is tolerable or advantageous is another option for
further development.

4. Conclusions

Biobased thermoset polyesters composed of citric acid, sebacic acid, glycerol and
cellulose nanocrystals can be 3D-printed via a syringe-based extrusion approach.
These polyesters, with high biobased/bioderived material contents, can be
converted into foam-like materials through the pre-printing addition of a salt
porogen and removal of this salt using water after curing.

The compressive performance of this material is highly sensitive to moisture content,
having reduced stiffness (-78%) and plateau strength (-54%) after 48 hours of water
immersion when compared to 48 hours of standard conditioning (50% relative
humidity, 23°C).

The addition of either coconut oil or sunflower oil to the base polyester and KCl
formulation resulted in materials with decreased stiffness (-30-40%) at lower
moisture levels when compared to the oil-free base formulation. In the case of
coconut oil this reduced stiffness is interpreted as due to the oil acting as an
alternative plasticiser to water and liquid oil inclusions remaining in the cured
material. Like the oil-free material, the material with coconut oil also loses
considerable stiffness and strength when exposed to high humidity conditioning or

water immersion, however the loss of plateau strength with water uptake is smaller
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with the coconut oil addition. In contrast, sunflower oil addition resulted in a weaker
material and greater loss of plateau strength with water uptake. Sunflower oil
addition also resulted higher water uptake during immersion and greater mass loss if
extracted with boiling acetone indicating that sunflower oil also interfered with the
polyester curing reactions.

“Log-pile”-type lattice structures, which are commonly prepared in additive
manufacturing research, can be compression tested in order to provide
measurements for comparing formulations under development and evaluate their
relative sensitivity to environmental factors such as humidity. However, these lattice
structures have complex behaviour in compression and further investigation into
more suitable standardised structures is needed. Modelling the compressive
response of these foam-like lattices is possible though finite element analysis and
this can inform future engineering of 3D-printed foam-like structures for specific
responses to compressive deformation. Moreover, predictive computational models
could be utilised to address how moisture sensitivity and geometrical variations
within such lattice structures influence their mechanical performance.
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