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Binder jetting additive manufacturing (AM) is a promising process to print hydroxyapatite (HA) powder into
bone tissue implants. However, one challenge remaining is the poor reactivity between HA powder with standard
water-based ink. This study investigated different water-soluble adhesives to increase the 3D printability of HA
Hydroxyapatite powder. Maltodextrin and polyvinyl alcohol (PVOH) with low and high molecular weight (MW) were blended
Polyvinyl alcohol with HA from 10 to 30wt%. Powder characterisation and evaluation of the compressive properties and
Ww-CT geometrical accuracy of the 3D printed scaffolds were performed to identify the optimal adhesive powder. This
study adopted an image registration technique to quantify the geometrical accuracy of the final 3D printed
scaffold in a more comprehensive and representative way than conventionally dimensional measurement. With
these approaches, a highly promising binder jetting formulation has been developed via mixing HA powder with
30 wt% PVOH (high MW). Samples manufactured from this formulation successfully achieved a geometrical
accuracy greater than 85% and an excellent green compressive strength of 5.63 + 0.27 MPa, which was 500%
higher than the commercial binder jetting powder. This is the first study to demonstrate a high level of print-
ability when using a formulation containing > 70 wt% HA powder and a water-based binder in the binder jetting
AM process. Using the optimal powder composition developed in this study could potentially improve the
structural, mechanical, and biological performances of HA-based 3D scaffolds manufactured using the binder
jetting AM process for bone tissue engineering applications.

1. Introduction

Hydroxyapatite (HA) is widely used as bone substitutes as it re-
sembles the chemical composition of the inorganic phase of natural
bone. It demonstrates excellent osteoconductivity and can interact with
the host bone to form intimate chemical bonds (i.e. osteointegration)
[1]. The mechanism of bone healing triggered by HA includes the ability
to absorb growth factor — stimulating the healing and the direct effects

between HA and osteoblasts to regulate osteoconduction [2-4]. HA has,
therefore, been used in clinical applications including implant coating,
craniofacial defect repair, and sinus augmentation [5-7].

Recently, additive manufacturing (AM) or three-dimensional print-
ing (3DP) has become a promising tool in the manufacturing of bone
substitutes due to design flexibility and great control over the 3D ge-
ometries that are fabricated. Among all the AM techniques, binder
jetting has a unique ability to fabricate porous implants from a large
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variety of powdered materials at ambient environment [8-11]. It is of
particular interest for brittle bioceramic materials that are intrinsically
vulnerable to thermally induced residual stress. Binder jetting AM forms
solid structures by the interaction between powdered materials and
binder liquids selectively deposited onto the powder. Therefore, the
identification of an ideal combination of powder and binder formulation
is the key to a successful binder jetting process [12-14].

Thermal drop-on-demand cartridges have dominated the commer-
cial binder-jetting AM models (e.g. Colorlet printers from 3D Systems)
due to their significantly low cost compared to piezoelectric cartridges.
The majority of thermal cartridge failures occurs at the centre of the
heating elements due to erosion caused by the inks [15]. Greater reli-
ability is usually achieved via using water-based inks that will not erode
the heating element during ink vaporisation [16].

However, HA does not have a high level of reactivity with water.
Many studies have attempted to use water-soluble polymeric or ceramic-
based adhesives to achieve effective binding with the inert HA [17-21].
A previous study has investigated three different polymers in a water-
based binder and subsequently printed each of these binders onto the
HA powder bed [22]. The highest compressive strength demonstrated
was approx. 4 MPa with 1 wt% polyvinyl alcohol (PVOH) in the binder.
However, due to the high volatility of water, the printhead nozzles were
routinely blocked by polymer content during the printing process. To
overcome this issue, the adhesives were introduced to the powder bed
via (i) coating or (ii) blending. Maltodextrin has also been spray coated
onto the HA powder during pre-processing [23]. Coating maltodextrin
onto the HA powder increased its reactivity with a water-based binder.
However, it also increased the particle size of the HA powder, leading to
poor printing resolution and accuracy. Therefore, blending the inert
powders with an appropriate adhesive represents a potentially better
approach. A 3D printed structure of calcium polyphosphate (CPP)
demonstrated a compressive strength of approx. 34 MPa when it was
blended with 10 wt% PVOH before printing [24]. CPP dissociates to a
greater extent in water relative to other salts in the calcium phosphate
family, which means it has the highest water solubility as indicated by a
solubility product constant of 10% Ksp [25]. The solubility product
constant represents the level at which a solute dissolves in solution. The
more soluble a substance is, the higher the Ksp value it has. In contrast,
HA demonstrates the lowest water solubility of the calcium phosphate
family (i.e. a solubility product constant of 107120 Ksp). Therefore, using
a water-based binder with HA during the binder jetting AM process re-
quires a more comprehensive formulation optimisation and investiga-
tion. Water-soluble bioceramics have also been investigated to blend
with HA powder to improve its reactivity. But they need to be incor-
porated at a high level of wt% loading to achieve acceptable reactivity,
which has a detrimental impact on osteoconductivity, mechanical
properties [26] and bioresorption [27]. In a previous study, up to 75% of
the CaSO41/2H,0 powder was blended with HA powder to achieve
sufficient binding strength during the 3DP process [21].

In this study, we propose two potentially promising polymer adhe-
sives (i.e. (i) maltodextrin and (ii) PVOH) to achieve a greater binding
strength between the HA powder particles and a higher HA content
within the 3D printed scaffold. Maltodextrin is a partially hydrolysed
starch that is usually produced with a dextrose equivalent value lower
than 20% (i.e. 20% of the reducing power of dextrose), whereas PVOH is
synthesised via incomplete hydrolysis of poly(vinyl acetate), resulting in
a small number of acetate groups in the polymer chain network [28,29].
Both maltodextrin and PVOH have good biocompatibility and conse-
quently have been used in many biomedical applications, including drug
delivery, implants, wound dressing, and contact lens [29,31-33]. This
study aimed to develop a HA-based powder formulation for water binder
jetting AM manufacturing, which can achieve excellent printability
without requiring a high content of the adhesive powder. To the best of
the authors’ knowledge, this is the first study to investigate the effi-
ciency of different water-soluble adhesives for increasing binder jetting
AM printability of HA-based powder formulations. Consequently, the
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effects of different adhesives and mixing ratios on the key printing
properties, e.g. compressive properties and geometrical accuracy
compared to the original CAD design, were investigated.

2. Materials and methods
2.1. Powder preparation and characterisation

The HA powder purchased (Capital®, Plasma Biotal Ltd., UK) had a
particle size distribution (PSD) of D19 = 45.68 um, D5y = 67.84 um, and
Dgp =94.40 um, as measured by laser diffraction analysis using a two
laser Sympatec HELOS/BF Particle Sizer Analyser (Sympatec Ltd., UK).
The PSD is close to the commercially available binder jetting powders
and has been previously reported to result in excellent powder bed
packing [20]. The HA powder was blended with one of the following
three in-bed binding adhesives: (i) maltodextrin powder (419680,
Sigma-Aldrich, UK), (ii) PVOH powder of high molecular weight (MW)
(GH-20S, Nippon Gohsei, Japan), and (iii) PVOH powder of low MW
(GM-14S, Nippon Gohsei, Japan). According to the manufacturer, both
PVOH grades were partially hydrolysed PVOH at a hydrolysis level
ranging between 86.5% and 89.0%. Partially hydrolysed PVOH retains a
relatively small amount of acetic groups that weaken the inter- and
intra-molecular hydrogen bonding of adjacent hydroxyl groups, thus
allowing the material to readily dissolved in water [30,34]. Hence, this
study only investigated partially hydrolysed PVOH grades as they can
achieve high solubility using a water-based binder. The difference in
MW of two PVOH powders was inferred by intrinsic viscosity. The
manufacturer datasheet indicated the high MW PVOH had a viscosity of
40.0-46.0mPas and the low MW PVOH had a viscosity of
23.0-29.0 mPas. Gel permeation chromatography (GPC) (Agilent 1260
Infinity multidetector GPC system, U.S.A.) was performed to measure
the number average molar mass (Mn), mass average molar mass (Mw),
and polydispersity index (PDI). Phosphate-buffered saline was used as
the solvent media for GPC characterisation.

Before blending, each adhesive powder was milled and sieved to
reduce the particle size to the level appropriate for binder jetting AM
process. Maltodextrin was milled using a planetary mill (Pulverisette 6,
Fritsch, Germany). Each milling cycle was for 2 min at a rotational speed
of 300 RPM followed by a 5 min rest, which was repeated five times. A
more robust milling procedure was required for PVOH, as it had more
resistant particle attrition. The rotational speed was increased to
600 RPM and the milling cycle extended to 5 min followed by a 5 min
rest, which was also repeated five times. Post-milling, each powder was
sieved through a 90 um mesh but retained by a 32 ym mesh. Conse-
quently, each adhesive powder demonstrated a similar particle size
distribution (i.e. 32-90um), which closely matched that of the HA
powder. Particle agglomeration was not observed for any of the powders
investigated in this study.

Each adhesive powder was blended with the HA powder at a ratio of
10:90 wt%, 20:80 wt%, or 30:70 wt%, with HA being the principal
component. Powders were blended using a High-Speed Mixer (Rondol,
UK) at a rotational speed of 1600 RPM for 2 min with a 2 min rest — this
cycle regime was repeated three times. Previous studies have shown that
this protocol results in homogenous powder dispersion [35,36]. The
packing of the powder bed at each composition was determined using an
approach previously described [20]. A binder jetting AM machine
(Zcorp 310, Z Corporation, UK) was used to spread the powder from the
feed area to a custom-made reservoir (150 mm x 150 m, with adjustable
height) located within the build area. Using this approach, the mass (m
(HA,Adh)) and height of the powder within the reservoir were measured
in order to determine the percentage of powder bed packing (Eq. (1))
[20].

m(HA, Adh)

Powder bed packing (%) =

@

(%HA x p(HA) + %Adh x p(Adh)) x V(reservoir)
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where %HA and %Adh are the weight ratio of HA and adhesive of the
powder composition, respectively. p represents the density (g cm™>) of
HA and adhesive. V(reservoir) (cm®) was the volume of the reservoir
filled with powder. Droplet penetration behaviour was investigated for
each formulation of powder blend using a test protocol previously
developed [20]. A standard binder jetting ink containing > 98% water
(ZB 7, Z Corporation, UK) was used. A high-speed particle image
velocimetry system (LaVision, Germany) was used to record a single
droplet of the water-based ink falling from 8 mm above the powder bed
and subsequently penetrating it (Fig. 1). The droplet volume was
approximately 5 pL. Five replicates were performed for each powder
blend. The image velocimetry system was recording at a speed of 60
frames s~!. Droplet penetration time, penetration depth, and wetting
ratio were determined. The droplet penetration time was recorded from
the time the droplet contacted the powder bed surface and ended when
all liquid was drained below the surface [20]. Following granule solid-
ification, the solidified granule was removed from the powder bed. The
height and mass were measured and were then used to calculate the
penetration depth and wetting ratio [20]. The wetting ratio is defined as
the volume ratio of powder that has been fully wetted by a single droplet
relative to the droplet volume (Eq. (2)).

m(granule) — m(droplet)

(%HA x p(HA) + %Adh x p(Adh)) x V(droplet) 2

Wettingratio(v/v) =

where m (granule) and m (droplet) were mass (g) of the granule and the
droplet, respectively. V (droplet) was the droplet volume (mm®).

2.2. Binder jetting AM

Two custom-made reservoirs were installed on the feed area and
build area of a binder jetting AM machine (Zcorp 310, Z Corporation,
UK) to reduce the amount of powder required for the process (Fig. 2).
The size of each reservoir was 150 mm x 150 mm with an adjustable
height to allow 3D parts to be built within. The standard water-based
binder was used, which was a reliable ink for the thermal printhead.
During the AM process, the binder droplet was selectively deposited
onto the powder bed according to the CAD design. The whole structure
was built layer-by-layer at a layer thickness of 100 um. Two structures
were designed and printed: (1) a rectangular porous structure (pore size
= 1.2mm x 1.2mm) and (2) a cylindrical block structure
(@6 mm x 12 mm) (Fig. 3). The block scaffold was subsequently used to
determine the mechanical properties and the porous scaffold was used to
calculate the geometrical accuracy. Post-printing, each scaffold was
dried in an oven for 1 h at 70 °C. The drying process was used to remove
excessive water binder, which did not interact with the powdered ma-
terial. Following drying, each block scaffold was de-powdered using
compressed air. The handling behaviour and ease to de-powder were
observed and a qualitative assessment was conducted between the
different 3D printed scaffolds at a function of powder blend formulation.

1

-
-~
|
”
g 7=\
Binder .
Droplet
3 High-Speed
Powder Camera
Bed \ A2

Fig. 1. A schematic diagram of the droplet penetration test setup.
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Fig. 2. Custom-made reservoirs to reduce the amount of powder required for
binder jetting AM process: (A) top view of the reservoir; (B) side view of the
reservoir; and (C) setup of the reservoirs in a binder jetting machine.

2.3. Characterisation

Compression tests were conducted on solid 3D printed scaffolds
using a Universal materials test system (EZ50, Lloyds Instruments, UK)
with a 5 kN load cell at a rate of displacement of 0.5 mm/min. Each test
was completed when the load reduced to 80% of the peak load. The peak
load was used to calculate the compressive strength for each specimen.
The compressive modulus was determined from the slope of the linear
elastic region. Four replicates were performed for each specimen group.

The geometries of porous 3D printed scaffolds were scanned using a
SkyScan 1174 compact desktop micro-computed tomography (p-CT)
scanner system (SkyScan N.V., Belgium). Details of the p-CT scanning
process used are described in previously reported studies [9,21].
Reconstruction of the transmission images was performed using SkyScan
NRecon software (Version 1.6.3.1), which generated a dataset of cross-
sectional images (Fig. 3). To quantify the level of geometrical accuracy,
the cross-sectional images from the 3D printed porous scaffold was
compared to the reference image from the 3D CAD design. Conse-
quently, a process called image registration was needed to align
different images into one coordinate system. The goal of image regis-
tration is to map points in one image to the corresponding points in
another image [37]. The image that has geometrical transformations is
referred to as the target image, while the other image is referred to as the
reference image, which remains at a fixed position. The use of image
registration is widely adopted across different fields, such as remote
sensing, medical imaging, and computer vision [38]. Image registration
is an algorithm and the success of this process depends on how well the
target and reference images map onto each other. Due to the common
information shared by the features in both images, the algorithm can
detect points within the target image corresponding to points in the
reference image. It then transforms the target image to match the
reference image based on point-by-point correspondence [39]. After
these two images have been mapped onto each other, a difference image
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Fig. 3. Schematic diagram showing the overall methodology used in this study. The HA:adhesive powder mixtures were: (i) formulating for binder jetting AM; (ii)
processing into solid and porous structures; and (iii) characterised in terms of green strength and geometric accuracy. Geometric accuracy was analysed using ImageJ
via image reconstruction and registration. The quality of AM fabricated scaffolds was then feedback to formulation optimisation.

is generated, from which the non-overlapping areas are highlighted.
This method facilitates the quantitative measurement of image dissim-
ilarities, and consequently, the geometrical accuracy of the 3D printed
porous scaffold.

The reference image was drawn in Solidworks (Dassault Systéemes
SolidWorks Corp, U.S.A.) with the same dimensions to the correspond-
ing cross-section of the initial CAD design. Each target image was ob-
tained from the p-CT dataset following reconstruction. Five cross-
sections of each 3D printed porous scaffolds were used as the target
images for analysing geometrical accuracy. Their locations were
selected to be uniformly distributed across the scaffold geometry
(Fig. 3).

Both the reference and target images were imported into ImageJ
software (National Institutes of Health, U.S.A.) [40]. Initially, the target
image required thresholding as it was in 8-bit format. The 3D printed
porous scaffolds fabricated from different powder blend formulations
were of varying composition and densities. Therefore for each image,
thresholding was performed according to its grayscale histogram. And
the threshold level was selected on the cut-off point of an X-ray ab-
sorption peak. The reference image did not require thresholding due to
its black and white format. Scale set was performed post-thresholding.
Each p-CT image had a pixel size of 16.25 pm, which was used to set
the scale. For the reference image, a line was drawn on the bottom
boundary and the scale was then set by defining its length as 8400 pm.

Consequently, the two images were registered using an ImageJ

plugin program called Rigid Registration [41]. The target image was
selected to transform, and the reference image was used as the template.
The algorithm was processed under the following setup: n initial posi-
tions to attempt = 1; tolerance = 1.000; level = 4; and stop-level = 2.
Post-registration completed, a difference image was generated with non-
overlapping areas shown in white (grayscale = 255) and overlapping
areas shown in black (grayscale = 0) (Fig. 3). The number of pixels that
carried either grayscale value was quantified from the histogram of the
difference image. Printing accuracy was then calculated by the ratio of
the number of black pixels to the number of all pixels (Eq. (3)).

Printing Accuracy(%) = black pixels/(black pixels + white pixels) x 100%
3)

where: black pixels and white pixels = the number of black and white in
the difference image.

2.4. Statistical analysis

The statistical significance of data collected from each experimental
test was determined using one-way Analysis of Variance (ANOVA). A
post-hoc Tukey’ HSD test was performed. A p-value < 0.05 denoted
significant difference between two compared sample groups.
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3. Results
3.1. Powder characterisation

The two PVOH grades investigated in this study had similar hydro-
lysed levels (86.5-89%) and only differed in their My. GPC indicated the
PVOH (low MW) and PVOH (high MW) was M, of 70,130 and 227,860,
respectively (Table 1). M, and My, represent the number average mo-
lecular weight and weight average molecular weight and relate to
determining the molecular mass of a polymer. Mj, is defined as the total
weight of polymer divided by the total number of molecules. Whereas,
M,, depends not only on the number of molecules present, but also on
the weight of each molecule [42]. The PVOH (high MW) demonstrated a
more heterogeneous molecular size distribution resulting in a higher PDI
and greater M,, than PVOH (low MW). GPC indicated the PVOH (high
MW) grade showed a greater proportion of larger molecules, which
made it more distinct when compared to PVOH (low MW). The malto-
dextrin powder demonstrated similar molecular weight distribution to
PVOH (high MW). These two polymer-based adhesives showed a 4.34%
and 6.70% difference in M,, and PDI. The characteristics of the adhesives
investigated ensured rational comparisons could be made between the:
(i) PVOH of different MW; (ii) PVOH and maltodextrin; and (iii) same
composition at different mixing ratio with HA powder.

The interaction between water-based ink droplets and HA powder
bed containing each adhesive at different ratios was studied. The results
may help interpret the quality of printed structures for each powder
blend composition. All powders exhibited a relatively short droplet
penetration time with the highest being 376 + 88 ms for a powder bed
containing 10 wt% PVOH (high MW) (Fig. 4). On average, ink droplets
were able to penetrate the rest of the powder bed within 300 ms. Powder
bed containing maltodextrin demonstrated a wetting ratio over four
times greater to than those containing PVOH (p-value < 0.05). The HA:
maltodextrin powder blend formed from a single droplet also exhibited
significantly greater depth (3.94 + 0.29 mm), when compared to PVOH:
maltodextrin powder at the same adhesive ratio (2.54 + 0.18 mm and
2.65 + 0.26 mm) (p-value < 0.05). Overall, PVOH at a lower ratio
resulted in a higher wetting ratio and greater droplet penetration depth.
There was no significant difference between different PVOH grades at
the same ratio (p-value > 0.05) with the only exception being the wet-
ting ratio when 20 wt% PVOH was used. There was no significant dif-
ference in the powder bed packing between the investigated powder
compositions (p-value > 0.5). Packing values ranged between 36% and
40%, which was similar to the packing ratios for a similar grade of HA
powder [20]. It has been discussed that the particle size distribution was
the main factor contributing to the powder bed packing. [20] The
powder particle size used in this study was within the ideal range for the
HA and adhesive powders. Therefore, the spreadability required to fill
the powder bed was consistent for all powder compositions investigated
in this study.

3.2. Binder jetting AM process
Three powder blend formulations resulted in insufficient handling

properties for the porous 3D printed scaffolds from those powders, i.e.
(1) 10 wt% maltodextrin in HA; (2) 20 wt% maltodextrin in HA; and (3)

Table 1
Characteristics of the three adhesive powders investigated.
Hydrolysed Viscosity M, M,, PDI
Level (%)® (mPa s)” (gmol™)  (gmol™)
PVOH (low 86.5-89 23.0-29.0 22,480 70,130 3.12
MW)
PVOH (high 86.5-89 40.0-46.0 38,950 227,860 5.85
MW)
Maltodextrin N/A N/A 34,760 217,950 6.27

# Denoted properties provided by the manufacturer.

Additive Manufacturing xxx (xxxx) xxx

10 wt% PVOH (low MW) in HA. Therefore, these compositions were not
considered to be candidate powder blends warranting further investi-
gation. Amongst the remaining six powder blend formulations, 30 wt%
maltodextrin demonstrated a de-powdering issue. Specifically, a needle
was used to remove a portion of the residual powder from within the
pores and then the structure was de-powdered using compressed air
(Fig. 5). The same situation did not occur when the HA:PVOH powder
blends were used, irrespective of the PVOH grade or compositional ratio.
All the residual HA:PVOH powder from within the porous scaffold post-
fabrication was easily removed using compressed air.

3.3. Geometrical accuracy

The p-CT scanning images of 3D printed scaffolds demonstrated their
internal porous structure. By overlapping the u-CT images with the
original CAD design, the geometrical accuracy of the porous scaffolds
fabricated from the different powder compositions was then determined
(Fig. 6). The HA:maltodextrin structure exhibited two significant issues:
(i) the overall structure was highly distorted; and (ii) the pores had
irregular shapes of heterogeneous dimension. Conversely, the majority
of the HA:PVOH (irrespective of MW) 3D printed scaffolds demonstrated
greater accuracy in terms of overall shapes and pore structures. Pores
were close to the square shape and only slightly larger when compared
to the initial CAD design. For the 3D printed scaffold containing 20 wt%
PVOH (low MW), significant cracking was observed at the edge of the
scaffold, which resulted in inferior mechanical integrity. However,
further reduction in the adhesive ratio to 10 wt% resulted in insufficient
handling properties post-processing. Poor mechanical integrity was not
observed for the 3D printed scaffolds fabricated using the HA:PVOH
(high MW) powder blends irrespective of compositional ratio. A mildly
incomplete structure was observed at one of the vertices of the 3D
printed porous scaffolds fabricated from the 90:10 wt% HA:PVOH (high
MW) powder blend.

Using the p-CT scanning images, quantification of the geometrical
accuracy was conducted. At 30 wt%, the 3D printed porous scaffolds
using maltodextrin as the adhesive demonstrated significantly lower
geometrical accuracy (p-value < 0.05) when compared to the PVOH
equivalent (Fig. 7). The scaffold fabricated using HA:maltodextrin
exhibited a geometrical accuracy of 78.82 + 1.43%, suggesting a mis-
matching between the fabricated scaffold and the initial CAD design of
approx. 21%. The only HA:PVOH powder blend that resulted in a scaf-
fold of relatively poor geometrical accuracy was 20 wt% PVOH (low
MW) and internal cracking within its microstructure. Higher levels of
geometrical accuracy were achieved for 3D printed scaffolds fabricated
with a greater level of PVOH. At 30 wt%, the HA:PVOH (high MW)
scaffold exhibited 85.68 &+ 1.19% geometrical accuracy and the HA:
PVOH (low MW) structure exhibited 84.60 + 0.68%. Comparing the
quantified data with the cross-sectional images, it was observed the
mismatch in geometrical accuracy between the initial CAD design and
the final 3D printed scaffold was largely due to over-size in the pores.

3.4. Compressive properties

The green compressive properties are important because they
demonstrate how well the 3D printed scaffold can maintain its
geometrical integrity during post-processing when subjected to external
forces (e.g. compressed air during the de-powdering process). For all
powder blend formulations investigated, the 3D printed structures
fabricated using the powder containing 30 wt% PVOH (high MW)
demonstrated the highest compressive strength (5.63 + 0.27 MPa)
(Fig. 8). It was significantly higher (p-value < 0.05) when compared to
the same structure fabricated from HA:maltodextrin (3.70 £ 0.47 MPa)
and HA:PVOH (low MW) (0.37 + 0.01 MPa) at the same ratio. As the
ratio of PVOH (high MW) decreased to 20 wt% and 10 wt%, the
compressive strength decreased significantly to 2.31 + 0.11 MPa and
1.15 £+ 0.16 MPa (p-value < 0.05). The 3D printed scaffolds fabricated
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Fig. 4. Wetting ratio, droplet penetration time, penetration depth, and powder bed packing of HA:adhesive powder blend formulations at different adhesives and
mixing ratios. Maltodextrin at 10 wt%, 20 wt% and PVOH (low MW) at 10 wt% were not investigated due to insufficient handling properties.

: Fig. 5. Processing behaviour of HA powders mixed with
HA:Maltodextrin HA:PVOH maltodextrin, PVOH (low MW), and PVOH (high MW).
After de-powdering, the difference in removing powders
from the 3D printed scaffolds between HA:maltodextrin
and HA:PVOH was demonstrated. Formulations that
@ ‘@ @ demonstrated sufficient handling strength post-printing
were denoted by blue colour, and those exhibiting an
D powaETRTsAaTan! insufi.:icient ham.iling strength were denoted b){ gre}f colour.
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)

10 wt.% 20 wt.% 30 wt.%

Maltodextrin
PVOH (low MW)
PVOH (high MW)

- Insufficient Strength

- Sufficient Strength

from the HA: PVOH (low MW) powder blend exhibited the lowest highest compressive modulus. Analysing the PVOH formulations, the
compressive strength when compared the other powder blend formu- 70:30 wt% HA:PVOH (high MW) demonstrated the highest compressive
lations investigated. The compressive modulus data followed a similar modulus of 88.96 + 3.36 MPa. This result was > 600% higher than
trend to the compressive strength data except for the 3D printed scaf- compressive modulus for the 3D printed scaffolds fabricated from the
folds fabricated from the maltodextrin formulation, which exhibited the PVOH (low MW) formulation at the same powder ratio.



Z. Zhou et al.

ULIX9POJ[ UL V]

(MIN M0]) HOAd'VH

(MIN YSI)) HOAd:VH

10 wt.%

30 wt.%
Adhesive Powder Ratio

20 wt.%

Fig. 6. Examples of the cross-sectional images obtained using u-CT scanning of
the AM scaffolds from different powder blend formulations. Each of the cross-
sectional images was registered with the designed image, shown below the
cross-sectional images.

4. Discussion

To the best of our knowledge, this is the first time that a water binder
jetting AM formulation containing HA at a high level wt% content (>
70 wt%) achieving a high level of printability has been reported. Spe-
cifically, these powder formulations: (i) demonstrated a compressive
strength approx. > 500% higher than the commercial CaSO4-based
powder formulation; (ii) contained > 70 wt% HA; (iii) exhibited good
geometrical accuracy in the 3D structure and (iv) worked on a
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repeatable basis with standard water-based inks. The same 3D printed
solid structure fabricated from 100% commercial CaSO4-based powder
exhibited a compressive strength of 1.10 MPa [20]. Blending 75 wt%
commercial CaSOg4-based powder with 25 wt% HA increased the
average compressive strength to 1.98 MPa [20]. However, in this study,
3D scaffolds demonstrating a significantly higher compressive strength
(i.e. 5.63 MPa) by incorporating < 30 wt% adhesive-based powders
were fabricated. Incorporating a higher wt% HA content in the powder
formulation has the potential to provide greater osteoconductivity for
bone applications.

Nevertheless, it is crucial to select an adhesive powder with appro-
priate physical characteristics. For PVOH, the molecular weight plays an
important role in determining the quality of the 3D printed scaffold. In
general, an increase in the degree of polymerisation has been reported to
result in higher solution viscosity and greater tensile strength of the
polymer membrane [43,44]. These characteristics are particularly
favourable considering that PVOH was acting as a binding adhesive for
the HA particles. PVOH with higher solution viscosity can potentially
offer greater stability during binder jetting AM process. Following water
evaporation, a high-strength 3D printed scaffold bound by a PVOH
membrane resulted, which was demonstrated from the compressive
data, i.e. the high MW PVOH grade of adhesive powder was superior
when compared to the low MW equivalent. Even, using PVOH (high
MW) at 10 wt% resulted in significantly higher compressive properties
when compared to 30 wt% PVOH (low MW) (p-value < 0.05). The major
advantage of using PVOH (high MW) as the binding adhesive allows for
the use of a higher HA content in the powder formulation. Both the
PVOH grades (high MW and low MW) at 30 wt% demonstrated similar
geometrical accuracy, wetting ratio and droplet penetration behaviour.
The only difference was observed for the 3D printed scaffold fabricated
from the HA:PVOH (low MW) powder formulation, which demonstrated
poor mechanical properties and in part was caused by structural damage
and poor handling properties at 20 wt% and 10 wt% PVOH content,
respectively.

The other adhesive investigated was a maltodextrin-based material,
which demonstrated a molecular weight distribution close to the PVOH
(high MW) and exhibited a reaction similar to the water ink in a
dissolution-precipitation mechanism. However, the quality of the 3D
scaffolds fabricated using the HA:maltodextrin powder formulation was
distinct. The major issue with using maltodextrin as the adhesive with
the HA was excessive wetting, which caused difficulties in de-powdering
and poor geometrical accuracy. The excessive wetting of maltodextrin
affected powders in the unbound areas within the scaffold structure and

70:30 wt.% HA:maltodextrin

70:30 wt.% HA:PVOH (high MW)

80:20 wt.% HA:PVOH (high MW)

90:10 wt.% HA:PVOH (high MW)

70:30 wt.% HA:PVOH (low MW)

80:20 wt.% HA:PVOH (low MW)

—
- [ E
—_ —
) T T
' '
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| :
1 €
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70 75 80 85 90

Structural Accuracy (%)

Fig. 7. Mean structural accuracy + SD (%) of AM 3D porous scaffolds printed from powder blend formulations of various adhesives at differing ratios. * Denotes p-
value < 0.05, indicating a significant difference between powders having differing HA:adhesive ratios. ¥ denotes p-value < 0.05, indicating a significant difference

between powders consisting of differing binding adhesives.
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Fig. 8. Mean green compressive strength and compressive modulus + SD (MPa) of AM 3D printed solid printed from powder blend formulations consisting of various
adhesives at differing ratios. * Denotes p-value < 0.05, indicating a significant difference between powders having differing HA:adhesive ratios. ¥ denotes p-value
< 0.05, indicating a significant difference between powders consisting of differing binding adhesives.

a needle was required to remove the unbound powder from the 3D
printed scaffold. This was a significant issue since the use of needle
potentially damaged the structural integrity of the 3D printed scaffold.
The greater penetration depth and wetting ratio data for also confirmed
the excessive wetting of water-based ink with HA:maltodextrin powder.
At the same compositional ratio (30 wt%), maltodextrin wetted the
surrounding HA powder more than four times higher when compared to
the PVOH (Fig. 4). The excessive wetting also resulted in distorted
shapes and non-uniform sizes of the 3D printed scaffolds fabricated from
HA:maltodextrin. The majority of struts within the structure were larger
than the size defined in the initial CAD design. This wetting behaviour
negatively influenced the geometrical accuracy of the printed scaffolds,
which restricted the control and prediction of their respective perfor-
mance. The HA:maltodextrin at 30 wt% adhesive ratio showed good
compressive properties. However, it was not contributed by the intrinsic
material properties, but simply due to a greater degree of wetting within
the structure. This was proved when maltodextrin was mixed at lower
ratios, the HA:maltodextrin structures did not possess sufficient strength
for handling during post-fabrication. It is postulated that this was
because PVOH exhibited better intrinsic mechanical properties than
maltodextrin. Natural polymers such as maltodextrin are excellent in

biological responses with self-degradable moieties but generally weak
under mechanical loading due to their relatively weak chemical bonding
[45-47]. Maltodextrin is basically a collection of glucose units held
together by glycosidic bonds [45]. For example, a previous study re-
ported, a HA-maltodextrin structure exhibited a green strength of
0.7 MPa, which is significantly lower than the minimum requirements
for cancellous bone regeneration [18]. Therefore, maltodextrin has been
used mainly to improve the biological performances of the bioceramics
in bone tissue engineering [48,49]. Contrarily, synthetic polymers have
weaker biological responses but better mechanical properties. PVOH is
one of the mostly investigated polymers to improve the strength and
toughness of bioceramics due to its capability to build strong binding to
the surrounding ceramics [50-52]. This study also demonstrated PVOH
provided better mechanical improvement to HA compared to
maltodextrin.

This study has demonstrated the importance of using the droplet
penetration method to understand the relationship (and the interaction
thereof) between the powder bed and water-based ink during the binder
jetting AM process. The HA:adhesive powder formulations investigated
in this study showed very rapid droplet penetration time (< 400 ms),
which demonstrated good efficiency in absorbing the ink droplets. Due
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to this rapid penetration time, the powder wettability did not reach
equilibrium before the droplet fully penetrated the surface of the powder
bed. Therefore, it was difficult to characterise the wetting angle of the
powder, which is often useful to infer the surface roughness, surface
energy and hydrophilicity of the powder bed [53]. The rapid penetration
occurred due to the increased hydrophobicity of the powder composi-
tions after mixing with the water-soluble adhesives. A previous study
used CaSOy4 as the adhesive powder for HA but only managed to reach an
average penetration time of 1500 ms [20]. A faster droplet penetration
time leads to faster ink-powder interaction, which is beneficial for AM
manufacturing considering the structure of the 3D printed scaffold is
built voxel by voxel.

In summary, a high MW grade of PVOH is the best candidate as the
adhesive powder for HA when the binder jetting AM process is being
considered. PVOH is a non-toxic biopolymer that can potentially form a
promising bioceramic-polymer composite to mimic the natural bone.
The biopolymer component demonstrates good toughness, which pro-
vides balance to the intrinsic brittle nature of the HA [54]. This study
successfully established HA-based powder formulations that potentially
provide great structural, mechanical and biological properties of the
binder jetting AM manufactured scaffolds. This first step achievement is
often critical to the eventual success in developing new bone substitutes
for bone tissue engineering applications.

5. Future perspective

In general, ceramic structures manufactured using binder jetting AM
have low mechanical properties [9,12,14]. For example, the commercial
binder-jetting powder demonstrated a green strength of 1.10 MPa.
Consequently, various post-processing approaches such as sintering [21]
and polymer infiltration [9] were adopted to improve the mechanical
properties. Nevertheless, the greatest improvement achieved in this
study was a significant increase in green strength (5.63 MPa) owing to
the development of novel powder compositions (i.e. 30:70 PVOH:HA). It
was more than 500% higher than that of the commercial powder. Most
importantly, this is now in the mid-range of natural cancellous bone
(2-12 MPa) [55]. Considering the proposed application is targeted to-
wards non-load bearing bone implants, the developed composition has
sufficiently high mechanical properties that can essentially eliminate the
need to adopt post-processing method. Additionally, sintering will
inevitably remove the PVOH from the structure, which is not ideal from
a tissue engineering perspective. In the biomaterial research field,
ceramic/polymer composites have been the trend for development of
bone tissue implants due to their resemblance with organic/inorganic
phases in natural bone composition [56-58]. It combines the merits of
each component, i.e. the ceramic phase provides osteoconductivity and
the polymer phases demonstrates appropriate toughness [56]. This
study has essentially printed HA particles within a PVOH matrix. This
follows the biomimetic concept that in bone structure, HA particles are
dispersed within a polymer-based matrix (i.e. collagen) [59]. An adverse
effect would result if the polymer-based material was removed due to
sintering and only the ceramic remained. Due to the abovementioned
reasons, the authors would like to propose the use of as-printed scaffolds
developed in this study directly for potential non-load bearing bone
tissue applications, without post-processing treatment.

Following this work, further investigation on this PVOH:HA
composition is proposed to determine the bioresorption and bio-
responsiveness of the scaffold structures. It would be interesting to
evaluate the effects of a secondary phase of PVOH on the bioresorption
behaviour of a principal HA material. A dynamic flow reactor to mimic
body fluid circulation would be preferred for conducting the bio-
resorption characterisation. A dynamic flow reactor can create contin-
uous flow that replicates how the scaffold structure would degrade or
resorb in vivo. A previous study found a dynamic flow reactor is a
particularly useful tool to characterise scaffolds manufactured using
binder jetting AM [21]. Going forward, it also important to understand
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how efficient the 3D printed PVOH matrix can bind the HA particles. A
good indication of particle removal is water absorption of the PVOH:HA
scaffolds, which increases with more water uptake within structural
flaws [21]. Understanding the surface hydrophilicity or wettability is
also recommended to characterise change in the PVOH/HA ratio during
resorption. The resorption rate should coincide with the bone tissue
growth rate and bone remodelling, which will vary considerably based
on the type and position of bone to be repaired [60]. The bio-
responsiveness of the PVOH:HA scaffold is also important for under-
standing its biocompatibility and osteoconductive properties. Cell
viability, proliferation differentiation rates should be characterised
using appropriate in vitro studies and in vivo small and large animal
models. The PVOH:HA scaffold will only prove to be useful for triggering
bone repair and regeneration if collective information shows positive
results within these in vitro and in vivo studies. The specific application
of the described PVOH:HA-based scaffold should be determined
following studies to understand the bioresorption and bioresponsiveness
behaviour. The proposed experiments relate to the design and evalua-
tion of PVOH:HA 3D printed scaffolds specifically towards potential
clinical application. The scale and scope of this work are beyond this
current study, which focused on the formulation and processing devel-
opment of the PVOH:HA 3D printed scaffolds.

6. Conclusions

This is the first study to demonstrate a high level of printability when
using a formulation containing > 70 wt% HA powder and a water-based
binder in the binder jetting AM process. Specifically, we developed HA:
adhesive powder formulations demonstrating greater 3D printability
using the binder jetting AM process when compared to the literature
[17-23]. High geometrical accuracy (> 85%) and excellent green
compressive strength (5.63 + 0.27 MPa) were achieved when high MW
PVOH powder (30 wt%) was blended with HA. This study also investi-
gated the fundamental droplet penetration behaviour in different pow-
der formulations. From these studies, it was observed that the
maltodextrin-based adhesive exhibited excessive wetting when used in
conjunction with the water-based ink - thereby causing poor geomet-
rical accuracy and difficulty in removing unbound powder from within
the structure of the 3D printed scaffold. Additionally, the low MW grade
of PVOH resulted in a 3D printed scaffold demonstrating poorer
compressive properties. In summary, adoption of the proposed optimal
powder formulation with a water-based binder significantly improved
the printability of HA-based 3D scaffolds manufactured using the binder
jetting AM process, which can potentially improve their mechanical,
structural and biological performances for bone tissue engineering
applications.
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