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Abstract

The growing demand for bone-repairing applications has boosted the research for functional biomaterials,

their processing, and their conformation into bone scaffolds with controlled morphology and dimensions.
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However, it is still challenging and expensive to manufacture bioceramic scaffolds with complex
morphology and tailored porosity. This paper presents the processing of low-cost hydroxyapatite from
widely available bovine bones and the development of mimetic bone structures by vat
photopolymerization additive manufacturing. First, bovine bones were processed to become reactive
bioceramic hydroxyapatite through calcination and milling; a route called ceramization that eliminates
any biological risk. Second, hydroxyapatite suspensions were developed with high solid loading (40
vol%), excellent stability (> 30 days) and low viscosity (< 200 mPa.s). Finally, a bovine trabecular bone
was microCT scanned and replicated as mimetic bones through additive manufacturing vat
photopolymerization using the obtained hydroxyapatite suspension. The printed scaffolds showed
adequate mechanical resistance, similar to natural bone, verified by mechanical tests and finite element
simulation. Conclusively, the presented methodology results in a promising combination of morphology,
mechanical resistance and biocompatibility suited for bone scaffolds, using low-cost bovine-derived
hydroxyapatite. Also, the described processing has a high potential for tissue engineering of

customized/complex scaffolds for implants.
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1. Introduction

The main destination of porous bone scaffolds is repairing damaged bones; however, scaffolds
are not intended to replace bone permanently but rather to provide mechanical support for the growth of
new natural bone. Therefore, an ideal scaffold should: promote intraosseous formation and
vascularization by stimulating the proliferation of new cells within the porosity of the scaffold
(osteointegration); support the mechanical loads while the bone is regenerating [1-7]; allow the flow of
blood and body fluids (osteoconductivity) [7-10]; and be bioabsorbable after new bone formation.
Notably, bone scaffolds must have high porosity with controlled pore morphology, size, distribution and
interconnectivity [1,11-13]. Therefore, there has been intense research on biocompatible materials and
manufacturing routes to meet all these requirements.

Additive manufacturing (AM) has stood out among the scaffold fabrication technics due to the
possibility of producing highly complex and customizable ceramic parts in small series without the high

costs of molds [8,14]. Vat photopolymerization (VP) is an AM process that can produce tiny ceramic



structures with outstanding dimensional precision (= 50um) [15-17]. Thus, it has emerged as one of the
best AM technologies for the fabrication of bioceramic scaffolds [18-33]. In this process, the bioceramic
powder is mixed with a liquid photopolymer and is solidified in a vat, layer by layer, by light
polymerization. Then the composite body goes through a heat treatment in which the organics are
eliminated (debinding), and the ceramic is sintered [34—36].

However, producing parts using VP with controlled porosity, precise dimension and adequate
mechanical strength is challenging. These characteristics are highly dependent on the properties of the
ceramic suspensions, especially solid loading, rheology and curing behavior [37]. Therefore, the
preparation of these ceramic slurries is critical and requires further studies and optimization, especially
when using materials that were not previously applied to the VP process.

Selecting the appropriate raw materials is an essential factor in the success of ceramic additive
manufacturing. For instance, hydroxyapatite (HA) is one of the most popular materials associated with
the fabrication of bone tissue because it promotes osseointegration [38]. In recent years, many researchers
have studied the feasibility of producing HA bone scaffolds by VP [8,14,20,22-24,28-32,35,36,39-42].
However, they all use commercial synthetic HA powders, which are expensive raw materials. An
alternative to circumvent the cost limitation is the use of bovine-derived hydroxyapatite. The use of this
bovine-derived material is highlighted in research because it is similar to human bone, exhibiting
excellent biocompatibility and osteoconductivity [43-46].

This article presents the fabrication of high-performance, low-cost bioceramic parts by VP using
bovine-derived hydroxyapatite, with full material traceability for the first time. Furthermore, the
processing of the bovine bones into reactive HA submicrometric powder is fully described. The processed
bovine HA was used to prepare solvent-free photosensitive suspensions with high solid loading and low
viscosity. Finally, scaffolds that mimic trabecular bone were successfully printed in a homemade VP 3D

printer using the HA photosensitive suspensions.

2. Materials and methods
Hydroxyapatite (HA) powders were obtained from two different bovine breeds (Nelore and
Canchim), according to Erbereli [47]. It is noteworthy that the HA produced from both breeds have
similar structural and architectural characteristics [47]. The bone was broken into small pieces, calcined

(either at 900 or 1300°C), and submitted to manual crushing in a mortar and pistil. The resulting powder



was ball-milled in an alcoholic solution for 24 hours, followed by vibratory milling for 72 hours. During
the milling process, a sample of the suspension was collected after every 24 hours and characterized in
terms of particle size by SediGraph Il Plus Particle Size Analyzer (Micromeritics). The measurement
principle was X-Ray monitored gravity sedimentation, and the calculation method was the Stokes
sedimentation and Beer’s law of extinction.

The bovine-derived HA powders produced under different conditions (after milling, calcined at
900°C, calcined at 1300°C, and sintered at 1300°C) were characterized by X-ray diffraction and
compared with a commercial hydroxyapatite powder (Sigma Aldrich - Fluka - batch: 1231469 - CAS No.:
1306-06-5), a material that meets the ASTM 1185 — 03 (Standard Specification for Hydroxyapatite
Composition for Surgical Implants) [48]. The diffraction tests were performed for each condition in a
Shimadzu XDR-7000 equipment with 40 kV and 30 mA, CuK-o radiation (wavelength A = 1.54056A).
The 6 - 20 analysis were scanned from 5 to 90 ° with a step 0.02° every 0.6 seconds.

The 3D bone digital model, later used for additive manufacturing and finite element simulation,
was obtained from a piece of a posterior metatarsal bovine bone (Figure 1a) with cortical and trabecular
portions using X-Ray microtomography (SkyScan 1272, Bruker, with XIMEA camera XiRAY16). A slice
was acquired every 0.067742 seconds, resulting in a total of 1240 slices, each with 1240 x 2176 pixels
(width and height, respectively). Next, the grayscale slices images were binarized, converted to a solid
surface STL file (Figure 1b). Finally, a cube of 1 cm® of the trabecular section was generated through a

Boolean cut operation (Figure 1c).

Figure 1 — 3D model acquisition. a) metatarsal bovine piece. b) Scanned 3D model with a highlighted

cube (green) for Boolean cutting. ¢) Resulting cube from trabecular portion (model).



Three ceramic suspensions were developed using variable solid loadings (30, 35 and 40% vol) of
bovine-derived HA powder calcined at 1300°C. Poly (ethylene glycol) diacrylate (average Mn250 -
Sigma Aldrich) was used as monomer and Triton X-100 (Sigma Aldrich, USA) as dispersant (3wt % of
the ceramic powder). The suspensions were ball milled for 24 hours to obtain a homogeneous suspension,
as suggested by Camargo [49]. The rheological behavior of the three slurries was characterized using a
rotational viscometer model DV2T extra (Brookfield, Canada) at room temperature (between 23 and
25°C). The colloidal suspension stability of the slurries was verified by a sedimentation test, where 10 ml
of each suspension were poured into graduated tubes, as described in other studies related to ceramic
photosensitive suspensions [49-54]. The measuring tubes were kept undisturbed for 30 days, and the
fraction of the sedimentation volume was recorded as a function of time.

After analyzing the rheology and stability tests, the 40 vol% suspension was selected for 3D
printing. The photoinitiator Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (PPO, Sigma Aldrich,
USA) was added to the slurry in the amount of 2 wt % of the monomer, according to references that
suggest the use of 0.5 to 3 wt% of photoinitiator [17,55-57]. The suspension was again processed in a
ball mill for more 24 hours for proper mixing of the photoinitiator.

Samples of the 3D model of the trabecular bone were additively manufactured on a home-built
Top-Down DLP printer described by Camargo [58] using the 40 vol% bovine-derived suspension. This
printer uses a light projector with a mercury vapor lamp that provides 0.5 mW/cm? of useful irradiance at
wavelengths between 380 and 420 nm [59]. Different exposure energies per layer (5, 7.5 and 10 mJ/cm?)
were tested to find adequate exposure energy to manufacture parts with 100 um thick layers.

In order to have a reference to evaluate the mechanical resistance of the printed parts, ten
cylinders of bovine-derived HA were produced by isostatic compaction. First, the HA was mixed with the
binder polyvinyl butyral (PVB) (1.2 wt % of the HA powder). The PVB was previously dissolved in
isopropyl alcohol in the proportion 1:10 vol. Next, the slurry was mixed in a ball mill for 2h, followed by
drying using a hot air blower. The dried powder was sieved with an 80# mesh (180 pm). Then, ten
cylinders, each with 0.63+0.01 g, were uniaxially compacted with a pneumatic press with a 6 mm
diameter mold. Finally, the preformed cylinders were evacuated and sealed inside a latex elastomer and
isostatically compacted at 190 MPa.

The debinding and sintering of the printed parts were performed in a box furnace (Blue M,

Lindberg) in an air environment, using the heating program shown in Figure 2. The heating rate was



reduced in the thermal degradation temperature range of the monomer (major organic component) [60] to
minimize cracks [61,62]. The compacted cylinders were also sintered at 1300°C for 2h. The 3D printed
bones and the compacted cylinders were measured with a digital caliper. The density of 3D printed parts
was measured based on Archimedes’ principle, following the ASTM C373-18 standard [63] using an

analytical balance with a resolution of 0.01 mg (AUW220D, Shimadzu).
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Figure 2 — Sintering curve.

Mechanical compression tests were carried out in a universal electronic test machine MTS®
Model 370.02 Bionix Servohydraulic Load Frame, 15 kN load cell, with a speed of 0.1Imm/m being
applied for the tests. Ten compacted cylinders and five 3D printed mimetic bones were tested. The
projected area of the sintered bone scaffolds was approximately 72 mm? The tests were based on the

ASTM C1424 — 15 [64].

The compaction test of the printed samples was reproduced using the finite element method
(FEM) in Ansys Mechanical. Before the simulation, the STL file of the trabecular bone was edited using
the free software Autodesk MeshMixer. The following modifications were performed on the STL file:
Scaling the file to match the sintered 3D printed part dimensions (7.07 x 8.25 x 8.55 mm), removing mesh
defects (non-connected regions, non-manifold vertexes, mesh holes); cutting a slice (< 0.25 mm) of the
faces to make them flatter to apply the loads; removing very thin material sections that would be highly
costly to simulate and would not considerable contribute to material stiffness; performing adaptative
remeshing to reduce archive size and regularize surface triangles. The edited STL file was imported to
Ansys Space Claim as a connected faceted body. The file was automatically fixed for errors and

converted to a solid with merged faces before exporting to Ansys Mechanical.



The HA properties adopted for the simulation were obtained from [65] (density 3100 kg/m®,
Young’s modulus 100 GPa, Poison’s ratio 0.28). The material was assumed linear elastic and isotropic.
After importing the bone geometry, the solid was meshed with second-order tetrahedrons (Tet10) using
the patch conforming method with automatic adaptative size resolution 6. The resulting mesh had
493,867 elements and 836,718 nodes (average element length of 0.08 mm). The bottom of the digital
bone was constrained with frictionless support (x = 0) and one of the edges was fixed to avoid solid-body
motion. In the first simulation step, the load was applied by displacing the upper face by -1.3132 um in
the x-direction. This displacement corresponds to the application of 90 N in the upper face, which was the
average force necessary for the partial breakage of the printed bones in the mechanical test. A second
simulation step was performed with a displacement of -5.2529 um in the upper face, corresponding to a
force of 360 N, which was the ultimate load that caused the printed samples to collapse. Figure 3 depicts
the meshed solid with a schematic representation of the applied load and boundary conditions. The

simulation was performed with the iterative solver and computed large deflections.
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Figure 3 — FEM mesh of the model bone with a schematic representation of the boundary

conditions and loads.



3. Results
Figure 4 shows the evolution of the milling process. Although larger particles result in lower
suspension viscosity, fine particles are more reactive than larger ones during sintering and may provide
parts with better mechanical properties. The usual range of mean particle size for studies related to
ceramics vat photopolymerization is up to 0.5 microns [37]. Therefore, the powder submitted to 72 hours

of vibratory milling was chosen for providing a mean particle size closer to this value.
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Figure 4 - Grinding curves.

Figure 5 shows the diffractograms of different bovine-derived HA powders (commercial, after
milling, calcined at 900°C, and 1300°C, and from a 3D printed part sintered at 1300°C). The comparison
indicates high similarity between the diffractograms of the commercial powder and the calcined HA at
1300°C. On the contrary, the milled powder and calcined bone at 900°C presented less crystallinity.
Hence, the calcination temperature was chosen to be 1300°C instead of 900°C. Furthermore, the sintered
part at 1300°C also showed high similarity with the commercial powder. It demonstrates that all the
photocurable resin used in the 3D printing process is eliminated with the heat treatment. Also, the
sintering operation does not change the stabilization of the HA phase, which could lead to its
transformation into tricalcium phosphate. Finally, the sintered HA appears to have higher crystallinity due

to the greater intensity of the peaks and narrowing of the bases in the diffractogram.
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Figure 5 - Comparative diffractograms of hydroxyapatite.

The influence of solid loading on the rheological behavior of the ceramic suspension can be seen
in Figure 6a. It can be noticed that the viscosity increases with increasing solid loading. All the
suspensions showed shear-thickening behavior (characterized by a viscosity increase with increasing
shear rate), which was accentuated for higher solid loadings. Moreover, all the suspensions presented
viscosity lower than 200 mPa.s in all measured shear rates, which was suitable for the 3D printer
recoating system [15,66,67]. Interestingly, the achieved viscosity is considerably smaller than other
studies on bioceramics suspensions for vat photopolymerization [23,39,68,69]. This good result was
achieved due to adequate choice of monomer and dispersant, as well as the control of the particle size of

the bioceramic powder.
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Figure 6 — Hydroxyapatite suspensions with different solid load characterization. a) Viscosity curves. b)

Sedimentation tests.

It can be seen from Figure 6b that the solids loading of 30 vol% of HA showed a higher
segregation rate, reaching a total of 25% during the test. On the other hand, samples with loads of 35 and
40 vol% loading showed similar segregation behavior over the 30 days of testing with total segregation of
only 10% and negligible sedimentation in the first days of the test, thus being suitable for the process. As
a good practice, it is indicated that the suspension should always be stirred before use. Considering its
adequate rheological behavior and stability demonstrated in the tests, the 40 vol% solid loading ceramic

slurry was used to manufacture the mimetic bones.

Concerning the printing parameters, an exposure energy of 5 mJ / cm’ resulted in the
delamination of the layers during printing. Thus, it was impossible to complete the fabrication. Similarly,
printed parts with an exposure energy of 7.5 mJ / cm? also presented delamination. On the other hand, the
tests carried out with an exposure energy of 10 mJ / cm? presented no delamination problems in any of the
additively manufactured parts. Figure 7 shows the 3D printed mimetic trabecular bones from model,
using the best condition found: ceramic paste with 40 vol% HA load and exposure energy of 10 mJ / cm?
Figure 8 presents a detailed view of the layers observed by optical microscopy, highlighting the
homogeneous layers and no apparent delamination problems. The richness of detail in the printed parts
was possible due to the use of high-resolution micro-CT to generate the 3D model and the optimization of

the printing conditions.



Figure 7 — Sintered 3D printed mimetic trabecular from model bone structure, using a ceramic slurry with

40 %vol of HA loading and exposure energy of 10 mJ/cm?.
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Figure 8 — Printing layers of specimens.

After sintering, the dimensions of the compacted cylinders were: 9.57+0.11 mm in height and
5.16£0.01 mm in diameter. The compression tests of the cylindrical bodies presented average rupture
stress of 280+60 MPa, which agrees with literature data for hydroxyapatite [65]. After sintering, the 3D
printed mimetic bones presented the following dimensions: 7.07+0.19 x 8.25+0.12 x 8.55+0.07 mm, with

a relative density of about 82%, a value slightly lower than related by other studies [70,71]. However, this



value could be improved by increasing the solid loading, sintering temperature, or sintering dwell time,

which may be the subject of future studies.

The 3D-printed mimetic bones showed a more complex behavior than the compacted cylinders
during the mechanical compression tests. Because the printed parts have several small trabecular
connections, the stress distribution is non-uniform and partial rupture occurs at different stages before the
ultimate fracture of the mimetic bone. The first significant partial rupture was detected with 90+50 N and
the ultimate rupture load was 360 + 104 N. Considering the projected area of the scaffold, this load
corresponds to an apparent ultimate stress of 5.00+1.45 MPa, as presented in Table 1. Remarkably, the
resistance of the 3D printed mimetic bone is similar to natural bone [72], highlighting its potential
applicability as bone scaffold. Despite the morphology of these 3D printed mimetic bones being more
complex than other scaffolds found in literature, they presented good mechanical resistance, similar or

even higher to other reported results [22,23,27,29,31,73].

Concerning the FEM simulation, Table 1 summarizes its main results. Figure 9 shows the
stresses in the loading condition corresponding to the first partial rupture that occurred in the mechanical
test (90 N applied). As expected, the stress distribution was non-uniform. Although the average stress was
low, 8.27 MPa, some highly loaded regions had stresses as high as 263.6 MPa, only 5% lower than the
ultimate stress found in the compacted cylinders (280 MPa). Therefore, it can be concluded that despite
the layered morphology created by the additive manufacturing process, the intrinsic resistance of the
material was retained significantly, evidencing the quality of the manufacturing process. Furthermore,
even when the ultimate load was applied (360 N), the average stress was low, 33 MPa, evidencing that the

rupture of the material was caused by localized fracture at stress concentrations.

Table 1 — Finite element simulation results.

Load (N) Average Stress Maximum stress
(N) (MPa) (MPa)
First peak 90.00 8.27 263.56

Ultimate peak ~ 359.56 33.07 1053.9
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Figure 9 — Equivalent stress results of the finite element simulation of the 3D printed mimetic trabecular

bone submitted to 90 N compression.

4. Conclusion

The processing methodology for bovine-derived hydroxyapatite with traceability, through
calcination and grinding by ball and vibratory mills, proved to be an efficient way in obtaining
submicrometric reactive powders. The produced powders have proper particle size for the development of
vat photopolymerization. Also, the processed bovine-derived hydroxyapatite calcined at 1300 °C proved

to have high crystallinity and similarity with commercial powders.

The bovine-derived HA suspension with 40 vol% loading proved to have suitable stability and
rheological behavior, with a viscosity below 200 mPa.s over the entire shear rate range test. As a result,
the HA suspension was successfully used to manufacture hydroxyapatite parts. Among the different
exposure energies tested, 10 mJ/cm? showed satisfactory results, resulting in parts without delamination

and with dimensional accuracy, reproducing the complex trabecular morphology and porosity.

The mechanical resistance of the 3D printed parts was proper for scaffold applications,

confirmed both by the mechanical tests and the finite element simulation. Furthermore, the resistance



calculated by finite element simulation (263 MPa) was only 5% lower than the compacted hydroxyapatite

samples, highlighting the excellent quality of the proposed manufacturing route.

The use of hydroxyapatite of bovine origin, an economical and widely available material, proved
suitable for the additive manufacturing of scaffolds and mimetic bones. The feasibility of using similar
parts in personalized bone implants, especially their biocompatibility and osteointegration, may be the

subject of future studies.
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