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ABSTRACT

STRUCTURAL OPTIMIZATION OF 3D PRINTED HYDROXYAPATITE SCAFFOLDS

Poor healing of critically sized bone defects affects 1.5 million Americans per year and results in
more than $1 billion in treatment and therapy cost. Treatment options remain limited and often
lead to reoperations, clinical complications, poor functional outcomes, and limb loss, making this
one of the biggest challenges in orthopedic medicine, resulting in significant personal and
economic cost. Healing strategies using autografts, allografts and xenografts are limited by
shortage of available tissue and failure to heal, with complication rates of 50% from delayed or
non-union, 30% from allograft fracture, and 15% from infection. Decades of research has been
dedicated to solving this problem using a wide variety of bone regeneration techniques. Tissue
engineered solutions have emerged that deploy biodegradable, osteoconductive scaffolds to
provide structural support and osteoinductive stimulus, with suitable porosity to enable nutrient
and waste exchange and angiogenesis. Promising calcium phosphate biomaterials like
hydroxyapatite (HAp) and B-tricalcium phosphate are widely studied for bone regeneration
scaffolds due to their excellent bioactivity (osteoinductivity, osteoconductivity and

osseointegration), mineral composition and tunable degradation rates.

Advanced scaffold topologies such as a type of triply periodic minimal surface (TPMS) structure
called gyroids are yielding scaffolds that are stiffer and stronger than traditional rectilinear
scaffold topologies. Gyroids are ideal candidates for scaffold designs due to their relatively high
mechanical energy absorption and robustness, interconnected internal porous structure, scalable

unit cell topology, and smooth internal surfaces with relatively high surface area per volume.
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In our study, a method of layer-wise, photopolymerized viscous extrusion, a type of additive
manufacturing, was used to fabricate HAp gyroid scaffolds with 60%, 70% and 80% porosities.
Our study is the first to use this method to produce and evaluate calcium-phosphate-based
scaffolds. Gyroid topology was selected due to its interconnected porosity and superior, isotropic
mechanical properties compared to typical rectilinear lattice structures. Our 3D printed scaffolds
were mechanically tested in compression and examined to determine the relationship between
porosity, ultimate compressive strength, and fracture behavior. Compressive strength increased
with decreasing porosity. Ultimate compressive strengths of the 60% and 70% porous gyroids
are comparable to that of human cancellous bone, and higher than previously reported for
rectilinear scaffolds of the same material. Our gyroid scaffolds exhibited ultimate compressive
strength increases between 1.5 and 6.5 times greater than expected, based on volume of material,
as porosity decreased. The Weibull moduli, a measure of failure predictability, were predictive
of failure mode and found to be in the accepted range for engineering ceramics. The gyroid
scaffolds were also found to be self-reinforcing such that initial failures due to minor
manufacturing inconsistencies did not appear to be the primary cause of premature failure of the
scaffold. The porous gyroids exhibited scaffold failure characteristics that varied with porosity,
ranging from monolithic failure to layer-by-layer failure, and demonstrated self-reinforcement in

each porosity tested.
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OVERVIEW

Research into synthetic bone grafts has been an active field over the past several decades.
However, published literature tends to focus on individual facets of synthetic graft design rather
than exploring how these facets effect other scaffold properties. It is common to find literature
that discusses, for example, designs with different porosities without also discussing how the
porosities affect mechanical response. Similarly, published articles will discuss compressive
strengths but only when tested in one direction, neglecting discussion of potential anisotropy in
the scaffold. In this work, we theorized that manufacturing a well-known material,
hydroxyapatite (HAp), into a more efficient structure would yield a scaffold that would be
mechanically sufficient for a cancellous bone graft despite being made from a material that had
been regarded as inadequate for such use. Significant effort was made to include as many facets
of scaffold design and characterization as were feasible. The development and characterization
of these scaffolds resulted in a manuscript intended for future submission for publication in the
Journal of Biomaterials Applications. An overview of this project is presented first, followed by
an expanded version of the manuscript containing additional discussion, results, and figures.
Statements made in the overview are presented and intended as generalities: specific claims,

supporting information, and citations are presented in the manuscript.

Critically sized bone defects affect millions of people a year and require surgical procedures such
as external fixation. This results in billions of health care costs for treatment and therapy, along
with the risk of continual procedures and life-long issues. Natural bone auto/allo-grafts are
preferential, but the risk of failure remains high; additionally, the shortage of material limits their

availability. Synthetic metallic implants are readily available but significantly reduce the body’s



ability to remove waste byproducts from the healing process. Many ceramic materials exist that
may serve as synthetic grafts, but biocompatible materials are often mechanically inadequate.
Hydroxyapatite is one such material. The biocompatible nature of HAp has been long known,
however the mechanical properties of HAp in traditional scaffold designs are inadequate.
Synthetic scaffolds with advanced topologies such as gyroids, a type of triply periodic minimal
structure, can potentially mitigate these mechanical property limitations due to their inherent
structural advantages. However, manufacturing of these structures is difficult. New additive
manufacturing methods are beginning to show promise in overcoming the challenges associated

with this new generation of scaffold design.

In our work, we present a method of robocasting combined with photopolymerization, which we
refer to as photocasting. This method is capable of producing complex scaffolds such as gyroids
without requiring support material. HAp particles are suspended in a colloid consisting of a
monomer, a photoinitiator, and a dispersant, using a method developed by my predecessor,
Katherine Lopez-Ambrosio. The materials are mixed via ball-milling to create a homogenous
slurry. The rheology and homogeneity of the slurry were evaluated by Lopez-Ambrosio to ensure
printability. Gyroids with 60%, 70%, and 80% relative porosity were designed using Autodesk
Fusion 360 and sliced via Cura. The resultant GCode was used with a Hyrel Hydra, equipped
with an EMOXT print head, to print the HAp slurry. An array of 405nm wavelength LEDs was
used to cure the slurry as it was being printed, resulting in near-net-shape scaffolds. The
scaffolds were then sintered at 1200°C to debind (via vaporization) the organic components and

densify the HAp. The resultant sintered scaffolds then consist of only HAp.

The scaffolds shrink during sintering and so the dimensions were recorded to appropriately scale

future designs. Micro-CT was used to determine porosity and to measure internal connectivity of



the scaffold structure. Thermogravimetric analysis (TGA) was used to confirm the organic
component pyrolysis. Energy dispersive X-ray spectrometry (EDS) was used to confirm
homogeneity in printed green (non-sintered) structures. The biocompatibility of the scaffold
material was also evaluated using mesenchymal stromal cells. The cells were designed to express
luciferase, which is bioluminescent and visible using in vivo imaging techniques. Cylindrical
rectilinear scaffolds, both green and sintered, were used as the base substrate for cytotoxicity
evaluation led by Lopez-Ambrosio. Cell proliferation was tracked through 10 days and cell

morphology was evaluated during the study.

Lopez-Ambrosio found that viscosity decreased as shear rate increased in a phenomenon known
as shear-thinning. She also confirmed that viscosity is stable as storage time increases up to at
least 20 days. The green scaffold dimensions were within 0.6%-1.3% of designed dimensions.
The sintered scaffolds shrunk 20.48%-21.33% during sintering. Micro-CT shows that the internal
pores of the scaffolds are fully interconnected though the total relative porosity differs by 3.51%-
10.40% from design. TGA results of green material indicate the organic components vaporize
above 250°C. TGA results of sintered material indicate that no further vaporization occurred,
showing that the sintering process removed the organic materials. The cytotoxicity study results

show that sintered scaffolds are not cytotoxic, whereas the green scaffolds are cytotoxic.

The mechanical properties of the gyroid scaffolds were evaluated using compression testing.
Scaffolds were tested both normal and transverse to the build direction in order to evaluate
scaffold isotropy. The samples were tested with a 1 kN load cell with a crosshead displacement
rate of 0.1 mm/min. Video footage of the tests was recorded to analyze global failure modes. The
stress-strain curves were evaluated to determine mechanical properties and a novel construct

modulus was developed to evaluate effective structural stiffness in parallel to the standard



method of measuring compressive stiffness. Scanning electron microscopy (SEM) was used to

view both the scaffold surfaces as well as the fracture surfaces of tested scaffolds.

Compression testing of our scaffolds show that ultimate compressive strength decreases from a
peak strength of 4.29 MPa to 0.36 MPa as porosity increases. The scaffolds tested normal to the
build direction are significantly stronger than those tested transversely to the build direction. The
Weibull modulus, a method of predicting failure and variance for materials susceptible to flaw-
dependent failure, of the scaffolds was predictive of failure mode and found to be between 3-5
suggesting that these scaffolds could be used in engineered designs. The compressive moduli
were found to be consistent for all directions at 60% and 70% porosity, between 73 MPa and 83
MPa, but decrease significantly to 45 MPa — 46 MPa at 80% porosity. Analysis of the test
footage show that the scaffolds exhibit either monolithic failure or layer-by-layer failure and that
the global failure mode is greatly affected by the porosity of the structure. The tested direction
affects the local failures in the material. In all cases, failure initiates at surface cracks found

throughout the scaffolds.

The rheology study (done by Lopez-Ambrosio) affirms the shear-thinning behavior of the
material. Shear-thinning allows the slurry to be more easily printed but potentially contributes to
inconsistencies in printing. Scaffold dimensions (as-printed) deviate from as-designed in specific
areas; these inconsistencies result from inconsistent material deposition, theorized to be due to
the effects of the shear-thinning in the nozzle during printing. Shrinkage during sintering was
isotropic and therefore able to be used as a design parameter. A combination of factors leads to
cracks throughout the scaffolds. The cure depth is theorized to be shallow due to the opacity of
the material, though we were unable to pursue this further, and is hypothesized to affect the

thermal expansion properties of the material. The changes in thermal expansion led to internal



thermal stresses during sintering and the excess energy is released via crack formation at the

junctions between printed roads and in internal concentric cracks.

The increased ultimate compressive strength of the scaffolds when tested in the normal direction
is hypothesized to be a result of additional road overlap during printing. This increased road
boundary increases the effective area that experiences stress, thus increasing the strength of the
scaffold. Conversely, the transversely tested scaffolds are theorized to experience higher rates of
local bending, which has a tensile component, within the printed struts, thus leading to earlier
failure. The Weibull modulus was found to be within the range of engineering ceramics for five
of the six tested sets, thus indicating that these scaffolds are sufficiently predictable to be used as
engineered structures. The failure probability graphs, derived from the Weibull modulus,
correlate with the failure modes exhibited by each sample set. The consistency in compressive
modulus for 60% and 70% porous scaffolds, compared to the significantly lower value for 80%
porous scaffolds, imply that a critical porosity exists above 70%, resulting in a sharp decrease in
the compressive modulus. The compressive construct modulus, used to evaluate effective
stiffness of the overall structure, consistently accounted for failure behavior within the scaffolds
and proved to be a valuable method for predicting scaffold behavior. Comparisons between our
structures and other structures are difficult to determine due to the range in materials, methods,
and structures used. In general, our scaffolds were found to have higher ultimate compressive
strengths and high compressive modulus values than other robocast HAp scaffolds with similar

porosity.

Initial failure sites were found to correspond to surface crack locations. As the scaffolds begin to
fail under loading, sections of the scaffolds that break earlier tend to self-reinforce against

neighboring material, a phenomenon seen in architectural arches. This self-reinforcement was



more common in normally tested scaffolds than in transversely tested scaffolds. The surface and
internal cracks were determined to be the most significant factor to earlier failure of the
structures. Further study is required to determine if the scaffolds can be further strengthened by
altering the sintering profile. Reduction of crack sites is hypothesized to be achievable by
reducing the ramp rate, thus allowing more time for organic component vaporization and HAp
grain densification. The longer sintering time yields larger grain sizes, which would weaken the
structures, but increases the density of the material more significantly, leading to a stronger

structure.

Both normal and transverse 60% scaffolds, as well as the transverse 70% porous scaffolds, were
found to have ultimate compressive strengths sufficient to potentially serve as cancellous bone
grafts. The self-reinforcing nature of the material indicates that an implanted scaffold may
survive initial loading and potential initial damage, thus allowing the body to continue to build
new bone upon the scaffold and continue to integrate the graft in the normal healing process.
Additional research into the sintering profile is recommended, as is studying the effects of cure

depth on material densification and scaffold mechanical properties.
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ARTICLE MANUSCRIPT!

SUMMARY

Hydroxyapatite is commonly used in tissue engineered scaffolds for bone regeneration due to its
excellent bioactivity and slow degradation rate in the human body. A method of layer-wise,
photopolymerized viscous extrusion, a type of additive manufacturing, was used to fabricate
hydroxyapatite gyroid scaffolds with 60%, 70% and 80% porosities. Our study is the first to use
this method to produce and evaluate calcium-phosphate-based scaffolds. Gyroid topology was
selected due to its inter-connected porosity and superior, isotropic mechanical properties
compared to typical rectilinear lattice structures. Our 3D printed scaffolds were mechanically
tested in compression and examined to determine the relationship between porosity, ultimate
compressive strength, and fracture behavior. Compressive strength increased with decreasing
porosity. Ultimate compressive strengths of the 60% and 70% porous gyroids are comparable to

that of human cancellous bone, and higher than previously reported for rectilinear scaffolds of
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the same material. Our gyroid scaffolds exhibited ultimate compressive strength increases
between 1.5 and 6.5 times greater than expected, based on volume of material, as porosity is
decreased. The Weibull modulus, a measure of failure predictability, was found to be in the
accepted range for engineering ceramics. The gyroid scaffolds were also found to be self-
reinforcing such that initial failures due to minor manufacturing inconsistencies did not appear to
be the primary cause of early failure of the scaffold. The porous gyroids exhibited scaffold
failure characteristics that varied with porosity, ranging from monolithic failure to layer-by-layer

failure, and demonstrated self-reinforcement in each porosity tested.

Keywords: Additive Manufacturing, Gyroid, Scaffold, Robocasting, Mechanical Testing,

Porosity

INTRODUCTION

Poor healing of critically sized bone defects affects 1.5 million Americans per year and results in
more than $1 billion in treatment and therapy cost[1]. Treatment options remain limited and
often lead to reoperations, clinical complications, poor functional outcomes, and limb loss,
making this one of the biggest challenges in orthopedic medicine, resulting in significant
personal and economic cost[2]. Healing strategies using autografts, allografts and xenografts are
limited by shortage of available tissue and failure to heal[3], with complication rates of 50%
from delayed or non-union, 30% from allograft fracture, and 15% from infection[4]. Decades of
research has been dedicated to solving this problem using a wide variety of bone regeneration
techniques. Tissue engineered solutions have emerged that deploy biodegradable,
osteoconductive scaffolds to provide structural support and osteoinductive stimulus, with
suitable porosity to enable nutrient and waste exchange and angiogenesis[5]-[7]. Promising

calcium phosphate biomaterials like hydroxyapatite (HAp) and B-tricalcium phosphate are

9



widely studied for bone regeneration scaffolds due to their excellent bioactivity
(osteoinductivity, osteoconductivity and osseointegration), mineral composition and tunable

degradation rates[8], [9].

A synthetic scaffold must meet several key requirements to successfully support new bone
growth and development. The scaffold must be non-cytotoxic, promote bioactivity, allow
adequate gas, nutrient and waste exchange, and degrade at an appropriate rate to enable new
bone growth[6], [7]. Cytotoxicity and bioactivity are dependent on the scaffold material itself,
while degradation rate is affected by both the material and the scaffold structure [10], [11]. To
facilitate the fluid exchange, the scaffold must be adequately porous. Scaffold porosity can refer
to either micro porosity or macro porosity. Micro porosity is determined via density of the
material and requires measurements of the spacing between the grains within the material itself.
Macro, or “relative”, porosity is measured using the designed pore sizes in the structure. Relative
porosity is generally what is referred to when discussing artificial scaffolds [12]. Mechanically,
suitable scaffolds must be able to support loads imposed upon them during the healing process
while matching the mechanical properties of the surrounding host bone and providing adequate
porosity and permeability to support bone regeneration[13]. Despite excellent bioactivity and
bone regeneration properties, success of calcium phosphate scaffolds is hampered by inadequate
structural properties required for significant load-bearing[12]. To date the preponderance of
research has targeted this challenge by developing improvements to the bulk biomaterial. Most
of this work has been rewarded with relatively small improvements in mechanical properties that
unfortunately still fall far short of the required mechanical strength for significant load bearing.
An alternative approach to engineering the bulk biomaterials is to develop more complex

structures and topologies that will improve structural properties. Enhancing the structure without
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altering the biomaterial enables the scaffold to maintain its excellent bioactivity with higher

porosities in higher loads.

Advanced scaffold topologies such as a type of triply periodic minimal surface (TPMS) structure
called gyroids[14]-[16] are yielding scaffolds that are stiffer and stronger than traditional
rectilinear scaffold topologies[17]-[20]. Gyroids are ideal candidates for scaffold designs due to
their relatively high mechanical energy absorption and robustness, interconnected internal porous
structure, scalable unit cell topology, and smooth internal surfaces with relatively high surface
area per volume[17], [18], [21]. High mechanical energy absorption and robustness enables
gyroid structures to bear relatively higher loads than typical rectilinear scaffolds of the same
dimensions[16]. Continuous interconnected pores enable designed permeability and perfusion
throughout the structure, which enables good nutrient and waste diffusion[22], [23]. Scalable
unit cell topology enables engineering of structures to meet specific requirements, such as
porosity, permeability and functional grading[21], [24], [25]. Smooth internal surfaces with
relatively large curvature avoid the abundant stress concentration sites that plague rectilinear
topologies[16]. Since they lack abrupt changes in direction, they are less likely to provide
internal resistance to fluid flow due to head loss. Moreover, marrow stromal cells grow faster on
larger curvatures such as in gyroid topologies[16]. In a recent study, gyroid models were found
to have more consistent cell adhesion and were judged as the better choice for most TE
applications among TPMS structures studied[26]. Production of complex scaffold topologies

require advanced fabrication techniques.

Additive Manufacturing, also known as 3D printing (3DP), is a popular method of fabricating
complex scaffolds with precise internal architectures. Patient-specific scaffolds can be created

directly from CT scans, ensuring the scaffolds precisely fit a defect site, which improves
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outcomes[27]. Well-fitting implants more broadly transfer loads through the limb and devices,
reducing the risk of localized stress-induced failure. 3D printing enables creation of complex
scaffold shapes that accommodate interrelated parameters such as porosity, pore size and
permeability, all of which play a role in the success of a scaffold[14], [17], [23]. Numerous
additive processes are employed in development of the huge variety of scaffold materials, shapes
and applications under consideration. The more popular approaches for ceramic bone
regeneration scaffolds are binder jetting, powder bed fusion (PBF, sintering or direct melting)
and viscous extrusion[28]. Recent excellent reviews discuss the advantages and disadvantages of
various 3DP processes in a wide array of materials, topologies and applications[12], [18], [29],

[30].

Binder jetting and PBF create scaffolds from beds of powder. In PBF, an energy source (laser or
electron beam) is directed at a bed of powder. The energy binds the powder particles by sintering
(direct or indirect) or melting, depending on the amount of energy applied and the material.
Depending on the density desired, a third infiltrant material may be applied to densify sintered
objects. Binder jetting also involves a bed of powder but instead of applying an energy source,
one or more binder materials is jetted onto the powder bed using relatively simple ink-jetting
technology. Like PBF objects, binder jetted parts also often require a secondary densification
process depending on density desired and material. Binder jetting is a relatively low cost and
very flexible method of making scaffolds using a wide variety of binders and materials[31].
Material jetting also jets material to create parts. But contrary to binder jetting which jets a
binder onto a material that becomes the final object, material jetting jets a photopolymeric
material that comprises the final object. The material is jetted in successive, thin layers onto a

platform that lowers as the subsequent layers are jetted, along with a sacrificial material to
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support the object while it cures. Materials can be loaded with nanoparticles of many different
types of rigid material like ceramics and metals. Photopolymerization uses light to initiate a
polymerization reaction that cures a liquid resin precisely where the light contacts the resin[32].
For scaffold fabrication, this is often accomplished on the surface of a vat of resin, in which a
very thin layer of resin is cured as a laser quickly passes over the vat, then a very thin layer of
resin is spread over the surface and the laser cures the next layer, and so on to create the object.
Viscous extrusion is a popular, low-cost process that prints a broad variety of highly viscous
slurries which harden by evaporation or active removal (e.g. by pyrolysis) of the liquid
component[33]-[36]. A type or viscous extrusion called robocasting is a very low cost and

highly flexible method of fabricating scaffolds.

Excellent reviews [12], [27], [37] provide a comprehensive overview of the advantages and
disadvantages of the various additive processes for using ceramic biomaterials in tissue
engineering. Photopolymerization and viscous extrusion processes depend on material flow to
accurately print thin layers in processes referred to as colloidal ceramic processing[30]. In
polymerization, ceramic particles can be suspended in the photopolymeric resin. A high volume-
fraction of ceramic material is necessary to achieve low micro porosity (and thus higher strength)
in the ceramic structure following the removal of the binding component. This is difficult to
achieve because suspended ceramic particles greatly increase the colloidal slurry viscosity [38],
and thus it is challenging to create objects with both high volume fraction ceramic as well as
high precision. This makes these highly viscous slurries, as required for ceramic scaffolds, very

difficult to 3D print using photopolymerization[12].

In robocasting, complex ceramic structures are fabricated by extruding highly viscous slurries

composed of ceramic particles suspended in volatile solvents or polymers. As in
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photopolymerization, it is challenging to use high volume fractions of ceramic slurries while
maintaining low enough viscosity to 3D print complex shapes in high precision[30]. Scaffolds
made using robocasting must be sintered to densify the ceramic object and remove the organic
and polymeric components. In these slurries, viscosity can be adjusted by using a dispersant to
keep the particles in suspension, enabling a higher solid loading, which decreases micro porosity
in the sintered structure. Robocasting is simple, low cost and very flexible [39], enabling creation

of a broad variety of ceramic structures using a very wide choice of materials.

Unfortunately, it is difficult using robocasting to fabricate scaffolds with both complex topology
and mechanical integrity. Fabrication of mechanically superior structures like gyroids require the
ability to print slurries with high solid content and allow time for the soft extruded material to
harden. Therefore, overhangs must be supported by additional material that must later be
removed, which limits topological complexity. This limitation has led to a new approach that
combines multiple AM techniques. By combining layer-wise photopolymerization with
robocasting, printed layers can be cured as they are printed, eliminating the need for support
material and enabling fabrication of highly complex, high precision structures. We refer to this
method as “Photocasting”. Faes et. al.[40] was the first to use this approach to fabricate
featureless slabs of yttrium-stabilized Zirconia. Asif et al.[41] and Farahani et al.[42] combined
viscous extrusion with photopolymerization to produce fairly simple self-supporting structures
consisting of a photopolymeric resin containing fumed silica particles to adjust slurry viscosity.
Our study is the first to use this method to produce and evaluate calcium-phosphate-based

scaffolds involving complex, overhanging internal structure.

Photocasting of complex gyroid structures enable engineering of specific relative porosities,

permeabilities, pore sizes, pore orientation, interconnectivity, and other parameters throughout
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the scaffold, considered essential for successful scaffolds. Photocast scaffolds can be engineered
to provide specific fluid flow while printing advanced structural topologies to maximize
mechanical properties, even functionally grading topology and associated properties within a
scaffold. Several studies have investigated how these internal architectures affect the bioactivity

of a scaffold [43]-[46].

In this study we photocast gyroid scaffolds with designed interconnected pores using a
photopolymerizable HAp slurry. 3D printed green structures were sintered to remove polymeric
content and increase bulk density. Using photocasting we were able to fabricate complex
structures with very high precision compared to other 3D printing methods. Our scaffolds
demonstrate ultimate compressive strengths in the range of human cancellous bone, and higher
than previously reported for rectilinear scaffolds of the same material. To this end, this paper
evaluates compressive strength and fracture behavior of 3D printed HAp gyroid scaffolds of

various porosities and compares to literature of rectilinear scaffolds of similar materials.

MATERIALS AND METHODS
Scaffold Materials & Processing

Gyroid scaffolds were fabricated from a HAp-loaded photopolymeric resin that was developed in
prior work [47] then 3D printed and finally sintered. A light-sensitive liquid monomer was used
to suspend HAp particles, enabling 3D printing by viscous extrusion and layer-wise photo-curing
(photocasting). The liquid monomers assured dispersion of HAp in the resin colloidal phase,
while the crosslinked network of monomers formed the immobilized HAp particles into the as-

printed shape.
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The colloid’s continuous phase consisted of 99% pure ethylene glycol dimethacrylate (EDGMA,
Scientific Polymer Products, Inc., Ontario, NY, USA) as the monomer and diphenyl (2,4,6,
trimethyl benzoyl) phosphine oxide (TPO, TCI America, Portland, OR, USA) as the
photoinitiator. These constituted the light sensitive system. The colloid’s dispersed ceramic
phase consisted of needle-like HAp particles (Macron Fine Chemicals, Avantor, Radnor, PA,
USA), 85nm long (nominally) with 67 m?/g specific surface area. A commercial anionic
dispersant, Solplus D540 (Lubrizol Advanced Materials Inc., Wickliffe, OH, USA) was added to

reduce viscosity by dispersing the HAp particles in the monomer.

EGDMA, TPO, and D540 were mixed with agate milling media in Teflon® jars on a planetary
ball mill (Across International, Davie, FL., USA) at 120 rpm for 15min. Jars were sealed to avoid
vaporization of EGDMA. HAp particles were gradually added to the solution in three different
increments, resulting in a homogeneous slurry. Following the ball-milling process, the agate
media was removed, and the mixture was hand-stirred for an additional 5 minutes. The resulting
slurry was then either stored airtight, wrapped with aluminum foil to avoid exposure to light or

directly transferred to the 3D printer. This process produced 41vol% HAp slurries.

Rheological behavior, viscosity and homogeneity

Rheological behavior and viscosity of HAp slurries were evaluated at 25°C with a parallel plate
rheometer (Ares, TA Instruments, New Castle, DE, USA). Approximately 1 ml of HAp slurry
was placed between the two 2.5cm diameter parallel plates, which were brought together until a
gap of 1.1 mm was reached, at which time the sample was allowed to relax for five minutes.

Apparent viscosity was measured at 0.1 s, 157, 10 s, 100 s™! shear rates.
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The rheological behavior of the HAp slurries was also evaluated as a function of storage time to
identify any possible changes in viscosity due to storage conditions (light-sensitive material).

Apparent viscosity as a function of shear rate was measured over a period of 20 days.

The homogeneity of the slurry was confirmed by evaluating the distribution of the elemental
composition of carbon, oxygen, calcium, and phosphorus in the “green” (unsintered) scaffolds

with Energy Dispersive X-Ray Spectroscopy (EDS) [47].

Scaffold Design

Gyroid scaffold models for compression testing (10 mm x 10 mm x 10 mm cubes) were designed
using CAD (Autodesk Fusion 360, Sausalito, CA, USA). The model was exported in STL

format and then sliced using Cura (https://ultimaker.com/software/ultimaker-cura). Length is

correlated to the x axis, width is correlated to the y axis, and height is correlated to the z axis
when imported into Cura. During the slicing process, a gyroid infill pattern was selected to create
the interconnected pore structure. Perimeter, surface, and base shell layers were set to zero to
isolate the gyroid infill, which was set to result in desired relative porosities of 60%, 70%, and
80%. Line width was set to 413 um, layer height was 200 pm, and print speed was 2 mm/s to
ensure consistent layer width. This results in several distinct roads per layer as seen in Figure 1.
Fully dense (100% infill) rectangular prisms (8 mm long (x) x 6 mm wide (y) x 6 mm tall (z))
were also fabricated for material characterizations such as thermogravimetric analysis and as
controls for shrinkage calculations. The resultant G-code was exported as a .txt file and modified

to be used on the Hyrel printer.
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3D Printing

Sixteen scaffolds of each porosity, along with control slabs, were printed using a Hyrel Hydra
(Hyrel 3D, Norcross GA, USA) using an EMOXT reservoir print head (Hyrel 3D) equipped with
a 22-gauge syringe tip. This print head is also equipped with an array of LED lights (405nm
wavelength, light power density ranging from 0.7 mW/cm? to 1.3 mW/cm?) mounted near the
base of the print head to photo-cure each layer as it is printed. The photopolymerization reaction
was initiated by continuous exposure of the deposited roads to the light source, causing layer-
wise polymerization and hardening of the continuous phase. “Green” scaffolds are printed onto a
borate glass build platform, which is covered with painter’s tape to enhance bed adhesion and to
reduce clogging of the print nozzle caused by UV light reflecting upward into the nozzle. When
3D printing finished, the HAp/PEGDMA green scaffolds stored in the dark at room temperature

until they were sintered.

Sintering

The HAp/PEGDMA green scaffolds were sintered to remove organic content as well as to
densify the hydroxyapatite within the scaffold struts. Green scaffolds were placed in a muffle
furnace (Barnstead/Thermolyne 47900, Ramsey, MN, USA), heated at a ramp rate of 5°C/min up
to 1200°C and held for 3 hours. The furnace was allowed to cool to ambient temperature and the

scaffolds were removed and kept dry in a desiccator under vacuum.

Scaffold Dimensions & Shrinkage

After sintering, scaffold dimensions decreased (shrinkage) due to the coalescence of HAp
particles and the pyrolysis of PEGDMA and other organic constituents. Samples were measured

in three axes using calipers before and after sintering. Actual dimensions after shrinkage were
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used to appropriately scale initial CAD designs to achieve desired net-shape dimensions and pore
sizes. Printed road diameters were measured directly from SEM images using ImageJ (National

Institutes of Health, Bethesda, MD, USA).

Micro-computed tomography, Scaffold Porosity & Pore Size

Micro-computed tomographic (micro-CT) imaging was performed using a Scanco 80 (Scanco
Medical AG, Bruttisellen, Switzerland) to measure scaffold relative porosity and pore size. The
micro-CT device was pre-loaded with parameters designed to scan bone and porous bone-like
materials. Three key measurements were recorded from the scans: Total Volume (TV), Filled
Volume (FV), and Mean Spacing (MS). TV is defined as the nominal volume occupied by the
scaffold, FV is defined as the volume of material within the TV, and MS is defined as the
average spacing between material in the scaffold. MS is used as the measure of average pore

size. TV and FV were used to determine relative porosity (¢) using the following equation:

%=1 v 100%
=1——=*%
% FV 0

Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) was used to confirm the range of temperatures at which the
organic components are vaporized, as well as to confirm complete removal of the organic
components after a scaffold was fully sintered. Two separate samples were tested: a sample of
green scaffold, obtained before sintering the scaffold, and a sample of a sintered HAp scaffold
sample. Both were ground, separately, to a fine powder. A TGA pan was cleaned with ethanol
and burned clean with a Bunsen burner flame. The pan was tared on a Thermogravimetric

Analyzer (TA Instruments Q500, New Castle, DE, USA) before 12.4mg of the powder was
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added to the pan. Data was collected as the analyzer heated the sample from 25°C to 500°C at a
rate of 5°C/min. After heating, the temperature was ramped quickly (50°C/min) back to 25°C.

Weight percent and weight change percent were recorded.

Cytotoxicity Analysis

Mesenchymal stromal cells were harvested from the abdominal adipose of mature luciferase
expressing Wistar rats using a well-established method [48]. These adipose-derived MSCs (AD-
MSCs) ubiquitously expressing luciferase were cultured in Dulbecco’s Modification of Eagle’s
Medium (DMEM; Corning, Manassas, VA, USA) supplemented with 15% fetal bovine serum
(FBS; Atlas Biologicals, Fort Collins, CO, USA), MEM vitamins, non-essential amino acids, and

antibiotic-antimycotic in a 5% CO2 and 95% air atmosphere at 37° C.

Bioluminescent imaging (In Vivo Imaging System (IVIS) Spectrum, Perkin Elmer, Waltham,
MA, USA) was used to confirm AD-MSC cells expressed the luciferase gene, using an
established protocol [49]. Briefly, a well containing 1x10° cells was exposed for 1 min and high
sensitivity binning was used to enhance quantification of the cells. The minimum intensity was
set at 10% of maximum and a contour region of interest (ROI) plot with default parameters (ROI
edge value of 5%) was chosen to increase objectivity of quantification. Total flux of the ROI was
recorded as photons/sec for each sample. Images we analyzed using Living Image Software

(Living Image 4.2; Perkin Elmer).

Quantification of luciferase intensity was performed by creating a standard curve. AD-MSCs
were serially diluting in vitro, and bioluminescence was quantified using the IVIS system.
Bioluminescent intensity correlated linearly with increased cell number as defined by a standard

curve (r2 = 0.9865, P<0.05).
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Cylindrical scaffolds, 8 mm diameter x 3 mm height with rectilinear infill, were 3D printed using
the method described in this paper. Six each of green (G) and sintered scaffolds (S) were printed

(N=6 for both groups). All scaffolds were sanitized by soaking for 1 hour in 99% ethanol.

All scaffolds were then placed in 24-well tissue culture polystyrene (TCPS) cell culture plates. A
total of 5x10* cells were added into each scaffold and allowed to incubate for 30 minutes, after
which 1 ml media was added to each well. The scaffolds were incubated for 4 hours in
conditions described earlier. Representative scaffolds in media with no cells from each group
were tested in IVIS to confirm there was no non-specific bioluminescence. Empty seeded wells

(media, no scaffolds) served as positive controls (N=6).

Cell proliferation on the scaffolds was tracked with the IVIS using the method described earlier
on all scaffolds at 4 hours and daily through day 10. Luciferin was added to each well
(150ug/ml) 5 minutes before imaging on auto exposure in the IVIS. An ROI was identified on
each scaffold, from which Living Image was used to quantify luciferase expression in
photons/second, and total cell counts on each scaffold was approximated using a standard curve
derived from the data analyzed using GraphPad Prism software (GraphPad Software Inc., San

Diego, CA, USA).

Cell counts for sintered and green groups and the control were plotted against time. Results were
expressed as mean + SD for each group and were analyzed using analysis of variance (GraphPad

Prism). For all tests, a p value of < 0.05 was considered statistically significant.

Cell morphology on the sintered HAp scaffolds was observed using SEM as described earlier.
Scaffolds were fixed using a glutaraldehyde method [50]. Three to four images of the top face of

each scaffold were taken at 5 kV to visualize representative cell morphology on the scaffolds.
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Compression Testing

A screw-driven Tinius Olsen HIK-S UTM Benchtop Tester (Tinius Olsen, Horsham, PA, USA)
equipped with a 1kN load cell was used to compression test the scaffolds until failure. Scaffold
samples were prepared for testing by manually sanding the test surfaces using 1200 grit
sandpaper to remove any protrusions and were measured to ensure the upper and lower faces
were parallel. The samples were placed on an aluminum cross head and preloaded in
compression to avoid slipping. Samples were tested in normal or transverse directions (Figure 1).
Six samples were tested in each combination of porosity and direction. Compression tested
sample groups are hereafter referred to as 60N, 60T, 70N, 70T, 80N, and 80T where the number

is the designed porosity, and the letter denotes normal or transverse direction.

Figure 1: A printed 80% porous gyroid. The x-y plane is parallel with the scaffold build surface, i.e., the z-direction
is the “height” axis. In normal testing, load is applied parallel with the z-axis, perpendicular to the x-y plane. In
transverse testing, load is applied parallel with either the x-axis or y-axis, into the y-z or x-planes, respectively.
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The samples were loaded in compression at a 0.lmm/min crosshead speed and were video
recorded to observe macroscopic failure. Failure was defined as the point where the applied load
dropped to 75% from the peak load. Load and displacement were measured by the HIK-S and
converted to stress and strain. The area used to calculate stress was derived by measuring each
sample prior to testing and was assumed to be the nominal square cross-sectional area rather than
the actual cross-sectional area (i.e., the presence of the designed porosity was not taken into
account when calculating nominal stress). Ultimate compressive strength was defined as the peak
stress recorded during each test. Compressive modulus was calculated using the initial linear
region of the stress-strain response, as recorded by the H1K-S. We refer to this calculation as the
“standard” compressive modulus. A second compressive modulus of the structure was
additionally calculated for two cases. The first case uses the initial decrease in stress detectable
on the stress-strain curve; the second case uses the maximum stress measured on the stress-strain
curve. We refer to this calculation as the “construct” modulus. The standard method of
measuring modulus (confined to the initial region of the stress-strain curve) can result in
inaccurate values with cellular scaffolds due to initial failures of individual internal struts.
Because of this, the actual effective modulus of the scaffold may be much higher. The additional
measurement of a “construct” modulus was used to account for variations caused by initial
failures within the scaffold. The brittle nature of the scaffolds leads to initial failures greatly
affecting the elastic region of the stress-strain curve thereby altering the standard compressive
modulus, even though the initial failure may ultimately prove to be insignificant in the overall
load-bearing capacity of the scaffold. As shown later, this method reveals the effects of self-
reinforcement occurring within the sample during failure. The compressive elastic modulus was

calculated from the slope of these two charts and is hereafter referred to in this paper as either the
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“first” or “peak” compressive construct modulus as this value is influenced by both material and
structural properties rather than purely by material properties. Compression tests were recorded
by video to enable identification of failure initiation and mode. The Weibull distribution was
calculated in MATLAB using the two-parameter Weibull probability function [51], as defined in
the following equation, where P is the probability of failure for a given stress (o), m is the
Weibull modulus, and oo is a normalized stress value at which 1/e (~37%) of the samples

survive.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) on a JEOL JSM-6500F field emission scanning electron
microscope (JEOL, Peabody, MA, USA) was utilized throughout the project to visualize internal
sections of the scaffolds. Scaffold samples were first coated with 10nm of gold using a Denton
Vacuum Desk II Gold Sputter Coater (Denton Vacuum, USA) and imaged at 15kV for all studies
except cytotoxicity (below) which was imaged at 5kV. The SEM was equipped with an Oxford
Instruments (Oxford Instruments, Abingdon, UK) energy dispersive X-ray spectrometer (EDS)
for elemental composition and homogeneity analysis (described earlier) with site mapping and

scanning performed using Oxford’s Aztec software.

Statistical Analysis

Statistical analysis was performed via the Analysis ToolPak Add-in for Microsoft Excel. Two-

factor ANOVA (alpha=0.05) was used for comparing multiple sample sets. Comparisons
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between specific sample sets were found by using a Two-Sample t-Test, assuming unequal

variances, and using the two-tail test, with 95% confidence bounds (p<0.05).

RESULTS

Rheological behavior, viscosity and homogeneity

Rheological behavior of 41 vol% HAp slurries is presented in log-log scale graphs. In figure 2 a
significant decrease in the apparent viscosity (1) was observed as the shear rate (y) increased.
Moreover, for 0.1 s™! shear rate, an initial shear stress was necessary to begin deformation. These

phenomena are typical of shear thinning fluids with viscoplastic behavior.
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Figure 2: Shear rate vs Apparent Viscosity of the HAp slurry.

The apparent viscosity obtained by the different shear rates tested in a parallel plate setting

obeyed the Ostwald de Waele (Power-Law) equation:

n=m@)"
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Where m represents the consistency of the slurry in units of MPa.s, and n is the power-law index
of the shear thinning behavior of the fluid. The power-law index can take values between 0 <

n < 1 where the smaller the n value, the higher the shear thinning behavior of the fluid [52].

For 41 vol% HAp slurries, m and n values were m = 9862.96 + 1610.23 MPa.s and n = 0.3 +

0.023 with an R* =0.99+0.003.

Figure 3 shows the rheological behavior of the HAp slurries as a function of storage time. For
each shear rate, no significant difference was found (p<0.05) in apparent viscosity for the days in
which the measurements were taken. However, a small trend of increasing apparent viscosity is
observed in figure 3, most noticeable on day 20. Hence, it was hypothesized based on the
statistical analysis, that the storage conditions effectively prevented exposure to light, possible
photopolymerization reaction and evaporation of EDGMA of HAp slurries, but they should be

kept in storage for less than 20 days.
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Figure 3: Shear rate vs Apparent Viscosity at different storage times.
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Scaffold Dimensions & Shrinkage

Orientation of each sample was maintained to ensure each axis was being measured consistently,

1.e., length (x-axis) measurements were always measured from the same faces of each scaffold.

Average green scaffold dimensions differed from design by 0.6%-1.3%. The samples shrunk on

average 20.48%-21.33% during sintering. Dimension and shrinkage results are recorded in

Table 1.
Table 1: Scaffold Dimensions
Length(x) (mm) Width(y) (mm) Height(z) (mm)
As-Designed 10 10 10
Green Scaffold 9.94 +0.09 9.87£0.17 10.09 + 0.05
Sintered Scaffold 7.89 £0.11 7.85 £0.06 7.95 £0.06
% Shrinkage 20.59 £ 1.93 20.48 £ 1.61 21.33 +£0.77

Micro-CT: Total Volume, Filled Volume, Scaffold Porosity & Pore Size

Micro-CT results show that porosities of sintered scaffolds differed from designed porosities by

10.40%, 6.23%, and 3.5% for 60%, 70%, and 80% scatfolds, respectively. Mean spacing

between roads differed by 1.34%, 0.73%, and 0.68%, respectively. Mean Total Volume, Mean

Filled Volume, and Mean Spacing for all tested scaffolds are reported in Table 2.

Table 2: Results of micro-CT analysis.
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Designed ¢ 60% 70% 80%

Mean TV (mm?) 509.90 512.66 488.03
Mean FV (mm°) 23579 176.16 111.30
Mean ¢ (%) 5376  65.64 77.19
Agp (%) 6.24 4.36 2.81
Error (%) 1040 6.23 3.51

Mean Spacing (mm) 0.55 0.71 1.23
Designed Spacing (mm) 0.49 0.76 1.31
A Spacing (mm) 0.06 0.05 0.08
Error (%) 1.34 0.73 0.68

TGA/EDS

Thermogravimetric analysis of green scaffold material revealed significant mass reduction at a
rate of -1.174%/min beginning at approximately 250°C. This rate was consistent for 23.19
minutes. The final mass was 70.50% of the initial mass, indicating that 29.5% of material burned
off during the test. The graph of this is presented in figure The TGA for sintered scaffold
material over the same temperature range and ramp rate resulted in a mass loss of 0.05%. Graphs

of both results can be seen in Figure 4.
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Sample: test File: C:...\Emily\Downloads\green_scaffold.001
Size: 51.5760 mg TGA Operator: BSN
Method: EHtest1 Run Date: 25-0ct-2019 14:01

Instrument: TGA Q500 V20.13 Build 39
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Figure 4: TGA results for green scaffold material.

Figure 5 shows a micrograph of the surface and elemental maps (EDS) of a green body of HAp.
Equal distribution of oxygen, calcium, carbon, and phosphorus can be observed in the elemental
maps through all the surface independent of surface roughness. Additionally, line scans were
performed on the surface of the green scaffolds, and no significant changes in the characteristic

emission of the elements were evident. This is shown in figure 6.
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Figure 5: SEM of green body surface. EDS layered images of oxygen, phosphorous, calcium, and carbon are shown
in the red, blue, green, and purple maps, respectively.
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Figure 6:SEM of green body. EDS line scan paths shown in red. Line data results are shown on the right.
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Cytotoxicity

Sintered HAp scaffolds are not cytotoxic to AD-MSC cells over a period of 10 days.
PEGDMA/HAp green scaffolds (G) were cytotoxic at all timepoints (figure 8). All groups were
significantly different between days 1 and 3. AD-MSC proliferation was significantly higher on
sintered HAp scaffolds than on the TCPS control. Between days 4 and 7, the differences between
ADSC proliferation on sintered HAp scaffolds and the TCPS control were not significant, but the
sintered HAp scaffold had notably more cells than the TCPS control group. Between days 7 and
10, AD-MSC proliferation was significantly higher on sintered HAp scaffolds than on the TCPS

control.

Compression Testing

Results for scaffold compression strengths are presented in Table 3. All sample sets were tested
with n=6. The ultimate compressive strength in the normal direction is significantly higher (1.78
times) than when tested in the transverse direction for the same porosity. Ultimate compressive
strengths are plotted in Figure 7 along with the minimum strength of cancellous bone. The
Weibull moduli are between 3 and 6 with 70N showing an outlier of 1.68. Weibull distributions
for each set are shown in Figure 8. Compressive construct moduli are similar for the 60% and
70% scaffolds and drop significantly for the 80% scaffolds. These values are presented in Table

4 and shown in Figure 9.

Table 3: Ultimate Compression Strength Results

Designed Porosity 60% 70% 80% Weibull Modulus

Normal Ultimate Strength (MPa) | 4.29 +0.45 1.96 £0.68 | 0.65+0.13 6.13,1.68,5.72

Transverse Ultimate Strength 2.34 +0.44 1.14+0.18 | 0.36 +0.07 5.84, 3.38, 4.53
(MPa)
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Figure 7:Ultimate compressive strength varies by porosity and direction. The dotted line denotes the lower limit of
human cancellous bone strength. * = significantly different (p > 0.05).
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Figure 8: Failure probability for each scaffold set as determined via Weibull distribution. Steeper curves indicate
more consistent failure stresses.

Table 4: Compression Modulus Results

Designed Porosity 60% 70% 80%

Normal Modulus (MPa) 76.30 £ 9.14 73.00 + 8.00 4335 +6.41
Transverse Modulus (MPa) 76.65 + 8.55 83.01 £ 6.68 45.99 £ 6.17
Normal Standard Modulus (MPa) 63.82 +£21.02 70.57 £16.42 42.01 £ 12.99
Normal First Modulus (MPa) 77.65 + 18.08 74.62 £ 17.15 45.55+14.9
Normal Peak Modulus (MPa) 87.43 £ 12.05 73.82 £17.46 42,50 +£12.82
Transverse Standard Modulus (MPa) 76.52 + 18.95 86.84 +13.05 49.32 £ 13.65
Transverse First Modulus (MPa) 77.09 £ 17.69 82.39 £ 12.48 46.71 £11.39
Transverse Peak Modulus (MPa) 79.33 £ 18.14 79.81 £ 12.89 4193 +13.46
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Figure 9: Compressive modulus remains similar for the 60% and 70% porous gyroids but is significantly lower for
80% porous scaffolds. * = significantly different (p>0.05).

Failure Modes

Scaffold failure initiates at the surface cracks described earlier and progresses through the
structure. This can be seen across the fracture surface of figure 10. Figure 10 also indicates that
the cracks may continue travel across the internal road boundaries as local failure develops.
Investigation of the surfaces resulting from failures indicate that the scaffolds primarily locally

fail via intergranular fracture.
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Figure 10: Fracture surface of a 70N scaffold. Location 1 shows a surface crack penetrating into the scaffold.
Locations 2 and 3 show the crack progressing along the internal interface between roads.

Failure path and crack development was identified by reviewing recorded video footage of the
testing. Example images taken from the videos can be seen in figure 11. Initial failure remained
similar between all porosities and load directions. Deflection and deformation within the
scaffolds were minimal as the material failed prior to any visible plastic deformation. We found
that the path from local to global failure is affected by both porosity and loading direction.
Generally, porosity influenced the global failure modes whereas loading direction influenced the

local failure modes.
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Figure 11: Failure path of an 80T sample from recorded video footage. A) The scaffold before loading. The circles
indicate preexisting surface cracks. B) Initial failure of the scaffold. The preexisting cracks have propagated
through the roads and are extending through the structure. C) Final failure of the scaffold. Cracks and local failures
are present throughout the structure.

Our scaffolds show one of two types of porosity-dependent global failure. The scaffold either
fails similarly to a monolithic structure or fails layer-by-layer. In monolithic failure, the stress
rises through the initial elastic region, reaches the yield point, and the structure quickly fails
afterwards with very little plastic deformation. In layer-by-layer failure, the stress also rises
through a linear region before the first failure peak is identifiable. The curve drops sharply as the
first layer failure progresses before rising again in subsequent layers as the material begins to
self-reinforce against scaffold layers below it. This cycle of reinforcement repeats several times
with decreasing local peak strengths before the scaffold ultimately fails. At 60% porosity, the
scaffolds fail according to the first failure type. The stress-strain curves of the 70% porous
scaffolds indicate a mixture of monolithic failure and layer-by-layer failure depending on the
sample. The 80% porous scaffolds indicate high levels of layer-by-layer failure with lower peak
to peak variability, suggesting self-reinforcement within the scaffolds. In several cases, the
ultimate strength of the scaffold occurs after one or more local failures have already occurred.
This correlation between porosity and failure mode has been identified in previous studies of

gyroid structures [53].

36



DISCUSSION

Rheology

The viscosity of a slurry is dependent on the morphology of the dispersed phase; thus, the
asymmetric needle-like particles likely affect the consistency of the slurry. The more the
particles deviate from spherical symmetry, the more the viscosity increases because asymmetric
particles gain more kinetic energy that dissipates with the applied force that resulted from the
shear rate [54]. This has an obvious effect on 3D printability, especially of complex structures, as
discussed later. While this effect confounded our ability to determine printing parameters,
ultimately it did not play a significant role in consistent fabrication of our scaffolds after ideal
parameters were determined. The variability in the consistency (m) in the Ostwald de Waele
equation presented earlier could be a result of the temperature change in the room at the moment

of testing, and the resistance of the needle-like HAp particles to flow.

Comparing As-Designed and As-Built Scaffolds

Slight variation between printed part and CAD model is expected due to minor inconsistencies in
printing slurry-based materials. This variation arises fundamentally because the shear-thinning
behavior of the slurry as it is being extruded through the nozzle leads to variations in flow
behavior. This is most noticeable in the reduction in porosity between as-printed and as-designed
scaffolds (Table 2). The reduction in relative porosity from the as-designed values is believed to
result from small inconsistencies in slurry flow during the printing process. These variations are
caused by small amounts of material that extrude due to back pressure while the print head is
traveling between print locations. The plunger that drives the extrusion is backed off slightly

during head movement to decrease this back pressure within the syringe, but small amounts of
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material continue to flow toward the nozzle tip during these head movements. This causes
variation in as-printed dimensionality and as-printed road width, both of which contribute to
variation in porosity. Future work might consider using a clench valve to mitigate this effect.
This effect is noticeable in the micro-CT images (Figure 12). As expected, it is most pronounced
in the roads facing the exterior of each scaffold (the perimeters) where the extrusion starts and

stops but can be identified in the interior of the scaffold as well.

Figure 12: Micro-CT imaging of a 60% porous scaffold. Green regions indicate nominal material thickness, orange
regions indicate greater material thickness.

Our gyroid scaffolds experienced isotropic shrinkage when sintered at 1200°C. Each dimension
was reduced by 20.5%~21.25% and no significant difference was found between directions or
porosities. Previous work with this material reported isotropic shrinkage of 15.92 + 0.95% for
fully dense HAp samples sintered at 1150°C [47]. The additional shrinkage is theorized to be
from two primary causes. First is the higher sintering temperature. The ideal sintering

temperature for a HAp-based structure has been repeatedly investigated and identified to be
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within a similar range (1100-1350°C) and is highly dependent on the method used to produce the
structure [55]-[58]. Generally, methods that produce a more microporous material require a
higher temperature to fully densify the structure. The material used in this work achieves higher
density at 1200°C compared to 1150°C (78.90% to 73.5%, respectively) [47]. This further
densification leads to additional shrinkage. Secondly, gyroid structures experience more uniform
heating than the fully dense structures. The interconnected porous channels throughout the
scaffold create a much higher surface area and allow for heat transfer throughout the scaffold
compared to the more limited surface area of fully dense rectangular prisms used in the prior

study. This leads to more uniform densification of the material and higher shrinkage overall.

TGA/EDS

TGA results of green scaffold material indicate near-complete pyrolysis of the organic
components at before reaching 500°C, confirming prior thermogravimetric analysis of our
material [47]. Sintered material decreased by only 0.05% during the test. This confirmation is
necessary to show that the organic components are completely removed from the scaffold

material during sintering.

EDS results demonstrate that HAp was evenly dispersed in EDGMA in our fabrication process
and that the homogeneous dispersion was maintained after printing the structures. Pressure
applied by the syringe plunger in the 3D printing process was not enough to break the
electrosteric forces created by D540. Thus, HAp particles do not agglomerate and clog the nozzle

and maintain the dispersion in the printed structures after 3D printing.
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Cytotoxicity

Decreased AD-MSC proliferation observed in the first day is a normal and expected result of
some number of cells failing to attach to the scaffolds, but which were able to attach to the
TCPS. The decrease in AD-MSC proliferation after day 6 on both sintered HAp scaffolds and the
TCPS control group appears to be due to the cells becoming confluent earlier than expected. The
negative impact of confluence is lower on sintered HAp scaffolds than on the TCPS control
group, likely because there is much more internal surface area available in the three-dimensional
structure of the scaffolds than on the two-dimensional bottom of a TCPS well. The AD-MSCs
were able to spread out much more in the 3D internal surfaces of the scaffolds, while still being

detected by the IVIS camera.

Scaffold Consistency

Curing depth is affected by the opaque nature of the slurry, as hydroxyapatite particles quickly
block the UV light from penetrating deeper into the material [59]. This difference in curing is
theorized to lead to additional material discontinuities in the final structure. During sintering
concentric cracks form within the road, in some cases appearing as a ring of near-complete
delamination of peripheral material from material closer to the core. An example can be seen in

figure 13.
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Figure 13: Fracture surface of a 60N scaffold. The arrows point towards the concentric ring present along the
roads. The ring is delaminating in the upper-right corner of the exposed surface.

In cases where the concentric ring does not fully separate from the core material, relief cracks
can be seen extending from the ring/core interface (Figure 14). For reference, the Z direction is
the build direction. The thickness of the outer ring is thought to be correlated with the thickness
of the fully cured region, but this was not evaluated. Increasing the power of the UV light,
implementing additional light sources, and utilizing a dedicated curing box with self-contained
omnidirectional high intensity UV light all failed to prevent formation of the concentric crack.
This led to two theories: the first is that the material opacity is simply too high to allow for
thorough curing, the second theory is that thermal stresses associated with sintering are causing

the concentric cracks. It is hypothesized that the actual cause is a combination of the two, that the
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thermal expansion properties of the material change as the effective curing decreases. This
difference causes internal stress as material expands/contracts; the material reacts at different
rates, leading to internal stress and eventual local fracture within the printed road. This would
explain why the concentric cracks consistently appear at a depth of approximately 25 um, as this
is the depth where the curing decreases sufficiently enough for the thermal expansion differences
to begin thermally shielding the interior material, thus creating a thermal gradient that increases

the internal stress within the printed material.

SEI 15.0kV X400 WD 10.5mm 10pm

Figure 14: Fracture surface of an 8ON scaffold. Interior cracks extend from the concentric ring towards the core of
the road.

The scaffolds contain cracks both across the external surfaces and in the internal sections of

printed roads throughout the structure. Surface cracks form primarily along the surface where
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two roads intersect. These cracks initiate at the surface and appear to penetrate the scaffold as
failure progresses (discussed later) along the interfacial boundary between the roads. Uncured
material is being extruded over cured material in the previous layer and simultaneously cured.
We hypothesize that as it cures it does not bond completely with the previous surface, which is
already cured. As sintering progresses, thermal stresses increase as temperatures rise within the
road and the difference in material property resulting from different levels of curing disrupts the
materials’ thermal expansion and acts as a stress concentrator. The point where the two roads

meet then becomes the site of a surface crack as the material attempts to dissipate this energy.

Compressive Strength/ Construct Modulus

It has previously been demonstrated in rectilinear scaffolds with porosities of 55%-75% that
relative porosity does not significantly affect the mechanical response of a scaffold [60]. Our
work demonstrates that with photocast hydroxyapatite gyroid scaffolds the ultimate compression
strength varied significantly between different porosities. The relationship between porosity and
compressive strength is consistent for both normal (to the build platform) and transverse
directions: the ratio of each is shown in Table 4. These findings confirm our hypothesis that the
gyroid topology provides additional strength at any porosity, exceeding the strength
improvement that would be realized due to the addition of more material. If the amount of
material in the structure was the sole factor affecting compressive strength, then a 60% porous
scaffold should be twice as strong as an 80% porous scaffold as it contains twice as much
material. In Table 4, this is referred to as the theoretical ratio. In fact, a 60% porous scaffold is
6.6x (in the normal direction) or 6.45x (transverse) stronger than an 80% porous scaffold. These

values are referred to as experimental ratios in Table 4.
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Table 4: Ultimate Compression Strength Ratios

Ratio 60%/70% 70%/80% 60%/80%
Normal, Theoretical Ratio 1.33 1.5 2
Normal, Experimental Ratio 2.19 3.02 6.60
Normal, Experimental/ Theoretical 1.65 2.01 3.30
Transverse, Theoretical Ratio 1.33 1.5 2
Transverse, Experimental Ratio 2.05 3.15 6.45
Transverse, Experimental/ 1.54 2.10 3.23
Theoretical

Example from this table: the theoretical strength ratio of 60%/80% is 2, assuming the amount of
material (and thus area the stress is applied across) is the only modifying factor, since the 60%
scaffold has twice the material (per design parameters) as the 80% scaffold. The experimental
ratio is the mean ultimate compressive strength of the 60N scaffolds divided by the S8ON
scaffolds; in this case, the ratio of 60N/SON is 6.60. Therefore, the experimental/theoretical ratio

is 3.30 and the increase in strength is 3.30x of the expected value.

At each porosity value, the scaffolds survived significantly higher loads when tested in the z-
direction (Figure 1) compared to those tested in the transverse direction. While it is well-
understood that the strengths of additively manufactured parts vary with loading direction, often
the transverse direction is the stronger because the printed material is aligned with the loading
direction [61]. In this case, however, the transverse direction is significantly weaker than the
normal direction. Upon closer inspection of the printed parts, this difference in strength appears
to be due to the overlapping material between layers. Since material is deposited layer-wise,

slightly offset from the road below it, material in a new road has a larger than designed
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interfacial area with a previous road. This increases strength when loaded in the normal
direction, as this overlap allows for greater dispersal of force throughout the scaffold as noted in

recent published literature regarding PLA gyroids [62].

Failure in ceramic materials is highly dependent on internal flaws (discussed later) and therefore
the strength of ceramic structures is dependent on the distribution of these flaws. While many
distributions exist, the Weibull distribution and the Weibull modulus are the most widely used
method for determining the variability of strengths in ceramic materials [63], [64]. The Weibull
modulus of our scaffolds, with one exception, are in the range of the low end of engineering
ceramics (m = 5-20) [65]. Previously published literature has shown that solid (no relative
porosity) HAp specimens with microporosity between 51% and 62% exhibit Weibull modulus
values of 8~15 [66]. In comparison, the macroporous scaffolds in this work exhibit Weibull
moduli in the range of approximately m = 3-6. While lower, these moduli are still in the low
range of engineering ceramics and are thus suitably predictable for use in designed structures.
This range also falls within the range of rectilinear macroporous HAp and B-TCP scaffolds found

in other works [33], [67].

The 70N (70% porosity, normal test) scaffolds, where the Weibull modulus was found to be
1.68, highlight the variability of ceramic materials. The results of compression testing 70N had
the highest variance of any data set and therefore decreased the Weibull modulus appropriately.
This reduction in result consistency is theorized to be a result of the limited sample size (n=6).
Additional tests with larger sample sizes are recommended in order to determine if the range in
values is accurate and to avoid representation bias due to differences in batches of test samples

[68]-[70].
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The Weibull failure probability graph (Figure 8) can be used to predict the failure mode of the
scaffolds. The 60% porous scaffolds tend to experience monolithic failure with less self-
reinforcement and thus greater variability in results; this is reflected in the Weibull failure graph.
Conversely, the 80% porous scaffolds exhibit high rates of self-reinforcement. This leads to less
variability in failure results and a much narrower failure plot. It is therefore our hypothesis that
developing scaffolds which exclusively fail layer-by-layer will ultimately yield more

mechanically consistent scaffolds.

The compressive construct modulus remained largely consistent between the 60% and 70%
porous scaffolds. No combination of measurements between test groups is significantly different
(p < 0.05). The 80% porous scaffolds, however, displayed markedly lower compressive moduli
than the others. In context of the consistency between the 60% and 70% porous scaffolds, this
significant drop in compressive modulus would indicate a critical porosity value above which the
compressive modulus drops dramatically. Other work, involving polymeric materials [17], has
found similar decreases in modulus as porosity increases although in a different range of porosity

than reported in this work.

In self-reinforcing structures, measuring the compressive modulus using our alternate method
(the construct modulus) results in values comparable to the standard measurement of structures
that do not suffer initial failures. Examples of these different cases can be seen in Figure 15. In
more than half of our tests, such as in a), the HIK-S value and the subsequent values align
closely. In cases such as b), ¢), and d), initial failures and subsequent changes in the stress-strain
slope led to early measurements of the compressive modulus when the effective value may in
fact be higher or lower. These measurements combine to create a defined range of an effective

modulus for the structure.
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Figure 15:Representative moduli. Red = as measured. Black vertical line = manual measurement. A) Measurements
align closely. B) Early failure - standard modulus < effective modulus. C) Effective modulus < standard modulus.
D) Self-reinforcement after initial failure — second phase of the curve has a modulus similar to the first phase

It is difficult to compare our results to other robocast gyroid HAp scaffolds because publications
on this specific scaffold type are difficult to find. However, we can compare our scaffolds to
other HAp-based structures. Rectilinear 55% porous robocast HAp scaffolds developed by Cox
et al. [71] recorded peak compressive strengths of 0.88 MPa. Lee et al. [72] recently published a
study using digital light processing (photopolymerization) to fabricate 70% porous HAp gyroid
scaffolds that reached a peak ultimate compressive strength of 11.5 + 1.75 MPa. It is worth

noting that photopolymers are usually cytotoxic, and this study did not evaluate cytotoxicity.

The standard compressive moduli measured for our 60% and 70% porous sample groups were
between 73 MPa and 83 MPa and compare favorably with recent work using porous HAp
structures. Jin et al. [73] created 70% gyroid PLA/B-TCP/HAp scaffolds with a mean modulus of
approximately 15 MPa. Huang et al. [74] achieved a comparable compressive moduli of 75.72

using PCL/HAp with a denser (50% porous) rectilinear scaffold structure.
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Failure Modes

As is typical for ceramic materials and further corroborated by a Weibull distribution fit of
ultimate compressive strengths, the failure modes of our scaffolds were found to be highly flaw
dependent. When tested in the normal direction, each scaffold suffered initial fractures
corresponding to the initial crack sites like those shown in Figure 11. The progression from
surface cracks to fracture can be seen in still frames taken from video footage (see Supplemental
Material for an instance of this). Upon fracture of the road, the now-broken piece remains lodged
against the neighboring material rather than dislocating, much like an architectural arch. This can
be observed in Figure 16 as well as visually in tested scaffolds. This can also be seen in the
stress-strain curves for these tests, as several saw-tooth patterns can be seen through the curve.
This behavior is encouraging; it indicates that an implant produced with our topology and
material that exceeds its yield stress, when loaded in the normal direction, would likely maintain
its integrity beyond initial failure of individual struts, thus enabling subsequent loading and bone
growth at the site. After experimental measurements were completed, the scaffolds maintained
their integrity after the crosshead was returned to its initial position. However, immediately upon
removing the scaffold from the crosshead, the scaffolds broke apart into numerous individual

pieces.
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Figure 16: A section of an 80N showing a failed section reinforced against neighboring material.

When tested in the transverse direction, the structure also exhibited self-reinforcing behavior but
to a significantly lesser extent than the scaffolds tested normally. This can be seen in the stress
strain curves, as the initial stress peaks are generally followed by an immediate stress decrease
until the material begins reinforcing itself. In the transverse loading direction, initial local
failures cause the material to displace and separate from the remainder of the material before
becoming lodged in other sections of the scaffold, similarly to what was observed in the normal
direction scaffolds. However, the sections appear to be less likely to fully lodge into place
compared to when tested in the normal direction, resulting in lesser self-reinforcement.
Transverse-tested scaffolds also maintained their integrity following removal from the crosshead;
however, like the normally loaded scaffolds, they immediately collapsed when touched. The
surface cracks discussed earlier have a significantly higher effect in transverse direction loading

than in normal loading. Cracks that appear on the surface follow the interfacial boundary
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between the roads. When the scaffold is loaded transversely, this boundary provides an
opportunity for each road to shift and deform. This deformation causes local bending, which
induces tension in the ceramic roads, which in turn causes the material to fail at significantly
lower loads than when under compression. These cracks can be seen in figure 17. This leads to

earlier initial local failure and results in formation of additional sites for cracks to progress.

Load
Direction
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Figure 17: Failure surface of a 70N scaffold. Note that the surface cracks penetrate each road interface along the
side of the scaffold strut that experiences tension in this scenario, whereas the surface cracks along the compression
side appear less organized.

It is our belief that the presence of the surface cracks is the most influential factor limiting the
strength of these scaffolds. HAp has been reported as being particularly vulnerable to crack
growth, even compared to ceramics as a whole [75], [76]. Other work has reported compressive
strengths and compressive moduli significantly higher than those reported here. A common
theme amongst those works is deployment of a method of limiting or eliminating the cracks. The

gyroid HAP scaffolds in Lee et al. [72], for example, were sintered in a slower multi-step
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process, produced fewer defects, and resulted in significantly stronger scaffolds. Crack
propagation is highly dependent on the grain size and the density of the material. Smaller grain
sizes, and therefore more grain boundaries, delay the progression of the crack by causing the
crack to deflect around the grain thereby increasing material strength [77]. The density and grain
size of AM ceramic materials is greatly but indirectly influenced by the sintering process [58].
Higher sintering temperatures and hold times allow greater densification as well as additional
grain growth. This leads to conflicting effects, as the higher level of density will increase the
mechanical strength, whereas the larger grains will begin to weaken the material. The grain size
effect is described in the Hall-Petch equation; though initially developed for polycrystalline
metals, published work has shown that the Hall-Petch relationship is applicable to dense

ceramics as well as dense HAp [78]-[82].

ky
oy =09 +—=EQ3

Vd

where ky is the Hall-Petch slope and d is the grain size. The Hall-Petch slope is a constant and is
determined empirically. From this equation, as grain size decreases, the strength increases. This
equation involves the yield strength rather than ultimate strength; given the brittle nature of the
structures, however, the yield strength and ultimate strength seldom differ. In order to minimize
grain growth, lower sintering temperatures and/or hold times are required. Conversely, lower
temperatures lead to lower density as the micropores are not fully removed at the lower
temperatures. A change from of only 50°C, from 1200°C to 1150°C in the same ramp and hold
times, decreases the material density from 78.90% to 73.50% due to lack of coalescence of the
micropores [47]. The surface HAp grains and the internal micropores between HAp grains of a

structure sintered at 1200°C can be seen in figure 18. These micropores contribute significantly
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to local fracture modes in the structure. Therefore, our material benefits from higher sintering
temperatures, though an unknown temperature limit where the effects reverse exists. Similar

conclusions have been found in other research as well [83], [84].
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Figure 18: SEM of a sintered scaffold. A) shows the fully densified surface grains. B) shows the micropores between
HAp grains. The dense surface grains extend approximately 0.5-2 um into the road, as shown with the narrower
arrow region. The concentric ring is marked by the larger span of arrows.

CONCLUSIONS

We were able to successfully design, fabricate, and test hydroxyapatite gyroid scaffolds using a
layer-wise, photopolymerized viscous extrusion additive manufacturing method we refer to as
photocasting. Gyroids and other complex structures can be easily, accurately and precisely
printed using photocasting. Our work confirms that gyroid structures impart greater compressive
strengths on scaffolds than would be expected based on material characteristics alone. Our 60%-
70% porous, photocast, HAp gyroid scaffolds have sufficient compressive strength to serve as
cancellous bone grafts. Micro-CT analysis confirms the interconnected topology of all pores in
the scaffolds. Cytotoxicity experiments confirm that our scaffolds are non-cytotoxic. Our

scaffolds failed in a manner consistent with a “leak-before-break” design philosophy, where
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initial local failures do not immediately cause catastrophic full-scale failure. This allows some
regions of the gyroid scaffold to fail while others maintain the overall integrity of the device,
potentially enhancing the efficacy of the scaffold in vivo. Additional research into toughness and
further verification of compressive strengths is required to ensure that the scaffolds could fully
mechanically suffice as cancellous bone grafts. While our tests were limited to representative
sections of gyroid architecture, their mechanical response is enticing enough to warrant
additional investigation and research into utilizing larger scale structures based on these gyroid
unit cells and functional grading of gyroid and related topologies. If these mechanical responses
remain consistent and are shown to be scalable properties, then these gyroid unit cell structures

could prove valuable as artificial bone grafts in the future.
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Appendix A: 41% Vol hydroxyapatite slurry mixing protocol

Author: Katherine Lopez Ambrosio

Objective:

Production of 15ml of 41%Vol hydroxyapatite slurries suitable for 3D printing.

Reagents:

Name Acronym Quantity Brand

Tricalcium phosphate Ceramic HAp 19311 ¢ Macron fine chemicals

tribasic (Hydroxyapatite)

Diphenyl Photoinitiator TPO 0.036g TCI America.

(2,4,6trimethylbenzoyl)

phosphine oxide

Solplus D540 Dispersant D540 1.46ml Lubrizol Advanced
Materials Inc.

Ethylene glycol Monomer EGDMA 7.5ml Scientific Polymer

dimethacrylate Products Inc.

Materials and equipment:

VVVVVVYVYVVVVYVYYYVY

[1] Stainless steel spatula.

[2] Laboratory scoopula.

[1] Iml Luer tip syringe.

[NA] Planetary ball mill (PBM) brand: across international.
[10g] Agate balls (weight ratio 2:1 HAp to agate balls)

[1] Teflon jar of 50ml for planetary ball mill with chemical resistant O-ring.
[1] Measuring paper.

[1] 10 ml Graduated cylinder.

[1] Benchtop Balance.

[NA] Parafilm film or tape.

[10ml] Plastic syringe.

[1] PTFE Syringe stopper.

[NA] Aluminum foil.

[1] Metallic tongs

Acknowledgments before beginning the procedure:

Use protective glasses, gloves and lab coat.

Use the fume hood for the mixing and transferring procedure.

This procedure is to produce 15ml of HAp slurry. However, Due to the electrosteric interaction of
the HAp particles with the dispersant, the resultant volume of slurry is lower.

The planetary ball mill is in the factory campus. In the setting of this machine zero count a cycle.
So, if we need 15min of mixing in a 50% duty cycle, the PBM is programmed to work 2 cycles
and to rest 2 cycles.

61



Procedure:

1.

et

9.

10.
11.
12.

13.
14.
15.
16.

Use the weigh paper, graduated cylinder and, 1ml syringe to measure the photoinitiator TPO, the
monomer of EDGMA and dispersant D540 respectively. Add all to the Teflon jar.

Place 10g of agate media (5 big balls and approximately 6 small balls) in the Teflon jar.

Set the O-ring in the cleavage of the Teflon jar. Close and seal the jar and lid with parafilm paper.
Install and lock the jar in the PBM. Assure that the jar is completely fastened. Mix the
components for 30 minutes at 120rpm in a 50% duty cycle (3 cycles 5 min on, 5 min off).

Wait until step 4 finishes.

weigh 10g of HAp.

Remove the jar from the PBM and add the HAp in the solution. Mix the components with the
spatula and seal the jar and lid with parafilm.

Fasten the jar in the PBM and set it at 300RPM for 2h in a 50% duty cycle (12 cycles of 5min on,
S5min off).

Wait until step 8 finishes.

Weigh 5g of HAp.

Repeat step 7.

Fasten the jar in the PBM and set it at 320RPM for 2h in a 50% duty cycle (12 cycles of 5min on,
Smin off).

Wait until step 11 finishes.

Weigh 4.311g of HAp

Repeat step 7.

Fasten the jar in the PBM and set it at 360RPM for 4h in a 50% duty cycle (12 cycles of 5min on,
S5min off).

Next day to transfer the slurry to the syringes.

17.
18.
19.

20.

Open the jar. Collect the agate balls with the tongs and clean the walls of the jar with the spatula.
Mix the slurry manually for Smin.

Assure visually that the slurry does not show any clusters of HAp and that it is homogenous. If it
is not homogenous mix manually for Smin more.

Transfer the slurry to the plastic syringe, close the tip of the syringe with the stopper. Wrap the
syringe with aluminum foil.
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Appendix B: Creating gyroid files for 3D printing

Author: Nelson Isaacson
Objective: Create a GCode file of a gyroid structure that can be printed on the Hyrel machines.
Materials:

e CAD file of sample
o Must be .3mf, .amf, .ctm, .stl, or .obj
e Slicer software
o Ultimaker Cura recommended
o Other slicers may work, this method is confirmed to work with Cura.
e GCode Template file
o Located on SharePoint
o Template file must match intended Hyrel machine (Hydra, ESR, SR)
e Text editor
o Notepad++ recommended
Preparation:

1. Run the slicer software.
2. Import the CAD file into the slicer.
3. In print settings, set the following parameters:
a. Layer Height: 0.2 mm
b. Line Width: 0.413 mm
i. Dependent on nozzle size. A 22g nozzle is 0.413 mm in diameter.
Wall Thickness: 0.0 mm
Top/Bottom Thickness: 0.0 mm
Infill Pattern: Gyroid
Infill Density: 20%, 30%, or 40%
1. This will generate 80%, 70%, or 60% porous gyroids, respectively.
4. Select “Slice” to generate the initial GCode.
5. Select “Save to Disk” or “Save to File” (depending on slicer and slicer version) and save
the file in an accessible location.
6. Open both the generated GCode file and the GCode template file in Notepad++.
7. In the generated GCode file, copy the code starting with
M107

o oA

M204 S500
M205 X8 Y8
And ending with
M140 SO
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M204 S1500
M205 X6 Y6
M107

The beginning section starts ~line 40, the final section ends near the end of the document.
This will be several thousand lines of code.

Paste the code into the Hyrel template file after the BEGIN ALTERED CODE line.
Save the GCode file with a new name.

. The file is now ready to be loaded into REPETREL.

This method is confirmed to work with Ultimaker Cura.

This method can be used with any CAD design, it is not limited to cubes or other simple
geometry.

Print parameters such as LED power, steps/um, etc., must be controlled via REPETREL,
this method only generates the print moves.

A video tutorial is available on the SharePoint.
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Appendix C: Compression testing of porous ceramic scaffolds.

Author: Nelson Isaacson

Objective: Perform compression tests of porous ceramic scaffolds to determine mechanical
responses.

Materials:

Test Sample(s)

Latex/lab gloves

Safety Glasses

Tweezers

Calipers

High-grit (1000+) sandpaper

Kim wipes

Individual sample bags (if post-test SEM is desired)
Tinius Olsen H1KS Benchtop Tester (or equivalent)
Compression platens for benchtop tester

Sample Preparation:

11.

12.
13.

14.
15.
16.

Measure the height of the test sample in several spots to determine if the test planes are
parallel.

Place the sandpaper grit-side up on a work surface.

While wearing gloves and safety glasses, begin sanding the first desired test surface by
holding the sample and lightly applying pressure to the sandpaper while moving the
sample back and forth, taking care to apply even pressure across the surface.

After a few passes along the sandpaper, repeat step 3 for the other side.

Measure the height of the sample in several places.

If the height varies, repeat steps 3-5. If the height is consistent across the tested locations,
move to the next section. It is critical that the surfaces that are being loaded are as
parallel as possible.

Test Preparation:

1.

Ensure that the software key is plugged into the back of the test computer. It looks like a
USB drive and is labeled “software key, not a USB drive”.

Turn on the H1KS and sign into the computer using the test admin sign-in information.
Select “Navigator” on the desktop to open the test software and link the computer to the
HIKS.

Select “Edit” in the upper-left corner to open the Test Settings menu.
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If replicating previously used parameters, select the test name from the drop-down menu
in the upper-right corner of the Test Settings menu.
To develop a new test, there are four sub-menus to go through. The following contains
settings from the test standard as of January 2021.
a. “Parameters”
i. Test Type: Compression from Position
ii. Specimen Shape: Flat
iii. Specimen Height: Nominal height of specimens
b. “Machine Control”
i. Position Rate: 0.1 mm/min
ii. End Condition: 75% DropOff
c. “Reporting”
i. “Printout”
1. Double click in the table to edit the saved information
2. Create columns for the following:

a. Sample ID

b. Sample No.

c. Area

d. Force

e. Ultimate Stress
f. Modulus

ii. “ASCII”
1. Set the save file path in the first entry field.
2. Select “Delimited fields”
a. Delimiter: comma
3. Select “Export with Summary”
4. Select “Include Header”
5. Repeat 6.c.i.2 to create output columns
d. “Graphing”
i. “Printout”
1. Graph parameters are set here
2. Set Y-Axis as Stress in MPa
3. Set X-Axis as Strain in m/m
4. FEither select “Auto Scale” for both axes or enter desired axes scale.
ii. “ASCII”
1. Set the save file path in the first entry field.
2. Select “Delimited fields”
a. Delimiter: comma
3. Set “Number of points” as “Actual”
4. Create output columns for Stress (in MPa) and Strain (in m/m)
e. Select “Save As” in the upper-left corner and save the test parameters with the
desired name.
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i. Recommended to be descriptive, i.e., “0_1 mm_min Gyroid Cube
Compression”
f. Click “Done” in the Test Settings menu

Test Procedure:

Safety glasses MUST be worn during material testing. The ceramic scaffolds may shatter during
testing and eject fragments that can strike the operator. These fragments are unlikely to damage
skin but can easily damage unprotected eyes. If, at any time, there is a presented danger,
immediately turn off the H1KS by depressing the red Emergency Stop button near the power
switch.

1. In the Test Navigator software, select “Test” in the upper-left ribbon menu.
a. You should see an empty graph on the screen.
2. In the upper-right menu, enter the “Lot” and “Operator” information.
a. This can be used to track when the scaffolds were made and who performed the
test. Examples:
i. Lot: 20210116
1.  Operator: Nelson Isaacson
3. On the H1KS, lower the test platen by pressing and holding the down arrow on the H1KS
interface.
4. Using tweezers, place the test sample in the center of the bottom platen.
Press “F1 zero force” on the H1KS.
6. Raise the test platen into position by pressing and holding the up arrow on the H1KS
interface.
a. Raise the platen until the test sample is very lightly contacting the upper platen.
The “Force” readout on the HIKS screen will help verify the contact. The force
should be less than 1 N.
b. Briefly press the down arrow to lower the sample from contact. The Force readout
should display O N.
7. Press “F1 zero force” and “F2 zero ext” on the HIKS.
8. In Test Navigator, enter Sample, Sample No, Width, and Thickness in the upper-right.
a. Recommended format:
1. Sample: for a 60% porous gyroid tested in the normal direction, identify
the sample as 60N
ii. Sample No: Test batch and specific sample. For example, the fourth
sample in the second set of measurements would be 2.4
i11.  This combines to identify the specific samples, such as 60N2.4
9. Select “Test Now” in the upper-right to begin the test.
a. To cancel the test, click “Abort” in the upper-right.

bt

67



10.

11.

12.
13.

14.
15.

The test will take several minutes to complete. The H1KS will begin emitting beeping
sounds to indicate that the crosshead is moving. The graph on the screen will update in
real-time.
Once the test finishes, Test Navigator will provide a list of the recorded data.

a. Select “Accept” or “Discard” if you’d like to keep the data or discard it,

respectively.

Test Navigator will display a prompt to return the crosshead. Click “OK” to do so.
Remove the sample from the platen

a. Recommended to save larger pieces for potential SEM imaging.

1. This can be done with the small plastic bags near the H1KS.

Clean the platens using a Kim wipe.
Update the sample number in Test Navigator and repeat steps 3-14 for your next sample.

Saving Results:

1.

To save a specific graph, select the sample from the list on the bottom of the screen.

a. Select the arrow next to “Print” in the upper-left of the screen and select “to File

(BMP)”

b. Enter a name for the graph and save to your results folder on the computer.
To save specific sample results, select the sample from the list on the bottom of the
screen.

a. Right-click and select “Export Selected”

b. This will save a .csv to the file path selected earlier.
To save all of the results to one file, right click in the bottom list and select “Export All”
WARNING: Selecting “Export Summary” will REMOVE the results from being
accessible.
Use a jump drive or other USB devices to retrieve the files from the computer.

Ensure that the work area is cleaned following testing.

Notes:

1. Final failure was determined to be 75% stress drop from the peak stress. No relevant
stress-strain data (such as significant amounts of self-reinforcement) was found after
a 65% stress drop in earlier tests. Continuing the compression test past this point is
unlikely to yield meaningful data and risks damage to the machine.

2. Failing to properly clean the HIKS can cause subsequent tests to provide faulty data.
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