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Hydroxyapatite is a widely used ceramic material for bone tissue engineering. For creating suitable scaffolds,
reliable design and thorough characterization are essential. In this study, we designed and 3D printed
three Triply Periodic Minimal Surface (TPMS) scaffold geometries using Vat Photopolymerization (VPP). We
employed a combined experimental and numerical analysis approach to evaluate printing accuracy and its
correlation with the mechanical properties of the scaffolds. Our findings indicate that VPP can print complex

micro-architectures as those of the TPMS with thin wall thickness in the range of few hundreds of micrometers.
Ultrasound waves and compression tests were conducted to determine the effective stiffness and strength
of scaffolds, respectively. Finite Element Models were developed based on Computed micro-Tomography
acquisitions to simulate the experimental compression tests, showing strong alignment with the experimental
data. Among the tested TPMS geometries, the Diamond microstructures fail with the lowest specific strength,
while the highest specific strength is shown by the I-graph and wrapped package-graph (IWP) scaffolds.

1. Introduction

Bone is a self-healing tissue but certain pathologies or traumatic
events can lead to critical size bone defects, thus hindering the nat-
ural bone healing process. From a biological perspective, microstruc-
tured bioactive ceramic scaffolds have emerged as the preferred option
among non-biologically derived materials due to their ability to pro-
mote osteogenesis [1], angiogenesis [2] and other beneficial properties
(e.g., being engineered for controlled drug release in situ [3]).

Various factors must be simultaneously considered in the design of
these scaffolds, including structural integrity, manufacturability, and
permeability. Triply Periodic Minimal Surface (TPMS) geometries have
been identified as a suitable choice, as they can meet all of these spec-
ifications with proper input parameters. Among the available additive

* Corresponding author.

manufacturing techniques, Vat Photopolymerization (VPP) stands out
as the most promising due to its ability to offer unbounded design
possibilities and the best spatial resolution achievable to date [4].

Hydroxyapatite (HAP) TPMS scaffolds have been deeply studied
with regard to their biological performance (e.g., [5-8]), while rela-
tively little attention has been paid to the mechanical characterization.
Indeed, TPMS VPP-produced scaffolds have already shown an early
success in human clinical applications, but their use is still limited
to anatomical sites with minimal load-bearing requirements, such as
craniofacial defects [9]. Therefore, a comprehensive mechanical char-
acterization of TPMS HAP scaffolds is needed to select mechanically
compatible scaffolds for broader applications in orthopaedics and bone
tissue engineering.
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A reliable prediction of the macroscopic elastic properties of a
specific micro-architecture is essential in the design of the device. Ex-
tensive literature is available for this aim, using analytical approaches
or finite element simulation on a representative volume element. In
particular, the elastic modulus of lattice-like micro-architectures can be
analyzed using beam mechanics and assuming deformation modes upon
macroscopic compression strain [10,11]. On the other hand, beam-
based finite element models can be applied on several microstructures
(e.g., taking inspiration from crystallographic symmetries) to get the
full elastic tensor, the Poisson’s ratio in the Cartesian planes, as well
as the Zener anisotropic index [12]. Furthermore, when the represen-
tative volume element is the repetitive unit of the lattice, periodic
boundary conditions can be applied, saving computational time. Micro-
architectures deriving from TPMS cannot be modeled as beams, thereby
solid element numerical methods are needed for the prediction of the
effective elastic properties. Also in this case, if a perfect periodicity of
the structure can be identified, a unit repetitive cell can be used as
a representative volume element. An upper bound of the macroscopic
elastic modulus can be estimated by imposing displacement conditions
with periodicity on the boundary which is macroscopically equivalent
to a unit strain. If six different finite element simulations are carried
out, each one corresponding to a single component of the unit strain,
the full elastic tensor can be determined [13]. Smooth transitions
among different TPMS can be introduced in a device with the purpose
of expanding the available span of macroscopic elastic moduli [14].
Although the above-referenced works provide a suitable prediction of
the effective elastic properties, they still rely on the knowledge of the
material’s properties (HAP in the present paper). It is worth mentioning
that the latter are tightly dependent on the length scale and the specific
manufacturing technique. In our previous work [15], we have shown
the added value of testing small-scale samples having comparable size
to the typical scaffold features (few hundreds of micrometers) and
produced via the same method used for scaffold fabrication (both VPP
and thermal treatment) in order to reliably reproduce the character-
istics of scaffold struts and assess the microstructure and mechanical
properties of the solid fraction accordingly. However, to the best of
our knowledge, a similar approach has not been applied yet to TPMS
ceramic scaffolds. Elastic modulus and strength of the materials are
crucial in relation to the manufacturing process and certain manu-
facturing factors, such as the sintering temperature [16]. The size
of the device’s internal and external characteristics, however, must
be accurately estimated to achieve reliable manufacturing capabilities
because they greatly affect the device’s overall stiffness and strength.

In order to advance the knowledge in the field of TPMS ceramic
structures, which not only show promise in the biomedical field but can
also be appealing in many other applications, this work has a twofold
aim: (i) to determine the mechanical properties of HAP scaffolds with
TPMS micro-architecture and 3D printed through the VPP technology
with particular reference to the effective stiffness, compressive strength,
and failure mechanisms; and (ii) to assess the production feasibility of
these class of micro-architectures by means of the VPP process.

2. Materials and methods
2.1. Design and 3D printing of scaffolds

Three types of cylindrical TPMS scaffolds (i.e., Diamond, Gyroid
and I-graph wrapped package-graph (IWP)) with two values of total
porosity, have been designed starting from the analytical formulations
provided by Ibrahimi et al. [17]. Binary three-dimensional image stacks
have been created and lately converted to stl-files to be provided to the
3D printing equipment. The pixel scale has been set so to have a final
diameter (D) of 8 mm and a height (H) of 16 mm (Fig. 1).

Two different sets of scaffolds have been prepared for each of the
six types (three geometries and two porosities): one exhibiting two
fully dense caps (thickness of 1 mm) at both ends of the cylinder,
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and the other one without any fully dense cap. The samples with
the caps have been used for macroscopic compression tests, while
the samples without the caps have been used for ultrasound testing
(see Section 2.4.1). The introduction of the bulk caps has been used
to avoid the stress concentrations at the interface between the mi-
crostructure and the loading nose of the compression machine; this
approach has been already documented in [18] where HAP samples
were characterized. For each TPMS type, we created 30 scaffolds with
caps for compression tests, 6 scaffolds without caps for: ultrasound
testing (three samples), 4CT imaging (one sample), XRD (one sample)
and one additional sample was archived in the lab. The 36 scaffolds
were subdivided in two printing jobs, 18 scaffolds each. Furthermore,
bulk samples have been designed and printed with diameter of 8 mm
and height of 8 mm with the purpose to assess the bulk elastic properties
(Section 2.4.1).

The stl-file of each of the scaffold structures has been processed
and converted to a fab-file format recognized by the 3D-printer in the
CeraFab DP (Data Processing, Lithoz Gmbh, Vienna, Austria) software.
This software has been used to create the job of the printing machine,
to set all the general settings of the process and to adjust the scaffold
parameters and their position on the building platform. An important
parameter to set is the shrinkage compensation factor to ensure that
the final dimensions of the scaffold are close to the programmed ones.
Considering the preliminary sintering trials on non-porous specimens,
shrinkage compensation factors equal to 1.31 along x/y axes and 1.34
along z axis have been applied in order to oversize the green bodies.
The design was adapted in terms of its feature sizes (strut thickness) to
be in line with the optical resolution of the specific printer and to com-
pensate for sintering shrinkage. The slurry has been added in the vat of
the printer and the building platform has been opportunely prepared.
Commercial LithaBone HA480 (Lithoz GmbH, Vienna, Austria) slurry
has been used, consisting of powder of HAP homogeneously dispersed
with solvent, reactive monomers based on acrylates and methacrylates,
a dispersing agent and a photoinitiator. Eighteen scaffolds have been
fabricated simultaneously for each printing job using the CeraFab 7500
system (Lithoz GmbH, Vienna, Austria), which is a DLP-based VPP
technology using a LED light in the blue visible region as a light source
to polymerize the slurry. The DLP printer has a digital mirror device
chip as a dynamic mask with a resolution of 1920 x 1080 pixels and
pixel size of 40 x 40 pm? to expose the image of each layer of the
3D model into photocurable ceramic suspension. When the slurry is
exposed selectively and a new layer of the object adheres (or poly-
merizes) to the building platform (which rises up), the vat rotates to
disperse homogeneously the slurry, thus allowing for the next layer to
be irradiated and cured until the object is complete. Every single layer
has a thickness of 25 pm. After the printing process, the green samples
were removed from the building platform and cleaned to eliminate
the uncured slurry. Then, all the scaffolds have been thermally treated
in the same electrical furnace (Nabertherm P330, Nabertherm GmbH,
Germany). Specifically, the thermal post-processing protocol includes
the stages of debinding and sintering, with a total treatment time of
122 h and a maximum temperature of 1300 °C maintained for 1 h.

2.2. Phase analysis

One single sample has been pulverized by ball milling (Pulverisette
0, Fritsch GmbH, Germany) and the powders obtained were analyzed
by X-ray diffraction (XRD) to identify the crystalline phases. XRD anal-
ysis has been performed using the X’Pert Pro PW3040/60 diffractome-
ter (PANalytical, Eindhoven, The Netherlands) in the Bragg-Brentano
camera geometry with Cu Ka incident radiation (wavelength 1 =
0.15405 nm), filament current 40 mA and voltage 40 kV. Specific ex-
perimental parameters of the analysis include 26-range of 10° to 70°,
angular step size of 0.02° and a counting time of 1 s per step. X'Pert
HighScore Software equipped with ICDD PDF (International Centre for
Diffraction Data Power Diffraction File) database has been used for the
identification of the crystalline phases. For comparative purposes, XRD
analysis using the same experimental conditions was also carried out
on the as-received ceramic particles embedded in the printable slurry.
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(a) D1 lateral view.

(b) Gllateral view.

(c) I1 lateral view.

(d) D1 top view.

(e) G1 top view.

(f) 11 top view.

Fig. 1. Rendering of the three TPMS geometries characterized in this work, namely Diamond, Gyroid and IWP. The repetitive unit size is such that least 5 cells in the sample

diameter were present to guarantee a proper wall spacing.

2.3. Morphological analysis

Computed micro-Tomography (xCT) images have been carried out
by using a custom-built equipment manufactured by Fraunhofer-Institut
fiir Keramische Technologien und Systeme (IKTS, Dresden, Germany)
featuring an open microfocus X-ray tube and max operating voltage 300
kV. One scan for each type of scaffolds was performed. The acquisition
parameters included an acceleration voltage of 100 kV and a current
of 120 pA, with a source-to-object distance of 70 mm and a source-to-
detector distance of 1400 mm; no filter was used. A rotation step size of
0.225° has been used. The acquisition time for each image was 1 s. For
each acquisition, a stack of 16 bit virtual volume of 2024 pixels has
been obtained, exhibiting a pixel size of 10 pm.

The software Fiji© has been used for image processing [19]. A
Gaussian blur of 2 pixels has been used to reduce the noise, and a
resampling of 2.5 pixel for each cartesian direction has been used
to reduce the overall number of pixels. The image has been rotated
firstly manually to align the axis of the cylinder to one of the three
cartesian axes, and a further fine alignment has been done by aligning
the principal axis of inertia with the cartesian axis through the function
moments of inertia of BoneJ, plug-in of Fiji© [20]. The wall thickness
and the wall spacing have been computed through the same software,
using the function thickness. The binarization with Otsu algorithm has
been applied [21]. The final pixel size of the images is 25 pm. The
feasibility of printing process for the TPMS microstructure was verified
by comparing the cross section of the printed scaffold obtained through
the micro-CT scans and the geometry of the same cross section of the
design.

All the samples have been weighted on a scale (resolution 102
g) and the macroscopic geometrical features measured by a Vernier

caliper (overall diameter D and height H) with a resolution of 50 pm.
The apparent density (p*) of the samples has been computed as the ratio
between the overall mass and the macroscopic volume. The p* found on
the non-porous samples, thermally treated under the same conditions
used for the TPMS scaffolds, provided the intrinsic density (p,) of HAP.
The porosity of the samples has been computed using two different
methods. In the first method, the porosity (¢”) has been computed as
(po — p*)/py- The second method is based on the usage of yCT data and
the porosity (¢°7) has been computed as reported in [22].

Confocal laser images on the lateral side of the cylinders have been
acquired (LEXT OLS4100, Olympus, Tokyo, Japan), with 5X magnifi-
cation, in order to measure the length of the repetitive units. These
measurements have been used to determine the wavelength and con-
sequently the frequency to be used for the ultrasound characterization
(see Section 2.4.1).

2.4. Mechanical characterization

2.4.1. Elastic properties

The macroscopic elastic properties have been experimentally ob-
tained through the ultrasound method [23]. The samples have been
clamped in a suitably designed frame which held the sample in place
and aligned with the pulser and the receiver probes (SIUI T5-6L) at the
two (top and bottom) faces of the samples. Before sample placement
in the holder, the samples have been submerged in a coupling gel
(15.140 M.C. matrix couplant, NDT Italiana srl), heated at 70 °C and
magnetically stirred until the air bubbles were completely removed
from the sample. This procedure was aimed at filling all open porosity
of the scaffolds with the gel. Once all air has been removed from the
scaffolds, they have been set in the sample holder and submerged in
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Fig. 2. Schematic representation (top) and real set-up (down) of the experimental ultrasound test and relative outputs. The flight time has been taken according to the standard [24].

the same gel to optimize the transmission of the sound waves through
the samples. The ultrasound method determines the elastic properties
by measuring the speed of a sound wave, having a suitably selected
frequency, through the sample; the wave speed depends on the sample
apparent stiffness and apparent density. The experimental set-up and
the typical output of the ultrasound investigation is reported in Fig. 2.

A longitudinal ultrasound wave at 1 MHz has been used to fly
through the entire length of the scaffold and measure the flight time
(41). Indeed, a frequency lower than 1.5 MHz was previously identified
with the purpose to have a wavelength longer than the size of the unit
cell of the scaffold, thus obtaining macroscopic (homogenized) elastic
moduli. An ultrasound wave at 5 MHz has been instead used on the
bulk sample. The bandwidth at the receiver has been set to 3—7 MHz
for the bulk samples and to 0.5—2 MHz for the scaffolds. For both TPMS
and bulk samples, Ar has been computed according to the relevant
standard [24]. The constrained modulus C;; has been determined by
means of the model reported in [23]:

« (H\?
Cy=p (E)

(€Y
The effective elastic modulus along the cylinder’s axis (E,) has been

obtained by assuming the orthotropic material symmetry

a- ny‘_/yx - Vyzvzy -2 Vyx‘_/zy‘_/xz)

(1-v

— VxzVax

E, =Cs;-

- ()
xyVyx)
where ¥;; are the macroscopic Poisson’s ratios. It is anticipated that the
v;; have been obtained through the homogenization process, described
in Section 2.4.3.

The ultrasound method was also used on bulk samples, where the
isotropic material symmetry is assumed:

1+ w1 -2v)

-
where E is the Young’s modulus and v the Poisson’s coefficient of the
bulk HAP. Three porous samples per geometry and three bulk samples
have been tested.

E=Cy ®)

2.4.2. Compression strength

Monotonic uniaxial compression tests on the TMPS scaffolds have
been run at a controlled displacement rate of 0.5 mm/min until com-
plete failure of the sample. Two stress values have been identified for
each test: the first peak at break (exhibiting a stress drop higher than

20% with respect to the highest value, identified as early strength) and
the maximum stress obtained during the test (ultimate strength). As the
compression tests have been performed on samples with the bulk caps,
the assumed gauge length for strain measurement was the distance
between the caps (namely the length of the part occupied by the porous
micro-architecture). Thirty tests for each class of scaffolds have been
performed and the Weibull modulus () and the characteristic strength
(o) have been computed accordingly [25] for both stresses, i.e. the
first peak stress and the maximum stress.

The fracture surfaces of the broken samples have been observed
through a confocal laser microscope with a 5X magnification lens to
obtain, where possible, a high-resolution quantitative topography of the
surface.

2.4.3. Finite element modeling

The elastic properties of the equivalent homogenized material rep-
resenting the TMPS geometries have been obtained through the numer-
ical homogenization procedure as described in [26]. To this purpose,
three cubic domains with an edge length of D/ V2 (the largest possible)
have been cropped from the uCT of each cylinder.

Compression tests with fracture propagation have been simulated
to assess the early stage of the fracture pattern on the whole cylinders.
Displacement (Dirichlet) boundary conditions have been applied as

- =_1
Uylr, =0 Uylp, = 100
uylp, =0 i Yyl =0 Q)
uzer =0 uzll_»,v =0

where I'y and I’y represent the bottom and top surfaces of the cylinder,
respectively, simulating a monotonic displacement controlled com-
pression test of samples with the bulk caps. Finite element analyses
have been performed by means of the multigrid finite element solver
ParOSol [27]. Briefly, the fracture propagation has been modeled by the
deletion of the most stressed elements, according to the Drucker-Prager
strength criterion [28]. Each element is defined by a hexahedron with 8
nodes (linear shape function for each edge). The material’s parameters
to feed simulations have been taken from [15], namely E, = 100 GPa,
v = 0.3 and o, = 100 MPa, and already used to model sintered HAP
scaffolds [22]. These simulations have been performed on both the
uCT-based geometries and on the ideal geometries, since there is a
mismatch introduced during the manufacturing process. The effective
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Fig. 3. Comparison of XRD patterns of the initial powder and pulverized scaffold after
sintering; the marked peaks correspond to HAP.

stiffness of the scaffold has been evaluated as the slope of the stress—
strain graph and the strength as the maximum stress reached by the
scaffold during the loading program. The tests were run until a drop of
stress of 20% was reached (identified as early strength). The specific
strength has been computed by dividing the value of the effective
strength by the apparent density of the scaffold (py(1-¢<7)). In order to
compare the crack pattern obtained through the finite element models
with that shown during the laboratory compression tests, a suitable
post-process has been done on the finite element simulation: the el-
ements of the 3D mesh which were subjected to fracture have been
eliminated and a connectivity analysis has been performed on the 3D
image, in order to isolate the largest connected (not fractured) volume.
This procedure will clearly identify the fracture surfaces resulting from
the numerical simulations.

3. Results
3.1. Phase analysis

The XRD patterns from the analysis of the initial ceramic powder
used in the slurry and the sintered scaffold ground in powder are
presented in Fig. 3.

XRD analysis revealed the presence of HAP as the unique crystalline
phase, both in the starting powders and in the pulverized scaffolds after
sintering, (JCPDS reference code 01-089-6437 in both cases). Neither
impurities nor secondary phases are detected after the sintering of the
scaffolds, which indicates the thermal stability of the HAP phase. These
results are fully consistent with those found by Baino et al. [29] who
fabricated HAP foams with bone-like architecture by using the same
additive manufacturing technique.

3.2. Morphometric analysis of the 3D printed scaffolds

The bulk samples exhibit a density p, = 3.08 mg/mm?>. Table 1
shows the porosity and the morphometric parameters for the 3D printed
scaffolds as measured on the uCT data. The porosity (¢ and ¢¢7) for
all scaffolds ranges between 43% and 61%; the wall thickness ranges
between 277 pm and 439 pm, while the wall spacing ranges between
355 pm and 456 pm. It can be noted that the values of total porosity
assessed by mass-volume measurements or tomographic assessment are
comparable for the same scaffold type.

Fig. 4 shows the uCT reconstructions and the confocal acquisitions
on the lateral surface of the cylinders (scaffolds).

The length of the unit cells ranges from 0.81 mm to 1.61 mm, thereby
the frequency for ultrasound investigation has been set to 1 MHz. This
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frequency has been verified a posteriori considering the velocity of the
sound wave in the porous scaffolds, and resulting in a wavelength
of 4.88 mm, thereby longer than the repetitive unit and suitable for
obtaining the homogenized elastic properties.

Fig. 5 shows a comparison between the design drawing of the IWP
structure and the uCT scan of the 3D printed structure. Light blue areas
are those of the design, while dark blue color refers to the printed
structure. The figure shows how the printed scaffold resulted in a
thicker structure, especially in those areas where the design showed
thinner walls (thin solid lines represent the boundary of the designed
geometry). Similar results have been achieved for the Gyroid and the
Diamond geometries. The higher thickness found in some regions of
the scaffolds and the clogging of the smallest pores (see the highlighted
area on r,) are responsible for the discrepancy between the designed
and the final porosity.

3.3. Mechanical properties

The elastic modulus obtained through the ultrasound method on the
bulk samples ranges from 82 GPa to 108 GPa, depending on the Poisson’s
coefficient (Fig. 6). Considering reliable values of Poisson coefficient
(between 0.11 and 0.3) for advanced ceramic materials [30], the value
of the Young’s modulus is consistent with the results obtained on the
same material, measured through nanoindentation and microbending
in [15].

The effective (macroscopic) stiffness and strength obtained from the
numerical simulations have been reported in Table 2 associated with
the measured porosity (¢¢7). The strength per unit apparent density
(specific strength) is also reported in the last column.

The effective (macroscopic) stiffness of the TPMS scaffolds ob-
tained through ultrasound is reported in Table 3 along with the values
predicted by the finite element simulations.

Two experimental values of strength are reported in Table 4: the
first fracture event (identified as the first stress drop of 20%) and the
maximum stress recorded during the whole test. For all scaffolds, the
numerically predicted strength falls in the experimental range of the
first fracture event; on the contrary, the experimental maximum stress
values are higher for all the geometries.

The Weibull plots are reported in Fig. 7. The slope of the linear
fitting lines is a graphical representation of the Weibull modulus. It can
be seen that the Weibull modulus referred to the ultimate strength is
always higher than the Weibull modulus referred to the early strength.

A preferential crack pattern is clearly visible in the Diamond and
IWP geometries for both experimental and numerical tests (Fig. 8).
Concerning the Diamond structure, the angle between the fracture
plane and the load is 35° whereas for the IWP the crack plane is parallel
to the load. No preferential crack planes are visible for the Gyroid
structure. In scaffolds with Diamond geometry, saddle points on two
adjacent planes are shifted so that the line connecting saddle points
forms a 35° with the vertical line; this shifting creates the 35° tilting
of the fracture plane (see Fig. 8). The same considerations hold for
the IWP geometry, where the crack pattern is parallel to the load, and
the shifting angle between saddle in adjacent planes is 0°. The absence
of preferential crack planes in the Gyroid scaffolds may be due to the
skewness of the analytical function generating this TPMS structure.

4. Discussion

The aim of this paper is to assess the mechanical performance of
porous HAP scaffolds characterized by three different TPMS architec-
tures, manufactured through VPP and the feasibility of the printing
process on complex TPMS structures with micron-size features. To
this purpose, HAP cylindrical specimens with Diamond, Gyroid and
IWP micro-architectures have been 3D printed. The morphological
characterization has been carried out through xCT and confocal mi-
croscopy analysis, while mechanical characterization has been carried
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Table 1
Morphometric parameters obtained from uCT scans (first column is taken for the sake of comparison).
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Porosity (¢°) [%]

Porosity (¢°7) [%]

Wall thickness [pm]

Wall spacing [pm]

D1 60.78 + 0.43 61.39 357 + 36 424 + 62
D2 50.96 + 0.42 53.20 437 + 42 408 + 69
Gl 58.68 + 0.49 58.51 319 + 20 355 + 56
G2 45.60 + 0.88 44.54 399 + 125 456 + 115
1 50.91 + 0.58 48.16 279 + 43 425 + 164
12 43.32 + 0.97 42.69 317 + 42 430 + 188

(a) D1.

(b) G1.

(c) I1.

Fig. 4. uCT reconstruction and confocal laser imaging of the three classes of the scaffolds. The nominal dimensions of the scaffolds are D = 8 mm and H = 16 mm.
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Fig. 5. Rendering of IWP scaffold: on the right two cross sections (planes z, and r,) are reported highlighting the difference between the designed scaffold and the 3D printed
one. The over amount of material in the 3D printed scaffold is represented by the dark blue, whereas the black lines denote the designed structure. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Morphometric and effective mechanical properties from uCT scans and uCT-based finite element models.

Porosity (¢€T) [%]

Effective stiffness [GPa]

Effective strength [MPa]

Specific strength [J/g]

D1 61.39 10.113 6.364 5.298
D2 53.20 15.214 8.623 5.956
Gl 58.51 13.187 9.825 7.418
G2 44.54 26.384 18.234 10.764
11 48.16 29.325 27.193 16.978
12 42.69 33.570 31.884 18.161
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Table 3
Comparison between the experimental stiffness obtained through ultrasound investigation and the numerical stiffness.
D1 D2 Gl G2 11 12
Exp [GPa] 12.0 + 0.2 189 + 0.1 14.1 + 0.6 31.9 + 0.5 30.2 + 0.7 323 + 1.1
FEM [GPa] 10.113 15.214 13.187 26.384 29.325 33.570

Table 4

Comparison between the experimental strength obtained through compression tests and the numerical strength. For the experimental data, the
average strength, the Weibull modulus (m) and the characteristic strength (s,,) have been reported.

D1 D2 Gl G2 n 12
Exp (ultimate) [MPa] 83+ 17 143 + 2.9 17.5 + 4.1 316 + 7.8 249 + 7.9 35.9 + 9.0
m (ultimate) [-] 5.4 5.9 4.9 5.4 3.8 4.2
oy (ultimate) [MPa] 9.0 15.4 19.0 34.2 27.7 39.6
Exp (early) [MPa] 6.8 + 2.4 9.9 + 3.9 139 + 4.5 251 £ 7.3 19.8 + 9.2 31.4 + 8.4
m (early) [-] 3.2 2.9 3.9 3.8 2.4 4.2
oy (early) [MPa] 7.7 11.1 15.4 27.7 22.3 34.6
FEM [MPa] 6.364 8.623 9.825 18.234 27.193 31.884
150 T T T zirconia slurry was smaller than 420 nm, whereas in the present work
the particle size of the HAP is around 2 pm + 0.55 pum; this difference in
the particle size may have a significant impact on the final printing
= [—— fidelity of the s.caffolds. Sinc.e. the two st.udifes deal wit.h different
?5 100} Microbending and materials and different porosities, a quantitative comparison of the
b fahomcentation printing feasibility and mechanical properties of HAP scaffolds (present
& N study) and zirconia scaffolds [31] cannot be reliably presented.
3 In our previous study [15], we have shown that also in the case of
;E 50} i simple miniaturized geometry the printed samples exhibited a slightly
7 Typical range of v for larger size compared to the nominal dimensions: this is consistent with
technical ceramics the findings of the present study. However, in case of more complex
<> design, as in the case of the TPMS architectures, the quantitative assess-
0 . . . ment of the mismatch is more complex and it goes beyond the aims of
0 01 0.2 03 0.4 05 this paper. These results indicate that accurate prediction of the shrink-

Poisson Coefficient, v []

Fig. 6. Young’s modulus E of the bulk hydroxyapatite as a function of v. The light
blue box represents the range of experimental values obtained through microbending
and nanoindentation in [15]. The vertical lines represent the minimum and maximum
values of v for advanced ceramics [30]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

out through mechanical laboratory compression tests, ultrasound tests
and FEM. No impurities or secondary phases apart from HAP were
detected in the scaffolds by XRD analysis (Fig. 3).

With regard to the feasibility of the printing process for these
specific structures, in Fig. 5 the worst case among the three geometries
is shown in which a reasonably good fidelity of the printing process for
the IWP geometry is reported. The mismatch between the design and
the printed structure is higher in the area of thinner walls. However,
a purposely planned study on a quantitative assessment of the printing
fidelity for thin-walled micro-architected structures will be carried out
in the future.

Consistently with our study, Hoel et al. [4] also used VPP to produce
HAP scaffolds experiencing a reduction of the wall spacing on the 3D
printed scaffold with respect to the designed one and an increase of the
wall thickness with respect to the target one.

In a related investigation, zirconia scaffolds with three distinct
geometries were created using the Nano Particle Jetting™ technique by
Cao et al. [31]. The final geometry of the zirconia samples differed from
the intended one because the zirconia scaffolds, like HAP scaffolds,
were thermally treated after printing. On the other hand, compared
to the HAP samples investigated in this paper, there is less mismatch
between the designed and printed feature sizes. If a scaling factor was
added to the CAD models prior to printing to account for shrinkage
brought on by heat treatment, this is not mentioned in the Cao et al.
work. It is also important to take into account that zirconia and HAP
have distinct thermal shrinkage. Furthermore, the particle size of the

age depending on the characteristic size and on the specific architecture
is needed in order to achieve a satisfactory printing fidelity. Concerning
the wall spacing and porosity, even if there is a systematic reduction
between the designed and 3D printed values, they are still suitable
for allowing bone cell colonization [32,33]. Indeed, the morphometric
parameters of the 3D printed structures such as overall porosity, wall
thickness and wall spacing have a substantial impact on the mechanical
response of the devices. Therefore, in this paper an extensive study on
the elasticity and strength of VPP-produced HAP structures is carried
out by means of ultrasound (for elastic properties) and mechanical
compression tests (for the compressive strength). 4CT-based FEM have
complemented the laboratory tests.

The macroscopic elastic modulus of the TPMS scaffolds ranges
between 12 GPa (D1) and 32 GPa (I2); the numerical prediction of
the elastic modulus is consistent with the experimental measurements
obtained through the ultrasound method. It is worth noting that the
ultrasound technique can provide one single component of the elastic
tensor of an anisotropic material, in this case Cs3, where x5 is the carte-
sian direction of the sound wave. The effective elastic modulus (E,)
along the same direction can be obtained only with an independent
estimate of the macroscopic Poisson’s ratios (7;;) as reported in Eq. (2).
Macroscopic Poisson’s ratios are weakly dependent on the Poisson ratio
(v) of the bulk HAP which needs to be assumed. For every geometry in
this study, the v;; have been ascertained using 4CT-based FEM. While
some researchers have used ultrasound to measure the elastic modulus
of scaffolds (see, for instance, [34]), as long as Poisson’s ratios are not
given, these studies typically only yield partial results.

In this work, the elastic modulus of the scaffolds are experimentally
determined using the ultrasound method as we believe that the effec-
tive stiffness values found from mechanical compression test are not
trustworthy as they are systematically much lower than the expected
one (data not shown). A possible reason that explains the mismatch
between the effective stiffness of ceramic samples obtained through
compression test and ultrasound test may be due to non-idealities



L. D’Andrea et al.

= Early strength =
o Ultimate stength

o
v,
x%

o

log(log(1/1-P )
N

A

o

log(log(1/1-P))
N

A

o [MPa]
(c) GI1.

o

log(log(1/1-P))
o

A

10 20
o [MPa]
(e) I1.

30 40

Acta Materialia 287 (2025) 120776

o

log(log(1/1-P.))
R

4t

o

log(log(1/1-P.))
)

4}

5 10 20
o [MPa]
() G2.

= Early strength ©
o Ultimate stength

30 40

o

log(log(1/1-P))
)

1
»

20 30 40 50
o [MPa]
() 12.

Fig. 7. Weibull plot diagrams obtained from compression tests. All the linear fitting have been performed considering 30 experimental values of strength. The P, values have
been computed as (j —0.5)/30, where j is the ranking number of the scaffold according to its strength [25].

occurring where the boundary conditions are applied during the com-
pression test: in the case of stiff samples (i.e., ceramic samples) the
contact between the specimen and the loading nose may be punctual
and not uniformly distributed along the two cross sections of the
specimen. Although this phenomenon has a substantial impact on the
elastic modulus, it does not affect the effective strength (e.g., [29,35—
371). This hypothesis is confirmed by the agreement between the results
obtained from ultrasound test and the finite element models. A further
validation of the effective stiffness found through ultrasound and FEM
is given by the Gibson and Ashby’s [38] describing the stiffness-porosity
dependence for cellular materials (Fig. 9).

All the geometries tested in this work exhibit elastic moduli sig-
nificantly higher than those of trabecular bone. However, caution is
needed when the effective stiffness of ceramic micro-architectures is
compared to the trabecular bone stiffness; indeed, for a clinical appli-
cation, a more complex device has to be considered, involving also the
interaction with the cortical bone [39]. This consideration makes this
work a more fundamental study assessing the feasibility of the printing
process for complex micro-architected geometries and their relation
with mechanical properties.

The early strength of all scaffolds obtained through the finite ele-
ment models ranges from 6.36 MPa for a Diamond architecture (D1) to
31.84 MPa for an IWP (I2). These values are consistent with the early
strength measured in the compression tests and are always included
in the experimental variability. Although less significant from an ap-
plication perspective, the ultimate strength is slightly less dispersed if
compared to the early failure. Indeed, the Weibull parameter m for the
early failure was lower than that of the ultimate strength, indicating
how this property is strongly dependent on the statistical distribution
of intrinsic defect (even if not detectable through uCT).

The fracture patterns identified through the numerical simulations
are consistent with the ones found in the experiments for the IWP and
Diamond architectures. Identifying a clear fracture pattern of compres-
sion tests on Gyroid architecture was not possible. The finite element
model consistently resulted in a scattered distribution of local cracks.
This is likely due to the skewed architecture of Gyroids. A similar
scattered pattern of fractures was also found in [31].

The specific strength found in the present study ranged from 6.36
J/g for the D1 (Diamond) sample to 18.16 J/g for the I2 (IWP) geome-
try. These values are in the low range of those found in [31] for zirconia
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(d) Post compression sample.

/,700 \\
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(e) Surface reconstruction.
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(¢c) FEM crack pattern.

(f) FEM crack pattern.

Fig. 8. Panel (a) and (d): experimental crack pattern obtained from uniaxial compression on a Diamond and IWP scaffold. Panel (b) and (e): angle of the crack pattern measured
through confocal laser imaging on a Diamond and a IWP scaffold, representing the yellow area of panels (a) and (d); the colors represent a height map. Panel (c) and (f): crack
pattern obtained through FEM compression test on a Diamond and IWP scaffold. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

45

ElUItrasound
40 HEEIFinite Element Models 1
[1Gibson and Ashby

Effective Stiffness [GPa]
- - N N w w
© o © wu o o

3]
T
L

D1 D2 G1 G2 "1 12

Fig. 9. Comparison between the effective stiffness obtained through ultrasound inves-
tigation (3 samples), uCT-based FEM compression tests (1 sample) and the model by
Gibson and Ashby [38].

scaffolds; this is justified by the fact that the intrinsic strength of
zirconia is substantially higher than that of the HAP bulk material. The
lowest specific strength has been found on the Diamond architectures
which failed with a 35° inclination of the fracture planes. This suggests

that the Diamond structures are more prone to failure mechanisms
activated by the macroscopic shear stress (the maximum shear stress is
applied on a plane oriented 45° with respect to the loading direction,
i.e. close to the fracture plane orientation). The highest specific strength
was found on the IWP architectures which exhibit material continuity
along the loading direction; this feature is consistent with a fracture
pattern aligned with the loading direction as found in 3D printed grid-
like architectures [40-42]. Gyroid structures exhibited an intermediate
response. These findings indicate that more extended loading scenarios
involving other loading directions with respect to the main architec-
tural orientations are needed for a comprehensive characterization of
the scaffold’s strength.

The discrepancy between the design and the actual values of the
morphologic features (i.e. pore size, porosity or wall thickness) has a
substantial impact on the actual value of mechanical properties of the
scaffolds in comparison to the predicted ones. Both the stiffness and
strength are affected. More in detail, lower porosity with respect to the
original design was found for the three geometries, for example, 63%
(design) vs. 53% (after sintering) for one of the diamond geometries;
or 72% (design) vs. 57% (after sintering) for the one of the gyroid
geometries. The smaller porosity obtained in the manufactured samples
is mainly due to the higher thickness of the solid walls, as highlighted
in Fig. 5. Three main elements determine the final thickness of the
solid walls: the shrinkage coefficient applied to the original geometry,
the over-polymerization, which could cause pixels next to the image to
polymerize, and shrinkage upon debinding and sintering. Conversely to
non-porous samples, the exact and simultaneous calibration of all the
previously described parameters for architected micro-porous scaffolds
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Fig. 10. Effective stiffness and effective strength of the designed and 3D printed scaffolds obtained through uCT-based FEM, by two analytic models [38,41].

is quite difficult, and can depend greatly on the specific geometry of
the microstructures [43].

The values of porosity of designed and printed samples are reported
in the abscissa of Fig. 10 which shows the predictions according to the
models previously developed by Gibson and Ashby [38] and D’Andrea
et al. [41].

Both the analytical models provide a high determination coefficient
(R? = 0.95 and R?* = 0.92 for Gibson and Ashby’s and D’Andrea et al.’s
models, respectively). Conversely, for the prediction of the effective
strength, only the model provided by D’Andrea et al. exhibits a suitable
correlation coefficient (R> = 0.93) as compared to the correlation
coefficient of Gibson and Ashby (R?> = 0.73). Indeed, the model by
D’Andrea et al. is based on a previous study [28] and incorporates
3D printed ceramic scaffolds, in order to take into account the role of
defects occurring during the manufacturing stage, since such defects
play a major role in the fracture behavior of the scaffolds.

5. Conclusion

In the current work, three TPMS geometries were considered to
fabricate bone tissue engineering HAP scaffolds through VPP. Two main
aspects have been considered: (i) the feasibility of the printing process
for the sintered scaffolds in comparison to the expected design and
(ii) the identification of mechanical properties of 3D printed scaffolds,
namely the macroscopic elastic modulus, the compressive strength and
the failure mechanisms. uCT scans coupled to finite element simula-
tions allowed us to substantiate the results of this study. The main
conclusions can be listed as follows:

— microstructures have been printed with a slight mismatch be-
tween the printed and designed geometry that is different in
different areas of the scaffolds;

— a small mismatch between the design and the actual geome-
try has an impact on the mechanical performance; therefore, a
quantitative printing fidelity study is necessary;

— the ultrasound technique combined to the numerical homogeniza-
tion is a suitable experimental tool to obtain the effective stiffness
of HAP scaffolds, unlike the compression test;

— the failure mechanisms for Diamond and IWP can be predicted
according to geometrical considerations on the locations of the
saddle points of the scaffold geometry, while for the Gyroid a
clear fracture pattern was not identified due to the skewness of
this structure, as per its analytical definition;

— the highest specific strength is found for the IWP geometry, while
the lowest one was found for the Diamond architecture;

— failure mechanisms (and fracture patterns) are clearly correlated
with the specific strength of the scaffolds.
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