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Abstract

Hydroxyapatite is one of the materials of choice for tissue engineering bone scaffolds manufacturing.

Vat photopolymerization (VPP) is a promising Additive Manufacturing (AM) technology capable of

producing scaffolds with high resolution micro-architecture and complex shapes. However, mechanical

reliability of ceramic scaffolds can be achieved if a high fidelity printing process is obtained and if

knowledge of the intrinsic mechanical properties of the constituent material is available. As the hy-

droxyapatite (HAP) obtained from VPP is subjected to a sintering process, the mechanical properties

of the material should be assessed with specific reference to the process parameters (e.g. sintering

temperature) and to the specific characteristic size of the microscopic features in the scaffolds. In

order to tackle this challenge the HAP solid matrix of the scaffold was mimicked in the form of minia-

turized samples suitable for ad hoc mechanical characterization, which is an unprecedented approach.

To this purpose small scale HAP samples, having a simple geometry and size similar to that of the

scaffolds, were produced through VPP. The samples were subjected to geometric characterization and

to mechanical laboratory tests. Confocal laser scanning and Computed micro-Tomography (micro-

CT) were used for geometric characterization; while, micro-bending and nanoindentation were used

for mechanical testing. Micro-CT analyses have shown a highly dense material with negligible intrinsic

micro-porosity. The imaging process allowed quantifying the variation of geometry with respect to

the nominal size showing high accuracy of the printing process and identifying printing defects on one

specific sample type, depending on the printing direction. The mechanical tests have shown that the

VPP produces HAP with an elastic modulus as high as approximately 100 GPa and flexural strength
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of approximately 100 MPa. The results of this study have shown that vat photopolymerization is a

promising technology capable of producing high quality HAP with reliable geometric fidelity.

Keywords: hydroxyapatite, micro-bending tests, Computed micro-Tomography, Vat

photopolymerization, Stereolithography

1. Introduction

Design of patient specific Bone Tissue Engineering (BTE) scaffolds is a promising approach to the

clinical treatment of critical bone defects; their capability to promote new bone formation by patient’s

own cells on a solid load bearing structure can substantially help in restoring organ functionality in a

short rehabilitation time [1, 2]. Design and manufacturing of BTE scaffolds is a complex task that has

to address different requirements and constraints. It is well known that a BTE scaffold architectural

design has to guarantee structural integrity in terms of stiffness and strength of the device, to account

for tissue conditions in the hosting anatomical environment so to limit stress shielding and avoid in-

sufficient fluid flow as well as to maximize bone formation and biocompatibility.

Among potential materials for scaffold manufacturing, hydroxyapatite (HAP) is one of the most fre-

quently selected due to its similarity to the bone mineral constituents and ability to promote osteo-

integration and offering good biocompatibility [3]. The above mentioned properties foster the devel-

opment of HAP based materials as bone fillers, spacers or as coatings able to improve stability of

the implants through enhanced bone growth [4, 5]. The application of the HAP in a more demanding

clinical context such as the case of bone substitution in critical size bone defects was considered thanks

to the improvements of manufacturing process that allowed creating micro-structured HAP materials

with interconnected [6] or hierarchical porosity [7].

Additive Manufacturing (AM) technologies offer a wide selection of suitable techniques to generate

scaffold having complex architectures which can be purposely designed to meet specific requirements

[8, 9, 10, 11]. Most AM technologies offers printing capability allowing for accurate and reliable con-

trol on the printed structures even for complex architectures; in particular, lithography-based methods

allows achieving the highest spatial resolution among the currently-available AM strategies (less than

50 µm) [12, 13].

The mechanical reliability of the scaffolds is one of the key pillars in the scaffold design, and the capa-

bility of predicting scaffold macroscopic stiffness and strength is of primary importance in an effective

design process [14]. To this purpose the knowledge of the mechanical properties of the constituent

materials is needed. In particular, the elastic properties, strength and toughness are the main mechan-

ical parameters feeding the in-silico models of scaffold devices which aim at determining the overall

(macroscopic) mechanical properties (see for example [15, 16]). When the constituent materials exhibit
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a brittle stress-strain response, the reliability of the numerical models aiming at predicting the overall

mechanical response of the scaffolds is even more important [17]. To this purpose, the properties of

the materials should be determined accounting for the peculiarity of the specific device; in particular,

the characteristic size of the microstructure, as well as the whole manufacturing process should be

allowed for. Sintered ceramic materials will exhibit intrinsic nano or micro-scale porosity and flaws

as well as grain boundaries the size of which might be of similar order of magnitude of the scaffold

architectural features. Furthermore, different technological parameters like sintering temperature or

cooling rates would affect the final properties of the materials. Ideally, assessing the intrinsic material

properties would be essential on samples produced by the same technology, using the same process

parameters as that used in scaffold manufacturing and exhibiting the same characteristic size of the

micro-architectural features of the scaffolds. The knowledge and investigation of these aspects are still

missing in the literature, especially with reference to the HAP material and to the vat photopolymer-

ization (VPP).

This paper aims at filling this gap by developing an experimental setup for mechanical tests on small

HAP samples fabricated by VPP.

In this work, a previously developed experimental setup suitable for the mechanical characterization

of small bone samples [18] was improved to perform the mechanical characterization of miniaturized

HAP samples obtained by VPP; for this purpose, confocal laser scans, computed micro-Tomography

scans and nanoindentation tests were used to complement the mechanical tests. The processing pa-

rameters used for the fabrication of bulk samples are the same as those used for the fabrication of

bone-like scaffolds in a previous work [13]; in this regard, the characteristic size of the samples (few

hundreds of micrometers) corresponds to the typical size of the micro-architectural features of porous

bone scaffolds.

2. Materials and Methods

2.1. Material samples

In this work, synthetic hydroxyapatite obtained through VPP method has been characterized. To

this purpose, small-sized samples for bending tests have been manufactured. The characteristics of

the printing system as well as the slurry composition/properties and multistage thermal treatment

(final sintering at 1275◦C for 2 h) have been described in a previous work focused on the fabrication

of bone-like HAP scaffolds [13]. Details on the HAP miniaturized samples are here summarized. All

samples were printed using a layer thickness of 25 µm in the green state. The used HAP suspension was

LithaBone 480 (Lithoz GmbH, Vienna, Austria) and had a solids loading of 40 vol% . Solidification

of the individual layers was achieved by exposing the suspension to blue light with a peak wavelength
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Figure 1: Geometry of the three types of samples: (a) simple beams; (b) beams with a circular notch; (c) cantilever.

of 460 nm. The corresponding exposure energy was 150 mJ/cm2 for each layer. After printing, the

excess suspension was removed using LithaSol 30 (Lithoz GmbH, Vienna, Austria) and pressurized air

and the 3D printed green parts were thermally post-processed (multi-stage debinding and sintering

with maximum temperature of 1300◦C for 2 h) to develop the final ceramic properties.

Because of the layerwise built-up of the green part the shrinkage during sintering was slightly anisotropic

with a linear shrinkage of 22.5% in x,y-direction and 24.8% in z-direction. Consequently, the thickness

of an individual layer after sintering was approximately 19 µm. The beams (with and without notch)

were printed in an orientation in which the narrow side (L× t) was attached to the building platform,

the cantilevers were printed standing upright with the small rectangular side attached to the building

platform.

As printing accuracy in terms of geometrical regularity of the produced samples was not known a-

priori, three different kinds of samples have been produced (number of samples is reported in round

brackets): i) simple beams with rectangular cross section (N = 30), ii) beams with rectangular cross

sections with circular notch (N = 30) and iii) cantilevers (N = 30). Samples types i) and iii) where

designed with the purpose to determine elastic modulus of the material and flexural strength, while

sample type ii) was only used for strength assessment. The nominal geometric characteristics of 3D-

printed samples are reported in table 1 in which L is the sample major length, w and t are width and

thickness of samples, while R and tres are the round notch radius and residual thickness at the notch

in notched beams (see figure 1).

Type L [mm] w [mm] t [mm] R [mm] tres [mm]

beams 10 1 0.4 - -

beams w. notch 10 1 0.4 0.2 0.2

cantilever 7 1 0.4 - -

Table 1: Geometric size of samples produced through Vat Photopolymerization.
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2.2. Micro-CT characterization

Micro-CT studies for the characterization of material compactness and the assessment of intrinsic

micro-porosity were performed at the SYRMEP (SYnchrotron Radiation for MEdical Physics) beam-

line [19] of the Elettra Synchrotron Facility (Trieste, Italy) using propagation-based phase-contrast

method.

The white beam setup with a 1.5 mm Silicon + 1 mm Aluminum filters was used with electron ring

operating at 2.4 GeV , resulting in an average X-ray beam energy of 28 keV . Each scan was acquired

with 1800 projections over 180 degrees by a water-cooled 16-bit sCMOS camera (Hamamatsu C11440-

22C-Flash4.0 v2). The samples were measured at a detector-to-sample-distance (DSD) of 150 mm

with a pixel size of 0.9 µm. The exposure time was 500 ms. The SYRMEP Tomo Project software was

used to reconstruct the images [20]. The single distance phase retrieval pre-processing algorithm [21]

was used with delta over beta of 20 (DSD 150 mm). Filtered back projection was applied for image

reconstruction using the Shepp-Logan filter.

In order to get quantitative information on the intrinsic porosity of the beams, 32-bit images

were first converted to 8-bit images, then binarized in Fiji software (https://imagej.net/software/fiji/)

following a three-step procedure as follows. First, a sub-region of the whole image was selected in order

to exclude peaks due to the phase contrast artefacts occurring on the corners of the beam. Second,

starting from the histogram of the grey levels (GLs) defined on the above selected sub-region, GLs

were rescaled by setting the minimum GL at the right tail of the background peak and the maximum

GL at the middle of the solid phase (HAP) peak (see figure 2). Third, the Otsu algorithm was used

to binarize the image [22].

3D object counter built-in Fiji software is applied on the inverted image with the purpose to

characterize the porosity. The 3D object counter tool provides for each identified object its volume,

and position. Pore diameter is estimated by making the simplifying assumption that voids are nearly

spherical.

2.3. Geometric measures of the printed samples

As the VPP production process includes a sintering phase at high temperature and subsequent

cooling phase at room temperature, shrinkage and shape variation with respect to the nominal geome-

try are expected in the final product. Laser scanning imaging is taken for all samples with the purpose

to take accurate measurement of each sample and to quantify differences with respect to the nominal

geometry; this step has also allowed discarding samples with unacceptable distortions.

Before each test, all samples were subjected to confocal laser scanning microscopy (LEXT OLS4100,

Olympus, Tokyo, Japan). A 5X objective was used with a spatial resolution of 2.5 µm in the x-y plane;

resolution of 10 µm along the z direction was achieved during confocal imaging.
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Figure 2: Top panel: definition of the subregion to define the rescaled range of grey-scale (yellow rectangle); Bottom

panel: grey-scale histogram on the ROI and definition of the rescaled range of the grey-levels; dotted lines defines the

upper and lower boundaries of the new rescaled range.
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Figure 3: Two views of one cantilever sample: laser intensity image.

As the field of view was smaller than the whole sample size, a stitching procedure has been used

with the purpose to fit the entire sample in one single image. The confocal laser scanning microscope

provided two types of data: i) an image of the sample and ii) a quantitative 3D topography of the

scanned surface. The height data representing the 3D topography were exported for further analysis

(see below).

A representative example of the image obtained from laser intensity data for one cantilever is reported

in figure 3.

For beam samples, one top view scan was performed with the purpose to determine width (w)

and thickness (t) (see figure 4). For notched beam samples, one top view scan is performed with the

purpose to determine width (w) and thickness (t) as well as the thickness of notch (tres) and blunt

radius (R).

In order to quantify beam thickness, the height data obtained through confocal lases microscopy were

used. The procedure was as follow: in the first place, a region of interest (ROI) containing the

sample and part of the background was cropped from the whole image. The height data are typically

characterized by a two narrow peaks histogram, being the two peaks corresponding to the average

height of the sample and to the background. The average value of all height data is located in between

the two peaks and it is used as a threshold to identify the point data belonging to the sample. The

average values of height of samples t̄s and the average height of the background t̄b were identified. The

beam thickness t was determined as t = t̄s − t̄b.
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Figure 4: Definition of the deviation from rectilinear geometry for beam samples; top panel: Laser intensity image;

bottom panel: top surface mask (yellow pixels) obtained through the height laser data; definition of the deviation s is

reported.

The width w of each sample was identified through the following procedure. First the boundaries of the

sample contour were identified by taking the spatial gradient of the height data; being the sample of a

rectangular shapes, two short and two long boundaries were identified. One of the the long boundaries

of the rectangular area of the sample was selected: for each point of this boundary, a bundle of straight

lines passing through the same point (xp, yp) were defined with m identifying the slope of each line

(y = yp+m(x−xp)); than the intercept point of each line of the bundle with the second long boundary

was identified and the distance between the center of the bundle and the intercept point was calculated

as a function of m (d(m)). The width w(xp) at that particular location (xp) along the boundary was

given by w(xc) = minmd(m). The width of the whole sample (w) was obtained as the average values

for all xp location on the selected long boundary.

In notched beams, the geometric parameters tres and notch radius R were also measured trough the

height data of the confocal laser scanning. The tres was obtained as average values of the lowest

thickness in the region of interest identified in the area of the notch. The notch radius was calculated

by taking three parallel height profiles across the notch and fitting a circle on the three profiles. The

notch radius has been assumed as the average value of the radii obtained in the three profiles.

For simple and notched beams the in-plane deformation induced by the sintering process was also

measured on the x-y image as the length (c) reported in figure 4. For each cantilever sample, two

scans are carried out. The top view scan which are used to determine the width (w) and length (L)

of the samples, while the side view scan will be used to determine the thickness (t) by using the same

procedure above described.
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2.4. Micro-bending tests

Micro-bending tests have been performed by using an in-house developed tester [18] featuring a

25 mm translational stage, a DC gear motor and a high resolution encoder (M-112.2DG, 50 nm res-

olution encoder, Physic Instrumente, Karlsruhe, Germany). In particular, three-Points Bending Tests

(3PBT) and four-Points Bending Tests (4PBT) were performed. Cylindrical external supports were

mounted on the moving component of the system, the distance between the two support was 8 mm,

while the loading component (one point load for the 3PBT and two points load for the 4PBT) was

connected to the fixed miniature load cell (Model 31, range 5 N , accuracy ±0.25% FC, Honeywell,

Charlotte, NC). The loading nose for the 4PBT had emi-cylindrical shapes at a distance of 4 mm

(inner span for the 4PBT; the outer span was 8 mm). The overall compliance of the loading apparatus

was calibrated in [18].

Simple beam samples were subjected to 3PBT (N = 25) and to 4PBT (N = 5) by driving the displace-

ment of the moving stage at a displacement rate of 0.1 µm/s up to sample failure. Force displacement

data were collected for all tests for further post-processing.

All tests were carried out under the optical stereo-microscope (SZ51, Olympus, Tokyo, Japan), equipped

with a Camera (IDS GE camera UI-5490SE-C-HQ, IDS Imaging Development Systems GmbH, Ober-

sulm, Germany), for continuous monitoring of the sample during the test.

Cantilever samples were subjected to loading by using the same loading nose used for 3PBT; the lower

base of the samples were simply supported at the base of the translational stage. The distance between

the loading point and the clamped end of the cantilever was approximately 4 mm and was measured

for each experiments by inspecting a calibrated microscope image taken at the time of the test.

Elastic modulus of the material (Ef ) was obtained through standard beam theory from 3PBT and

4PBT (simple beams) and cantilever samples; force displacement slope in the elastic regime was de-

termined by best fitting the experimental data including experimental data points in the fitting range

until R2 > 0.99 was achieved.

Flexural strength of the material was obtained by calculating the maximum stress in the cross section

having the maximum bending moments for the simple beams (3PBT and 4PBT) and for the cantilever

samples. The maximum bending moment was determined at the failure load of all samples.

The flexural strength was also determined from beams with notch subjected to 4PBT. In this latter

case, a stress concentration was achieved at the apex of the semi-circular notch. In order to estimate

the strength, a finite element model has been made simulating the 4PBT on a beam with the notch.

Different notch radii (R) and different notch thickness (tres) have been modeled. The maximum stress

was determined after a suitable mesh convergence analysis was performed.
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The finite element model was used with the purpose to determine the following relation:

σmax = K(R, tres) · Ffailure (1)

in which R is the notch radius and tres is the residual thickness of the sample.

The tensile strength for the ith sample (σi
max) was determined as:

σi
max = K

(
Ri, t

i
res

)
· F i

failure (2)

where Ri and tires are related to the relevant samples obtained through imaging of the sample before

the test (see subsection 2.3).

Strength data obtained from notched beams and cantilever were collected together for the estimation

of the Weibull modulus. As done in [13], the Weibull modulus m was obtained as the slope of the

linear fit of

ln

(
ln

(
1

1 − F

))
= m ln (σ) −m ln (σ0) (3)

in which F = j−0.5
N is the probability of failure at a given stress level σ; j is is the specimen rank in

ascending order of failure stresses and N is the total number of samples and σ0 is the Weibull scale

parameter.

2.5. Nanoindentation tests

Three sample fragments obtained after bending failure were prepared for further nanoindentation

tests.

The samples were embedded in epoxy resin and subjected to mirror polishing until a surface roughness

of Ra = 55 nm ± 23 nm and Rq = 87 nm ± 29 nm was achieved. The heterogeneous nature of the

surface (presence of post-sintering residual small pores) did not allow us to obtain smoother surfaces.

Nanoindentation tests were performed on Nanotest Platform 3 (MicroMaterials) at controlled tem-

perature of 28◦C using a Berkovich indenter. Load controlled indentation tests were performed at

10, 50, 100, 200 mN with 25 repetitions for each load level. Cross talk was avoided by setting a 50 µm

interspace between consecutive indentations. As the expected maximum penetration depth was lower

than 1 µm, the 50 µm interspace was deemed to be sufficiently large. Loading and unloading rates

were 2.5 mN/s and 5 mN/s, respectively; holding times of 3 seconds at the maximum load was applied

[23]. Before the end of the test, the load was held constant for 30 s at 10% of the maximum load;

the measured displacement drift was used for the thermal drift compensation during post-processing.

Diamond Area Functions (DAFs) and compliance values were calibrated on standard samples (fused

silica) with standard procedures.
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All force-displacement nanoindentation data were analysed by means of the Oliver-Pharr theory. Un-

loading curves were interpolated between 95% and 50% of the maximum load for slope (S) calculation.

The nanoindentation modulus (M) was determined by standard approach:

1

E∗ =
1 − ν2i
Ei

+
1

M
(4)

1

M
=

1 − ν2s
Es

(5)

in which Ei = 1141 GPa and νi = 0.07 are the mechanical properties of the diamond indenter.

2.6. Statistical treatment of measured data

The collected data underwent to statistical tests in order to identify significant difference between

measures ( reference p-value was set to 0.05. In particular, the Mann Witney U test has been performed

to compare: i) the indentation modulus at different indentation loads; ii) the average elastic modulus

obtained through indentation and that obtained through the bending of cantilever samples and iii) the

average strength obtained through the bending of cantilever and notched beams.

3. Results

3.1. Micro-CT analyses

Micro-CT scans on a simple beam sample have shown a highly dense material with isolated porosity;

figure 5 shows a three-dimensional reconstruction of the central portion of a beam (size 2×1×0.4 mm).

On the cross section (approx. 1 mm× 0.4 mm), isolated pores are visible.

Figure 6 shows a histogram of the pore diameters found in the region of interest (the whole domain of

figure 5); pore diameter spanned from approximately 2 µm to 25 µm. In this histogram single pixel

porosity have been considered as noise, therefore they were not included in the probability density plot.

Few pores larger than 25 µm were also found, these were an artefact of the micro-CT reconstruction

and, thus have been left out of this analyses. As two peaks were roughly identified in the histogram

representation, a mixture of two normal distributions was used to fit the probability density function.

The two peaks were identified as centered at 3.7 µm and 12.7 µm; the overall average pore diameter

was 9.8 µm. The overall porosity was as low as 0.35%, indicating that the pores were isolated at large

mutual distance.

Porosity was not uniformly distributed through the cross section of the beams; figure 7 shows spatial

distribution of all pores in the volume projected on the cross section; the figure shows that the smallest

pores were mainly located on the boundary of the sample, while larger pores are more concentrated in

the core of the sample.
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Figure 5: Three-dimensional reconstruction of a portion of simple beams, in the cross section porosity is clearly shown.

Figure 6: Histogram of pore diameter as obtained from micro-CT data analysis; red lines refer to a bi-modal normal

distribution.
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Figure 7: Spatial distribution of pores, colour map refers to pore diameter [µm].

3.2. Geometrical features of the samples

Confocal laser scanning allowed us to determine the size of each sample before destructive mechan-

ical tests. The geometrical parameters obtained were used to determine elastic modulus and flexural

strength of each sample. Table 2 shows that the printing process was sufficiently accurate as average

values of the final size of samples was close to the nominal one with a maximum error of about 100 µm

for the tres parameter which was, however, the thinnest nominal size in the design and the technolog-

ically most difficult to attain. With the exception of the tres parameters, the remaining geometrical

sizes of the printed samples were accurate within the 17% error found on the t parameter for the simple

beams. The sintering process produced deviations of the rectilinear long edge of simple and notched

beams (see definition of the geometric parameter in figure 4). The simple beams exhibited a deviation

c = 0.25 mm±0.12 mm; while, notched beams exhibited geometric deviation c = 0.11 mm±0.08 mm.

Simple beams and beams with notches also exhibited inaccurate boundary profile at the base of the

printing plane. Cantilever samples did not exhibit appreciable geometric deviation.

3.3. Mechanical tests

Simple beams were subjected to three point bending (3PBT, N = 25) and to four point bending

tests (4PBT, N = 5). These samples resulted unsuitable for bending tests due to the edge imper-

fections due to backlight exposition. The loading points and the support were directly acting on
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Type L [mm] w [mm] t [mm] R [mm] tres [mm]

beams (nominal) 10 1 0.4 - -

beams (measured) 9.68 ± 0.05 1.02 ± 0.2 0.47 ± 0.02 - -

beams w. notch (nominal) 10 1 0.4 0.2 0.2

beams w. notch (measured) 9.69 ± 0.03 0.97 ± 0.04 0.50 ± 0.03 0.25 ± 0.05 0.31 ± 0.04

cantilever (nominal) 7 1 0.4 - -

cantilever (measured) 6.60 ± 0.03 0.98 ± 0.02 0.35 ± 0.02 - -

Table 2: Geometric size of samples produced through vat Photopolymerization.

the inaccurate edge, resulting from the printing process. This resulted in a highly compliant system

which resulted in an elastic modulus of Ef = 25.7 GPa ± 7.9 GPa which was a large underestimate

of the expected value; furthermore, a wide scattering of data was found. The flexural strength was

77.0 MPa± 20 MPa.

The notched beams were used for flexural strength assessment only. The combination of the max-

imum force measured on each sample and the application of (1) resulted in an average strength of

135 MPa± 58.6 MPa .

Cantilever samples exhibited an average elastic modulus of 98.2 GPa with a standard deviation of

22.4 GPa. The average strength was 115.1 MPa± 37.0 MPa.

Starting from a surface roughness of Ra = 254 nm ± 31 nm and Rq = 315 nm ± 37 nm, the sur-

face finishing performed after embedding the samples in the resin resulted in a surface roughness of

Ra = 55 nm± 23 nm and Rq = 87 nm± 29 nm.

Berkovich indentation tests have shown an elastic behaviour of the material not significantly dependent

on the applied load. Figure 8 shows the reduced modulus at different applied indentation loads.

Pooling all results collected at different loads, the average reduced modulus was 100.1 GPa ±

24.0 GPa. The Young modulus of the material Es was estimated by solving the relationships (4) and

(5) for Es and assuming a Poisson coefficient of the hydroxyapatite νs = 0.28; the average Young

modulus was 101.7 GPa± 27.3 GPa.

The Mann Whitney U tests has shown that the average values of elastic modulus obtained through

the nanoindentation testing and that obtained through the cantilever bending are not significantly

different (p-value=0.34). Figure 9 shows the median values of the elastic moduli as obtained through

the nanoindentation tests and the bending of cantilever samples; cross symbols represent outliers.

Figure 10 shows the median values and outliers of strength as obtained on cantilever and notched

samples.
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Figure 8: Reduced modulus of HAP samples obtained through Berkovich indentations at different applied loads.

The Mann Witney U test has shown that the flexural strength obtained through the bending of notched

beams and cantilevers did not show any statistically significant difference (p = 0.4); while the flexural

strength as obtained through the bending of simple beams (pooling together the 3PBT and the 4PBT)

was significantly lower than to those adopted/found in for cantilever and notched beams (p = 1.5 ·10−4

and p = 8 · 10−6), respectively.

Figure 11 shows the Weibull diagram collected from all strength data. A Weibull modulus m = 2.6

and a shape factor of 143 MPa were found.

4. Discussion

The aim of this paper was to provide a mechanical characterisation of the HAP obtained through

VPP; in particular, the samples were designed and printed with characteristic size (less than half mm)

similar to that of a typical trabecular structure in HAP-based bone tissue engineering scaffolds [13]

fabricated according to analogous process and sintering treatment. To this purpose, after a preliminary

geometric characterisation of the samples, through micro-CT and confocal laser scanning, mechanical

tests were performed, namely micro-bending tests and nanoindentation.

The elastic moduli determined by nanoindentation tests and microbending tests yielded consistent

results; likewise, the strength values determined with three different sample types were consistent,

proving the validity of the mechanical properties determined and the soundness of the experimental

setup. To the best of the Authors’ knowledge, this is the first work presenting results on small size

HAP samples obtained by VPP. Singh et al. [24] characterized HAP fabricated by material extrusion
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Figure 9: Median values of Young modulus as obtained through nanoindentation testing and bending of cantilevers,

outliers are reported with cross symbols.

using dog-bone samples with the smallest size as large as 4 mm. In Liu et al. [25], whole HAP scaffolds

have been characterized while intrinsic material properties of the constituent HAP was not determined.

Mechanical characterization of samples by VPP is available in [26]; here alumina samples fabricated

by VPP are characterized; the smallest size investigated was 2 mm, which is substantially larger than

that analyzed in this work.

The micro-CT analyses and the confocal laser scanning revealed a highly dense material with a neg-

ligible residual porosity (approx. 0.35%), which demonstrates the effectiveness of the printing and

sintering processes. The geometrical characterization of porosity is limited by the spatial resolution

of the micro-CT images which was 0.9 µm, thus leaving unrevealed potential nano-porosity of the

material; furthermore, the pores with characteristic size close to spatial resolution of the images might

also be affected by noise and analysis artifacts; however, the average micro-pore size and the overall

micro-porosity found are reliable. The estimated intrinsic porosity found in VPP manufactured HAP

was comparable to than found in other additively manufactuerd ceramics. However, it is worth under-

lining that the HAP samples fabricated by VPP in this work are sintered pressurlessly. In Porwal et

al [27] less than 1% porosity is achieved after 50MPa post-production compression; Rapacz-Kmita et

al. [28] obtained HAP −ZrO2 samples with with 50% porosity in pressure-less conditions, while lower
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Figure 10: Median values of flexural strength as obtained through bending of cantilevers, notched beams and simple

beams; outliers are reported with cross symbols.
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Figure 11: Weibull parameters for flexural strength as obtained through bending of cantilever and from notched beams.
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porosity was achieved by the hot pressing method. Similarly, Wang et al. [29] applied the hot-pressing

technique to obtain low porosity alumina samples. However, the density of the HAP samples produced

in this work (around 99.7%) is comparable - and in some cases even higher - to that of high-density

materials investigated in the above-cited studies.

Deviation from nominal geometry was in general within the 17% error with the exception of the error

on the tres parameter for which a 100 µm error was found, which is approximately 50% of tres. How-

ever, it is worth noticing that the tres parameter was the thinnest features of the sample (200 µm);

furthermore, part of this error is also owed to the imperfection of the basal printing plane. This par-

ticular problem was not found on the cantilever samples; this is due to the fact that these latter were

printed vertically, differently from the beams which were printed horizontally. The imperfections on

the basal printing planes did not allow determining reliable estimates of the elastic modulus on beams.

Some of the beams (simple and notched beams) also exhibited a non rectilinear longitudinal axes; this

deviation is owed to differential shrinkage during cooling.

The overall elastic modulus of the material was successfully determined through the bending of can-

tilever samples. Furthermore, the elastic modulus assessed through the nanoindentation tests was the

same (statistically) as that obtained from bending of cantilever, thus confirming that the minimal

residual porosity does not have any significant effect on the overall elastic modulus of the material.

The flexural strength was assessed mainly through the 4PBT of notched samples and on bending of

cantilevers. The strength obtained through these two kinds of tests were statistically the same; this

indicates that the printing defects found on the basal printing plane of the notched beams, although

having a relevant effect on stiffness (addition compliance on the whole bending system), had no sig-

nificant effect on the overall strength of the HAP. Possible mechanical anisotropy of samples was not

specifically investigated in this study. A slight dependence of strength on orientation was reported for

alumina samples produced through the same technology in a previous study [26]. Looking at the final

application addressed to HAP scaffolds, however, the problem of orientation-dependent anisotropy

seems not to be relevant as scaffolds struts are printed along different orientations, thus yielding a

homogeneization effect.

Although a consistent comparison of the elastic modulus and of the flexural strength with values avail-

able in literature is not possible as manufacturing process or nano-micro architectural features may

differ with respect to that found in this study, some remarks can still be presented.

Miranda et al. [30] has studied HAP scaffolds obtained through the robocasting technique. A Berkovich

indentation study using an indentation force of 2 N revealed an elastic modulus of approximately

82 GPa (assumption is made of the Poisson ratio ν = 0.28). This elastic modulus is lower than that

found with the Berkovich indentation presented in this study. The HAP material shown in [30] exhibits
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an intrinsic porosity of approx. 15% which is substantially higher than that found in our study. Such

an intrinsic porosity would justify the lower elastic modulus. Indeed, if a simple Mori-Tanaka scheme

is used to determine the elastic modulus of a micro-porous material (section 7.3 in [31]), one would

get at 15% porosity an elastic modulus of approximately 0.74 ·Ebulk (assumption on Poisson ratio for

the bulk modulus ν = 0.28 is made).

As in our study a fully dense HAP has been obtained (intrinsic porosity of about 0.3%), the elastic

modulus found by Miranda et al. would bring to a fully dense material property which is Ebulk =

82/0.74 = 110 GPa, which is within the data range found in our study.

In another study by Zhang et al. [32], VPP is used to produce porous HAP for bone regeneration

devices. In this work only compressive strength was determined on cylindrical samples having 6.5 mm

in diameter and 13 mm height and mass fraction between 50% and 70%; the compressive strength was

between 19.75 MPa and 48.0 MPa. Comparison of these strength with that found in our study should

be made with caution as compressive strength on macroscopic samples is obtained in [32] while flexu-

ral strength on micron-size samples is reported in our study. Furthermore, the sintering temperature

adopted in our study was higher than that in [32] which was from 1015◦C to 1250◦C, thus implying

a higher density with respect to that in Zhang et al..

In [33], fully dense P214S medical grade synthetic HAP blocks obtained from powder compression and

sintering in a temperature range of 1150◦C to 1350◦C were characterised. At a sintering temperature

similar to that used in the present study, Ranito et al. have found an open porosity of approximately

20% which is higher than that found in our samples; Ranito et al. have found an elastic modulus

of 100 GPa ± 4 GPa, which is similar to that found in the present study, and a flexural strength of

68 MPa ± 8 MPa as measured on macroscopic rectangular bars (50 × 4.5 × 3.5 mm). The flexural

strength reported by Ranito et al. is substantially lower than that found in the present study; this

is most likely due to the higher compactness achieved through the VPP of this study. Because no

statistical difference in strength was found between the notched beams and the cantilaver samples, the

Weibull parameters for the entire set of results were estimated; a Weibull modulus of 2.6 was found (see

figure 11). No consistent comparison with other works can be done for the Weibull modulus; indeed,

Fan et al. [34] found Weibull parameters higher (between 6 and 15) than that found in this study;

however, the samples were obtained through a different manufacturing process (powder compression

and sintering) which eventually resulted in a higher Weibull modulus. The low Weibull modulus found

in the present work is mainly owed to geometrical imperfections of the samples; indeed, strength of the

cantilevers only, which exhibited a more accurate geometry, was slightly higher (m = 3.4, N = 20);

while the Weibull modulus for the notched beams only was m = 2.5, N = 29. The Weibull modulus

can be increased by post-sintering surface machining which eliminates or strongly reduces surface de-
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fects, as shown by Schlacher et al. [26] in VPP-produced alumina samples; however, this approach is

not relevant for bone scaffold applications as mechanical finishing of the surfaces in a three-dimensional

porous scaffold would not be possible. A substantial increase of the Weibull modulus might be achieved

through improvement of printing fidelity reducing geometric size variability in the sample population

and reducing the geometric imperfections highlighted in this study.

A further approach which may lead to the Weibull modulus improvement is the optimization of the

sintering process which may lead to reduced intrinsic porosity; though this would bring to a marginal

improvement of the Weibull modulus as intrinsic porosity found in the HAP samples is very low com-

pared to other sintering-based manufacturing processes.

HAP scaffolds obtained through VPP in [13], under analogous processing/sintering conditions than

those applied in the present study for fabricating bulk samples underwent to uniaxial compressive tests

and exhibited a Weibull modulus of 2.2, which is consistent with that reported in this study. This

comparison should, however, be done with caution, as complex architecture of the scaffolds may imply

defects in the structures which are not occurring in the simple geometries considered in this paper.

As the Weibull modulus obtained so far on solid HAP samples (this study) and on scaffolds [13] is

very low in comparison to other ceramics obtained using the same technology (see for example alumina

samples in [26]), the application of VPP to bone scaffolds necessitates appropriate design approaches

that optimize the mechanical performances of the scaffolds depending on the anatomical location of

the implant and on a reliable lower threshold of the solid material strength.

5. Conclusions

Three-dimensional AM technologies are constantly growing, opening a virtually unbounded space

to design complex architectures for implants and devices. The biomedical industry and the bone tissue

engineering, in particular, are taking great advantage of these new opportunities.

Each technology produces materials with different intrinsic properties; therefore, an accurate knowl-

edge of the intrinsic material properties resulting from a specific technology and for characteristic size

which are the same of the final product is greatly relevant for a reliable design of devices. To the

authors’ knowledge, this is the first work in which mechanical and geometrical properties of HAP

obtained through a AM technology have been assessed by testing small sized samples having the same

characteristic size as that of the final application in bone tissue engineering scaffolds. Askari et al.

[35] emphasize the need to determine mechanical properties of the solid phase in a ceramic scaffold by

testing the material at the scale of the microstructures as these properties are considerably different

with respect to that of the material manufactured at larger size. In particular, in [35] only the elastic

modulus was assessed at the small scale by means of nanoindentation on zirconia scaffold obtained
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though the foam replication technique.

This work provides a detailed assessment of the geometrical features and mechanical properties of HAP

obtained through VPP for a given set of manufacturing parameters. In particular, dimensional fidelity

and deviation from ideal geometry were quantitatively assessed, as well as the main mechanical prop-

erties through complementary methods. Micro-porosity was also quantified through high resolution

Computed micro-Tomography analyses. This study has shown that the VPP can manufacture high

quality HAP with remarkable elastic modulus and strength. The acquired information are relevant

when approaching a rational design of BTE scaffolds.
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