Journal of the Mechanical Behavior of Biomedical Materials 75 (2017) 521–528

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of
Biomedical Materials
journal homepage: www.elsevier.com/locate/jmbbm
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Purpose: The aim of this study was to evaluate the dimensional accuracy, surface topography of a custom designed, 3D-printed zirconia dental implant and the mechanical properties of printed zirconia discs.
Materials and methods: A custom designed implant was 3D-printed in zirconia using digital light processing
technique (DLP). The dimensional accuracy was assessed using the digital-subtraction technique. The mechanical properties were evaluated using biaxial ﬂexure strength test. Three diﬀerent build angles were adopted
to print the specimens for the mechanical test; 0°(Vertical), 45° (Oblique) and 90°(Horizontal) angles. The
surface topography, crystallographic phase structure and surface roughness were evaluated using scanning
electron microscopy analysis (SEM), X-ray diﬀractometer and confocal microscopy respectively.
Results: The printed implant was dimensionally accurate with a root mean square (RMSE) value of 0.1 mm. The
Weibull analysis revealed a statistically signiﬁcant higher characteristic strength (1006.6 MPa) of 0° printed
specimens compared to the other two groups and no signiﬁcant diﬀerence between 45° (892.2 MPa) and 90°
(866.7 MPa) build angles. SEM analysis revealed cracks, micro-porosities and interconnected pores ranging in
size from 196 nm to 3.3 µm. The mean Ra (arithmetic mean roughness) value of 1.59 µm ( ± 0.41) and Rq (root
mean squared roughness) value of 1.94 µm ( ± 0.47) was found. A crystallographic phase of primarily tetragonal
zirconia typical of sintered Yttria tetragonal stabilized zirconia (Y-TZP) was detected.
Conclusions: DLP prove to be eﬃcient for printing customized zirconia dental implants with suﬃcient dimensional accuracy. The mechanical properties showed ﬂexure strength close to those of conventionally produced
ceramics. Optimization of the 3D-printing process parameters is still needed to improve the microstructure of the
printed objects.

1. Introduction
Since their introduction, dental implants have proven successful for
rehabilitation of partially and completely edentulous patients.
Commercially available implants provide limited design options in
terms of implant length, diameter and emergence proﬁle. Given the
wide variety of individual oral conditions and clinical situations, customized dental implants can ﬁll the gap between the available standard
designs and the patient's oral conditions. Furthermore, rehabilitation
time could be reduced, presenting a promising prospective for implant

dentistry (Chen et al., 2014).
Rapid developments in the ﬁeld of biomaterials and computer-aided
design/computer-aided manufacturing (CAD/CAM) technology revived
interest in customized implants. Additive manufacturing (AM), also
known as 3D printing, allows for customization, producing nearly any
geometry without the use of expensive molds and tooling required for
conventional milling technique (Chen et al., 2014).
Of equally growing popularity, are zirconia implants made from
yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) (Osman and
Swain, 2015). Available data from in- vitro and in- vivo clinical studies
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reveal favorable biocompatibility and osseointegration compared to
standard titanium implants (Depprich et al., 2008; Dubruille et al.,
1999; Gahlert et al., 2012; Hoﬀmann et al., 2008; Scarano et al., 2003;
Schultze-Mosgau et al., 2000). Yttria-stabilized tetragonal zirconia
polycrystals (Y-TZP), exhibits improved mechanical properties, superior corrosion and wear resistance that makes it a suitable substrate
for fabricating dental implants Denry and Kelly (2008); Piconi and
Maccauro, 1999). Furthermore, zirconia implants satisfy the increasing
aesthetic demands and metal-free requests of a large proportion of
dental patients.
AM methods using zirconia can largely be divided into two groups:
stereolithography/digital light processing (SLA/DLP) (Lee and Jiang,
2014; Mitteramskogler et al., 2014) and direct deposition printing/
jetting (Ebert et al., 2009; Silva et al., 2011). SLA/DLP use a photochemical reaction wherein a photosensitive liquid polymer is cured as
the model is built layer by layer (Al Mortadi et al., 2012; Melchels et al.,
2010). However, challenges inherent to layer manufacturing must not
be underestimated. These include but are not limited to surface quality,
dimensional accuracy and the mechanical properties of the ﬁnal printed
object (Oropallo and Piegl, 2016).
Comprehensive studies evaluating the various aspects of DLP-processed custom designed zirconia dental implants have yet to be reported. Hence, the purpose of this study was to evaluate the dimensional accuracy and surface topography of a customized zirconia dental
implant printed using DLP technology. Further, to evaluate the ﬂexure
strength of the printed material. The mechanical properties and surface
topography of printed zirconia implant and discs were evaluated using
in-vitro experimental studies whereas the dimensional accuracy was
assessed using a digital subtraction technique.

Table 1
Material Composition as per manufacturer.
Powder composition
Y2O3 (mol%)
Actual Partical Size (µm)
Y2O3 (wt%)
HfO2 (wt%)
Al2O3 (wt%)
SiO2 (wt%)
Fe2O3 (wt%)
Na2O (wt%)
Pigment (wt%)
Speciﬁc Surface Area (m2/g)

3
0.09 (90 nm)
5.2 ± 0.5
<5
≤ 0.1–0.4
≤ 0.02
≤ 0.01
≤ 0.06
–
7±2

platform was 53.58 × 95.25 mm and the power of resolution was 1080
✕1920 pixels. The pixel size was 49.61 µm and the layer thickness was
30 µm. After printing, the green body was exposed to a debinding
process to burn out all the organic binder components. Afterwards the
porous brown body underwent a sintering process with a maximum
temperature of 1500 °C to obtain fully densiﬁed specimens (99.8%
average, 99.9%, maximum 99.7% minimum) as per the manufacturer.
An illustration of the 3D-printing process is presented in Fig. 2.
2.2. Digital subtraction technique
The dimensional accuracy was evaluated using digital subtraction
technique (Alharbi et al., 2016b). The printed implant was scanned
using a high-resolution optical surface scanner (IScan D104i; Imetric 3D
SA; Courgenay, Switzerland). The ﬁle of the scanned printed implant
(test model) was saved in STL format. STL ﬁle of the test model was
exported and superimposed with the STL ﬁle of the designed implant
(reference model) using Geomagic® studio; 2014 (3D Systems, Rock
Hill, SC, USA) (Alharbi et al., 2016b).
The average deviation and the root mean square estimate (RMSE)
between the STL ﬁles of the reference and test models were calculated.
Furthermore, the resultant color map was assessed. One trained operator performed the scanning procedure and the measurements for the
specimens.

2. Materials and methods
2.1. Printing of the implant
A custom one-piece dental implant was designed and 3D-printed in
TZ-3YS-E using a DLP-technique. Fig. 1 shows the digital ﬁle of the
designed custom implant and the 3D-printed implant. TZ-3YS-E was
mixed with photocurable resin to form ceramic slurry; the detailed
material composition is shown in Table 1. The digital data of the designed implant was exported in Standard Tessellation Language format
(STL). The implant was printed using a DLP printer (ADMAFLEX 2.0;
ADMATEC Europe BV, The Netherlands) at the center of the build
platform and at 0 ° angle (vertically with no tilting of the implant) and
the support structure were attached to the apical portion of the implant.
The DLP printer involves an LED light source, DMD device/chip, lens,
resin vat, and a build platform that is moving in Z-axis. The size of build

2.3. Biaxial ﬂexure strength test
To determine the strength of the DLP-printed zirconia material,
biaxial ﬂexure test following the ISO 6872:2008 standard, characteristic strength and Weibull moduli analysis were performed.
Forty-ﬁve disc-shaped specimens were DLP- printed in yttria-stabilized zirconia dental material (TZ-3YS-E), same material that was used
Fig. 1. (a) 3D-CAD design of implant, (b) Printed zirconia implant.
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Fig. 2. Illustration of the 3D-printing fabrication
process. Adopted from ADMATEC Europe BV.

Fig. 3. Specimen orientations during build process
and mechanical test set-up.

for the printing of the designed implant. All specimens were disc-shape
with an average diameter of 15 ± 0.12 mm and an average thickness of
1.2 ± 0.02 mm. The specimens were divided into three groups; 15 discs
per group based on the build direction (layer orientation). In the ﬁrst
group the discs were printed vertically (V) at 0°; the layers were stacked
on top of each other along the height of the specimen and were perpendicular to load direction. In the second group the specimens were
obliquely tilted (O) so that the layers were at 45° to the load direction.
In the third group the specimens were printed at 90° (H); the layers
were staked alongside each other through the length of the specimen
and the layers were parallel to load direction (Fig. 3).
Bi-axial ﬂexure test was performed using universal testing machine
(Instron 8872; Instron) applying an increasing load of 10 kN at crosshead speed of 1 mm/min until catastrophic failure of discs. Prior to the
test, the discs were visually inspected for any defects, support structures
were removed and the surface was ﬁnished and polished by the manufacturer. The maximum load required to fracture the specimen was
recorded.

ﬂexure test. The specimens were sputter coated with gold at a thickness
of 10–15 nm. Surface roughness of printed implant was measured
quantitatively by arithmetic mean value of the proﬁle (Ra), root mean
square average of the proﬁle RMS (Rq) using confocal microscopy
(Leica SP2 Microsystems, Heidelberg GmbH) (Park et al., 2015). An
evaluation length of 0.09 mm proﬁle was deﬁned, randomly distributed
over the screw part of the implant (n = 10). The roughness measurements were calculated using Leica confocal processing software Leica
Microsystems, Heidelberg GmbH version 2.61 Build 1537.

2.4. SEM and surface roughness

The results were statistically analyzed using SPSS statistics for MAC.
The data were checked for normality distribution and equivalence of
variance. Descriptive statistics were calculated and analysis of the
variance (ANOVA) test was used to detect diﬀerence in ﬂexure strength
between the groups. Statistical signiﬁcance was set at P=0.05. Least
signiﬁcant diﬀerence (LSD) post hoc test was also performed to further

2.5. X-ray diﬀractometer
Crystallographic phase analysis of the printed material was performed using an x-ray diﬀractometer (Bruker AXS, D8 Advance,
Karlsruhe, Germany). Test was performed at 2θ range of 25–35° and at
a step interval of 1 s and step size of 0.03°.
2.6. Statistical analysis

To analyze the surface topography of the printed material, SEM
micrographs at diﬀerent magniﬁcations (ZEISS MERLIN HR; Germany)
were made for printed implant, representative specimens from the
printed material and from the fractured discs following the biaxial
523
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Fig. 4. Color map of the scanned printed zirconia
implant showing 3D- deviation pattern.

analyze the diﬀerence between the groups. Further, Weibull modulus
(m) and the characteristic strength (σc) were calculated with a conﬁdence interval of 95%, according to DIN EN 843-5 test (Pereira et al.,
2016).

Table 2
Flexure strength, characteristic strength and Weibull modulus.

3. Results
3.1. Dimensional accuracy of printed implant
The implant was successfully 3D-printed as shown in Fig. 1b. The
root mean square estimate was 0.1 mm. The average deviation was
0.089 and −0.129 mm ( ± 0.068) homogenously distributed along the
length of the printed implant as evident by the assessment of the color
map (Fig. 4). Diﬀerent colors represent the distance between the corresponding points on the reference and test models and are indicated by
the scale bar (Fig. 4). Dark red and blue colors at top and bottom of bar
indicates +0.200 mm and −0.200 mm deviations respectively. Blue
color (negative deviation) observed at the apex of the implant is due to
support removal.

Test group

N

Mean σ (SD)

σc (CI 95%)

m (CI 95%)

V (0°)

15
14

H (90°)

15

1006.654
(917.66−1104.62)
892.260
(784.02−1015.83)
866.722
(824.65−910.79)

7.032 (4.06–9.82)

O (45°)

943.26
(152.75)
822.35
(172.71)
834.47
(72.81)

5.266 (2.96–7.42)
13.125
(7.58–18.33)

σ: Flexure strength σc: Characteristic strength; m: Weibull modulus.

The recorded Weibull modulus (reliability) ranged from 5.3 to 13
with no signiﬁcant diﬀerence between the vertically and horizontally
printed groups. Specimens printed at 45° (O) group showed the highest
data variability (m value= 5.2), thus more specimens are expected to
fail at lower strength (Table 2). The survival probability distribution
plot is shown in Fig. 5, the slope as well as the variation of the data
indicates the diﬀerence in Weibull moduli and characteristic strength
between the groups.

3.2. Mechanical properties of printed material
The mean and standard deviation of the ﬂexure strength, characteristic strength and Weibull moduli values for all groups are presented in Table 2. One specimen from 45° group was lost during the
test. The result of the ANOVA was (F = 3.4; df = 43; P = 0.04).
Least signiﬁcant diﬀerence (LSD) post hoc test showed that specimens printed vertically at 0°(V) exhibit a statistically signiﬁcant higher
strength value (943.2 MPa) than specimens printed obliquely at 45° (O)
(822.3 ± 172 MPa) (P = 0.024) and than those printed horizontally at
90°(H) (834.4 ± 72 MPa) (P = 0.03). There was no diﬀerence between
specimens printed at 45° (O) and at 90° (H) angles (P = 0.8).
The Weibull analysis revealed a statistically signiﬁcant diﬀerence in
characteristic strength (1006.6 MPa) of 0°(V) printed specimens compared to the other two groups and no diﬀerence between 45°(O)
(892.2 MPa) and 90°(H) (866.7 MPa) printed groups (Table 2).

3.3. Surface topography of printed implant
The SEM analysis of representative specimen, cross-section of the
fractured specimens and printed implants revealed several microcracks, porosities and interconnected pores as shown in Figs. 6–8. The
micro-porosities of the representative intact specimens ranged in size
from 196 nm to 3.3 µm (Fig. 7c). Quantitative measurement of surface
roughness showed a mean Ra value of 1.59 µm ( ± 0.41) and Rq value
of 1.94 µm ( ± 0.47) (Fig. 9).
3.4. Phase analysis
As expected, the three specimens’ representative of the three tested
groups showed the standard pattern for sintered Y-TZP; primarily
524
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zirconia material exhibited high ﬂexure strength value (943 MPa)
comparable to that of milled zirconia (800–1000 MPa) (Denry and
Kelly, 2008b). The DLP-printed ceramic object should be favorably
manufactured in a vertical direction at 0-degree angle on the build
platform, where the layers are perpendicular to the force direction. The
0-degree, vertical build orientation resulted in the highest ﬂexure
strength values, whereas the lowest values were observed with 45 degrees build angle. This may be attributed to the diﬃculty in attachment
of subsequent layers of the disc shape experienced with 45° build angle
resulting in more structural defects of printed object.
The Weibull modulus (m) describes the distribution of the strength,
thus the lower the value, the more the reliability of the results. The
recorded Weibull modulus ranged from 5.3 to 13, which falls within the
range reported for current Y-TZP 4.31–21.59) (Karakoca and Yılmaz,
2009; Pereira et al., 2015, 2014). The increased variability (range) of
Weibull modulus values for specimens printed at 45° may be attributed
to the vector of the applied force. The vertically 0-degree printed specimens had layers that are perpendicular to the applied force and in a
diﬀerent direction than the detected inter-layer cracks and porosities.
Another possible explanation, previously mentioned, is the diﬃculty in
attachment of subsequent layers experienced during the 45°-build
process resulting in more structural defects of printed object. The
failure analysis revealed that approximately 63.2% or less of the specimens printed at 0° (V), and 82.6% of the specimens printed at 45°
group (O) and 100% of the specimens printed at 90° (H) will have failed
at or below 1006.6 MPa. All values are equal/beyond the ﬂexure
strength value reported for conventionally used zirconia used as an
implant substrate (900–1200 MPa) (Hisbergues et al., 2009; Osman
et al., 2013). The observed surface roughness (Ra 1.59 µm) of the
printed zirconia implant fall well within the range of moderately rough
surface (1.0–2.0 µm) reported for titanium implant by Albrektsson &
Wennerberg to have optimal bone response needed for osseointegration
(Albrektsson and Wennerberg, 2004).
Yet, similar to other AM methods, DLP manufacturing technique
still presents challenges inherent to layering technique and sintering
processes of the printed parts (Lee and Jiang, 2014; Oropallo and Piegl,
2016). Post-processing of ceramic green parts involves thermal sintering. Micro-cracks evident on the surface of printed implant and representative specimens may be attributed to the shrinkage of the built
up layered structure during the sintering process. It suggests the
bonding between the layers is less than within the printed layer and
aﬀects the mechanical strength of the sintered part (Zocca et al., 2015).
Either two-stage sintering or slow temperature ramps are suggested to
prevent sudden temperature ﬂuctuations and thus the occurrence of
micro-cracks. Altering the grain size can further inﬂuence the microstructure and mechanical properties of the sintered part. The latter can
be achieved by manipulating the temperature during sintering process
(Yu et al., 2007).
The SEM micrograph of the representative fractured specimens revealed porosities ranging in size from 196 nm to 3.3 µm, some of which

Fig. 5. Survival probability plot.

tetragonal zirconia with very little diﬀerence between the three groups
(Fig. 10).
4. Discussion
The aim of the study was to evaluate the possibility of printing a
custom designed zirconia implant using DLP technology. The dimensional accuracy, surface topography of a printed zirconia implant and
mechanical properties of printed zirconia discs were also evaluated.
The dimensional accuracy was evaluated using both RMSE value
and the assessment of the color map. Furthermore, the ﬂexure strength
was evaluated for the build angles that oﬀer the highest dimensional
accuracy, least printing time and least surface roughness (Lee and
Jiang, 2014; Osman et al., 2017). In this study, the deﬁnition of build
direction was based on how the layers were staked along the long axis
of the specimen. Vertically, the layers were staked along the height of
the specimen, whereas for the horizontally printed group the specimens
were tilted 90° from vertical position. The mechanical ﬂexure test was
performed on disc-shaped specimens that may not represent the actual
clinical situation. However, it was performed at this early stage to have
a basic understanding of the mechanical properties of the printed material. Further, simpler structures are more amenable to simple analysis
and better interpretation (Alharbi et al., 2016a).
DLP may prove to be an eﬃcient mean for printing customized
dental implants with suﬃcient dimensional accuracy. The dimensional
accuracy of the printed implant was high and close to the reference
model dimensions. The mechanical test suggested that DLP-printed

Fig. 6. SEM of fractured specimens for 3 build angles: (a) 0°, (b) 45°, (c) 90°.
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Fig. 7. Cracks, porosities and interconnected pores in the representative printed specimens, (a) Mag 900×, (b) Mag 2000×, (c) Mag 15000×.

were deeply connected within the structure of the material. The precise
cause of the observed ﬂaws would require further detailed investigation. The possible evaporation of the solvent in the polymer loaded
printed ceramic slurry on the exposed surface during the printing and
before the next layer is printed may lead to diﬀerential shrinkage upon
sintering and as such the cracking and porosities observed. In the same
context, insuﬃcient amount of ceramic particles in the dispersion or the
type of the resin used may also be contributing factors. Future research
should therefore focus on printable powder composition, while keeping
the rheological behavior unchanged (Faes et al., 2015). This for example can be achieved through the introduction of steric repulsive
forces in the dispersion. The curing light source should also be investigated to be adequate for the intended purpose. Low irradiance and
a non-optimal match with the polymerization wavelength of the used
resin may result into partial polymerization of the printed layers. This
will necessitate the need for an extra, thermal polymerization step.
Such a step may result in a bimodal grain size distribution, which may
well be increasing the susceptibility of the zirconia to low temp degradation (LTD) speciﬁcally when tested in intra-oral clinical situation.
In order to eliminate this extra, time-consuming step and all related
consequences, a better matched light-source that is compatible with
printable powder composition is thus desirable. During the debinding
process, the binder burnout of voluminous compact structures may be
extremely diﬃcult and even worse would lower the packing density of
processed part resulting in enhanced sintering shrinkage, and a challenging situation to obtain net shape parts after sintering (Zocca et al.,
2015).
From the ﬁndings of this study, it can be concluded that the microstructure of the DLP-processed implants combined with post surface
treatment should be studied intensively to achieve better structure of
the printed material. Future trials should focus on the 3D-printing of
ceramic parts that are free of cracks and porosities similar to the microstructure of conventionally milled ceramics. Manufacture of such
parts can be achieved via optimizing the parameters of AM process or
performing extra densiﬁcation steps following the completion of

Fig. 9. 3D-topographical image of the printed zirconia implant (93 × 93) μm.

printing process (Deckers et al., 2014). Further in- vitro and in- vivo
animal studies for the evaluation of DLP-processed one-piece zirconia
implants are still mandatory before pursing the advanced technology
for customizing, designing, and printing zirconia implants and delivering the treatment to patients using full digital workﬂow.

Conﬂict of interest
The authors have no conﬂict of interest related to the content of the
submission.

Fig. 8. SEM of the printed implant. (a) Mag 10×, (b) Mag 20×.
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Fig. 10. XRD spectra of the three build angles; (a) build angle 0°,
(b) build angle 45°, (c) build angle 90°.
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