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Abstract Background/purpose: Because of the complex anatomical structure of the maxillo-
facial skeleton, bending plates is necessary during surgery. The fast developing three-
dimensional printing (3DP) technology has provided a new method for making personalized cra-
niomaxillofacial bone plates. However, the properties of these bone plates remain unknown.
This study evaluates the mechanical, fatigue, and morphological properties of these bone
plates, which may provide data supporting future clinical applications.
Materials and methods: The 3DP bone plate was fabricated by selective laser melting (SLM)
and electron beam melting (EBM) technologies. Mechanical, surface, and defect analyses were
performed to compare their properties with a standard machined sample. One-way analysis of
variance was applied, with p < 0.05 considered significant.
Results: The 3DP craniomaxillofacial bone plate had better bending strength than that of the
standard machined plate (p < 0.01). Whereas the fatigue resistance of the 3DP bone plate
needs to be improved in the future. Surface analysis indicated greater roughness of the 3DP
bone plate (p < 0.01). However, the surface roughness could be significantly reduced by pol-
ishing the surface, which would meet the needs of clinical application after polishing. Further
defect analysis revealed the internal defect inside the plate, which should be avoided to
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improve the mechanical strength of the printed sample in the future.
Conclusion: The 3DP titanium craniomaxillofacial bone plate has good mechanical perfor-
mance and surface morphology, meeting the requirements of clinical application. However,
poorer fatigue resistance and a high number of internal defects should be modified in the
future.
ª 2021 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

A bone plate is necessary for rigid internal fixation in the
reparative and reconstructive surgery of maxillofacial
trauma, defect, and deformity. Because of the irregular
shape and complex anatomical structure of the maxillofa-
cial region, the commercial bone plate must often be bent
to fit the bone surface. However, despite repeatedly being
bent, the bone plate still cannot be fully fitted. Relevant
research indicates that the contact rate between a stan-
dard machined bone plate and bone surface is only 53%.
Thus, the stress concentration caused by low bone contact
can affect bone formation and even lead to loosening of the
bone connection.1 Moreover, bending the bone plate during
surgery not only increases the operation time but also leads
to microcracks and residual stresses. According to animal
experiments and clinical studies on this topic, the main
reason for plate fracture is the microfissures generated
during bending of the plate.2e4

With the innovation of technology and the increasing
demand for individualization, prebent titanium plates
have been developed, which eliminate the need to bend
and contour during surgery.2 Applying a prebent titanium
plate can reduce excessive bending of the titanium plate
during surgery, resulting in better adaptation for bony
morphology. Furthermore, according to relevant research,
better surgical results can also be acquired by applying
prebent titanium plates.5,6 However, the prebent titanium
plate is manufactured by metal forging, which is cumber-
some and time-consuming. Moreover, it is also limited by
the need to fabricate complex structures and internal
pores. Therefore, personalization is impossible to achieve,
and there are many limitations in terms of clinical
application.7e9

With the emergence and development of three-
dimensional printing (3DP) technology, the fabrication of
personalized titanium alloy craniomaxillofacial bone plates
is feasible.10 Many 3DP methods have been developed for
metal fabricating.9,11e13 Among them, selective laser
melting (SLM) and electron beam melting (EBM) are the
most widely used because of their high efficiency and
ability to accurately control internal structures and com-
plex shapes.14e16 However, the heat sources and
manufacturing principles of the two technologies are not
the same. There may also be differences in the process
parameters of the manufacturing process, such as the
scanning pitch and the powder particle size. Therefore, the
microstructure, surface roughness, and mechanical prop-
erties of the samples fabricated by EBM and SLM are also
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different.9 Researchers have compared the differences in
microstructure, mechanical properties, electrochemical
corrosion properties, and biological properties of the two
methods.1,15,17e23

As a long-term intraosseous implant in vivo, the me-
chanical, morphological, and biological properties of the
plate are clearly defined in the American Society of Testing
Materials (ASTM) standards. Although many researchers
have compared the differences in performance the metal
samples made by the two methods, there has been no
systematic research on the mechanical performances, sur-
face properties, and internal morphological differences of
the craniomaxillofacial plates fabricated by the two
methods. In this study, we used the two methods to fabri-
cate a 3DP titanium alloy craniomaxillofacial bone plate
and compared the mechanical, fatigue, and morphological
differences between the techniques, with the aim of
providing data to support future clinical applications.

Materials and methods

Fabrication of three-dimensional printing titanium
alloy bone plate

We selected a standard maxillary four-hole titanium plate
(YL0.8-12, Cibei, Ningbo, China) as the control sample in
this study. The stereolithography format was acquired and
imported into a three-dimensional printer. Titanium
Ti6Al4V powder (rematitan�CL, Dentaurum, Ispringen,
Germany) was applied as the printing material. Two
methods, namely selective laser melting (Concept Laser,
Lichtenfels, German) and electron beam melting (Arcam,
Mölndal, Sweden), were applied in the printing process,
respectively. All samples were fabricated in the same di-
rection. The same type of standard titanium plate fabri-
cated by the traditional machined method was selected as
the control sample (Fig. 1).

Mechanical analysis

Three-point bending static mechanical testing
Static mechanical tests were carried out using a three-point
bending method according to the ASTM standards. The in-
strument applied in the test was the ElectroForce 3330 test
instrument (Bose ElectroForce, Framingham, MA, USA). The
plate was placed in the machine, with the bone interface of
the plate upward and in contact with the surface of the
inner loading roller shaft. The position of the samples was
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Figure 1 Bone plate used in the test. (A) Standard plate. (B) Bone plate fabricated by SLM. (C) Bone plate fabricated by EBM.
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adjusted so that the inner loading roller shaft was located
at the bar section of the L-plates without contacting. After
the sample was placed properly, the setting of the instru-
ment was adjusted, and the displacement-controlled test
was conducted at 1 mm/min until plastic deformation was
reached. After all preparations were completed, the test
started, and the maximum bending moment was located
under the inner loading roller shaft. The upper surface (the
bone interface) was subjected to pressure, whereas the
lower surface (the non-bone interface) was under tensional
stress. Displacement and load data were collected auto-
matically through the sensors. The stressestrain curve was
generated using Origin Pro 2015 Software (Origin Lab,
Northampton, NC, USA); meanwhile, the yield and fracture
stresses were calculated automatically from the curve.
Three samples of each type of plate were selected for
testing, and average values were calculated.

Rockwell hardness testing
To evaluate the mechanical properties of the plates, hard-
ness was investigated. Testing was carried out using the
Rockwell hardness test method according to the ASTM
standards using the HR-150DT metallic Rockwell hardness
tester (SIOM, Shanghai, China). Test indentations were
generated with a 588N load and a standard indentation time
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of 15 s. To ensure the test’s robustness, the equivalent po-
sitions of each sample were tested three times, and all in-
dentations of the test samples were distributed evenly. The
average value was taken as the hardness value of the sam-
ple, and three samples of each type of plate were also
selected for testing. After the test sample was placed
properly on the instrument, the test began, and the instru-
ment automatically collected the data through the sensors.

Fatigue-resistance testing
Fatigue-resistance tests were conducted using the three-
point bending method in accordance with ASTM standards.
Tests were carried out at room temperature, air medium,
with the stress ratio set to R Z 0.1 using the ElectroForce
3330 test instrument (Bose ElectroForce). The load applied
was set as 10%e30% of the yield strength s calculated in the
prior static mechanical test. The load was applied by axial
sinusoidal wave, with the test frequency set as 5 Hz, and a
maximum number of cycles set at 106. The testing plate
was placed in the machine, with the bone interface of the
plate upward and in contact with the surface of the inner
loading roller shaft surface. The position of the samples
was adjusted so that the inner loading roller shaft was
located at the bridging part of the L-shaped bone plate
without making contact. After the sample was placed
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properly, the test began. Displacement, load data, and
number of cycles were automatically collected through the
sensors. The test cycled until plastic deformation or the
maximum cycle number was reached. Three samples of
each type of plate were selected for testing.

Surface analysis

Laser scanning confocal microscopy (OLS5000, OLYMPUS,
Tokyo, Japan) was applied in surface topography analysis.
Because the bone plate is routinely polished in clinical
application,1 we selected a portion of samples for polishing
that were further divided into five groups: standard plate,
SLM plate without polishing, SLM plate with polishing, EBM
plate without polishing, and EBM plate with polishing. None
of the samples were subjected to further acid etching or
heat treatment. After cleaning the surfaces of the plates,
they were placed in the machine and the view adjusted to
the bar section of the L-plates. The magnification was set
as 1080x and adjusted to the proper view. Subsequently,
the test began, and the system automatically generated a
3D model of the area. Meanwhile, the surface roughness
was calculated automatically using the system (Fig. 2). For
each plate, the bar section of both the bone interface and
non-bone interface were tested, and the results were
Figure 2 Surface analysis of the bone plate using laser scann
fabricated by SLM with polishing. (C) Bone plate fabricated by EBM
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described as Sa. To test the average surface roughness,
three samples of each type of plate were selected.

Defect analysis

Defects are defined as voids within the solid structure,
which can reduce the mechanical and fatigue properties.
Thus, we used the Zeiss Versa 500 Micro-CT system (Carl
Zeiss AG, Jena, Germany) to detect the internal defects.
Micro-computed tomography (micro-CT) was operated at an
accelerating voltage of 120 kV and power of 10 W. The
sample was rotated 360� at a 1-s exposure time with a total
of 1600 projections, and images were automatically
collected on a charge-coupled device detector. The micro-
CT images were then reconstructed using ZEISS XM Recon-
structor software (Carl Zeiss AG, Jena, Germany). More-
over, Avizo 8.0 software (Thermo Fisher Scientific,
Waltham, MA, USA) was used to analyze the micro-CT data.
Based on the micro-CT data, the defect size, count, and
distribution were obtained.

Statistical analysis

Data were imported into the SPSS13.0 software package for
statistical treatment and analysis. The experimental results
ing confocal microscopy. (A) Standard plate. (B) Bone plate
with polishing.



Figure 4 Rockwell hardness testing results of different
samples.
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were described asx � s, and the statistical method applied
was one-way analysis of variance (ANOVA). P < 0.05 was
considered to indicate a significant difference. If the dif-
ferences reached significance, we applied the least signifi-
cant difference (LSD) test to post hoc multiple comparisons.

Results

Mechanical analysis

Three-point bending strength
Fig. 3 shows the results of the three-point bending strength
under static mechanical testing. The yield stress of the SLM
plate was higher than that of the EBM plate, and the
standard plate showed the lowest value (p < 0.01). The
post hoc LSD test also suggested significant differences
between the SLM and EBM plates. In terms of the fracture
stress, the SLM plate showed the highest value, followed by
the EBM plate, whereas the standard plate was the worst
among them. The differences were statistically significant
(p < 0.01) according to the analysis of variance. Further-
more, the post hoc LSD test also indicated a significant
difference in the pairwise comparison.

Rockwell hardness
As shown in Fig. 4, the SLM plate had the highest Rockwell
hardness value, followed by the standard plate, with the
EBM plate having the lowest value. According to the ANOVA,
the differences reached significance (p < 0.01). Post hoc LSD
test of the pairwise comparison indicated no significant
difference between the hardness of the standard plate and
the other two kinds of plates. However, the difference in
Rockwell hardness between the SLM plate and EBM plate
reached significance, according to the result of the post hoc
LSD test.

Fatigue-resistance property
Fig. 5 shows the results of fatigue-resistance testing. The
standard plate sustained the maximum cycle number,
Figure 3 Static mechanical testing results of different
samples.
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which shows excellent fatigue-resistance property. The SLM
plate was next, whereas the EBM plate was the worst
among them (p < 0.01). Furthermore, the post hoc LSD test
also indicated a significant difference in the pairwise
comparison.
Surface analysis

Table 1 shows the results of the surface analysis of the five
types of plates with and without polishing. For the 3DP
plates without polishing, regardless of whether they were
SLM or EBM plates, discontinuous and irregular pores were
observed on the surface of the samples. Compared with the
EBM plates, the SLM plates had a statistically significant
smoother surface (p < 0.01). Polishing the bone plates can
significantly reduce surface roughness, resulting in confor-
mation with industry standards. The ANOVA showed no
Figure 5 Fatigue-resistance testing results of different
samples.



Table 1 Surface roughness of 3DP titanium alloy cranio-
maxillofacial bone plates.

Surface roughness (Sa, mm)

Non-bone
interface

Bone
interface

SLM plate without polishing 5.63 � 1.35 14.86 � 1.11
SLM plate with polishing 0.35 � 0.12 0.36 � 0.07
EBM plate without polishing 28.23 � 5.70 24.80 � 3.58
EBM plate with polishing 0.26 � 0.09 0.23 � 0.06
Standard plate 0.32 � 0.05 0.33 � 0.04

Abbreviations: 3DP, three-dimensional printing; SLM, selective
laser melting; EBM, electron beam melting.
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significant difference in surface roughness between the
SLM, EBM, and standard plate (p > 0.05).

Defect analysis

Defects are defined as voids within the solid structure that
can reduce the mechanical and fatigue properties. To
visualize and quantify the defects, we used micro-CT to
study the samples. Fig. 6 shows micro-CT images of three
kinds of samples. The results indicated that as compared
with the complete solid structure of the standard machined
sample, there were a great number of irregular pore
structures inside the SLM-produced plate and EBM-
produced plate. Furthermore, nearly all defects in EBM-
produced plate were spherical in shape, whereas those in
the SLM-produced plate tended to be irregular, including
some cylinder-shaped defects. Fig. 7 shows the distribution
of the defects in the SLM and EBM plates according to
Fig. 6b and c, respectively. The results implied that the
number of defects inside the EBM plate was lower than that
of SLM plate. However, the EBM plate had more large-
magnitude defects compared with the SLM plate.

Discussion

The use of bone plate for rigid internal fixation of the
skeleton after trauma is often indispensable. Rigid fixation
refers to any form of fixation directly applied to the
skeleton, which is strong enough to prevent the displace-
ment between fracture segments during active functional
movements.24 Due to the tremendous stress, bone plate
loosening and fracture are occasionally reported in clinical
application.3 During fracture healing, the bone plate must
have sufficient strength to avoid flexion of the fracture
site and to reduce the relative movement between the
bone segments so that tissue repair and fracture healing
can proceed successfully.25 Therefore, the biomechanical
properties of the bone plate have become an important
evaluation criterion for bone plate quality. Numerous
studies have compared the biomechanical properties
of 3DP technology. Yan et al.20 reported that EBM-
fabricated titanium mesh scaffolds have sufficient
compressive strength, which could meet the needs of
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clinical applications. Zhao et al.15 compared the me-
chanical properties of titanium alloy materials produced
by SLM and EBM and found that the SLM samples had
greater tensile strength but poor ductility. Liu et al.1

fabricated locking compression plates (LCP plate) with
EBM technology and found their mechanical strength was
significantly greater than that of standard machined LCP
plates. Zhao et al.19 reported that SLM plates have a
hardness similar to that of standard forged plates,
whereas EBM plates have higher hardness.

Our static mechanical testing demonstrates that, as
compared with the standard machined plate, the values of
the 3DP plates were significantly higher, and the mechani-
cal strength of the SLM plates was better than that of the
EBM plates, in line with previous reports. The results were
further plotter into stressestrain curves, which indicated
that the SLM plates had larger elastic modules, followed by
EBM plates, whereas the standard plates had smaller elastic
modules. These results demonstrate that the 3DP plate can
resist large stress without deformation. Results of the
Rockwell hardness test imply that the hardness of the SLM-
produced plates was higher than that of the standard
machined plates, and the value of the EBM-produced plate
was the smallest. However, no significant differences were
found between the standard and 3DP plates. These results
are different from the findings of previous research,
perhaps because of the difference in details and parameter
settings in the 3DP process of 3DP. In addition, the differ-
ence in test methods and instruments may have caused
variance as well.

The bone plate in the maxillofacial region is subjected to
cyclic stress during functional application, which can lead
to stress fatigue.26 Therefore, the bone plate applied in the
maxillofacial region must not only resist the stress imme-
diately after fixation but also bear a long-term chronic
cyclic load until the fracture heals. For this reason, fatigue
resistance is also an important evaluation criterion of bone
plate quality.27 Some related studies evaluated the fatigue
performance of metals, but the results varied. Li et al.28

reported that the 3DP titanium alloy with surface treat-
ment has nice fatigue-resistance performance and that
surface treatment can significantly improve fatigue per-
formance. Beretta et al.29 conducted a literature review
and found that the fatigue properties of the 3DP titanium
alloy after stress release were not significantly different
from that of the traditional metals. However, Zhao et al.15

took the opposite attitude, namely, that the 3DP titanium
alloy has poor fatigue properties because of its high
porosity. In this study, we explored the fatigue perfor-
mance of three kinds of titanium plates. The results indi-
cated that the standard machined plate had better fatigue-
resistance performance the 3DP plate did, and the EBM
plate had poorer fatigue-resistance performance than did
the SLM plate. Differences exist in the results of different
studies, for many possible reasons may contribute to it.
First, different parameter settings and details in the 3DP
process may have affected the performance. In addition,
different test methods and instruments could have caused
diversity. Finally, different surface treatment technologies
might also affect fatigue performance.



Figure 6 Distribution of internal defects as analyzed by micro-CT: (A) standard plate, (B) bone plate fabricated by SLM, (C) bone
plate fabricated by EBM.
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The macrostructure of materials, including surface
roughness and internal defects, has a crucial impact on
their mechanical and biological properties. Surface rough-
ness can directly affect the biological properties of the
bone plates by changing cell adhesion and proliferation.
Ponader et al.30 found that the osteoblasts can enter the
proliferation stage on either compact smooth or rough-
textured surfaces, if the Ra value does not exceed
24.9 mm. When the surface roughness of the material is
greater than 56.9 mm, it is not conducive for cell prolifer-
ation. Furthermore, internal defects are another important
element that is defined as voids within the solid structure.
The existence of internal defects will reduce the mechan-
ical and fatigue properties of the bone plates and become
an important source of fatigue fracture of the bone plates.3

Some previous researchers have studied the surface and
internal defects of 3DP samples. Zhao et al.15 conducted a
surface analysis using scanning electron microscopy and
found that both SLM samples and EBM samples have
unmelted powder particles attached on the surface.
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Because the particle size of the EBM samples was larger, its
surface was rougher. Further micro-CT scans showed that
3DP samples have a larger porosity than that of standard
forged metal. Liu et al.1 fabricated an LCP plate using EBM
technology and found it to be rougher than that of a stan-
dard machined plate.

In this study, we conducted surface analyses of the 3DP
bone plates. Our results indicate that 3DP plates have
rougher surfaces, which can be significantly reduced with
surface polishing. Thus, for metal 3DP bone implants, sur-
face polishing is recommended to increase the biological
performance.31 On the other hand, the results of micro-CT
imply that more defects exist in 3DP bone plates. More-
over, compared with SLM plates, there are more large-
magnitude defects in EBM plates, which may significantly
reduce their fatigue resistance. Future research should
focus on reducing internal defects so as to increase their
fatigueeresistance properties.

In conclusion, the 3DP titanium craniomaxillofacial bone
plate has good mechanical performance and surface



Figure 7 Size and count distribution of the defects inside the
bone plates as a function of equivalent diameter: (A) bone
plate fabricated by SLM and (B) bone plate fabricated by EBM.

Journal of Dental Sciences 18 (2023) 1756e1764
morphology, which meet the requirements of clinical
application. However, the poorer fatigue resistance and a
great number of internal defects need to be further studied
and modified.
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