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Abstract: Additive manufacturing has proven to be a viable alternative to conventional manufacturing methodologies for metallic 
implants due to its capability to customize and fabricate novel and complex geometries. Specific to its use in dental applications, 
various groups have reported successful outcomes for customized root-analog dental implants in preclinical and clinical studies. 
However, geometrical accuracy of the fabricated samples has never been analyzed. In this article, we studied the geometric 
accuracy of a 3D printed titanium dental implant design against the tooth root of the monkey maxilla incisor. Monkey maxillas 
were scanned using cone-beam computed tomography, then segmentation of the incisor tooth roots was performed before the 
fabrication of titanium dental implants using a laser powder bed fusion (PBF) process. Our results showed 68.70% ± 5.63 accuracy 
of the 3D printed dental implant compared to the actual tooth (n = 8), where main regions of inaccuracies were found at the tooth 
apex. The laser PBF fabrication process of the dental implants showed a relatively high level of accuracy of 90.59% ± 4.75 
accuracy (n = 8). Our eventual goal is to develop an accurate workflow methodology to support the fabrication of patient-specific 
3D-printed titanium dental implants that mimic patients’ tooth anatomy and fit precisely within the socket upon tooth extraction. 
This is essential for promoting primary stability and osseointegration of dental implants in the longer term.
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1. Introduction
With the recent advances in additive manufacturing (AM) 
or three-dimensional (3D) printing technology, there has 
been an increased popularity in their use for fabricating 
metallic implants for biomedical applications due to the 
ability to customize fabrication for personalized patient 
treatment[1]. Complex geometries with tunable implant 
properties can now be fabricated[2]. A good match of 

the implant to the bone defect region can be customized 
through computer-aided design (CAD) based on patients’ 
scans to achieve better bone integration[3,4]. Other 
advantages of 3D printing include low costs, shorter 
manufacturing duration, and high consistency[5].

Compared to conventional manufacturing 
methodologies where metallic implants are manufactured 
using formative techniques such as forging or casting, 
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and subtractive techniques like milling or machining[6], 
AM produces parts from 3D digital data using the layer-
by-layer process of joining raw materials. For implants, 
powder bed fusion (PBF) is the most established AM 
processes. In PBF, layers of powder are thermally fused 
using an energy source, which can be lasered in laser PBF 
(L-PBF) or electron beam in electron beam PBF (EB-
PBF). L-PBF is also commonly referred to as selective 
laser melting (SLM) while EB-PBF is called electron 
beam melting.

L-PBF has the capability to produce highly complex 
metallic parts with densities and mechanical performance 
matching those from conventional methods[7-9]. However, 
geometrical accuracy remains a challenge due to 
the multiple steps involved in the process chain of 
fabrication[10,11]. Few groups have shown the feasibility 
of using L-PBF to manufacture root-analog dental 
implants for immediate implant placement[12]. Moin 
et al. showed the feasibility of obtaining models using 
cone-beam computed tomography (CT) scan and the 
subsequent fabrication of the root analog implants (RAI) 
using L-PBF[13,14]. Chen et al. evaluated the mechanical 
and biomechanical performance of customized dental 
implants fabricated by L-PBF. They obtained the digital 
files using reverse engineering by obtaining CT images 
of a maxillary incisor which are then used to create 
the customized RAI[15]. Li et al. studied how the build 
orientation and scanning parameters affect the surface 
roughness of RAI fabricated using L-PBF. Based on 
their preliminary studies, they further analyzed the effect 
of using constant parameters and gradient parameters, 
meaning different parameters at different segments of 
the implants. It is found that using gradient parameters, 
consistent and low surface roughness can be obtained for 
the RAI[16]. Li et al. produced RAI with oval cross-section 
abutment design using L-PBF; however, the designs are 
not obtained using imaging techniques. Nonetheless, 
they showed the potential of the material performance 
and feasibility of using L-PBF as the fabrication 
method[17]. Similarly, Guo et al. studied the performance 
of RAI fabricated using L-PBF by finite element model 
simulations and verified them using actual fabricated 
samples, without consideration for the accuracy of the 
fabricated samples[18]. A similar study was also conducted 
by Song et al.[19].

The ideal customized dental implant should fit 
precisely within the socket for immediate implant 
placement upon tooth extraction. The immediate implant 
placement approach is advantageous over delayed 
implants as it significantly shortens overall treatment 
duration, reduces treatment costs, and preserves the 
bone and gingival tissues[20]. Current conventional dental 
implants are machined into pre-determined sizes with 
a standard screw-form design, and the stability of the 

implant at the time of placement is dependent on the 
implant engaging the bone surrounding the tooth socket. 
If patients have insufficient bone around the tooth socket, 
or if vital structures such as the maxillary sinus or inferior 
dental nerve are located close to the intended implant site, 
insertion of an immediate implant will not be possible. 
These standard-sized implants do not fit the shape of 
the socket exactly, hence a lack of intimate contact with 
surrounding alveolar bone is likely to compromise initial 
implant stability. Under such circumstances, patients 
will need to undergo bone grafting for delayed implant 
placement. Having an intimate adaptation of the implant 
against its bony socket walls is important for promoting 
primary stability and osseointegration in the longer term. 
In this study, our aim is to investigate the geometric 
accuracy of the 3D printed dental implant using a 
monkey maxilla incisor model. Our goal is to identify 
the potential sources of error in geometrical accuracy 
for the development of patient-specific 3D printed dental 
implants that mimic patient’s tooth anatomy.

2. Methods
2.1. Animals and ethics approval
The animal experimental protocol was approved by 
the Institutional Animal Care and Use Committee of 
SingHealth, Singapore (IACUC #2018/SHS/1419). 
The animal laboratory is certified by the International 
Association for the Assessment of Laboratory Animal Care.

2.2. Segmentation
PET-CT DICOM images of the animals’ maxillofacial 
region were taken and then imported into Mimics inPrint 
2.0 software (Materialize) for segmentation of the target 
central upper incisor from the maxilla (n = 14). First, the 
“brush threshold” tool was adjusted to 300 – 5000 HU 
and used to manually select the area within the boundary 
of the target tooth in each individual sagittal cross-section 
of the tooth at a contrast of −500 (minimum) to 3000 
(maximum). Next, the volume selected was refined by 
filling up any holes or removing any voxels that fall out of 
the boundary of the tooth using the “brush erase” tool on 
each of the frontal and transverse cross-sections. The final 
volume of the target tooth was then exported to ProPlan 
CMF 3.0 software for further segmentation. The region 
of interest spans from 1 mm beneath the cementoenamel 
junction to the tooth root (Figure 1). This region, termed 
as the dental implant, was exported as STL data and sent 
for 3D printing (n = 14).

2.3. Optimisation
To improve consistency in the segmentation process, the 
contrast and threshold parameters were standardized. 
A professional digital dentistry personnel was tasked to 
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perform a segmentation of the same tooth three times 
and the average of the three parameters was used as the 
standard.

3D Shape Convince software was used to evaluate 
the accuracy of the segmentation and printing process. 
The extracted tooth and 3D printed dental implant 
were scanned using a micro-CT and converted into an 
STL format. This was compared against the original 
STL file that was used to print the dental implant. The 
overall accuracy of both processes was evaluated by 
aligning the two STL models using the software’s best fit 
algorithm, then comparing the percentage of the surface 
area that deviates within a +0.1 mm tolerance limit. For 
the segmentation process, the original segmented STL 
was compared against the actual tooth model. For the 
L-PBF process, the printed tooth was compared against 
the original STL. The overall accuracy of the entire 
fabrication process was evaluated by comparing the 
printed tooth to the actual tooth (n = 8 as only 8 teeth 
were extracted from the tooth socket).

2.4. L-PBF fabrication
In this study, the fabrication of actual samples using 
STL files obtained from the segmentation described 

in previous sections was carried out using a SLM 280 
HL machine from SLM Solutions AG, Germany. The 
machine was equipped with a Gaussian beam fiber laser 
with maximum power of 400 W and a focal diameter of 
80 μm. All processing occurred in an argon environment 
with <0.05% oxygen to prevent oxidation and degradation 
of the material during the process. The material used was 
commercially pure titanium powder (Grade 2 ASTM 
B348, LPW Technology Ltd, United Kingdom), The 
powder was spherical in shape and had particle size with 
average of 43.5 μm. The processing parameters used 
are summarised in Table 1. A stripe scanning strategy 
was used with stripe width 10.0 mm. A schematic of the 
scanning pattern is shown in Figure 2.

To ensure that the geometry of the fabrication 
samples was not due to the L-PBF process, preliminary 
studies were carried out to obtain the correction factor for 
the L-PBF process. In these preliminary studies, cones 
with dimensions 4 mm × 5 mm × 8 mm were fabricated. 
The schematic of the samples fabricated is shown in 
Figure 3. The results are tabulated in Table 2. The 
correction factor with least deviations (0.996) is applied 
for the fabrication of the specimens.

3. Results
The 3D printed dental implant was fabricated based 
on the STL files obtained from the segmentation of the 
monkey incisor from its maxilla, then compared against 
the extracted tooth (Figure 4). The 3D printed dental 
implant measured approximately 1 cm along its entire 
length.

Overall, our findings showed that the fabrication 
process produced a 3D printed dental implant that 
achieved 68.70% ± 5.63 (n = 8) accuracy compared to the 
actual tooth. This implant fabrication was based on the 
3D segmented tooth model that had a relatively similar 
level of accuracy of 66.91% ± 10.51 (n = 14) during the 
segmentation process (Table 3 and Table S1). It was 
noted that the main regions of inaccuracies were at the 
tooth apex (blue colored zones) (Figure 5).

The L-PBF process had a 90.59% ± 4.75 accuracy 
(n = 8) (Table 3). The deviation between the RAI and the 

Figure 1. Segmentation of dental implant from a tooth model of 
the maxilla. (A) Segmentation of tooth along the cementoenamel 
junction (CEJ) based on the computed tomography scan (yellow 
outlined area). (B) Outline of CEJ on tooth model. (C) Plane of 
segmentation (represented by green line) 1.0 mm above the CEJ. 
(D) Model of segmented dental implant.

DC

BA

Table 1. Process parameters used in L-PBF for fabrication of 
samples

Process parameters
Laser power (W) 275
Laser scan speed (mm/s) 1100
Layer thickness (μm) 30
Hatch spacing (mm) 0.120
Fill Contour Offset (mm) 0.06
Boarders (mm) 0.09
Remelting No
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real tooth can be attributed to the use of support structures 
at the incisal edge of the RAI during the L-PBF process. 
These support structures were removed subsequently 
before the comparison, which may result in inaccuracy at 
the particular area[13].
(a) Overall Group - Printed versus Actual Tooth
(b) Printed Group - Segmented versus Printed Tooth
(c) Segmentation Group - Segmented versus Actual 

Tooth

4. Discussion
The general workflow in using patient-specific dental 
implants is shown in Figure 6. Using the workflow, 
we identified the major steps in obtaining customized 
dental implants and studied the potential sources of error 
in the geometrical accuracy. The stages can be broadly 
categorized into the “implant design” stage which includes 

the additional imaging, segmentation, optimization of 
these steps and the “3D printing” stage that involves 
STL file preparation, the fabrication process, and post-
processing which may include polishing, safety testing, 
and evaluation and finally, implant approval.

Our results showed 66.9% accuracy in the 
segmentation process, which directly influenced the 
accuracy of the fabricated implant. To test the fitting of 
the 3D-printed dental implant within the monkey’s tooth 
socket, we performed a preliminary study and observed 
a slight protrusion of the 3D printed dental implant from 
the socket. This observation corroborated our accuracy 
study, suggesting that this level of accuracy is likely 
insufficient and will require further optimization to the 
segmentation and fabrication methodology to achieve a 
complete insertion of the 3D printed dental implant into 
the tooth socket.

Having an intimate and stable fit of the implant 
within the bone defect region is one of critical factors 
contributing to primary stability of the dental implant. 
Other factors such as bone quantity and quality, implant 
design, surgical technique, and insertion torque also 
influence the long-term clinical success of the dental 
implant treatment[21,22]. Without good biomechanical 
stability upon implant insertion, osseointegration will 
not occur[12]. The term, osseointegration, refers to a direct 

Table 3. Percentage accuracy of samples in the three different 
groups

Group 
Comparison

Accuracy 
(%)

Min 
(%)

Max 
 (%)

Overall group 
(Printed versus 
actual tooth) 

68.70%±5.63 −0.53±0.24 0.32±0.07

Printed group 
(Segmented 
versus printed 
tooth) 

90.59%±4.75 −0.12±0.10 0.27±0.06

Segmentation 
group 
(Segmented 
versus actual 
tooth) 

66.91%±10.51 −0.53±0.25 0.50±0.17

Figure 2. Stripe scanning strategy used in L-PBF shows the fill 
contour and boarder offset, as well as the hatch spacing which is the 
distance between the two adjacent laser scan tracks.

Table 2. Dimensions of samples obtained from L-PBF with 
different correction factors

Correction 
Factor

Length 
(mm)

Width Height

0.996 4.02±0.02 5.01±0.02 8.05±0.00
0.998 4.07±0.02 5.05±0.03 8.07±0.02
1.000 4.04±0.04 5.07±0.04 8.10±0.03
1.002 4.05±0.03 5.09±0.02 8.08±0.02
1.004 4.02±0.02 5.08±0.05 8.08±0.04

Figure 3. Sample design used for preliminary studies to obtain the 
correction factor. (A) Isometric view. (B) Top view. (C) Side view.

CBA

Figure 4. Extracted monkey incisor and the 3D-printed dental 
implant, with their respective dimensions.
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commonly cited technical challenges such as irregular 
anatomical shapes and surfaces, heterogeneous pixel 
intensities, and noisy boundaries that make it difficult to 
clearly delineate areas of interest. Hence, any inaccurate 
image processing will result in deviation error from the 
planned treatment and desired outcome[26]. Future work 
could consider the use of artificial intelligence (AI) tools 
for medical image segmentation to overcome inter-
technician variations, provide higher consistency and 
performance outcomes, and improve product quality[27,28] 
through automated segmentation, rather than manual 
segmentation by a human. With the large variability of 
tooth shapes and sizes of different patients, the use of AI for 
prediction of optimal process parameters would provide 
greater efficiency, consistency, and cost-savings for mass 
production and widespread clinical implementation[10].

Specific to the fabrication and use of custom-made 
RAI, a few groups have described successful outcomes 

Figure 5. (A) Overall Group - Printed versus Actual Tooth. An example of the front, back, left and right views of the differences in topology 
of a 3D-printed tooth (solid) against the segmented tooth model (wireframe). (B) Printed Group - Segmented versus Printed Tooth. An 
example of the front, back, left and right views of the differences in topology of a printed tooth (solid) against the actual tooth (wireframe). 
(C) Segmentation Group - Segmented versus Actual Tooth. An example of the front, back, left and right views of the differences in topology 
of a segmented tooth model (solid) against the actual tooth (wireframe). Green represents a high accuracy at which the topology of the two 
models differs within a +0.1 mm tolerance.

C

B

A

structural and functional connection between the bone 
and implant surface[23], and was coined by Brånemark 
in 1977 when he first showed clinical success of the 
oral implant in his patient due to direct bone-to-implant 
anchorage[24,25].

The less-than-desired level of accuracy achieved in 
this study could be attributed to a few factors. First, the 
success of image segmentation by thresholding is highly 
dependent on the skill and experience of the technician 
and is often based on a subjective interpretation which 
may result in inter-person variations. The resolution of 
the scans, particularly at the tooth apex, may also be 
insufficient and further limited by the allowable threshold 
tolerance of the software during file import. In addition, 
the monkey incisor tooth root was small and made it 
difficult to segment with high accuracy. The bone-tooth 
densities being different also required different levels 
of threshold during segmentation. There are also other 
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from preclinical and clinical studies. In a study by 
Li et al.[29], CP-Ti (Grade 1) SLM-RAI were implanted 
in two beagle mandibles and its efficacy was compared 
against the commercial dental screw-type implant. 
Comparable implant osseointegration was noted in vivo, 
with the added advantage of SLM-RAI being able to 
significantly reduce the healing time and pain. Figliuzzi et 
al.[12] demonstrated the successful clinical use of a custom-
made Ti–6Al–4V alloy RAI. Fabricated using the direct 
laser metal forming method, the implant was placed into 
the maxillary premolar tooth socket immediately upon 
extraction and restored with a single crown. At 1-year, 
functional and esthetic integration of the implant was 
observed. These studies have shown promising results 
and demonstrate the potential of fabricating custom-made 
metallic RAI for immediate implantation.

We foresee that this approach will be well-adopted 
by the various key stakeholders, particularly for patients 
who are deemed unsuitable for immediate implant 
placement using conventional dental implants. Patients 
may now receive treatment using this customized dental 
implant that allows intimate bone-implant contact for 
improved primary stability, without having to create a 
bore hole in their alveolar bone nor face potential surgical 
risks of encroaching or injuring vital structures.

5. Conclusions
This study studied the accuracy of a titanium dental 
implant design during the segmentation and 3D printing 
processes. The goal is to develop an accurate and optimal 

workflow methodology to support the fabrication of 
patient-specific 3D printed titanium dental implants that 
can mimic patient’s tooth anatomy and fit precisely within 
the socket upon tooth extraction. The use of AM combined 
with scanning and imaging technologies for customized 
fabrication of metal implants to meet individual patients’ 
needs is promising and will likely change the business 
logistics of the current medical implant industry in the 
future[5]. However, the use of 3D printing metal implants 
for biomedical applications is still in its infancy and 
more research and clinical studies will need to be done 
to establish the methodologies of 3D printing techniques 
and understand the long-term safety and clinical efficacy 
of 3D printed implants. Specific to dental implants, there 
remains a huge gap between the current conventionally 
milled dental implants and 3D printed dental implants and 
more investigations will need to be performed prior to 
widespread clinical use. Future work will include looking 
into the performance of the 3D printed metal dental 
implants, structural characteristics, and the optimization 
of the L-PBF process in order to achieve better accuracy 
and performance. Some of the consideration factors for 
L-PBF include build orientations, process parameters as 
well as scanning strategies used which have been shown 
to have an effect on part performance.
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