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Accuracy of maxillofacial prototypes fabricated by different 3-dimensional printing
technologies using multi-slice and cone-beam computed tomography
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ABSTRACT

Purpose: This study aimed to compare the accuracy of 3-dimensional (3D) printed models derived from multidetector
computed tomography (MDCT) and cone-beam computed tomography (CBCT) systems with different fields of view
(FOVs).

Materials and Methods: Five human dry mandibles were used to assess the accuracy of reconstructions of
anatomical landmarks, bone defects, and intra-socket dimensions by 3D printers. The measurements were made on dry
mandibles using a digital caliper (gold standard). The mandibles then underwent MDCT imaging. In addition, CBCT
images were obtained using Cranex 3D and NewTom 3G scanners with 2 different FOVs. The images were transferred
to two 3D printers, and the digital light processing (DLP) and fused deposition modeling (FDM) techniques were used
to fabricate the 3D models, respectively. The same measurements were also made on the fabricated prototypes. The
values measured on the 3D models were compared with the actual values, and the differences were analyzed using the
paired t-test.

Results: The landmarks measured on prototypes fabricated using the FDM and DLP techniques based on all 4 imaging
systems showed differences from the gold standard. No significant differences were noted between the FDM and DLP
techniques.

Conclusion: The 3D printers were reliable systems for maxillofacial reconstruction. In this study, scanners with smaller
voxels had the highest precision, and the DLP printer showed higher accuracy in reconstructing the maxillofacial
landmarks. It seemed that 3D reconstructions of the anterior region were overestimated, while the reconstructions of
intra-socket dimensions and implant holes were slightly underestimated. (Imaging Sci Dent 2021; 51: 41-7)
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Introduction

Rapid prototyping (RP) is the process of 3-dimensional
(3D) fabrication of physical objects using an actual model
and computerized techniques. In the field of maxillofacial
surgery and traumatology, RP can help in diagnosis and
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simulation of osteotomy and resection techniques, implant
placement, and treatment planning for facial defects.'” In
addition to clinical examinations, surgical models are often
designed for preoperative assessments.””

Conventionally, multidetector computed tomography
(MDCT) data are used to fabricate 3D models and to per-
form RP.° The use of novel imaging modalities such as
cone-beam computed tomography (CBCT), with lower
equipment costs, lower patient radiation dose, shorter scan-
ning time, and higher image resolution”” than traditional
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imaging techniques, is increasing as a way for presurgical
treatment planning to benefit from 3D data.*"

Primo et al.' found that 3D models reconstructed using
a CBCT scanner with voxel sizes of 0.25 and 0.4 mm and
an MDCT scanner using a pixel size of 0.3 mm showed
acceptable dimensional errors and could be used for fabri-
cation of prototypes in dentistry. Considering the different
nature, geometry, and resolution of MDCT and CBCT,""?
it seems that the data obtained from these imaging modal-
ities can be used to fabricate prototypes with variable dimen-
sional accuracy.

The available RP technologies and the 3D printer types
for this purpose are highly variable. Furthermore, 3D print-
ers have a wide price range. A limited number of studies
have compared the dimensional accuracy of prototypes fab-
ricated by different types of 3D printers. Thus, this study
aimed to compare the dimensional accuracy of the models
fabricated by two 3D printers based on data obtained from
MDCT and CBCT systems with different fields of view
(FOV5s).

Materials and Methods

This experimental study was approved by the ethics
committee of Hamadan University of Medical Sciences (IR.
UMSHA REC.1397.503). The sample size was calculated
to be 5 dry human mandibles assuming a 90% study power,
a 0.05 level of” significance, a mean difference of 0.5, a
standard deviation of 1, and a 0.95 correlation between the
linear measurements of the same landmark using the 2
printers. To assess the ability and accuracy of reconstructing
the anatomical landmarks, bone defects, and socket depth
by the 3D printers, 5 dry human mandibles with no frac-
tures, deformities, or severe erosion were selected.

In order to assess the accuracy of the bone defects recon-
structed by the 3D printers, 2 defects measuring 3 X 3 mm
were created at the site of the mandibular molars in the buc-
cal and lingual cortical plates using a high-speed handpiece,
and their superior-inferior and mesiodistal dimensions
were measured using a digital caliper (Mitutoyo Corp.,
Kawasaki, Japan) to serve as the gold standard.

As anatomical landmarks, the length (superior-inferior
dimension) and width (mesiodistal dimension) of the mental
foramen and the distance between the alveolar crest and
the inferior border of the mandible at the midline were also
measured, as well as the central incisor dimensions, the
mesiodistal width of the incisal region, and the occlusogin-
gival distance between the mesioincisal line angle and the
cementoenamel junction.

In order to assess the accuracy of the intra-socket dimen-
sions reconstructed by the 3D printers, the mesiodistal
width of the mandibular first molar socket in the buccal
area, the buccolingual width of the socket in the mesial area,
and the depth of the socket at the mesiobuccal line angle
were measured using a periodontal probe (Dental Williams
color-coded Michigan probe) and recorded to serve as the
gold standard.

Next, the mandibles underwent 64-slice MDCT (Philips
Brilliance 64; Philips Medical Systems Nederland BV,
Eindhoven, the Netherlands) imaging with the routine pro-
tocol for clinical applications (90 mA, 90 kVp, 480 um pixel
size). The CBCT images were obtained using a Cranex 3D
CBCT scanner (Soredex, Tuusula, Finland) with exposure
settings of 90 kVp, 6 mA, 6.12 s time, 6 X8 cm? FOV,
and 200 um voxel size and a NewTom 3G CBCT scanner
(Quantitative Radiology, Verona, Italy) with exposure set-
tings of 110 kVp, variable amperage (mA), and 6-inch and
12-inch FOVs with voxel sizes of 200 um and 400 pm,
respectively. The images were stored in the Digital Imaging
and Communications in Medicine (DICOM) format. The
3D models were fabricated through the process described
below (Fig. 1).

The DICOM file was imported to the Simplant (Dentsply,
Charlotte, NC, USA) image processing software (Fig. 1A).
The samples were reconstructed based on Hounsfield units
(Fig. 1B). Next, excess points were modified and eliminated,
and the final file was prepared (Fig. 1B). The final file of
the samples was exported in the STL format (Fig. 1C).
Next, the STL file was imported to the 3D printer software
(Mankati E180; Mankati, Shanghai, China) (Fig. 1D), and
the printing settings including the speed, temperature, layer
thickness, resolution, and density percentage were adjusted
(Fig. 1D). Finally, the file was saved in G-Code format (Fig.
1E), the G-Code file was sent to the 3D printer, and the final
prototype was manufactured (Fig. 2).

Two printers, which used the digital light processing
(DLP; Planmeca Creo; Planmeca, Helsinki, Finland) and
fused deposition modeling (FDM; Creator Pro; Flashforge,
Zhejiang, China) techniques, respectively, were used to
fabricate prototypes based on the imaging data of the man-
dibles. Using the FDM technique, thermoplastic material is
extruded through a nozzle onto a build platform, while the
DLP method uses a light-cured resin technique in which the
resin is cured with a projector light source. The aim is to
build a model upside down on the platform."”

The dimensions of the aforementioned anatomical land-
marks and areas were measured on the 3D-printed models
using a digital caliper, and the values were recorded. Thus, 5
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Fig. 1. A. DICOM file imported to Simplant (Dentsply, Charlotte, NC, USA) image processing software. B. Sample reconstruction is per-
formed based on the Hounsfield units and modification and elimination of excess points. C. Preparing the final file of the sample in STL for-
mat. D. Importing the STL file to the 3D printer software and adjusting the printing settings, including the speed, temperature, layer thickness,
resolution, and density percentage. E. Saving the file in G-Code format. DICOM: Digital Imaging and Communications in Medicine.

Fig. 2. A. Prototype samples made using the fused deposition modeling (FDM) technology. B. Prototype samples made using the digital
light processing (DLP) technology.
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dry mandibles were imaged by 4 different imaging systems,
and 20 prototypes were fabricated using the DLP (n=20)
and FDM (n = 20) printing techniques. Two observers made
the measurements twice at a 2-week interval. The values
measured on the 3D models were compared with the actual
values measured on the actual mandibles, and the differences
were analyzed using the paired t-test. All statistical analyses
were performed using SPSS version 21 (IBM Corp., Armonk,
NY, USA) at a 0.05 level of significance.

Results

In this study, in order to assess the intra- and inter-obser-
ver reliability, the intra-class correlation coefficient was
calculated. The results showed inter- and intra-observer
agreements >0.90. Table 1 compares the dimensions of the
landmarks, bone defects, and sockets between the different
imaging systems.

The measurements of both the FDM and DLP prototypes
based on the data obtained from the Cranex 3D CBCT and
NewTom small-FOV scanners had significant differences
from the gold standard (P <0.05). However, this difference
was <0.7 mm in all areas, which was clinically accept-
able.'* No significant difference was noted between the
FDM and DLP printing techniques (P >0.05), although the
DLP printer showed smaller differences from the gold stan-
dard.

The measurements of the FDM and DLP prototypes de-
rived from the NewTom large-FOV CBCT scanner had
significant differences from the gold standard, which rea-
ched 2.20 mm in some areas. No significant difference was
noted between the FDM and DLP printing techniques (P>
0.05). In MDCT, the differences for all areas were signifi-
cant (P <0.05), with larger measurements found in the ante-
rior region and smaller measurements in intra-socket dimen-
sions and implant holes. This difference reflects the larger
pixel size of the CT scanner than the CBCT scanners. Both
printers showed significant differences from the gold stan-
dard, reaching 2.80 mm in some areas. No significant differ-
ence was noted between the FDM and DLP printing tech-
niques (P>0.05).

Discussion

The data required for RP and fabrication of 3D printing
models are provided by different imaging modalities, such
as MDCT and CBCT. The quality and accuracy of different
types of RP systems have not been thoroughly investigated.

The CBCT scanners with small voxels had the highest

accuracy in reconstructing most of the landmarks. The
CBCT scanner with large voxels and MDCT had a higher
rate of errors in reconstructing the anatomical landmarks of
the maxillofacial region. The magnitude of the errors was
up to 0.7 mm for the small-voxel CBCT scanners and 2.2
mm for the large-voxel CBCT and MDCT scanners; this
discrepancy reflects the difference in voxel sizes between
the devices.

Regarding the reconstruction of the alveolar crest height
from the inferior border of the mandible, the Cranex 3D
showed the highest accuracy and MDCT showed the low-
est accuracy. For this particular landmark, all 4 imaging
modalities overestimated the values compared with the gold
standard. Van Dessel et al. evaluated and compared 7 differ-
ent CBCT scanners, including the ones evaluated in this
study, and stated that all CBCT scanners could favorably
reconstruct the mandible."'

For the reconstruction of socket dimensions, the Cranex
3D and NewTom CBCT scanners with small FOVs showed
the highest accuracy, while the NewTom CBCT scanner
with a large FOV and MDCT had the lowest accuracy. For
this particular landmark, all 4 imaging systems underesti-
mated the values compared with the gold standard.

In this study, the NewTom CBCT scanner with a large
FOV and MDCT did not show acceptable accuracy in land-
mark measurements, and had considerable differences from
the original model in all variables. Salemi et al. evaluated
the accuracy of radiography when the FOV was changed,
and concluded that a smaller FOV resulted in higher accu-
racy and quality of radiographs."

Regarding the effects of the measurement accuracy of
different imaging systems on the fabrication of prototypes,
it may be stated that higher-resolution images would result
in fabrication of a more accurate prototype, due to the higher
accuracy of data imported to the printer. Shweel et al. eval-
uated the measurement accuracy of CBCT and MDCT
scanners, and found that MDCT underestimated the depth
by 1.7mm on average and the width by 0.9 mm on average,
while it overestimated the height by 1.7 mm on average. In
contrast, the CBCT scanner underestimated the depth by 0.9
mm on average and the width by 0.7 mm on average, while
it overestimated the height by 1 mm on awerage.16 Consid-
ering the possibility of primary errors in imaging and the
import process of data to the 3D printer, errors in the fabri-
cated prototype are also expected.

In this study, prototypes fabricated from the NewTom
large-FOV and MDCT scanners showed larger errors than
the prototypes created using the Cranex 3D and NewTom
small-FOV scanners, which was due to their higher spatial
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Table 1. Comparison of the dimensions of different landmarks between digital light processing (DLP) and fused deposition modeling (FDM)
printers based on the data derived from 4 imaging systems (mean = standard deviation, unit: mm)

Landmark Gold standard Imaging system FDM DLP

Cranex 2.92+0.63* 291+0.63*
Right mental foramen, 2974062 NewTom s 2.84+0.66% 2.80%0.67*
superior-inferior dimension NewTom | 448+128% 456+ 126%
MDCT 428+1.03* 43241.01%
Cranex 2.50+0.36%* 2.56+0.38%
Left n_ﬂenﬁal{ fQTaTE?ns . 2.63+042 NewTom s 2.57+047* 2.53+0.44*
supetior mierior cimension NewTom | 430+0.40% 436+0.60*
MDCT 422+0.36* 427+0.34%
Cranex 3.90+1.26% 3.93+1.28*%
Right g}entla(li foramen, 4014133 NewTom s 3.72+1.36% 370+ 1.38*%
mesiodistal dimension NewTom | 628+ 1.87* 6.21+1.84%
MDCT 6.49%1.46* 6.42+1.45%

Cranex 3.17x£045 3.21+043

Left Hzle,ntall (f;?famep’ 3294026 NewTom s 3.15+0.60 3204040
mesiodistal dimension NewTom | 53241.03% 541+105%
MDCT 6.11+0.80% 6.04£0.60*
Cranex 3.771£0.94% 3.75+£0.95%
Buccal bone defect, superior part 3.7+£0.89 NewTom s 3.83£0.94% 3.78+£0.93%
NewTom | 5.53+1.12% 545+1.14*
MDCT 5.95+1.34* 5.83+1.33%
Cranex 3.09+0.62* 3.07+0.62*%
Buccal bone defect, mesial part 3.04+0.6 NewTom s 3.15£0.64* 3.11£0.62*
NewTom | 4.09+0.92* 4.01£0.89*
MDCT 3.98+0.61% 3.93+0.63*
Cranex 3.38+£0.49* 3.35+0.48*
Lingual bone defect, superior part 328+0.46 NewTom s 347£047* 3.40£0.46%
NewTom I 520%0.42% 5.16%0.44%
MDCT 5.341+0.75% 52610.72%
Cranex 3.02+0.22% 3.00£0.24*
Lingual bone defect, mesial part 29902 NewTom s 3.16+0.15* 3.12+0.17*
NewTom I 4.08+0.21% 4.0240.18*
MDCT 3.93£031% 3.88+0.32%
Cranex 9.16+3.27* 9.1+3.29*
Socket depth 937+3.45 NewTom s 8.80+3.12% 8.90+3.22%
NewTom | 7.25+2.69% 736+2.67*
MDCT 6.95+2.54% 7.08+2.51%
Cranex 8.25+2 44% 8.27£2.44%
Mesiodistal width of socket 8414247 NewTom s 8.13£2.28* 8.16£2.27%
NewTom | 740+ 1.94% 751+£191%
MDCT 7.56+2.26% 749+2.25%
Cranex 6.60+0.76* 6.63+0.75*%
% %

Buccolingual width of socket 6.69+0.8 NewTom s 6.49£0.74 6.57£0.76
NewTom | 5.77+0.63* 5.88+0.61%
MDCT 491+0.63% 4.99+0.62%
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Table 1. Continued

Landmark Gold standard Imaging system FDM DLP

Cranex 30.69+£4.73* 30.68 £4.72*

Distance between the alveolar crest and NewTom s 30.75+4.74% 30.70 +4.76%*
inferior border of mandible 30.57+4.78

NewTom I 31.36+£4.54* 31.34+£4.54*

MDCT 32.07 £4.40* 32.01+£4.10*

Cranex 5.11£0.09* 5.09+0.13%*

Central incisor, mesiodistal 501£0.18 NewTom s 5.10£0.11* 507%0.13%

NewTom I 5.3910.19%* 542+0.20%*

MDCT 5.11£0.16* 5.09+0.15%

Cranex 10.04 £2.87* 10.05£2.88*

+2.95% +2.94%

Central incisor, incisogingival 10.1£2.89 NewTom s 9.94£2.95 9.96:£2.94

NewTom 1 9.29+2.88%* 9.52+2.89%*

MDCT 9.18+2.67* 9.19+£2.67*

*: P<0.05 compared with the gold standard by t-test

resolution. Spatial resolution is strongly influenced by pixel
size. The pixel size is 200 um in the Cranex 3D and New-
Tom small-FOV devices, while it is 400 um in the New-
Tom large-FOV device and 480 pm in the MDCT scanner.

The printer type also affects the accuracy of prototype
dimensions. The material used for the FDM technology
is polylactic acid (PLA), while the Detax free print model
resin is used for the DLP printer. Using the FDM technique
for the fabrication of large objects can lead to dimensional
changes in the prototype because the temperature varies
in different layers. This temperature difference can lead to
differences in the cooling speeds of the layers, which can
generate internal stresses and lead to dimensional changes
of the object. The DLP printer operates based on the layer-
ing technique, and each layer is set individually. Thus, less
internal stress is generated as the result of final heating,
resulting in smaller dimensional changes. PLA is the most
commonly used material for the FDM technique, and the
use of PLA in the FDM technology leads to more shrinkage
in the actual dimensions than is observed for the resin that
is the most commonly used material for DLP.7!®

Drummer et al. evaluated the factors affecting the dimen-
sional accuracy of the models fabricated by the FDM tech-
nology using PLA along with tricalcium phosphate. They
reported that the fabrication temperature and size of the
samples influenced dimensional accuracy."” The general
settings of the device (duration of the procedure, tempera-
ture, and diameter of layers) also have a significant effect
on the results.

Each step in the process of RP is susceptible to errors,
irrespective of the technique. Errors may occur during

several different steps, including data extraction from the
scanner, image manipulation, the fabrication process, and
finishing of the models. For instance, when processing ima-
ges, some changes may occur due to the type of system
used, the processing technique, or the scanning protocol.
Dimensional errors must be minimized in order to avoid
compromising the quality of models or their clinical appli-
cation.'

The image acquisition technique in CT and CBCT also
plays a fundamental role in this respect because image resol-
ution is directly correlated with the 3D accuracy of the model
surface. Errors that may occur in this phase are related to a
number of factors, such as the layer thickness (main factor),
tube angulation, voltage, patient movement, presence of
metal objects in the oral cavity, and slice thickness in image
reconstruction. Thinner slices yield more accurate models. A
smaller voxel size also results in higher-quality and higher-
resolution images, enabling the fabrication of a more accu-
rate, higher-quality model."

The resolution and contrast of each CBCT scanner depend
on the detector type, size of FOV, voxel size, level of arti-
facts, number of basic images, and the algorithm used for
image reconstruction.”?'

Although the DLP printer is more technologically advan-
ced than the FDM printer and is more accurate, the differ-
ence between the 2 printers in the accuracy of landmark
reconstruction was not significant in this study. However, the
high cost of 3D printing was a major limitation encountered
in this study. Future studies should investigate different types
of 3D printers with different materials to assess their effect
on the accuracy of radiographic image reconstruction.



In conclusion, 3D printers were reliable systems for max-
illofacial reconstruction. In this study, scanners with smaller
voxels had higher precision, and the DLP printer was more
accurate than the FDM printer for reconstructing landmarks
in the maxillofacial region. It seemed that the 3D recon-
structions of the anterior region were overestimated, while
the reconstructions of intra-socket dimensions and implant
holes were slightly underestimated.
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