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Abstract
Additive manufacturing (AM) presents unique opportunities for medical applications
and in particular in maxillofacial surgery for developing patient specific implants. The
quality assessment of additive manufactured products is an essential aspect for the real
introduction in health services. In this framework, the purpose of the present study is to
investigate the possibility of developing prototypes of mandibular plates as preoperative
surgical planning models, by verification of design, analysis of internal structure integrity
and evaluation of the effects of variables involved in AM processes. A PolyJet three-
dimensional (3D) printing system is used in the study due to its very fine resolution.
The computer aided design (CAD) models of the implants were converted to stereo-
lithography (STL) file formats in different STL conversion resolutions and then printed
using commercial prototyping polymers to observe the effect of model resolution. Finite
element analysis (FEA) was conducted to study the capability of the designed man-
dibular plate to support the involved biomechanical loads. Micro-computed tomography
(micro-CT) analysis was performed to verify the dimensions and the internal defects of
the printed objects, considering that the presence of defects can affect the quality and
compromise the final performance. Results were analyzed to understand the effect of
the 3D printing process flow conditions on the obtained prototypes. Relative error in
reference to the CAD models mainly evidenced the difference in resolution due to STL
files and the effect of the design. No anomalies and defects were detected inside the
evaluated samples.
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INTRODUCTION

Healthcare innovations require a great attention in
the assessment of all the aspects related to the quality
of devices and applications in order to consider the in-
troduction in health services.

Maxillofacial surgery (MFS) includes a series of dif-
ferent subfields, such as craniofacial corrective surgery,
orthognathic surgery, maxillofacial trauma, reconstruc-
tive surgery and maxillofacial oncological surgery [1, 2].
In general, the main aim of MFS surgery is to restore the
normal anatomical structure and function after a trau-
ma, an oncological resection or a facial malformation.

As evidenced by some authors [3-5], 20-42% of all
facial bone trauma are mandibular fractures. Indeed,
many studies have been carried out to investigate the
efficacy of different techniques in the treatment of man-

dibular defects and fractures [6], proposing mandibular
plates as osteosynthesis devices for the stabilization,
reconstruction and rigid fixation of cranio-maxillofacial
fractures. Different types of reconstructive plates and
screws, usually manufactured by traditional processes,
and mainly made of metallic alloys, have been proposed
and compared [6-8], also considering systems with mul-
tidirectional screw placement [5]. However, it has to be
taken into account that the reconstruction of mandibu-
lar defects has to restore not only facial aesthetic form
but also functions of speech and mastication [9, 10].
Moreover, the main benefits in the use of reconstruc-
tion systems are achieved by a right choice of the de-
vice in terms of geometry, thickness, and dimensions,
fitting the specific clinical patient conditions that, in the
case of mandibular applications, can be various and not

Address for correspondence: Ilaria Campioni, Facolta di Ingegneria, Universita degli Studi Niccold Cusano, Via Don Carlo Gnocchi 3, 00166 Rome,

Italy. Email: ilaria.campioni@gmail.com.



ADDITIVE MANUFACTURING FOR MAXILLOFACIAL SURGERY: DESIGN AND ACCURACY ASSESSMENT

always respected using series-manufactured products.
Consequently, some devices have to be adjusted dur-
ing implantation by surgery manipulation in order to fit
the clinical case and/or the fracture position. This step
introduces critical aspects and high risk factors that are,
in some cases, correlated only to the surgeon experi-
ence and, thus, difficult to control and improve.

For these reasons, the use of computer-aided design/
computer-aided manufacturing (CAD/CAM) method,
which includes virtual surgical planning and rapid-proto-
typing procedures for the design and manufacture of the
customized surgical devices [11, 12], is gaining a lot of
attention, presenting great applicability in MFS sector.
This type of approaches changes, in some cases com-
pletely, the surgeons’ method to work, hospital processes
in the management of a patient, and clinical procedures.
It could represent a change from large-scale centralized
production to local production models, saving shipping
time by allowing production at the site of use.

In particular, additive manufacturing (AM), also
called 3D printing [13], presents several applications
in surgery, primarily in maxillofacial sector (50%), to
produce anatomic models (71.5%), surgical guides
(25.3%), and implants (9.5%) [14]. The production
of mandible preoperative models by AM, to simulate
reconstruction plates prior to mandibular resection or
to better visualize the effect of surgery operation, was
found to be a useful technique [15]. Indeed, the use
of mandible models allows reducing the operating time
[16] and improving the esthetic outcome with respect
to conventional mandibular reconstruction [17]. Most
of the preoperative approaches consider only the cre-
ation of mandible model by rapid prototyping in order
to determine the pre-bending and the position of serial
reconstruction plates [17-19]. At the same time, cus-
tom designed implants are becoming the best option for
reconstruction of craniofacial defects [20]. The combi-
nation of mandible models and custom reconstructive
plates, also designed using the original external cortical
bone, results promising to simulate surgery with respect
to conventional methods [12, 21].

The cost of CAD/CAM method for mandibular re-
construction is recovered by gains in terms of surgical
time, quality of reconstruction, and reduced complica-
tions [22]. Indeed, Resnick et al. [23] evidenced that
virtual surgical planning and 3D printing of surgical
splints are becoming the standard of care for orthogna-
thic surgery and this option is less expensive than stan-
dard planning.

AM could have the potential to allow the realization
of patient-matched or specific custom made implant-
able devices, based on patient anatomy and pathology,
but respecting all quality and regulatory aspects, usually
checked for traditional medical devices. At the state of
art, it is a good solution for preoperative models, useful
in the validation phase of new designs in short time,
to optimize the device design also adapting it to the
patient anatomy. Imaging devices are providing new ca-
pabilities to the AM industry by converting the image
stacks into solid models that can be used for implant or
device production [13, 24]. Moreover, worldwide, the
sale of AM products and services is expected to grow

rapidly and the industry is forecasted to be worth over
$ 6 billion by 2019 [25]. When hospitals and health-
care systems will start to include reimbursement for 3D
printing performed in clinical context for patients, it
will be probably an explosion of applications by health-
care professionals. Thus, it is necessary to assess the
products, in particular for the adoption in public health
systems.

A current limitation for AM is that the methodology
for the assessment of additive manufactured products
is not well defined. This aspect is relevant for the manu-
factures, for the assessors but also for considering the
introduction of 3D printing services and products in
healthcare systems. Various aspects should be consid-
ered in the quality assessment: the design of the CAD
model, the quality of representation of the original
model by the STL files [26], the direction of printing
[26, 27], the selection of the printer and the printing
material. Thus, the accuracy [28], the repeatability and
the reproducibility for additive manufactured products
represent critical aspects that need to be investigated
in details.

In this context and considering the potential impact
of AM in MFS, the purpose of the present study was to
investigate the appropriateness of a PolyJet system in
developing mandibular plates prototypes mainly usable
during the design validation phase and as preoperative
surgical planning models. PolyJet has one of the finest
resolutions among the current commercial 3D printers
and is capable of producing application-ready parts.

The present study includes the design of selected
models by CAD, the realization of them by AM Poly-
Jet system using two different commercial materials
(i.e. Stratasys VeroBlue (VB) and Stratasys VeroClear
(VC)). Finite element analysis (FEA) and micro-
computed tomography (micro-CT) analyses were per-
formed to verify the appropriateness of the design. FEA
was carried out to verify the capability of the designed
mandibular plates to support the involved biomechani-
cal loads and the micro-CT to measure the actual di-
mensions and to capture the internal structure of the
printed objects. Design modifications were elaborated
in order to evaluate possible improvement in the accu-
racy and resolution of 3D printed objects, taking into
account that steps such as converting CAD models to
STL format cause loss in information and affect the fi-
nal product quality.

METHODS
Mandibular plate models: design and FEA

A plate model for medial and lateral fixation (L-shape,
dimensions 22x10 mm?, Modell) was designed using
Solidworks 2016. Dimensions and geometry were de-
fined considering many commercially available devices
usually applied in MFS for mandibular reconstruction
[29]. A second design (Model2) was created properly
modifying Modell, in order to verify the possibility to
improve curved printed surfaces (Figure 1). Figure 1 il-
lustrates the CAD models, where the main differences
are localized in the critical sections that are marked as
A, B and C (see also Figure 2). Modell has smaller sec-
tions than those in Model2 (relative difference of about
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CAD models with dimensions in mm: a) Model1, b) Model2. A, B and C indicate the critical sections which differ between Model1

a)
Figure 1
and Model2.
H4
C
5 ' IEElES
B
HESY
H2
Figure 2

Printing orientations (D1, D2, D3) and points of interests (A, B,
C, H1, H2, H3 and H4) marked on the left plate model.

10% in A and 16% in B). The external edges in A and
C sections were designed with a difference in curvature
angles of about 2°-3° in A and 3.5°-4° in C. Model2 has
more straight edges in the critical sections, particularly
in C. Two STL files were exported with different resolu-
tions — “Fine” and “Coarse” — for each design, in order to
analyze possible modifications in printed objects based
on the STL file resolution. “Fine” and “Coarse” are two
preset options in SolidWorks software for exporting files
to STL format, although higher resolution is possible
by using “Custom” settings. The Fine model has higher
number of polygons, about 50% more that the Coarse
one: Modell-fine has 1212 polygons; Model2-fine has
1144 polygons. Static mechanical simulations were
performed by ANSYS — Mechanical. The objects were
designed as prototypes for design validation and with
a possible application in preoperative surgical planning
on mandible models. Therefore, the simulated entity of
loading was defined considering the application in a nor-

mal mandible under physiological occlusal loading [30-
32]. Different types of meshing were implemented with
particular attention to the area close to the plate holes.
The meshing with fine parameters was selected for cur-
vature (Model2; 2136 elements, 12056 nodes) and the
considered loading and constraints conditions were:

- Loading-casel: force of 100 N, compression loads on

plate upper surface; plate back surface fixed.

- Loading-case2: force of 100 N, compression loads on

screws positions; plate back surface fixed (Figure 3).
- Loading-case3: displacement of 10 mm/min in the

middle area (edge) of the upper surface [33]; end of

plate back surfaces fixed.

The material properties considered in simulations
were: Young Modulus: 2500 MPa, density: 1.18 g/cms
and tensile strength: 60 MPa, which were obtained from
the datasheets of the commercial materials selected for
the mandibular plates printing, i.e. Stratasys VeroBlue
(VB) and Stratasys VeroClear (VC).

3D Printing process and materials

A Stratasys Object30 Pro PolyJet system was used to
print the developed models. Two different commercial
materials, i.e. VB and VC, were employed [34]. The
printer has a declared resolution of 600 dpi along X-
and Y-axes and 900 dpi along Z-axis and an accuracy
of 0.1 mm with a minimum layer thickness of 16 pm
for the VC material and of 28 pm for other commercial
materials.

VB was used only for Modell, whereas VC, with
glossy surface refinement, was used for both models.
Three different printing directions were considered, i.e.
D1, D2 and D3 (Figure 2) in a preliminary evaluation to
define the optimal printing orientation.

Micro-computed tomograpby analysis

3D micro-CT scans were performed using the Sky-
scan 1172, a high-resolution scanner.

The objects analyzed in this study were acquired by
oversize scansions due to the length of the samples. The
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Figure 3
FEA Loading-case2, Model2.

main acquisition parameters were the following ones:
source voltage 44 kV, source current 222 pA, image pixel
size 12 pm, rotation step 0.3° for the objects printed with
VC material. For Modell printed by VB, the parameters
are 47 kV, 212 pA, 13.6 pm, 0.4° ; 44 kV, 222 1A, 5 pm,
0.1° for the Coarse and the Fine models, respectively.
For all acquisitions, no filter was used. A dedicated soft-
ware, SkyScan NRecon, was used to reconstruct the
cross section images (slices) of the objects. The slices
were evaluated by the software Skyscan CT-Analyser to
obtain the 3D models and morphometric parameters.
The volume rendering program, Skyscan CTvox, was
used to display the 3D object from reconstructed slices.

RESULTS

First, the geometry of the designed models of man-
dibular plates (Modell and Model2) was optimized
to avoid stress concentrations and ensure the unifor-
mity of stress distribution by performing simulations

by FEA. In particular, the applicability of the designed
plates as prototypes to be used in preoperative surgical
planning on mandible models was evaluated, consider-
ing loading and constraints conditions related to a nor-
mal mandible under physiological occlusal loading. The
considered different loading cases underline the main
conditions to investigate the plate models resistance, in
particular around holes that have to fit screws.

In Figure 3 and Figure 4, FEA results related to the
loading-case2 (compression on screws positions, Figure
3) for Modell and Model2 are reported, respectively.
The stress distribution and deformation are similar for
both designs, in all the considered loading cases, and
only those obtained for Model2 are reported in Table
1, where the maximum values of von Mises stress, prin-
cipal stress, shear stress and the total deformation are
compared for the three different loading cases. The
magnitude of stress is appropriate for the PolyJet mate-
rial used in printing the specimens. Loads applied in
loading-case2 (compression on screws positions) create
stress concentration around holes. Figure 4 shows total
deformation in Modell and von Mises stress in Mod-
el2, for loading-case2. Loading-case3 (displacement in
the middle area of the plate upper surface) is useful to
investigate the stress distribution correlated to a dis-
placement applied on the plate, simulating the effect of
the bending test on the plate [33]. Stress concentration
was not observed in the designed models under these
loading conditions. Thus, the designed models and the
considered materials are appropriate to be manufac-
tured by additive manufacturing.

For the manufacturing process, the printing orienta-
tion was investigated in a preliminary evaluation. Three
different printing directions, i.e. D1, D2 and D3 (Fig-
ure 2), were considered in order to identify the optimal
one. D2 and D3 configurations resulted inappropriate
for this type of geometry, for several reasons: it was nec-
essary to use a great amount of support to print the
objects; the objects presented some discontinuities due
to the support material; the time necessary in printing
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Figure
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Max: 0.023543

Min: 0
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Figure 4

Loading-case2: a) Model1 - Total deformation; b) Model2 — von Mises stress.
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. Table 1
Finite element analysis (FEA) results for Model2
. FEA Model2
Loading Max. von Mises stress Max. principal stress Max. shear stress Total deformation
case (MPa) (MPa) (MPa) (mm)
Casel 1.8 0.2 1.0 0.0006
Case2 1186 130.8 64.1 0.0235
Case3 29.7 411 153 0.1704

n|||u||.u|||||||n
cm 1 2 3 4
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Figure 5

Models printed for STL Fine, configuration D1: a) Model1, b) Model2.

was about twice that required in the D1 configuration.
Thus, in the study only the models printed in D1 con-
figuration (Figure 2), where the object is printed flat on
the 3D printer build plate, are discussed.

Modell was first printed using Coarse and Fine STL
files and VB material in printing direction D1. It was
observed that the dimensions of the part at the backside
were not accurate as the front side. The same Modell
printed with VC material, that has a specified printing
resolution better than VB, did not present this problem
at the back surface when printed in the same configura-
tion. As an example, Figure 5 shows Modell and Mod-
el2 prototypes printed with STL Fine and configuration
D1, using VC material, evidencing the respect of the
designed shape and dimensions.

In order to evaluate the printing quality, the obtained
dimensions were measured on models reconstructed by
micro-CT analysis at points of interest marked in Figure
2 (H1, H2, H3 and H4), as well as the object thickness.
A representative set of micro-CT images is shown in
Figure 6, where slices reconstructed by micro-CT in the
area of the hole H3 for Modell_VB, and in the B-area
for Model2_VC are reported. The entire object (Mod-
ell1_VCQ) is reconstructed in Figure 6¢ for measurement.
The graph in Figure 7 shows the relative error calculated
in reference to CAD models’ dimensions (three repeti-
tions to consider spatial snap resolution) obtained by
software measurements.

Morphological 3D analysis of printed samples was
performed in reference to the selection, B-volume, for

Figure 6

Micro-CT analysis: a) Model1_VeroBlue, H3 selection; b) Model2_VeroClear, B-selection; ¢) Model1_VeroClear reconstructed.
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Figure 7

Relative error percent in points of interests for Model1 and Model2, Fine and Coarse, materials VB and VC; reference CAD dimensions.

a number of reconstructed layers equivalent to a dis-
tance in z of 0.360 mm (Figure 2). Table 2 reports the
morphological data for the samples printed by using VC
material. In the analyzed models, the enclosed poros-
ity is not observed and it well represents the uniformity
of PolyJet material, whereas the surface porosity values
are mainly correlated to the residual support material
around the models that is detectable by micro-CT anal-
ysis. The structural thickness values were comparable,
demonstrating the uniformity of the structure and the
analysis did not detect voids inside the solid parts.

DISCUSSION

In planning a surgery operation or in developing a
specific device to optimize the medical intervention, it
is necessary to consider the variability introduced by the
use of a technology, e.g. to find if it is possible to repro-
duce the same operation at the same conditions. Thus,
the suitability of an additive manufacturing design soft-
ware and printing system in developing prototypes of
mandibular plates was investigated, by verification of
design, internal structure integrity and evaluation of the
effects of variables involved in AM processes. The used
PolyJet is considered appropriate to also reproduce
anatomic details due to its fine resolution [35, 36] and
is commonly used to develop prototypes and preopera-
tive surgical planning models. It is worthy to underline
that the printing direction influences the result and rep-
resents a quality aspect that has to be controlled, also
requiring different process times. Moreover, this is one
of the aspects that are correlated to cybersecurity chal-
lenges and to the difficulty of defending conventional

intellectual property of AM products [37]. For this rea-
son, three different directions were considered, where
the D1 print orientation resulted in the best quality part
for both investigated models. The directions D2 and D3
showed surface discontinuities in the part.

The preliminary simulations performed in this study
showed that the plate designs, as well as the model ma-
terials properties, can be considered appropriate for the
realization of mandibular plates prototypes (Figure 3
and Figure 4, Table 1). Indeed, FEA is a useful method
to predict properties of 3D printed objects in reference
to design and materials [38].

Micro-CT analysis was carried out to verify the inter-
nal structure of the printed objects and the accuracy of
the designed geometry. Micro-CT is considered as one
of the major tools for the product quality assessment
and for the quality control of AM products and materi-
als [39]. In fact, the FDA in the guidance about tech-
nical considerations for additive manufactured medical
devices [40] indicates micro-CT as appropriate method-
ology for the verification of geometry, morphology, and
some performance characteristics of printed products.

The micro-CT results obtained for the investigated
specimens showed no anomalies or defects inside the
printed objects for both the materials (VB and VC)
used for printing (Figure 6). However, a different cur-
vature along edges was recognized around holes of the
objects printed with VB material. For the same mate-
rial, the printed plates presented an amount of residual
support that affects the dimensional measurements ob-
tained by micro-CT because the support was made of
the VB material as the plate.

-I{/Tc:arl:hilogical 3D Analysis, Volume-B (Az = 0.360 mm) for Model1 and Model2 printed with VeroClear material
Model Object volume Structural thickness Closed IE)orosity Open |;;orosity
a op
(mm3) (mm) (%) (%)
Model1_fine 0.922 0372 0.0000 45.26
Model2_fine_r1 1.148 0.367 0.0000 26.70
Model2_fine_r2 1.130 0370 0.0001 5239
Model2_coarse 1.083 0371 0.0000 80.36
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Morphological 3D analysis performed for the printed
objects allowed to investigate their internal structure
and to identify possible defects. The distribution of the
used material during the printing process was uniform
in all printed samples. The micro-CT analysis showed
that for the designed models the critical aspect is cor-
related to respect the flat upper surface. Indeed, for the
Modell printed with VB the flat upper surface present-
ed a curvature not included in the design, but due to
the material deposition during printing. By using VC
material, this aspect was less evident even if present.
The use of VC instead of VB improved the back surface
of the objects and it allowed obtaining a surface as well-
defined, accurate and smooth as the upper one. Thus,
the used PolyJet materials seem to be similar in resolu-
tion, considering Modell printed with both materials
and STL Fine.

Misalignment due to the position of samples during
the acquisition by micro-CT could affect dimensional
measures, even if the possible error is minimal. For
this reason, during reconstruction, care was taken to
limit this effect. Besides this limitation, measurements
checked by DataViewer software are representative and
useful to investigate the accuracy of printed objects and
the conformity to the designed CAD models.

The difference in accuracy between STL files was
more evident for the Model2_VC. As shown in Fig-
ure 7, the difference was greater around holes with a
maximum value of error of about 3% in H2, whereas it
was less evident for Modell_VB. In general, the rela-
tive dimensional error reaches a maximum value of
-3.36% in H2 for Model2_coarse_VC and 2.98% in C
for Modell_fine_VB. The negative value means that the
hole of the printed object is smaller than the designed
dimension. For this kind of object design, characterized
by curvatures, the major complexity is associated with
dimensions and shapes of holes designed for precision
fit with screws. In the evaluation of the error value, re-
sidual amount of the support material needs to be ac-
counted for because it could be included in the obtained
measurements due to its similar gray value to the object
material. Minimum relative errors, i.e. 0.02% and 0.03
9%, were obtained at the hole H1 for Modell_fine_VB
and for Model2_fine_VC, respectively.

By the analysis of dimensions in the sections A and
C, where the curvature was modified, it is possible to
underline the improvement in design from Modell
to Model2. In Model2, these sections resulted with a
relative error less than that revealed in Modell, with a
maximum in C, where for Modell_fine_VC the relative
error was 2.65% and for Model2_fine_VC the relative
error was 0.78%. At these locations, the improvement
in designs was more effective.

The thickness of the models was well preserved on the
average and presented the maximum relative error in
the Modell_coarse_VB (i.e. -2.46%) and the minimum
value in Modell_fine_VC (i.e. -0.47%). The thickness
of Modell specimens resulted in general smaller than
the designed thickness, vice versa for Model2 (Figure
7). A similar trend is detected for the holes dimensions
that resulted smaller than the designed dimensions and
vice versa for the sections A, B, C. The length resulted

with an average relative error of 0.6%, considering all
printed objects.

Finally, the repeatability of print quality of the objects
is an aspect that requires more investigation. In tests
conducted for Model2, i.e. a repetition of the STL Fine
analyzed in direction D1 (Model2_fine_rl, Model2_
fine_r2), it was noted that there are dimensional and
morphological differences in printed objects correlated
to the same model and printed at the same time, in the
same conditions (Table 2). Further investigations are
required to quantify the uncertainty in printing an ob-
ject multiple times using the same printer and printing
conditions.

All of the aspects underlined and discussed in this
paper are relevant in considering the feasibility of us-
ing AM for the realization of prototypes, to perform a
verification of a design and in particular to use printed
objects in a medical context, also only in a preoperative
surgical step.

CONCLUSIONS

In this study, two CAD models of a specific mandibu-
lar plate design were printed by an additive manufactur-
ing system using two different materials to investigate
the appropriateness of the AM technique in developing
prototypes of mandibular plates for the validation of
new designs and potentially as components in preop-
erative surgical planning models. The obtained design,
the internal structure integrity and the effects of some
AM process variables were investigated.

No anomalies and defects inside the printed samples
structure were identified by micro-CT scanning for all
models and both materials used. The shape of the mod-
els was well preserved and the surface of the specimens
resulted in uniform finish, particularly in the case of VC
material. Relative errors in reference to the CAD mod-
els obtained for all models showed in particular the dif-
ference in resolution due to STL files and the effect of
the design. The micro-CT analysis showed that a critical
aspect is to preserve the flat upper surface of the de-
signed models.

Thus, this study demonstrates the feasibility to use
AM for the realization of mandibular plates’ proto-
types, and preoperative surgical planning models, by
identification of dimensional errors, material defects,
the model that best fits the initial geometry designed
and the effects of printing parameters that can compro-
mise the use of 3D printed products.

The quality assessment of additive manufactured
products is essential for medical applications. The
methodology used for the assessment is applicable to
others surgical planning models, to the manufacturers
of custom-made devices and in general to assess addi-
tive manufactured medical applications in health ser-
vices and national healthcare systems.

Acknowledgements

The first Author acknowledges the New York Univer-
sity for the hospitality during her period of visit when
this work was performed, the MAE Department and
NYU MakerSpace at NYU Tandon School of Engineer-
ing for providing facilities and support for this study.



ADDITIVE MANUFACTURING FOR MAXILLOFACIAL SURGERY

: DESIGN AND ACCURACY ASSESSMENT

Conflict of interest statement
None declared.

Funding
None.

REFERENCES

10.

11.

12.

13.

Borghi A, Rodriguez-Florez N, Rodgers W, James G,
Hayward R, Dunaway D, et al. Spring assisted cranio-
plasty. A patient specific computational model. Med Eng
Phys. 2018;53:58-65. doi: 10.1016/j.medengphy.2018.
01.001

Tarsitano A, Battaglia S, Ramieri V, Cascone P, Ciocca
L, Scotti R, et al. Short-term outcomes of mandibular re-
construction in oncological patients using a CAD/CAM
prosthesis including a condyle supporting a fibular free
flap. J Cranio-Maxillofacial Surg. 2017;45:330-7. doi:
10.1016/j.jcms.2016.12.006

Boffano P, Roccia F, Zavattero E, Dediol E, Uglesi¢ V,
Kovadi¢ Z, et al. European Maxillofacial Trauma (EUR-
MAT) project. A multicentre and prospective study. ]
Cranio-Maxillofacial Surg. 2015;43:62-70. doi: 10.1016/j.
jems.2014.10.011

Schneider D, Kammerer PW, Schén G, Dinu C, Radloff S,
Bschorer R. Etiology and injury patterns of maxillofacial
fractures from the years 2010 to 2013 in Mecklenburg-
Western Pomerania, Germany. A retrospective study of
409 patients. ] Cranio-Maxillofacial Surg. 2015;43:1948-
51. doi: 10.1016/j.jcms.2015.06.028

Zimmermann C, Henningsen A, Henkel KO, Klatt J,
Jirgens C, Seide K, et al. Biomechanical comparison
of a multidirectional locking plate and conventional
plates for the osteosynthesis of mandibular angle frac-
tures. A preliminary study. ] Cranio-Maxillofacial Surg.
2017;45:1913-20. doi: 10.1016/j.jcms.2017.05.020
Wusiman P, Yarbag A, Wurouzi G, Mijiti A, Moming
A. Three dimensional versus standard miniplate fixation
in management of mandibular fractures: A systematic
review and meta-analysis. ] Cranio-Maxillofacial Surg.
2016;44:1646-54. doi: 10.1016/j.jcms.2016.07.027
Schwam ZG, Chang MT, Barnes MA, Paskhover B. Ap-
plications of three-dimensional printing in facial plastic
surgery. ] Oral Maxillofac Surg. 2015:1-2. doi: 10.1016/.
joms.2015.10.016

Narayanan G, Vernekar VN, Kuyinu EL, Laurencin
CT. Poly (lactic acid)-based biomaterials for ortho-
paedic regenerative engineering. Adv Drug Deliv Rev.
2016;107:247-76. doi: 10.1016/j.addr.2016.04.015
Dawood A, Marti BM, Sauret-Jackson V, Darwood A. 3D
printing in dentistry. Bdj. 2015;219:521-9. doi: 10.1038/
5.bdj.2015.914

Choi JW, Kim N. Clinical application of three-dimension-
al printing technology in craniofacial plastic surgery. Arch
Plast Surg. 2015;42:267-77.

Singare S, Dichen L, Bingheng L, Yanpu L, Zhenyu G,
Yaxiong L. Design and fabrication of custom mandible
titanium tray based on rapid prototyping. Med Eng Phys.
2004;26:671-6. doi: 10.1016/j.medengphy.2004.06.001
Ciocca L, Mazzoni S, Fantini M, Persiani F, Marchetti
C, Scotti R. CAD/CAM guided secondary mandibular
reconstruction of a discontinuity defect after ablative
cancer surgery. ] Cranio-Maxillofacial Surg. 2012. doi:
10.1016/j.jcms.2012.03.015

Chepelev L, Giannopoulos A, Tang A, Mitsouras D, Ry-
bicki FJ. Medical 3D printing: methods to standardize

Ethical approval
Not required.

Received on 16 July 2019.
Accepted on 17 October 2019.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

terminology and report trends. 3D Print Med. 2017;3:4.
doi: 10.1186/s41205-017-0012-5

Martelli N, Serrano C, Van Den Brink H, Pineau J,
Prognon P, Borget I, et al. Advantages and disadvan-
tages of 3-dimensional printing in surgery: A system-
atic review. Surgery. 2016;159:1485-500. doi: 10.1016/j.
surg.2015.12.017

Cohen A, Laviv A, Berman P, Nashef R, Abu-Tair J. Man-
dibular reconstruction using stereolithographic 3-dimen-
sional printing modeling technology. Oral Surgery, Oral
Med Oral Pathol Oral Radiol Endodontol. 2009;108:661-
6. doi: 10.1016/j.triple0.2009.05.023

Lethaus B, Poort L, Béckmann R, Smeets R, Tolba R,
Kessler P. Additive manufacturing for microvascular
reconstruction of the mandible in 20 patients. J Cra-
nio-Maxillofacial Surg. 2012;40:43-6. doi: 10.1016/.
jems.2011.01.007

Azuma M, Yanagawa T, Ishibashi-Kanno N, Uchida F,
Ito T, Yamagata K, et al. Mandibular reconstruction us-
ing plates prebent to fit rapid prototyping 3-dimensional
printing models ameliorates contour deformity. Head
Face Med. 2014;10:45. doi: 10.1186/1746-160X-10-45
Gil RS, Roig AM, Obispo CA, Morla A, Pages CM, Per-
ez JL. Surgical planning and microvascular reconstruction
of the mandible with a fibular flap using computer-aided
design, rapid prototype modelling, and precontoured tita-
nium reconstruction plates: A prospective study. Br J Oral
Maxillofac Surg. 2015. doi: 10.1016/j.bjoms.2014.09.015
Li P, Tang W, Liao C, Tan P, Zhang ], Tian W. Clinical
evaluation of computer-assisted surgical technique in
the treatment of comminuted mandibular fractures. ]
Oral Maxillofac Surg Med Pathol. 2015;27:332-6. doi:
10.1016/j.ajoms.2014.04.007

Parthasarathy J. 3D modeling, custom implants and its
future perspectives in craniofacial surgery. Ann Maxillo-
fac Surg. 2014;4:9-18. doi: 10.4103/2231-0746.133065
Ciocca L, Marchetti C, Mazzoni S, Baldissara P, Gatto
MRA, Cipriani R, et al. Accuracy of fibular sectioning
and insertion into a rapid-prototyped bone plate, for
mandibular reconstruction using CAD-CAM technol-
ogy. ] Cranio-Maxillofacial Surg. 2015. doi: 10.1016/;.
jems.2014.10.005

Tarsitano A, Battaglia S, Crimi S, Ciocca L, Scotti R,
Marchetti C. Is a computer-assisted design and com-
puter-assisted manufacturing method for mandibular re-
construction economically viable? J Cranio-Maxillofacial
Surg. 2016. doi: 10.1016/j.jcms.2016.04.003.

Resnick CM, Inverso G, Wrzosek M, Padwa BL, Kaban
LB, Peacock ZS. Is there a difference in cost between
standard and virtual surgical planning for orthognathic
surgery? | Oral Maxillofac Surg. 2016;74:1827-33. doi:
10.1016/j.joms.2016.03.035

Rengier F, Mehndiratta A, Von Tengg-Kobligk H, Zech-
mann CM, Unterhinninghofen R, Kauczor HU, et al. 3D
printing based on imaging data: Review of medical appli-
cations. Int ] Comput Assist Radiol Surg. 2010;5:335-41.
doi: 10.1007/s11548-010-0476-x

Kietzmann J, Pitt L, Berthon P. Disruptions, decisions,

—_
~

ORIGINAL ARTICLES AND REVIEWS . . -



Ilaria Campioni, Ilaria Cacciotti and Nikhil Gupta

26.

27.

28.

29.

30.

31.

32.

and destinations. Enter the age of 3-D printing and ad-
ditive manufacturing. Bus Horiz. 2015;58:209-15. doi:
10.1016/j.bushor.2014.11.005

Zeltmann SE, Gupta N, Tsoutsos NG, Maniatakos M,
Rajendran J, Karri R. Manufacturing and security chal-
lenges in 3D printing. Jom. 2016. doi: 10.1007/s11837-
016-1937-7

Bagsik A, Schéoppner V. Mechanical properties of fused
deposition modeling parts manufactured with ULTEM
9085. Proc. ANTEC (Vol. 2011) 2011:1294-8.

Salmi M, Paloheimo KS, Tuomi J, Wolff J, Mikitie A. Ac-
curacy of medical models made by additive manufactur-
ing (rapid manufacturing). ] Cranio-Maxillofacial Surg.
2013;41:603-9. doi: 10.1016/j.jcms.2012.11.041
Kakarala K, Shnayder Y, Tsue TT, Girod DA. Mandibu-
lar reconstruction. Oral Oncol. 2018. doi: 10.1016/j.
oraloncology.2017.12.020

Vajgel A, Camargo IB, Willmersdorf RB, de Melo TM,
Filho JRL, de Holanda Vasconcellos RJ. Comparative
finite element analysis of the biomechanical stability of
2.0 Fixation plates in atrophic mandibular fractures. J
Oral Maxillofac Surg. 2013;71:335-42. doi: 10.1016/j.
joms.2012.09.019

Grohmann I, Raith S, Miicke T, Stimmer H, Rohleder
N, Kesting MR, et al. Biomechanical loading test on re-
constructed mandibles with fibular, iliac crest or scapula
graft: A comparative study. Br J Oral Maxillofac Surg.
2015;53:741-7. doi: 10.1016/j.bjoms.2015.05.022

Wang R, Liu Y, Wang JH, Baur DA. Effect of interfrag-
mentary gap on the mechanical behavior of mandibular
angle fracture with three fixation designs: a finite element
analysis. ] Plast Reconstr Aesthetic Surg. 2017;70:360-9.

33.

34.

35.

36.

37.

38.

39.

40.

doi: 10.1016/j.bjps.2016.10.026

Shikinami Y, Okuno M. Bioresorbable devices made of
forged composites of hydroxyapatite (HA) particles and
poly L-lactide (PLLA). Part II: Practical properties of
miniscrews and miniplates. Biomaterials. 2001;22:3197-
211. doi: 10.1016/S0142-9612(01)00072-2

Moore JP, Williams CB. Fatigue properties of parts
printed by PolyJet material jetting. Rapid Prototyp J.
2015;21:675-85. doi: 10.1108/RPJ-03-2014-0031
Ibrahim D, Broilo TL, Heitz C, de Oliveira MG, de
Oliveira HW, Nobre SMW, et al. Dimensional error of
selective laser sintering, three-dimensional printing and
PolyJet™ models in the reproduction of mandibular anat-
omy. ] Cranio-Maxillofacial Surg. 2009. doi: 10.1016/.
jcms.2008.10.008

Birbara NS, Otton JM, Pather N. 3D Modelling and
printing technology to produce patient-specific 3D mod-
els. Hear Lung Circ. 2017. doi: 10.1016/5.h1c.2017.10.017
Yampolskiy M, Skjellum A, Kretzschmar M, Overfelt RA,
Sloan KR, Yasinsac A. Using 3D printers as weapons. Int
J Crit Infrastruct Prot. 2016;14:58-71. doi: 10.1016/;.
ijcip.2015.12.004

Iliescu M, Nutu E, Comanescu B. Applied Finite ele-
ment method simulation in 3D printing. Int ] Mathmat-
ics Comput Simul. 2008;2:305-12.

Bibb R, Thompson D, Winder J. Computed tomography
characterisation of additive manufacturing materials.
Med Eng Phys. 2011;33:590-6. doi: 10.1016/j.medeng-
phy.2010.12.015

CDRH-FDA. Technical considerations for additive man-
ufactured medical devices - Guidance for industry and
food and drug administration staff. 2017.



