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Implemenation of FEM and Rapid
Prototyping in Maxillofacial Surgery

This paper investigates the opportunity of implementing FE simulations
and rapid prototyping tecniques on titanium implant in maxillofacial
surgery case based on osteotomy. Maxilla region was recorded by Cone
Beam CT with high resolution and optimal radiation. Then, it followed the
medical image reconstruction into 3D voxelized model. This model was
converted both, to stl surface model for rapid prototyping, CAD modeling
and FE mesh for simulation purposes with keeping good volume and
dimensional consistency. Stl meshed surface was imported into CAD
software, as initial 3d structure, which is used for parametric and
customized design of implant. Since, the osteotomy is final application, it
wassimulated the cutting and shifting of maxilla for proper correction by
digital prototyping. Then, the fixation points for shifted maxilla were
determined by surgeon to provide steady and tight joints between
implanting screws and maxilla. Applied implant was given in initial
standard flat configuration. Flat implant configuration was adapted by
complex 3D bending in CAD software to be customized towards surface
conformity of maxillofacial anatomy. By FE simulation in MSC
Patran/Nastran, it was performed the stress analysis of implant with
different thickness configurations and 3D bending, which provides the
optimized implant model with best fit dimensions. Optimized implant model
and corresponding body model were converted into physical models. RP
model of maxilla was post-processed by cutting and boring to provide an
adequate implant positioning according to digital prototypes. This

Italy approach facilitated the preparation of complex shaped implants in swept
and lofted form, what had to be in high degree of conformity to anatomy
surface. To approve a good practical opportunity, it was applied and
tested in concrete surgery case of maxillofacial osteotomy.

Keywords: Cone Beam CT, Finite Element Method, Rapid Prototyping,
Parametric Customization of Implants

1. INTRODUCTION ( VIRTUAL PROTOTYPING FOR DIAGNOSTICS AND SURGERY PLANNING )

IMAGE ACQUISITION IMAGE RECONSTRUCTION IMAGE VISUALIZATION

This paper aims at investigating a multidisciplinary f = - ’

approach, based on Finite Element Methods (FEM) and ” [

Rapid Prototyping (RP), for effective osteotomy surgery Ao |

planning. &7 h

In the area of surgery planning, there are numerous
research papers based on virtual or digital prototyping.
Usually, the Virtual Prototyping (VP) is focused on the
conversion from Dicom format to 3D voxel model of
treated anatomical areas with simulated implantation
and verification of proper size selection, positioning and
direction of insertion. Generally, it includes a 2D and
3D filtering of observed volume data with keeping
correct dimensions, removing of noise from computer
tomography [1]. Beside every R&D actions, VP is going
to be very common clinical practice in surgery planning,
as well. A typical approach based on virtual prototyping
is presented in Figure 1.
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‘and implanting simulation for selection of adequate dimensions and shapes, adjusting
and optimization of positions and directions of implants

Figure 1: Standard approach of Virtual Prototyping for the
purpose of diagnostics and surgery planning

As an initial stage, a 2D imaging is realized by CT,
MRI or other image acquisition systems. Primarily,
the reconstruction is related to a 2D Fourier
Transformation and Radon Transform. From the initial
acquisition, a 2D images is reconstructed in form of
slices in z-direction. The raw set of images is usually
converted into Dicom format.
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In common diagnostics practice, there are
numerous Dicom viewers with some viewing options
based on sections and filtering with range selection in
Hounsfield wunits. It provides simple anatomy
segmentation according to the material density and its
adequate attenuation of radiation, like separation
between bones and soft tissues etc. Also, it is possible
to make simple dimensional measurements of anatomy
sizes.

As a further advanced step, there is more
sophisticated image processing with image filtering to
remove undesirable noise, and many editing tools as
automatic, semi-automatic and manual options.

The adoption of these tools wusually requires
experienced user, especially in the area of low image
contrast like cone beam CT (CBCT) systems, and where
there is a contact surface area of two anatomical bodies
with similar density, as bones in the knee or
hip/acetabulum area. It is also possible to make complex
curved sections like orthopan.

As the combination of voxelized anatomy and
parametric models of implants, there is an opportunity
to make implant analysis in virtual/digital
environment.

However, within this well-developed current flow
of virtual prototyping, it is recognized the opportunity
to apply the other engineering tools like rapid
prototyping and FEM simulation. In this paper, it is
shown the opportunity to make synergic
implementation of these tools within osteotomy
application of maxilla.

Specific case of maxilla is to have thin bone
structures in some areas and low bone density, what
causes low quality level voxelization, which should be
reconstructed by image filtering and editing tools. At
the same time, it is very important to keep high
dimensional and volumetric stability for the further
process flow steps.

In the next chapter, it is proposed a procedure, which
includes rapid prototyping and FE analysis as
combination surgery planning for osteotomy. In this
case, a maxilla osteotomy was considered.

2. METHODS AND PROPOSED PROCEDURE

With aim to improve surgery planning of osteotomy
with deformed titanium plates and its stress testing by
FEA, the a specific procedure was developed. In the
Figure 2, it is presented in term of the new workflow,
which helps in selection of adequate thickness of
implant plates and its final deformed geometry.

In brief, the proposed procedure is segmented into a
few stage groups, as follows: pre-processing of st
surface model from Dicom file recorded by Cone Beam
CT, hybrid modelling as combination of s#/. meshing,
surface and solid cad parametric modelling, finite
element analysis of loaded implant plates, Rapid
Prototyping of the real mock up and finally, surgery
planning based on adaptation of titanium plates which is
deformed in accordance with tracing the 3d curve along
with RP external surface of maxilla.

Every methodological step will be analysed in full
details with practical case on osteotomy of maxilla area.
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Figure 2: Standard approach of virtual prototyping for the
purpose of diagnostics and surgery planning

2.1 Pre-processing of stl. surface model from CT
record

CT recording was performed by Soredex CBCT system.
Cone Beam technology is certain new with low
radiation and useful for diagnostics and surgery
planning in dentistry and maxillofacial surgery. There
are some issues about contrast resolution and noise
emanated by metal artefacts, but it is controllable with
adequate combination of low pass image filtering, both
in 2d background image set and 3d mask’s level [2]. For
Virtual Prototyping (Figure 1.), Soredex CT system was
combined with OnDemand3D App, to make virtual 3D
analysis and planning. Appropriate slice thickness for
maxilla area is 0.6 mm or smaller. In this case study, it
was 0.2 mm what requires longer time computing.
However, it is recognized that for st#/. meshing it is
necessary to apply software like ScanIP by Simpleware
(figure 3). This software is specialized for both image
reconstruction and st/. surface meshing for medical and
engineering purposes. They have robust algorithms for
stl. meshing with keeping good volumetric data.

In the anatomical structures like maxilla, with thin
bones in some areas and low image contrast, they were
specially treated as localized region with proper low-
pass filter’s adjusting. Also, where there were few
segmented components, like mandible and maxilla, they
have been treated separately with generation of 3D
models and their s¢/. meshing surfaces [3]. It enables the
process of osteotomy simulation, where the mandible is
with the fixed constraints. Also it was important to
make proper mesh decimation, since it was used later in
hybrid modelling with the keeping of high surface relief
consistency. Depending on the size of examined maxilla
area and its topology complexity, it was about 150000
to 300000 elements maxillofacial area.
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Figure 4: Stl. meshing of disassembled parts

W Tatal : 229, 864 biangles.
Mask 2 1 211,135 triangles
WMask 7 : 12,748 mangles

Figure 3: Image processing and filtering of Cone Beam CT
scan by ScanlP - Simpleware

2.2 Hybrid modelling with stl. mesh model and
parametric CAD model

After generation of appropriate s#. mesh model of maxilla,
the next step was so called hybrid modelling as a com—
bination of mesh 3d interpretation, parametric surface and
solid cad approach. Firstly, it was necessary to simulate
cutting of maxilla with adequate parametric 3d surface.

It generates more separated and open mesh groups,
what requires the removing of certain mesh “islands” as
unnecessary residue. Also, it is essential to close the
meshes and to keep good definition of bone’s geometry,
what provides good definition of stl. files aimed for
rapid prototyping (Figure 3 and 4) [4].

Figure 5 shows the cutting process and the editing of
separated meshes. In some cases, when necessary, it was
possible to add “technical stiffener” with easy recog—

Figure 5: Modifying of stl surface model
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Since it was provided “the assembly approach” of
maxilla, it was possible to translate some components
between each other, separately, like in Figure 6, what
helped to determine the dimension of translation and to
fix new desirable position of movable part of maxilla.

Dimension of translation

Figure 6: Digital prototyping of translated maxilla

After this step, hybrid modelling was included by
implementation of parametric CAD modelling with
provided interaction between mesh model and CAD
model with editing opportunities. In this case study,
parametric CAD model was titanium plate called
MatrixCombo Plating System by Synthes. There were
few dimensional and geometrical options. The proper
dimension was selected by FE analysis as detailed in the
followings. Interaction between mesh model of maxilla
and titanium plates assisted to make the most suitable
deformed form of plates. Before plate positioning on
maxilla surface, the surgeon determined a positioning
on virtual model (Fig. 3) and on a real model (Figure 8).

Figure 7: Plate locating by surgeon before their parametric
modelling
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To simplify the analysis, in this paper the screw
load is neglected. It is supposed having robust fixing of
titanium plates with including all screws in any
available hole on deformed plates. In the future
research, the complex screw load with interactions of
nonlinear material model of bone’s porous structure
would be observed. At the end of this step, the model
and deformed form of customized titanium plates are
selected. In the next FEA stage, it will be analysed and
verified the adequate size of plates according to critical
stress on bending lines.

STANDARD
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DEFORMED
PLATE IN 3D A

CURVE SHAPE \J
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Figure 8: Titanium plate design in deformed shape for
osteotomy surgery

2.3 FEA load simulation and verification

In order to make well designed FEA case, it is important
to prepare realistic approximation of load conditions. In
this case, it was simulated the resultant bite force with
location by center of gravity on bite surface, with the
most “pessimistic” load scenario, where the full load
was concentrated on plates [5].

Since the resultant bite force had very similar
distance as the reaction force of titanium plates related
with temporomandibular joint (TMJ), it was assumed
these forces had similar intensity, see figure 9. Also, it
was assumed there was a symmetric distribution on left
and right side of face. Total bite force was given as
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120N, or 60N for one side [6]. According to the above-
mentioned parameters, the load simulation was made for
different plate thickness: 0.8mm; 1.0mm; 1.2mm. As
the initial value, it was taken the standard geometry
configuration with the biggest thickness 0,8mm for the
trauma surgery in mid-face region. Because, in
osteotomy it is important to make certain larger distance
or angle of cuts, it is often case to have more deformed
shape of plates with complex load and stress
distribution. So, it was supposed to increase thickness
for additional configurations in 2 increments with
0.2mm.

T

Figure 10: Calculation of the resultant bite force and its
positioning

2.4 Rapid prototyping and surgery planning

After previous 3 steps, which could be called digital or
virtual prototyping in technical sense, the following
stage was the real (physical) prototyping, which directly
assisted to surgery planning through the most realistic
3D overview, positioning of titanium plates and their
preprocessing by deforming in accordance with external
surface of RP model, which represents maxilla.

In this research, it was analysed the preparation on
2 very frequent standard options of rapid prototyping,
FDM method by Stratasys and Multi-Jet Printing by 3D
System. 3D surface meshing model generated in stl file
was imported in adequate pre-processing software for
rapid prototyping. In the case of multijet printing it was
used 3D-modeler ver. 5.2. and for FDM technology it is
applied the CatalystEX 4.4. For such kind of
medical/anatomical models with small overall
dimensions and small reliefs, was used the optimal
parameters from s#/. generation process and adequate
parameters of 7p. machines. St/. meshes of various parts
were decimated on 50000 to 200000 triangles to keep
high quality reliefs of complex maxilla topology. The
full maxillofacial area required about 150000-30000
triangles. For the biggest particular model in this case, it
was 120000 triangles for external maximum dimensions
of model 80mmx60mmx60mm. During s#/. generation
in ScanIP (Simpleware), gap tolerance between mesh
and 3D model was defined between 0.05 — 0.1 mm [7].
Checking and potential correction of s#/. file were
performed by Meshmixer as freeware solution
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(Autodesk), but also Netfabb 5.1 was used where some
complex issues in 3d mesh were determined.
Prototyping parameters were, as follows:
1. FDM: layer resolutions: 0.1778mm and 0.254mm,
model interior: solid, support: smart
2. ProJet: HD mode — layer resolution: 0.032mm
In the following chapter, it will be discussed about
the reached results based on presented methodology and
analysed pre-processing parameters.

3| &5 == sl als Oﬂ‘li\@lfj@ﬂ@@ﬂ@@ﬂ?.&sn it ] e )t I R o )
Je ] s

Fie e Tods thE

e
[dimension

General | Onentanion | Pack | Punter Status | _Prrter Servces

=] banwon 30 Bristers

|adted CHE: D41 DOKTORATYH e o i : 2

Figure 11: Software preprocessing for Multi-Jet (ProJet)
printing technology and FDM technology

3. THE RESULTS

3.1 FEA based results

Figure 12 shows the stress distribution as simulated by
MSC Patran/Nastran ‘12, element size 0.4mm. It can be
noticed, there is a complex stress condition on bending
line with maximum stress, where there is a compound of
torsion and bending at the same time. Since, the
standard form of 0.8 mm is the biggest size in common
fabricated set for mid-face for traumatology case, there
are 2 solution variants. One solution is to make custom
made titanium plates with thicker thickness 1.2 mm.
The second solution is to apply 4 standard titanium
plates with 0.8 mm, 2 on left and 2 on right face side.
Besides equivalent “Von Misses” stress testing
related with yield strength, shear stress condition has
been also tested because titanium and its alloys have
lower shear strength. From the results in the table, it can
be noticed, without such kind of FE simulation, it would
be used the standard configuration for “trauma surgery
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case”, which might not satisfied more complex stresses
in osteotomy surgery preparation. So, this research
makes certain contribution in clarifying similar surgery
preparation issues beyond standard common solutions.

1.87-004

Figure 12: FE analysis of stresses for 3 thickness
configurations a) 0.8mm ; b) 1.0mm ; c) 1.2mm

Table 1. Stress in titanium plates for different thickness

Chemical composition (%)
Element -
SIOZ A1203 F6203 CaO
Cordierite (C) 45.52 28.10 1.23 3.70
Talc (T) 62.20 3.11 1.25 1.07

3.2 RP based results

The model processing based on 2 technologies, FDM
and MultiJet (ProJet) printing was tested. It was shown
that RP models for surgery planning usually do not need
very high resolution to get high surface quality. It is
important to keep high dimensional accuracy and low
time consumption for pre-processed computing and RP
processing. In figure 13, it is presented the RP generated
models. On the left side, it is the model before surgery,
and on the right side, it is the model with simulation of
cutting during surgery.

Figure 13: Generated models: model without cutting (left)
and model with cutting and translation (right)

In the table 2, there are the results of time processing
for various parameters and amount of copies. Also it is
tested with more copies to represent the difference
between FDM and Multi-Jet (MJP), their “pros and
cons” for various cases. Since in this class of
applications and mid-range investment in professional
machines, these above-mentioned technologies are very
frequent in use, it is important to select the optimal
technology.

As the conclusion, it is recognized, in the case of
less demanding of surface quality, but shorter
processing time, better solution is FDM technology.
Also, it can be noticed, the processing time increases
with number of copies or number of models for one job.
However, FDM has lower productivity for more packed
the various or same models on working platform.
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Table 2: Time processing for FDM and Multi-Jet (ProJet)
printing of medical case model

Technology Number of Layer Processing
type model copies resolution time (h:min)
FDM 1 0.1778 11:45
FDM 2 0.1778 23:31
FDM 1 0.254 7:32
FDM 2 0.254 15:04
MIJP 1 0.032 12:56
MIJP 2 0.032 12:56

MJP technology has only one primary parameter for
processing speed, the height of model along z-axis. So,
it has higher productivity rate for more copies or more
models within one job. Also, it has significantly higher
resolution, what can be useful for models, which
requires higher surface quality, like in dentistry,
prosthetics, jewellery etc.

3.3. Surgery planning

Finally, surgeons had digital and physical RP models,
which could facilitate the surgery planning. Hence, the
process flow presented in figure 2, is validated as
modern solution, it can assist to surgeons in selection of
optimized plate’s dimensions for osteotomy, and in
preparing the most appropriate geometry of plates,
which accurately follows the surface of maxilla model
(figure 14).

Figure 14: Assembled RP model with simulated cut (left)
and prepared plates for osteotomy (right)

According to catalogued size and type of titanium
plates primarily aimed for traumatology cases, plates
were properly selected with bigger length, what provides
more bending capacity and keeping adequate translation
dimension for osteotomy. With special bending pliers,
sterilized titanium plates were deformed to match
conformed anatomic-like RP model’s surface. On this
way, the plates were ready to be implanted without long
preparation, what significantly reduced surgery time.

4. CONCLUSION

In conclusion, the paper presents a new integrated
engineering approach about osteotomy surgery planning
with main focus on engineering tools and their
synchronized applying. It aims to simplify the
application of more sophisticated engineering tools like
finite element analysis, hybrid modelling based on solid
parametric, surface and mesh models together, and rapid
prototyping [8]. In the future, it is inevitable to apply
more up-to-date and the last innovative engineering

VOL. 44, No 4, 2016 = 427



tools, but to make enough “user-friendly” for medical
applicants on regular daily base.

It was identified the decision model of proper
selection of implanting plates for osteotomy cases, but
the plates were primarily pre-designed for common
traumatology applications. As shown, the osteotomy
applications usually requires more complex deformed
plates, and more complex stress conditions. Hence, the
standard recommended plates in traumatology would be
applied with higher size level and stronger for the
osteotomy applications, if one observes the same
anatomic location.

As for Cone Beam CT recording, it was recognized
the imaging contrast issues, what required wider
“threshold window” for saving more image information.
It allowed the passing more levels and keeping more
image contrast before adequate band pass image filtering
of observed tissue. On the other side, it caused higher
noise, which was reduced by other filters on 2d imaging
level and later in 3d masking “voxelized”” mesh.

On the other hand, it was pointed out the
importance for simplification of FE analysis for
validation, but good and robust enough for correct
selecting decisions. Concerning RP technology and its
pre-processing, it was advisable to use MultiJet Printing
(PolylJet) for the cases with prototyping of more organic
models on full packed working platform, since it
represented a faster technology in that case, and it
provided much higher surface quality with very good
resolution. In practice, If, one needs only prototyping of
one model with less demanding surface quality, it is
recommendable FDM technology.

The future challenge for research is to improve
FEA simulation with nonlinear approach within
anatomy modelling, porosity modelling and including of
nonlinear materials. It will comprise, so called, the grey-
scale modelling of anatomy sections from CT records,
which is more accurate for realistic organic simulations.
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UMIVIEMEHTAIIMJA MKE METOJE U PAITU]T
MMPOTOTAJIIMHI'A Y MAKCHJIO-
DAIIUMJATHOJ XUPYPTUIHN

M. HlsbuBuh, M. Ctanojesuh, /1. Byphesuh,
H. I'pyjoBuh, A. I1aBaoBuh

OBaj pax uctpaxyje moryhnocr umiuiemenranuje KE
cuMyJandje W Op3e TEXHHKE MPOTOTHUIIOBA THTAH
UMIUIaHTa Yy Makcwio(alujaIHoj XHUPYpPrHju cllydaja
ocreoromuje. Pernja Bunmie je cHUMIJbeHa KopHIhemeM
Cone Beam CT BucCOKe pe3oiyLiyje M ca ONTUMATHUM
3pademeM. 3aTuM, CiIefe PEKOHCTPYKIHMja MEAWIIMHCKE
ciuke y 3D BoLITaHOM MOJENY.

OBaj Mozen je mpeTBopeH, y ctl. Momen moBpurHa 3a Op3y
u3pany npororunosa 3a CAD Mozenipame u peanisaiujy
Mpeke KOHAauHHMX €JeMeHaTra 3a NOoTpede cuMyranuja
Bojichu padyHa o TUMeH3HMjaMa U 3arnpeMuHd mozena. Ctl.
MpeKa elleMeHata je yHanpelhena 3a yees y CAD codrsep,
kao nouetHa 3D cTpykrypa, koja je kopumheHa 3a
napaMeTapcku Ju3ajH penusanuje uMmivianta. [lomro je
OCTEOTOMHja KOHAYHA aIUTHKALja, CHMYJIUPaHO je pe3ame
U TMOMEpame BINIMLE 32 MPABIJIHY KOPEKLUHjy MyTeM
JIWTHTATHUX TPOTOTUIOBA. 3aTuM, (PHKCHpama Tadaka 3a
IOMEepeHy BWIHMIy Cy ozapeheHa XupypIIkd pa oOu
00e30eqmia cTalbmwiHy Bely U3Mel)y BHWjaka W BIIIHIIC.
[puMermeHn UMIUIaHTAT je JarT y MOYETHOj CTaHIapiAHO]
PaBHOj KOH(BHTYpALIHjH.

PaBHa  koHQurypaumja — UMIUIaHTaje  ajanTHpaHa
xomruiekcHuM 3D caBujamem y CAD codtepy 1a Ou ce
TPUJIArO/INIIA TIOBPIIHHN MaKCHIO(hapluaaIHe aHaTOMU]E.
Kopuwhewem KE cumynamuje y MCC Patran/Nastran,
W3BPHCHA je aHaIN3a HAllOHAa UMIUIAHTA Ca Pa3IMYUTHM
KoHOurypaiujama nebssuHe u 3D caBujama, IITO
oMoryhyje ONTUMAJHO pelICHh¢ MMIUIAHT Mojea ca
Haj00JBIM TIMEH3MjaMa.

OnrnMu3oBaH MOJET WMIUIAHTa W ofrosapajyhu momen
Tena cy InperBopeHn y ¢usmuke wmoxene. RP momen
BuIMIe je obOpaljeH ma OM  TPYKHO — alIeKBaTHO
NO3MLMOHUPAkhe  WMIUIAHTaTa  IpeMa  AUTHTATHOM
mpororrry. OBakaB mpHcTyn omoryhaBa  m3pamy
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KOMIUTCKCHUX O0JIMKa WMIUTaHTa, KOjH Ou Tpebamo ma NpUMEHE y TPaKCH, CBE TIPEOXOMHO HABEACHO je
Oyly y BHCOKOM CTEIEHYy yCarjallleHH ca aHaTOMHjOM MPUMEEHO W TECTHPAHO Y KOHKPETHOM CIIy4ajy
nopprimHe Bwiwie. Jla Ou ce morBpmua MoryhHOCT oreparyje MakcuiodaraiHe 0OCTEOTOMHU]E.
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