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Abstract. Biomodels are physical reproductions of anatomical structures of regions or organs of the human body used
for diagnosis and surgical planning. The use of tomographic images for generating 3D models and manufacturing of
biomodels has been awakening a great interest in the medical area. It is possible, with the use of medical images, to
generate representative computer models, thus enabling several simulations and biomechanical analysis of the region
or organ of interest, aiming at the manufacture of customized prosthesis or orthesis. In this work we present the project
of a customized implant of the TMJ, mechanically ordered and manufactured in titanium alloy by the additive
manufacturing process of DMLS. Through the model created for the TMJ region, computer simulations of stresses and
deformations were performed on the mandible virtually implanted in the patient, considering severe stresses of human
chewing applied to the frontal teeth. With the data from the computer simulations the prosthesis was analyzed through
a conventional analytical design process to verify the fatigue failure resistance. The implant was fabricated in titanium
alloy by additive manufacturing and was realized physical simulations of the coupling of the prosthesis in the biomodel
of the mandible fabricated by three-dimensional printing.
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1. INTRODUCTION

Studies of the behavior of implanted joint replacements, known as arthroplasties, are scarce and rarely
performed in academic community. The study of experimental simulations of the prostheses in representative conditions
of the human anatomy is a difficult task to perform and has a high cost, as a result is little applied. There are numerous
studies of failure, which leads us to understand the importance of previously analyzing the behavior of the interaction
between human body and prostheses, in order to minimize cases of failure [1, 2]. A solution to this question is to use a
three-dimensional modeling that enables computational simulations of the implanted region, showing an interaction
between the prosthesis and the human body and its limitations.

A three-dimensional digital image allows the creation of customized prostheses and orthesis from an identical
copy of the patient's anatomy. Furthermore, it also allows the development of an implant from the generated biomodel,
in order to find a perfect adaptation to the region of the tissue, organ or body functions that need to be replaced.

Multidisciplinary is required for a proper development of a biomodel. Professionals from different areas are
required in order to complete the process efficiently. It is very important to share information between professionals in
the computer science, medicals and engineering. In some cases, is essential for medical staff to plan the surgery using a
biomodel, as this allows a real verification of the area that will be operated and replaced by the implant. In addition to



R. F. Gregolin, F. E. da Silva, R. R. de Sousa et al.
Design and Construction of a Custom Implant

this, the professionals involved can also manipulate the object and perform simulations of the surgery, handling all
required surgical instruments and the implant itself. As well, the surgeons can perform the connections of the prosthesis
with the region of interest of the human body that needs to be replaced [3].

In the construction of implants some manufacturing processes are used, among them, we can mention the
foundry, the machining, the forging and more recently the additive manufacturing or rapid prototyping. The
manufacturing process chosen depends on the type of prosthesis material and its respective geometry. Each
manufacturing process has its limitations and advantages, and the designer is responsible for analyzing the best option
for the construction of the intended implant. In the case of custom (personalized) prostheses of metallic material the
foundry is impracticable because molds would have to be made for each patient in order to be implanted, which would
make this type of manufacturing process very expensive. This situation also applies to forging. Manual machining
processes are also not practicable, since the use of three-dimensional models depends on the reading provided by the
software in the manufacturing equipment. Therefore, for efficient manufacturing of custom metal implants, there are
only two manufacturing processes, CNC machining and additive manufacturing. The additive manufacturing has the
advantage of having minimal geometric restrictions due to the type of process used in these equipments, which often
can be considered as a problem during the CNC machining process [4-8].

Biomaterials are already used in additive manufacturing equipment and allow the construction of implants by
this innovative technology. One of the current metal additive manufacturing technologies is known as direct laser metal
sintering (DMLS); this process provides the construction of metal implants from a 3D drawing by sintering a metal
powder using a high power laser [9, 10 ,11].

The DMLS technology uses a high-power CO2 laser. In this process the metal is sintered directly without
addition of binders (Agglutinative substances). The atmosphere of the building chamber is controlled by an inert gas,
usually argon or nitrogen. The chamber is heated to reduce residual stresses generated during solidification and the laser
strikes the material causing its heating in the right proportion in order to obtain a fusing puddle, where the material of
the lower melting point alloy will be liquefied to provide an adequate wettability of the solid by the liquid, which will
constitute the solid piece in the geometry desired for the construction of the physical model or customized implant. All
additive manufacturing processes are made layer by layer and a roller spreads the powder in each vertical movement of
the building chamber. Lastly, the piece that was prepared in 3D design or obtained by three-dimensional scanning by
some technological process like computed tomography, magnetic resonance imaging or ultrasonography is ready [7].

The generation of mathematical models through computed tomography is a consolidated process already done
in several countries of the world. The improvement of the mathematical models created through this process has been
studied by several authors, showing the potential of this technique in the analysis and modeling of the regions of the
human body [9, 11, 12].

The innovation of the work presented is the creation of a custom implant specific to the Temporomandibular
Articulation (TMJ) region through an anatomical geometric model generated with the help of a computed tomography
and afterwards constructed in titanium alloy by the DMLS additive manufacturing process. This method allows the
production of biocompatible titanium alloy pieces that have been used in the manufacture of prostheses for decades.

2. MATERIALS AND METHODS

The powder used during the additive manufacturing process of the implant was the Ti-6Al-4V titanium alloy
and the manufacturing equipment used was the DMLS type, EOSINT M270 model. The materials and equipment were
supplied by the INCT-BIOFABRIS/UNICAMP Laboratory.

The study was carried out from computed tomography (CT) files of an individual's skull performed on a Cone
Beam i-CAT tomograph. The tomographic files were received in DICOM format.

All parameters used in the tomograph followed standard procedure for generating files in the DICOM format.
Computed tomography generated 577 two-dimensional images in shades of gray in the size of 800 x 800 pixels. The
thickness between the slices (two-dimensional images) of the skull was 0.30 mm.

The creation of the computational model of the mandible, its analysis and validation, are presented in the
article by Gregolin et al., 2017 [13]. This work shows about evaluating a patient's healthy jaw through the application of
forces that simulate severe conditions of human chewing. All boundary conditions, muscular forces and constraints are
presented in the article [13], the figure 1 shows the steps of the work described.

In the healthy mandible model, two types of simulations were performed, at where the mechanical properties
of the interface between the condyle and the joint fossa were altered, that is, the articular disc. The simulation of two
conditions for the representation of the interface between the condyle and the joint fossa (articular disc) showed the
versatility that the designer would have for the development of customized prostheses, being able to portray the
synovial fluid and the real articular disc with elastic characteristics, which can lead to several reanalyzes involving
different efforts. It is also important to note that comparing the two models created in this stage of the work (articular
disc of elastomeric material and bone disc) showed small differences in the results of tensions and deformations,
indicating that simpler models, used in works present in the current literature, also provide consistent results that can be
used in simulations [13, 14].
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Figure 1 - Development of the Computational Model of the Healthy Jaw.
Source: Author data.

For finite element simulation the element SOLID187 (Ansys Software) was used, which is an element with 10
nodes and 6 degrees of freedom at each node, allowing translations and rotations in the X, y and z axes. The element is
composed of 10 nodes distributed as shown in figure 2. This element allows simulating plasticity, hyper elasticity,

deformation, stiffness, large deflection and high stress capacities. Used often in structural analysis of complex solid
geometries [13, 15].
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Figure 2 — Solid Tetrahedral Element - SOLID187.
Source: [15].

The development of the model and simulation of the healthy jaw, presented in the work of Gregolin et al., 2017
[13], can be used to claborate a new computational model that simulates a fracture of the left mandible condyle,
allowing the introduction of an alloplastic implant in titanium alloy.

The simulation and previous acceptance phase of the implant geometry, stress and strain analysis and creation
of the TMIJ prosthesis is described in the second paper elaborated by Gregolin et al., 2017 [16], figure 3 illustrates the
mentioned work in this paragraph.

To create the implant, the left surface of the mandible face was copied through computational tools, producing
the same outline of the implantation region for the developed prosthesis. At this point a thickness was applied to the
created surface because it is only one face without depth, in the case of the custom implant was defined thickness of 2.0
mm for generating a solid 3D from the surface [16].

The titanium implant called the TMJ Condyle Plate was introduced only on one side of the mandible, thus
creating an asymmetry in the mathematical model with the objective of simulating a critical stress condition, ensuring
the strength of the prosthesis in extreme cases of loading [16].

After introducing the materials properties in the Ansys software, the next step was to generate the finite
element mesh with enough richness to present, after the simulations, clear convergence of the stresses. The finite
element mesh created has the number of nodes of 804.595 and the number of elements of 538.307 [16].

Through the model developed for the TMJ region, computational simulations of tensions and deformations
were performed in the patient's mandible, considering the severe efforts of human chewing applied to the front teeth
(incisors) of the mandible. The maximum tension found in the implanted mandible, located in the prosthesis, was
191.10 MPa and the maximum deformation found in the mandible was 0.28 mm [16].

After the simulations and acceptance of the implant geometry the construction of custom prostheses in titanium
alloy by additive manufacturing process of the type DMLS was started.

In some cases, such as the implant designed in this study, the DMLS process can perform a densification of the
material in an efficient manner and for this to happen the machine must have a favorable environment, where the liquid
phase must be present in sufficient quantity to ensure a fast filling of the pores, since it is known that the laser generates
energy to the material in fractions of seconds and this soon will cool since the process is fast and punctual. The
wettability of the solid by the liquid must be high and the energy absorbed will be transmitted by conduction during the
process. The higher the specific area of the powders (the lower the powder particle size), higher be the denser of the
material [7].

Table 1 - Construction parameters used in the EOSINT M270.

DMLS Machine Parameters
Laser Power 170 W
Scan Speed 1250 mm/s
Layer thickness 30 microns
Line spacing 100 microns
Construction strategy Zigzag
(rotating 45° at each layer)

Source: Data provided by Biofabris laboratory (Unicamp) [16].
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Figure 3 - Implant creation and analysis of stress and strain in the jaw implant.
Source: Author data.

The machine parameters defined in the construction of the custom implant by additive manufacture are those
recommended by the equipment manufacturer, when the objective is to produce parts with maximum densification. The
manufacturing parameters are shown in table 1.

3. RESULTS AND DISCUSSIONS

In this stage, the analytical simulation of the implant resistance to fatigue failure will be approached through
the results obtained by the numerical computational simulation. Also, the manufacture of the prosthesis is described in
DMLS type additive manufacturing equipment. Finally, the physical simulation of the personalized TMJ implant will be
discussed, reporting the fixation of the metallic prosthesis in a polymeric material mandible biomodel.

3.1 TMJ Implant Fatigue Resistance Calculations

Through mechanical tests in the alloy manufactured by additive manufacture it was determined that the yield
limit of the implant constructed by DMLS in titanium, tested in traction, is 957.00 MPa [17]. The result obtained is
greater than the value of the maximum stress found in the computational simulation of the TMJ Implant that was
191.10 MPa. Statically the safety factor (11,) for loading applied in the simulation is calculated by dividing the yield

stress  (S,=957.00 MPa) by the maximum stress in the implante (S,,,, =191.10 MPa).

max

ny:s_y/smax (1)

Applying equation 1, 1, is equal to 5.01. An acceptable factor for a titanium implant which can be considered
a material with safe characteristics for biomechanical structural functions.
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For the calculation of the endurance limit, in a conservative way, the ultimate strength was used as follows
[18].

S, =1172.00 MPa (ultimate strength) [17].

se'=0,5x 5, (endurance limit) )

Using equation (2) and the ultimate strength [17] is possible to find the endurance limit of the order of

se'=586.00 MPa.
It is important to emphasize that the use of this equation is more usual for steel alloys, however, since it is a
custom implant, it assumes high safety parameters, which can be obtained by the use of conservative boundary

conditions such as the use of this equation.
Applying the modifying factors of the endurance limit, the new stress value will be [18].

se=k,xk,xk xk,;xk,xk:xse' (3)

Where, k ;= surface condition modification factor
k ,= size modification factor
k .= load modification factor
k ;= temperature modification factor
k .= reliability modification factor
k = miscellaneous-effects modification factor
se '= rotary-beam test endurance limit

For the implant proposed in this work, the factors k 4 and kf were considered equal to unity, since there were
no high temperature variations end the modifications due to varied effects were not considered.
The k , factor is calculated as follows [18].

k,=as,’ )

Where a and b are parameters for the Marin modification factors. As the result of the calculation of the
endurance limit will be performed for more critical region, ie, in the region of highest von Mises, this area has ideally a
polished surface finish. For this type of finish the value of K, is considered equal to 1.

The Kk, factor is calculated as follows [18].

d -0,107
ky=| =%
b (7,6 ) 5)

Where deEl is calculated as follows in equation (6) [18].

d,=0,808 x(hxb *° (6)

Where, (hxb) is the cross-sectional area of the maximum von-Mises stress, point of greatest criticality.
Measuring the dimensions of the geometric model we have the value of (hxb) =18.80 mmz_

Applying the value of 18.80 mm? in equation (6) and then recalculating to equation (5) we have the value of
k,=1.08.

Considering an axial load of repeated stress the value of K, will be equal to 0.85. And then, stipulating a
reliability of 95% for the result of the endurance limit, the value of the coefficient K . will be equal to 0.87. Thus, the
final result of the value of the endurance limit calculated using equation (3) is given bellow.
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se=1x1,08x0,85x1x0,87x1x586=468,01 MPa.

Applying the modified Goodman's failure criterion, the value of the fatigue safety coefficient for the developed
TMJ implant should be calculated from equation (7).

an ) ) (7)

Where, 0, and O , are respectively the amplitude and average stress. Since the simulated load in this analysis

is repeated, ie, it goes from zero to the maximum load and returns to zero cyclically, the amplitude and average stress
are equal and can be calculated as follows.

0 ,~0,=191.10 MPa/2=95.55 MPa.

Thus applying all the values in equation (7) we obtain the result for the safety coefficient to the fatigue by
Goodman Modified equal to n;=3.55.

Calculating the safety factors for the Soderberg, Gerber and ASME-elliptical criteria, the results obtained are
shown in table 2.

Table 2 - Static and fatigue safety factors for the Implant.

Condition Failure Criterion Safety Factors
Static von-Mises 5,01
Fatigue Goodman modified 3,55
Fatigue Soderberg 3,29
Fatigue Gerber 4,37
Fatigue ASME-elliptical 4,47

Source: Author data.

Note that in table 2 that all safety factors were above the value two (2) demonstrating that the resistance of
designed prosthesis has a failure static protection and by fatigue above 100%. In addition to this, is also important
remember that the calculation were performed considering a situation with highly critical loads, and real chewing
conditions of human mandible that are innumerable times softer.

3.2 Construction of the custom prosthesis in titanium and the physical jaw polymeric biomodel for surgical
simulation

In the construction of the customized physical model for verification and simulation of the implantation of the
prosthesis was used the own implant made in titanium, produced by three-dimensional impression of the type DMLS,
coupled to the patient's mandible constructed of ABS polymeric material (Acrylonitrile Butadiene Styrene), also in
three-dimensional printers.
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In figure 4 the five titanium implants manufactured in the additive manufacturing equipment are identified.

Figure 4 = Titanium prostheses manufactured by DMLS additive manufacture in the EOSINT M270 .
Source: Author data and EOS Info.

The image of the prosthesis coupling verification procedure and surgical simulation is shown in figure 5. In
Figure 5 (c) is illustrated the custom implant coupled with the jaw in perspective view. In figure 5 (d) are evidenced all
the components of the assembly performed in the surgical simulation. The screws have been adapted to the length of the
jaw and do not exceed the thickness of the model.

The diameter of the TMJ prosthesis fixation holes was idealized with a dimension of 2.8 mm, providing the
jaw coupling by commercial titanium screws with an external thread diameter of 2.7 mm. The author proposes a
polished finish and a nitriding coating on the condyle of the implant. The polishing of the head aims to provide perfect
articulation for the TMJ region by reducing the friction. The nitriding coating reduces the wear on the prosthesis joint,
avoiding the release of particles in the region.
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Figure 5 - Surgical simulation in a mandible with resection of the condyle on the left side.
Source: Author data.

The surgical simulation was performed using commercial stainless-steel screws. In the attempt to introduce the
screws without drilling with the drill was noticed the appearance of some cracks in the mandible, procedure not
indicated by the author of this work during the surgical act.

In the simulation of the implantation the plate fitting in the jaw worked perfectly, the geometry of the custom
board fastening body easily coupled to the geometry of the jaw.

In addition to the implant used in the procedure described, four replicas of the prosthesis were fabricated in
order to enable, in future works, the validation of the computational model through experiments.

4. CONCLUSIONS

One limitation of prosthesis analysis is in the model created that does not consider the different densities and
types of structures of the bone of jaw. The template developed in the Invesalius software and exported in the STL
extension assumes a totally homogeneous structure of compact density of the human bone.

In the final model, where the titanium implant was linked, which replaced the area of the left condyle of the
mandible, a safety factor of 5.01 for the static analysis was obtained and for the analysis of fatigue failure resistance the
most critical condition occurred when the Soderberg criterion was applied, obtaining a safety factor of the order of 3.29.
As the safety factors found are high, this leads to the understanding that the implant developed has excellent indications
of the mechanical requirements for the function to which it was idealized.
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However, it is necessary to consider that the function of the TMJ implant in the human body has been proven
by numerical and analytical simulations, requiring experimental evaluations, making possible the final basement of trust
in the development of the prosthesis.

The manufacture of 5 TMJ implants using the DMLS three-dimensional printing technology performed in this
study makes it possible to use these parts in experiments simulating conditions similar to human chewing. As future
work, static (monotonic) and dynamic (fatigue) loading analyzes can be performed on the customized implant, aiming
to experimentally validate the analyzes performed in the presented work.

The results show that this work can be a tool to assist the process of manufacturing, study and analysis of
customized prostheses and orthoses from the use of computed tomography.
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