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Abstract
Total temporomandibular joint (TMJ) replacement is recommended only when there is irreversible damage to the joint and no
conservative treatment can provide functional improvements. Several stock and custom-made TMJ implants have been made
available; however, retrospective and comparative studies were unable to find significant differences between the two types
of solutions. The introduction of additive manufacturing (AM) techniques in medical practice allows for a greater freedom
of design and a higher degree of device customisation. The combination of AM with structural optimisation may streamline
development and provide the key for fabricating biomechanically enhancedTMJ implants. In this study, structural optimisation
techniques were applied to develop and numerically validate a patient-specific TMJ implant. The biomechanical behaviour
of each intermediate TMJ design was assessed under four different nominal and maximum biting tasks using finite element
analyses. In addition, a new set of metrics were proposed to compare each design regarding biomechanical performance
and implant safety. The results suggest that 55–82% of the natural/intact strain patterns can be recovered with the finally
selected TMJ implant. This represents an increase of 15% in biomechanical performance for incisor biting, 15% for right
molar biting, 17% for left molar biting and a decrease of 2% for left group biting compared with the initial design. The results
also suggest that load transfer at the proximal ramus reduces the implant’s impact on the mandible’s strain patterns. Finally,
structural optimisation allows for a volume reduction of up to 44% with a minimum loss of implant safety and biomechanical
performance.
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Introduction

Temporomandibular joint (TMJ) function can be impaired by
multiple disorders, which can cause pain, decreased move-
ment and disability, both regarding mouth opening, chewing,
swallowing and speech. If irreversible damage to the joint is
observed and all of the conservative treatments fail to pro-
duce functional improvements, the patient is recommended
for alloplastic TMJ replacement [1, 2].

Currently, there are three stock TMJ replacement systems
available, namely, the patient-fitted TMJ Concepts system
(Ventura, CA, USA), the stock/customBiometMicrofixation
systems (Jacksonville, FL, USA) and the stock/patient-
specific Nexus CMF systems (Salt Lake City, UT, USA).
A meta-analysis comparing these designs showed no signif-
icant differences concerning the clinical outcomes [3]. All
such designs show encouraging short-term results; however,
their long-term success is still unclear [4]. One of the major
disadvantages of stock prostheses is their limited ability to
conform to a wide range of mandibular morphologies and
bone pathologies [5].

Patient-specific and custom-fitted TMJ designs can adjust
to the mandible with greater accuracy, allowing for shorter
surgery times and more native tissue preservation [6]. Never-
theless, retrospective and comparative studies have failed to
find significant differences between stock and custom-made
implants [6, 7]. These observations, together with the time
andfinancial costs associatedwith themanufacturing process
[6], limit the application of these implants in the manage-

ment of temporomandibular disorders. Custom-made TMJ
implants are typically recommended in cases where (i) the
stock implants do not fit, (ii) the TMJ is severely degenerated,
(iii) there is an absent or deformed anatomical structure (e.g.
in patients who have undergone multiple operations) and (iv)
the jaw is mal-positioned; or (v) there is a need to change the
occlusion with jaw repositioning [7].

Additive manufacturing (AM) technologies allow the
design of arbitrarily complex structures directly from feed-
stock materials [8]. AM has found a wide range of appli-
cations in the medical field, most notably in the creation
of highly accurate anatomical models and the production of
patient-specific implants and instruments [9]. This manufac-
turing approach also enables design engineers to take full
advantage of structural optimisation techniques to stream-
line product development while ensuring compliance with
functional needs. Nevertheless, the mechanical properties
of AM-fabricated parts (AM parts) vary considerably with
themanufacturing process settings and post-processing tech-
niques [10]. Therefore, the knowledge concerning the AM
process should be considered during the design phase.

Recently, several new patient-specific TMJ implants with
different degrees of design customisation were proposed [5,
11–14]. However, the combination of implant customisation,
AM and structural optimisation was not addressed in the
studies above. Therefore, the main objectives of this study
are the design of a new TMJ using SO techniques suitable
for AM and the provision of a framework for custom TMJ
implant design and evaluation. In addition, novel metrics for
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the assessment of both implant safety and biomechanical
performance are proposed. The implant safety is evaluated
considering various loading conditions while taking into
account the local principal stress ranges. Implant safety is
summarised by amodified Soderberg safety factor. Given the
nodal mean principal stress and principal stress amplitude,
a Soderberg map is also proposed to quantify the minimum
implant safety for different yield and fatigue strength values.
Given a target material and AM process, design engineers
can apply the Soderberg map to assess the feasibility of a
specific implant geometry. The biomechanical performance
is quantified through a strain similarity index, and computed
via the cross-correlation between the intact and implanted
principal strain distributions. The impact of structural opti-
misation is also evaluated by quantitatively estimating the
biomechanical performance and implant safety of each inter-
mediate design. The structural optimisation approach and the
proposed metrics can be applied in the design and evaluation
of other types of implants.

Materials andmethods

Finite element meshing

The finite element model used in this study was devel-
oped and described in [15]. Finite element (FE) meshing
was conducted using Materialise 3-Matic (14.0, Materialise
Inc., Leuven, Belgium) and Abaqus CAE 2019 (Abaqus Inc.,
USA). FE analyses, topology and shape optimisation mod-
els, and post-processing were performed in Abaqus CAE
2019, Abaqus TOSCA (Abaqus Inc., USA) and Paraview
5.8.0 (Kitware, New York, USA), respectively. All simula-
tions were carried out using an Intel Xeon Gold 6146, CPU
3.20 GHz machine with 256 GB RAM.

The finite element mesh was generated using quadratic
tetrahedral elements (C3D10). The mesh sensitivity analysis
showed convergence on the nodal displacements for a maxi-
mum surface element edge length of 0.50 mm [15, 16]. The
final intact model contained 3,446,040 nodes and 2,448,785
elements.

Material properties

The mandible was modelled as a non-homogeneous,
isotropic and linear elastic solid, where the material distribu-
tionwas encoded by the CT numbers (Fig. 1b). TheCT-based
material assignment was performed inMaterialiseMimics as
described in the literature [15]. Table 1 provides a summary
of the power laws andmechanical properties assigned to each
tissue.

All of the remaining structures were modelled using
homogeneous, isotropic and linear elastic material proper-

ties. Ti–6Al–4V was used for the TMJ implant, fixation
screws and shell of the fossa component, whereas ultra-high
molecular weight polyethylene (UHMWPE) was employed
as the liner of the fossa component (Fig. 1c).

Musculoskeletal forces

Bergmann et al. suggested that the implant should be evalu-
ated under average, high and extreme loads during the design
phase [29, 30]. Following these guidelines, the TMJ implant
was evaluated under biting tasks including four nominal
and maximum bite forces, namely incisor (INC), left group
(LGF), left molar (LML) and right molar (RML) biting [18].

Several biomechanical studies have shown that the bite
forces depend on the type of ingested food and can range
from 50 to 700N [31]. Herein, the maximum bite forces for
INC, LGF, RML and LML were 570, 1336, 911 and 911 N,
respectively, whereas the nominal forces were set as 50% of
the maximum forces [15]. Therefore, the set of nominal bite
forces ranged from 200 to 485N, whereas the maximum bite
forces varied between 511 and 1336N.

Themuscle activations for each loading case were defined
as described in the musculoskeletal model proposed by
Korioth et al. [18] (Fig. 1a). The muscle forces were then
scaled uniformly until the target nominal or maximum bite
forcewasmeasured at the dental arch. Table 2 lists themuscle
force components during the maximum bite force for each
clenching task. The LML muscles forces were obtained by
mirroring the RML muscle activations.

Boundary conditions

The model was constrained at the superior surfaces of the
two cranial sections in all directions (Fig. 1a), and biting was
simulated by constraining the teeth in the Oz-direction [18].

In the intact model, the contact between the right and
left cartilage was modelled as frictionless. The interaction
between the TMJ cartilage and cranial component was mod-
elled with a tie constraint. In the implanted model, the
left lateral pterygoid muscle was removed from the muscu-
loskeletal model, and the left masseter muscle was assumed
to be fully functional [32]. The interaction between implant
and liner was set as frictional (μ � 0.05), while the inter-
actions between screws and mandible, screws and implant,
polymeric liner-fossa component and fossa component-left
cranial component were modelled as tied constraints.

Implant safety and printability

Localised stress concentrations are often associated with the
fatigue failure of AM parts. These stress concentrations may
be due to excessive surface roughness or internal geometrical
defects. Failure can occur under tension and/or compres-
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Fig. 1 Patient-specific model of the human mandible: a musculoskeletal model, b grayscale-based material distribution across the intact mandible
and c implanted mandible for version v1

Table 1 Mechanical properties and power laws for the different materials considered in the finite element simulations

Tissue Power law Practical modulus
(MPa)

Poisson’s ratio (ν) Yield strength
(MPa)

Fatigue strength
(MPa)

References

Trabecular bone ET � 0.00040ρP2.01
t 191 − 374 0.300 41 − 62 – [15]

Cortical bone EC � 0.0050ρP2.01
c 7320 − 18140 0.300 140 – [15, 17–20]

Dentin ED � 0.0045ρP2.01
d 21030 − 28040 0.300 – – [15, 21, 22]

Enamel EE � 0.0050ρP2.01
e 35230 − 43980 0.300 – – [15, 21, 22]

Ti–6Al–4 V – 113800 0.342 664 − 1273 30 − 770 [19, 23–25]

Co–Cr – 210000 0.290 448 − 841 207 − 950 [20–22]

UHMWPE – 1258 0.460 20 − 30 13 − 20 [20, 26]

TMJ disc – 15.8 − 65.0 0.400 – – [27, 28]

Table 2 Muscle forces for maximum incisor biting (INC), right molar (RML) and left group biting (LGF)

Muscle name INC RML LGF

Fx (N) Fy (N) Fz (N) Fx (N) Fy (N) Fz (N) Fx (N) Fy (N) Fz (N)

Right masseter − 121.82 − 108.35 371.57 − 96.61 − 58.21 264.87 − 99.19 − 62.27 274.64

Left masseter 121.82 − 108.35 371.57 80.51 − 48.51 220.72 103.24 − 17.18 234.61

Right temporalis − 16.87 21.82 83.41 − 64.69 103.31 300.35 − 17.25 27.95 79.81

Left temporalis 16.87 21.82 83.41 54.36 85.06 252.75 173.53 295.08 787.71

Right lat. pterygoid 181.93 − 201.39 − 32.09 20.21 − 24.28 − 5.58 34.13 − 38.25 − 6.51

Left lat. pterygoid − 181.93 − 201.39 − 32.09 − 43.78 − 52.61 − 12.09 − 130.48 − 149.89 − 28.76

Right med. pterygoid 295.05 − 226.45 480.22 114.00 − 87.50 185.55 288.07 − 221.09 468.85

Left med. pterygoid − 295.05 − 226.45 480.22 − 81.43 − 62.50 132.54 − 26.53 − 20.36 43.18

Right ant. digastric − 21.75 83.78 − 21.12 – – – − 16.56 63.80 − 16.09

Left ant. digastric 21.75 83.78 − 21.12 – – – 22.23 85.63 − 21.59

sion, especially when lattice structures are applied in less
mechanically demanding regions [10, 33, 34]. Furthermore,
the compressive stiffness of an AM part can be dependent on
the build orientation and strain rate [35].

Here, concepts related to fatigue under variable loading
were redefined to take into account the likelihood for tensile
and/or compressive failure of AM parts. The principal stress

range σr � |σI − σIII| was defined as the primary design
variable to be minimised. Therefore, σr should be main-
tained below the endurance limit of 3D-printed Ti–6Al–4V
to guarantee implant safety. The value of σr was computed
for each element considering the maximum principal ten-
sile (σI) and compressive (σIII) stresses across all loading
cases.
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To assess the fatigue life of the implant under variable
loading conditions, the local Soderberg safety factor (Sf) [36]
was calculated for every element considering both the first
and third principal stresses {σI, σIII} according to the follow-
ing formula:

Sf � 1
σa
σf

+ σm
σy

, (1)

where σa � ∣
∣σI−σIII

2

∣
∣ denotes the stress amplitude and

σm � σI+σIII
2 denotes the mean stress. Sf encapsulates the

most extreme (local) tensile and compressive stimuli across
the four loading cases in a scalar value.

The fatigue endurance limit (σf) and yield stress
(

σy
)

for
3D-printed Ti–6Al–4V can be set to represent a specific AM
process. Similarly, after knowing σa and σm, a Soderberg
safety factor map can be computed by varying σf and σy.
Given a specific AM process, the Soderberg map can be used
to assess the feasibility of a particular implant geometry. The
minimum theoretical AMprocess requirements to safely pro-
duce each TMJ implant geometry were identified using the
Soderberg map. The localised Sf values and Soderberg maps
were computed for cases of bothmaximumand nominal load.

Biomechanical performance

The biomechanical performance of each implant design was
assessed by comparing the principal strain distributions of
intact versus implanted mandibles. The principal strain dis-
tributions (εpsd) were computed as follows:

εpsd �
{

εI, if |εI| ≥ |εIII|,
εIII, if |εI| < |εIII|, (2)

where εI represents thefirst principal strain and εIII represents
the third principal strain (εIII ≤ εII ≤ εI). The principal strain
distribution along the intact mandible is denoted as εintactpsd ,

whereas the implanted mandible is denoted as ε
implant
psd [15].

Since the FE meshes of the intact and implanted mandibles
are inherently different, the principal strain distribution εintactpsd
was interpolated onto the nodes of the implanted mandible
(ε̂intactpsd ). This mapping technique not only allows for a node-
to-node comparison between the two distributions, but also
the computation of the overall biomechanical performance
of the implant via normalised cross-correlation (α) between
ε̂intactpsd and ε

implant
psd :

α � ε̂intactpsd ε
implant
psd

√
(

ε̂intactpsd

)2(

ε
implant
psd

)2
. (3)

The computation of α, as proposed here, provides a sum-
marised and convenient measure of the similarity between
the two principal strain distributions.

Implant design workflow

In order to guarantee the anatomical alignment of the TMJ
implant, the 3D model was positioned in the natural head
position by computing the cranial symmetry and defining
the McNamara line as the true vertical direction [37]. The
anatomical model was then exported in stereolithography
(STL) format, and the implant design was created in Solid-
Works (Dassault Systems, 2018).

The initial patient-specific TMJ design was based on the
BiometMicrofixation systems design and fitted to the patient
by (i) customising the proximal curvature to recover the origi-
nal joint centre of rotation, (ii) adjusting the implant length to
the size of the ramus and (iii) positioning the fixation screws
such that the mandibular nerve is avoided (Fig. 1c). The TMJ
implant was modelled to behave as a purely rotational joint,
and the screw diameter was set to 2.7 mm for all designs.

Figure 2 shows the evolution of the TMJ implant design
over different design cycles. Each design cycle was divided
into three steps:

1. CAD modelling: design, redesign or post-processing of
the structural optimisation results;

2. Biomechanical evaluation: maximum and nominal INC,
LGF, RML and LML biting;

a. Computation of the critically loaded areas (σr) and
implant safety factors Sf; and

b. Comparison of the principal strain patterns (α).

3. Structural optimisation cycle:

a. Topologyoptimisation (TO): computation of the opti-
mal material distribution; or

b. Shape optimisation (SO): reduction of localised
stress by changing the local thickness.

Both TO and SO were used interchangeably to tackle the
current design needs. For instance, in design cycle 1, the
results of TOwere used as an additional guideline for implant
redesign, whereas in design cycle 2, SO was used to locally
adapt the implant thickness to the surface stress fields (Fig. 2).

Topology and shape optimisation

Structural optimisation is a powerful design tool; however, it
has high computational demand. The extensive Abaqus wall
clock time for full FE model simulation makes structural
optimisation impractical. Therefore, the following simplifi-
cations were implemented:
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Fig. 2 Implant design and optimisation workflow: each design cycle
was comprised of a biomechanical evaluation step and a design optimi-
sation step,where the implant designwas subjected to topology or shape

optimisation (e.g., in design cycle 2, shape optimisation was applied to
implant v2 instead of topology optimisation to generate implant v3)

1. Replace the screws with beam elements (Fig. S1);
2. Replace C3D10 with linear tetrahedral elements (C3D4)

in the mandible;
3. Replace the condylar fossa with reference points;
4. Apply the average condylar displacements obtained from

the fullmodel to the reference points tomimic the original
boundary conditions.

The interactions between the reference points and the cor-
responding surfaces at the implant and mandible side were
set as tied. These simplifications allowed for a significant
reduction (99.6%) of the computation time to approximately
4 min. per iteration. For completion, the differences in nodal
displacements between the full and the simplified models are
presented in Fig. S1b.

Topology optimisation (TO) was applied to minimise the
strain energy density (C) while reducing the volume of the
implant:

min
ρ

C(ρ,U) � FTU

s.t.

⎧

⎪⎨

⎪⎩

KU � F,
V (ρ)
V0

≤ 0.50,
0 < ρmin < ρi < 1.0,

(4)

where ρ represents the set of normalised material densities,
U represents the vector of virtual displacement, K repre-
sents the global stiffness matrix, and F is the body force
vector [38]. TO was conducted over 30 iterations and for all
caseswithmaximum load. In implant v4, the final normalised
densities were computed considering a minimum printable
normalised density of ρmin � 0.075 [39] and a minimum
local safety factor of Sf ≥ 2.0.

Shape optimisation (SO) aims to adapt the mesh to the
local surface stress levels. Mesh adaptation is accomplished

by displacing themesh nodes inwards or outwards depending
on the local stress levels and a predefined stress threshold
(σref). In Abaqus TOSCA, the SO problem is formulated as
a minimisation of the maximum design response:

min
�

max
∣
∣σk

(

�∗) − σref
∣
∣

∣
∣
∣
∣

�∗ ∈ �. (5)

In TOSCA, σref is by default set as the average objective
value in the design nodes �∗, which belong to the entire
boundary � of the domain, and σk is the stress measure at
load case k [40]. In SO, σref � σf and the design boundary is
set as the anterior, posterior and lateral surfaces of the implant
and below the condylar surface.

Results

Displacement of implantedmandible
across the implant designs

Figures 3a–3d show the nodal displacements along the dis-
tal contour of the intact and implanted mandibles (v1 to
v4) during nominal and maximum INC biting. For maxi-
mum INC biting, the implanted mandible shows a greater
upward movement of the right condyle (Fig. 3b), together
with compression of the gonial area and lateral deviation
towards the right side (Fig. 3c). The forward movement of
themandible is also increasedwhen comparedwith the intact
model (Fig. 3d). The mediolateral deviation and anteropos-
terior movement are decreased for v2–v4 when compared to
implant v1.

In LGF, the implanted mandible moves downwards on the
healthy side and at the implanted side (Fig. S2a). It alsomoves
towards the implanted (left) side and posteriorly (Figs. S2b
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and S2c). Slightly higher displacements were observed for
implant v1 compared to implants v2–v4. In LML andRML, a
slight downwardmovement of the balancing condyle, as well
as a mediolateral displacement towards the right side was
observed (Figs. S3a, S3b, S4a, and S4b). The forward move-
ment is more noticeable during LML than RML (Figs. S3c
and S4c). No other displacement differences were observed
across the different designs.

Principal stress range and Soderberg safety factors

The principal stress range (σr) and the Soderberg safety factor
(Sf) were computed across the entire geometry for both the
maximum and the nominal bite forces (Figs. 4 and S5). Here,
the Sf values were computed for theminimum σf � 450MPa
reported in the literature [23] and the typical σy � 880 MPa
for Ti–6Al–4V (Table 1). In implant v1, the maximum σr
was found around the outer posterior (562 MPa) and medial
anterior (540 MPa) surfaces of the implant and around the
first proximal screw (661 MPa) (Fig. 4a). For the maximum
bite forces, the minimum Sf was approximately 1.47 around
the first proximal screw (Fig. 4b), while for nominal forces,
the minimum Sf was about 3.00 (Fig. 4c).

Similarly, the main critical areas in implant v2 were
around the first screw [σr � 369 MPa, minimum Sf � 1.91
(Figs. 4d and 4e)] and the anterior surface of the neck of
the implant (σr � 465 MPa, Fig. 4d). For nominal loads, a
minimum Sf � 3.99 was observed around the first screw
(Fig. 4f). For implant v3, the maximum principal stress
ranges were σr � 290 MPa (Sf � 2.43) around the first
screw, σr � 226MPa in the posterior surface (Sf � 3.29)
and σr � 341 MPa along the anterior surface (Sf � 3.43).
Meanwhile, in implant v4, the maximum σr was slightly
higher than that in implant v3 (σr � 362 MPa, Fig. 4g).
A minimum Sf � 2.39 was obtained for the maximum loads
(Fig. 4h), whereas Sf � 4.94 was obtained for nominal loads
(Fig. 4i).

The mechanical properties of AM parts may vary con-
siderably due to a multitude of manufacturing parameters.
From a product development perspective, it may be relevant
to assess the design safety and feasibility, given the prior
knowledge of the fatigue and endurance limits of a particular
AM process. The variation of the minimum design Sf across
all combinations of σy and σf for AM Ti–6Al–4V described
in Table 1 are plotted in the newly proposed Soderberg safety
factor maps. From these maps, it can be observed that, for
implant v1, Sf ≥ 2.0 can be obtained for σf ≥ 600 MPa and
σf ≥ 400 MPa for the maximum and the nominal bite forces,
respectively (Figs. 5a and 5b). For implant v4, Sf ≥ 2.0
can be theoretically obtained for σf ≥ 300 MPa, but only if
σy ≈ 1200MPa under the maximum bite force (Fig. 5c). For
nominal bite forces, Sf ≥ 2.0 can be theoretically obtained
for σf ≥ 200 MPa (Fig. 5d).

Fig. 3 Displacements along the lower contour of intact and implanted
mandibles (designs v1 to v4) during nominal andmaximum INC biting:
a panoramic view of the mandible and displacement sampling points;
b craniocaudal (Oz) displacements; c mediolateral (Ox) displacements
(middle); d anteroposterior (Oy) displacements

Biomechanical performance

The principal strains observed in the intact mandible dur-
ing the maximum INC have an average value of ε �
−61.62με (with a standard deviation sε � 869.16με)
(Fig. 6a). The peak compressive strains (−3000με) occurred
along the posterior aspect of the rami, whereas the max-
imum tensile strains (3000με) were observed around the
mandibular notch. In implant v1, the mean principal strain
values were −254.03με (sε � 1227.80με) (Fig. 6b). For
implants v2–v4, the principal strain values were closer to
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Fig. 4 Biomechanical evaluation of the TMJ design: a principal stress
range and b Soderberg safety factor for maximum bite forces, c Soder-
berg safety factor for nominal bite forces across implant v1; d principal
stress range and e Soderberg safety factor for maximum bite forces,

f Soderberg safety factor for nominal bite forces across implant v2;
g principal stress range and h Soderberg safety factor for maximum
bite forces, i Soderberg safety factor for nominal bite forces across
implant v4 (σf � 450 MPa and σy � 880 MPa)

those observed in the intact mandible (ε � −180με) when
compared with implant v1 (Figs. 6c and 6d; Table 3).

Table 3 presents the average and standard deviations
of the principal strain distributions for all implant designs
across all values of maximum and nominal bite forces. The
main improvements in principal strain distribution (εpsd)
were observed when changing from implant v1 to implant
v2. Meanwhile, no significant improvements were observed
between implant v3 and v4. These observations were more
evident when comparing the cross-correlation (α) between
the intact and implanted mandibles for all types of design

(Table 4).When switching from implant v1 to v2,α increases
for INC (+15%), RML (+15%), LML (+17%) and decreases
slightly for LGF (−2%). For designs v3 and v4, the strain
patterns as well as α remain relatively unchanged.

Figures 7a–7l show the principal strain distributions (εpsd)
at the lateral surface of the ramus for the intact and implanted
mandibles during maximum INC, LGF and RML biting. The
main differences between intact and implanted mandibles
were observed in the implanted ramus around the screws,
especially around the most proximal and most distal screws.
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Fig. 5 MinimumSoderberg safety factors for different combinations of yield stress (σy) and fatigue (σf) stress values for implant v1 under amaximum
and b nominal bite forces; for implant v4 under c maximum and d nominal bite forces

Discussion

Temporomandibular joint (TMJ) function can be affected
by multiple disorders. Current TMJ replacement systems
have limited applications. Furthermore, retrospective and
comparative analyses have failed to justify the use of patient-
specific designs instead of stock prostheses in the manage-
ment of temporomandibular abnormalities. The combination
of AM with structural optimisation techniques allows for a
higher level of implant customisation by adjusting the design
to localised biomechanical demands. However, recent devel-
opments in patient-specific TMJ replacement designs have
not addressed the synergetic combination of these manufac-
turing and design techniques [5, 11–14]. Here, a combination
of patient-specific design and structural optimisation was
used to develop a TMJ implant with improved biomechani-
cal performance that is suitable forAM.Furthermore,metrics
for implant evaluation concerning safety and biomechanical
performance were also proposed. The behaviour of intact

and implanted mandibles was compared considering both
displacements and principal strain patterns.

The intact mandible can undergo largely different dis-
placement patterns during mastication. The displacements
obtained in this work are consistent with the patterns
observed in Korioth et al. [18] (for more details, refer
to [15]). Regarding the implanted mandible, the cranio-
caudal, mediolateral and anteroposterior displacements are
consistent across different implant designs. The mediolat-
eral and anteroposterior displacements are also larger for
the implanted mandible than the intact mandible. In INC
and LGF, the implants v2–v4 present less mediolateral
and anteroposterior displacements when compared with the
initial design, and they seem to provide a more natural dis-
placement of the mandible.

The principal strain values along the intact and implanted
mandible for both the maximum and the nominal bite forces
are within the physiological values. The typical peak physio-
logical strains in adult load-bearing bones can range from
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Fig. 6 Principal strain distribution under maximum INC bite forces for the a intact mandible, b implant v1, c implant v2 and d implant v4

Table 3 Mean and standard deviation of principal strain distributions (ε(sε)) for maximum and nominal bite forces and the intact mandible and
implant designs v1, v2, v3 and v4

Model INC LGF LML RML

Max Nom Max Nom Max Nom Max Nom

Intact − 61.62
(869.16)

− 34.98
(460.27)

− 32.09
(896.30)

− 22.64
(460.04)

− 17.55
(520.64)

− 10.56
(259.67)

− 4.03
(532.28)

− 2.16
(273.93)

Implant v#1 − 254.03
(1227.80)

− 127.95
(613.91)

− 286.04
(1124.10)

− 148.74
(583.60)

− 124.46
(477.98)

− 63.97
(241.32)

− 135.24
(527.94)

− 67.73
(263.45)

Implant v#2 − 180.55
(924.62)

− 91.34
(464.83)

− 305.12
(968.52)

− 157.93
(496.78)

− 109.09
(434.62)

− 55.80
(220.49)

− 113.57
(483.44)

− 56.69
(241.86)

Implant v#3 − 180.28
(924.53)

− 91.18
(464.71)

− 307.72
(971.27)

− 159.36
(498.39)

− 109.21
(435.35)

− 55.86
(220.93)

− 114.18
(485.43)

− 57.31
(242.64)

Implant v#4 − 180.16
(928.91)

− 91.18
(466.97)

− 306.32
(972.75)

− 158.60
(499.20)

− 109.43
(435.58)

− 55.97
(221.07)

− 114.16
(486.31)

− 57.30
(243.10)

2500με in tension to 4000με in compression [41]. In a
FE study, Ichim et al. observed that strains ranged from
100 to 750με during 552.6 N premolar biting and molar bit-
ing along the buccal and lingual surfaces of the mid-corpus.
Maximum surface strains up to 1250με were reported to
occur in the alveolar area [42]. Gröning et al. reported princi-
pal strain values higher than±1500με during incisal, canine
and molar biting [43].

Herein, the principal strain values for the maximum
bite forces were ±3000με during INC and they ranged
from −3500 to 4500με for LGF. During LML and RML
biting, the principal strain values ranged from −2300 to
2000με. The maximum principal strain values were within
the expected values taken from the literature. One exception
occurred in LGF biting at the insertion of the left temporal
muscle with a tensile strain of 4500με. However, the
simulated bite force was extremely high (1336N) and very
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Table 4 Cross-correlation
between the principal strain
distributions for maximum and
nominal INC, LGF, LML and
RML biting (higher α implies
more similarity with the intact
mandible)

Implant α maximum bite force α nominal bite force

INC LGF LML RML INC LGF LML RML

v#1 0.4246 0.5333 0.6549 0.5399 0.4304 0.4892 0.6524 0.5357

v#2 0.5767 0.5141 0.8267 0.6931 0.5790 0.4693 0.8135 0.6716

v#3 0.5733 0.5062 0.8265 0.6915 0.5757 0.4620 0.8146 0.6679

v#4 0.5506 0.4967 0.8237 0.6843 0.5524 0.4543 0.8144 0.6613

close to the maximum non-pathological bite force of 1500N
reported in the literature [44–46]. The maximum bite force
in LGF can be used for the validation of the mechanical
integrity of the implant; however, it may be too extreme for
the mandible used in this study. For nominal bite forces, the
maximum principal strain values were also observed during
LGF biting at the insertion of the left temporal muscle. The
maximum tensile strain was 2120με, which was within the
normal physiological range [15].

Regarding design safety, several biomechanical investi-
gations have shown that standardised mechanical tests may
not precisely reflect the critical biomechanical loads that
an implant is subjected to during its life cycle. Bergmann
et al. concluded that ISO standards underestimate real
loading conditions, at least for patients with unfavourable
anatomical and muscular conditions and high body weight
[47]. The same author obtained similar results for total knee
replacements [30]. For the development of implant design,
safety factors of 1.115 [48] and 1.16 [49] have been reported
using ISO protocols.

In this paper, a safety factor of 2.0 was set as the minimum
acceptable value. Implant design v3 was the safest design,
with a minimum safety factor of 2.43 and 5.06 for maximum
and nominal bite forces, respectively. Furthermore, biome-
chanical studies have shown that the bite forces depend on the
type of food that is ingested and can range from 50 to 700N
[31]. Xu et al. observed that patients suffering from temporo-
mandibular disorders present a reduction of maximum bite
force of 41 ± 20% during unilateral premolar biting [50].
Therefore, the maximum bite forces considered here may
represent extreme loads for all biting conditions in patients
suffering from temporomandibular disorders.

Ackland et al. compared the biomechanical performance
of a 3D-printed patient-specific Melbourne implant with that
of a medium-size Biomet Microfixation TMJ implant under
normal (200 N) and maximum (800 N) bilateral molar bit-
ing. The von Mises stresses in the Melbourne prosthetic
ranged from 259.6 to 312.9 MPa, whereas in the Biomet
Microfixation system, they ranged from 284.2 to 416.0 MPa
under normal and maximum bite forces, respectively [5]. In
a subsequent study, the patient-specific Melbourne design
was patient-fitted and simulated under the same boundary
conditions. The maximum von Mises stress reported was
105.0MPa for the baseline design [51]. Considering a fatigue

endurance limit σf � 450MPa and the reported stress lev-
els, the Melbourne design provides a minimum safety factor
of 4.28, which is considerably higher than the minimum
Sf � 2.39 of implant v4. However, the maximum bite forces
applied to the former were considerably lower than the forces
used in the current study (especially for LGF). Themaximum
von Mises stress observed in implant v4 was approximately
286.5 MPa across all loading cases, which is comparable
with the values obtained in the literatures [5, 51].

In order to carry out the biomechanical evaluation of the
implant, the correlation coefficient (α) between the intact and
implantedmandibleswas computed.An increase in the corre-
lation coefficient between strain patterns was observed with
the change from implant v1 to v2, and it remained approxi-
mately constant across v3 and v4. These observations are in
line with previous results by Mesnard et al., who suggested
that, in order to reduce the strain shielding, it is important to
transfer the load more proximally [52]. The values of α show
that TMJ reconstruction only allows for the partial recov-
ery of the original strain patterns (0.42 < α < 0.82), even
when considering a fully functional implanted side (except
the lateral pterygoid muscle). For implants v2–v4, an aver-
age increase of approximately 10–11% in the biomechanical
performance was observed for both nominal and maximum
bite forces. However, a reduction in α may be observed if the
muscular morbidity, that often accompanies TMJ degenera-
tion, is also considered.

Mesnard et al. observed that the first and the last screws
were the most critically loaded ones, and that the low strains
at the third screw may lead to screw loosening [52]. In addi-
tion, Ackland et al. suggested that the condylar component
thickness may influence the proportion of load transmitted to
the fixation screws, and that the thickness should be chosen to
distributeTMJ forces evenly across thefixation screws. Itwas
also observed that decreasing the thickness of the condylar
component increases the peak condylar and screw stresses,
particularly in the screws closer to the TMJ articulation [51].
In the design v2 of this study, the peak reaction forces were
observed at the two most proximal screws and at the most
distal screw. SOwas applied to adjust the design to the biome-
chanical demands while preserving the initial volume. The
increase in thickness showed little impact on the reaction
forces, which remained relatively unchanged in the designs
v2–v4.
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Fig. 7 Principal strain distributions (εpsd) during maximum INC biting
between the intact mandible a and implanted mandibles b v1 and c v4;
for maximum LGF biting: d intact, e v1 and f v4; for maximum RML

biting: g intact, h v1 and i v4, and for maximum LML biting: j intact,
k v1 and l v4 (negative values indicate an inversion from tension to
compression)
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Concerning structural optimisation, Al-Tamimi et al. used
TO to reduce the equivalent stiffness of the fixation plates
in order to promote a more efficient load transfer between
the implant and the supporting bone. The decrease in stress-
shielding was mainly a consequence of the high percentage
of volume reduction [53]. On the contrary, Guo et al. showed
that TO could be used to improve patient-specific inter-
spinous implants by allowing a better load distribution while
providing a comparable amount of spinal stability [54]. Sim-
ilarly, Iqbal et al. used multi-objective TO to obtain the
appropriate material distribution of a pelvic prosthesis that
fits all types of iliac bone resections. The implant was simul-
taneously optimised to different loading conditions, and it
was both lightweight and safe [55]. In our study, TO and SO
had a limited impact on α, which can be explained by the fact
that load transmission is provided by the fixation screws. The
obtained results correlate more with [53], i.e. TO contribu-
tions to volume reduction did not lead to optimised material
distribution (and consequently a greater α).

For implant v3, the TO results show that a volume reduc-
tion of up to 44% can be obtained and that the twomost distal
screws can be removed from the design. This emphasises the
importance of proximal load transmission in TMJ replace-
ment. However, removing more screws may render a more
unstable implant, since a minimum of 5 fixation screws is
often recommended. Incorporating both TO and SO allowed
for a theoretically safer and lighter design than the initial
design. Nevertheless, additional investigations are needed to
fully understand the long-term implications of the design
changes proposed in this study and the clinical impact of
TO and SO outputs in patient-specific TMJ implant designs.
Furthermore, the incorporation of lattice structures in less
mechanically demanding regions may allow the stimulation
of bone ingrowth onto the implant and thus further improve
its the implant biomechanical performance.

The main limitation of the current study is that implant
optimisation was performed under maximum bite forces,
which were set as the maximum forces in the literature
for each task; these values may be considered extreme for
patients with TMJ disorders. Although the optimisation of
the fossa component was not considered in this study, it is
important to note that high stresses were observed along the
polymeric part of the fossa component for the current max-
imum bite forces (Fig. S6a). This indicates that the values
used may be too high compared with the bite forces pro-
duced by patients with TMJ disorders. To the best of our
knowledge, the biting capabilities of patients suffering from
TMJ disorders are currently unknown. Therefore, a compre-
hensive evaluation of the range of bite forces generated by
such patients is needed to further optimise the TMJ system.
Under less demanding boundary conditions, a design with
even better biomechanical performancemay be feasible. Fig-
ures S6b and S6c, respectively, show the von Mises stresses

(MPa) observed at the cranial shell and cranial base during
maximum LGF. Based on these values, the risk of cranial
base failure was not observed in the current study.

In summary, novel metrics for evaluating the safety and
biomechanical performance of implants can help to pre-
dict both the theoretical feasibility and the biomechanical
behaviour of such implants during the design phase. The
final design allows for the recovery of 55–82% of the native
principal strain patterns. In the present work, a performance
increase of +15% in INC, +15% RML and +17% LML was
observed as compared with the initial design, whereas a per-
formance decrease of−2% in LGFwas demonstrated. These
improvements in biomechanical performance provide new
insights into TMJ replacement design, which may lead to the
development of implants with better long-term behaviour. In
addition, a volume reduction of up to 44% can be obtained
from the initial to the final design, depending on the nor-
malised density value used to extract the TO results and
the addition of lattice structures in less demanding areas.
The application of the proposed metrics in the development
of novel patient-specific implants will be a topic for future
investigations.
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