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Multi-material 3D printing of functionally
graded soft-hard interfaces for enhancing
mandibular kinematics of
temporomandibular joint replacement
prostheses

Check for updates

Vahid Moosabeiki 1 , Afaq Khan 1, Mauricio Cruz Saldivar1, Wim Van Paepegem2, Brend P. Jonker3,
Eppo B. Wolvius3, Jie Zhou1, Nazli Tumer1, Mohammad J. Mirzaali 1 & Amir A. Zadpoor 1

Temporomandibular joint (TMJ) replacement prostheses often face limitations in accommodating
translational movements, leading to unnatural kinematics and loading conditions, which affect
functionality and longevity. Here, we investigate the potential of functionally graded materials (FGMs)
in TMJ prostheses to enhance mandibular kinematics and reduce joint reaction forces. We develop a
functionally graded artificial cartilage for the TMJ implant and evaluate five FGM designs: hard, hard-
soft, and three FGMgradients with gradual transitions from 90%hardmaterial to 0%, 10%, and 20%.
These designs are 3D printed, mechanically tested under quasi-static compression, and simulated
under physiological conditions. Results from computational modeling and experiments are compared
to an intact mandible during incisal clenching and left group biting. The FGM design with a transition
from 90% to 0% hard material improves kinematics by 19% and decreases perfomance by 3%,
reduces joint reaction forces by 8% and 10%, and increasesmandibular movement by 20%and 88%
during incisal clenching and left group biting, respectively. These findings provide valuable insights for
next-generation TMJ implants.

The temporomandibular joint (TMJ) is an important part of the human
masticatory system. It supports such functions as chewing, speaking,
swallowing, and facial expressions1,2. Anatomically, the TMJ is a complex
structure including the mandibular condyle, articular disc, and temporal
bone socket, all working together to facilitate smooth and coordinated
movements3. The TMJ allows for rotational movement in the sagittal plane
and translational movement along its own axis. Proper functioning of the
TMJ is necessary for maintaining overall oral health and well-being4,5.
However, disorders and injuries can impact the TMJ, leading to significant
pain and dysfunction5,6 and, thus, might require surgical interventions with
the use of TMJ prostheses.

Current TMJ total joint replacement (TJR) prostheses have several
clinical limitations7. These prostheses typically allow primarily rotational

movements but have limitations in accommodating translational move-
ments, which leads to unnatural kinematics and inefficient loading condi-
tions for theprosthetic joint8–15. Furthermore,while these prostheses offer an
adequate movement range for daily activities, they do not achieve the
mobility levels seen in healthy individuals16,17. This gap highlights the
necessity for developing advanced TMJ prostheses that canmore accurately
replicate the natural joint mechanics and improve the functional outcomes
for patients. Moreover, many current TMJ prosthesis designs include a
metallic structure (i.e., the mandibular component which is typically made
of a titanium alloy for the shaft and a cobalt-chromium-molybdenum alloy
for the articulating surface) and a polymeric fossa component (e.g., ultra-
highmolecularweight polyethylene (UHMWPE)), which can lead to issues,
such as wear, slippage, and degradation over time, thereby affecting the
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longevity and functionality of such prostheses8,10,13,18,19. The functional
outcomes of TMJ arthroplasty are evaluated mainly in terms of restoring
function, maintaining prosthesis fixation, and minimizing the degradation
of the prosthetic components and surrounding bone and soft tissue11. It is
expected that addressing the limitations of the current TMJ prostheses will
considerably improve their functional outcomes.

Functionally gradedmaterials (FGMs) have emerged as a generation of
engineeredmaterials to serve the specific needs ofmany structural parts and
may offer a promising solution to address the limitations of the current TMJ
prostheses20,21. These materials are found in biological structures, such as
bone, teeth, and interface tissues, such as cartilage-to-bone interfaces at the
end of the condyle in themandible21–28. FGMs are characterized by a gradual
variation in composition and/or structure over their volume, which allows
for the tailoring of their properties to meet specific functional
requirements29. This gradation can be achieved through various means,
including porosity gradients, compositional or chemical, and/or micro-
structural gradients30. One of the key advantages of FGMs over traditional
composites, such as layered composites, is their ability to eliminate abrupt
hard-soft interfaces23,24. Discrete interfaces in layered composites often lead
to stress concentrations, which can compromise the structural integrity and
longevity of the composites31–33. FGMs, on the other hand, provide a
smoother transition between different material properties, thereby miti-
gating the stress concentrations and enhancing the overall performance of
such materials, especially under repetitive loading conditions. While the
concept of FGMs for implants is well known, including dental34 and other
joint implants (e.g., knee and ankle prostheses35,36 and hip stem
implants37,38), their clinical implementation has been limited due to the
obstacles related to the fabrication costs anddifficulties of applying FGMs to
complexly shaped implants. The feasibility of applying FGMs to TMJ
replacement prostheses for alloplastic reconstruction of the mandible is yet
to be explored39.

Here, we propose amethodology to incorporate FGMdesign concepts
into TMJ prostheses. We hypothesized that such an implementation
enhances the mandibular kinematics and reduces joint reaction forces.
Toward this purpose, we designed, additively manufactured, and
mechanically tested various FGM configurations with different material
property distributions, and identified designs that better replicate the nat-
ural movements of the TMJ while maintaining the distribution of the
stresses more evenly across the joint. We also employed experimentally
validated finite element models to evaluate the performance of those TMJ
prosthesis designs under relevant physiological conditions corresponding to
the incisal clenching (INC) and left group biting (LGF). Finally, using finite
element analysis (FEA) we investigated the stress and strain distributions
and potential points of failure when incorporating such FGM concepts in
the design of TMJ prostheses.

The significance of this study lies in its potential to contribute to the
development of more tissue-mimetic TMJ implants for future clinical
applications. By addressing the current limitations and exploring these
design strategies,we aim to improve the functional outcomes for thepatients
requiring TMJ replacement through the design and implementation of
FGM-incorporated prostheses for TMJ reconstruction.

Results and discussion
In this study, we explored how FGMs could enhance the biomechanical
performance of TMJ prostheses, focusing on the kinematics and reaction
forces of prostheses. We developed and implemented various designs of
artificial cartilage attached to the proximal part of the TMJ implants
(Fig. 1a). The modifications in those designs aimed to enhance the contact
interface between the TMJ implant and the fossa component, based on the
structurally optimized TMJ implant designs introduced in a previous
study40. The initial TMJ implant design had a gap between the implant head
and the liner, which could cause some rigid bodymovements of the implant
(Fig. 1b)12. To resolve this issue, we added ten layers of materials with
different elastic moduli to act as artificial cartilage and ensure a close-fitting
contact between the articulating surfaces, thereby limiting any rigid body

movement of the TMJ implant head (Fig. 1b, c). Consequently, the linerwas
also modified to fit the layers and avoid any gaps or clearances between the
TMJ implant head and the liner (Fig. 1b).

The computational model was validated by using threemethods. First,
we compared themaximumprincipal logarithmic strain in the linear elastic
range (corresponding to a bar displacement of 1.5mm), as predicted by the
FEA model with the maximum principal true strain measured using DIC
(Fig. 2a, c). Second, we compared the force-displacement graphs (Fig. 2b).
Lastly, we compared the x and y displacements of the sixth screw (Fig. 2a)
relative to the bar displacement (i.e., the z-displacement) between FEA and
DIC (Fig. 2d).

High strainswere observedon the implants togetherwith the cartilage-
mimicking component around the condylar neck and near the resection
borderon the superior sideof thefirst and second screws (Fig. 2a).The strain
contour plots from DIC and FEA on the ramus area showed similar dis-
tributions, with strain values in the three regions (i.e., sigmoid notch, pos-
terior border of the ramus, and mandibular angle) closely matching by
factors of 1.07 and 1.3 for the intact mandible and the implant with a hard-
soft cartilage-mimicking component, respectively (Fig. 2c). Pearson’s cor-
relation coefficients of r = 0.99 for the intact mandible and r = 0.94 for the
implant with the hard-soft cartilage indicated a strong linear correlation
between DIC measurements and FEA predictions (Fig. 2c).

Prothesis performance
When comparing the strain distribution among the three designs of the
cartilage-mimicking component (i.e., hard, hard-soft, and FGM[90–0]), the
FGM designs demonstrated the evenest strain distribution in the man-
dibular angle (Fig. 2a) and the cartilage-mimicking component (Fig. 2e). In
the hard-soft design, which featured an abrupt transition between the hard
and soft materials, stress concentrations were detected at the interface of
both materials, as evidenced by a more than ninefold increase of the stress
value (from 0.37 to 3.42MPa) (Fig. 2e). This stress concentration could
initiate cracks and delamination at the interfaces, thereby affecting the long-
term performance and durability of the prosthesis30,33.

The force-displacement results obtained from the quasi-static bio-
mechanical testing and FEA are shown in Fig. 2b. The stiffness values of the
implanted mandibles were similar between computational results and
experimental measurements, and all were consistently lower than the value
of the intact mandible. Specifically, the stiffness of the FGM-implanted
mandiblewas 14%lower than the intactmandible in theFEAand31% lower
in the experimental setup. The forces predicted by the FEA were 1.9 times
higher than those measured in the experiment (Fig. 2b). These differences
couldbe attributed to the variations inmaterial properties, as themechanical
properties used in the FEA may not perfectly match those of the actual
materials used in the experimental setup. Additionally, variations in
experimental measurements and the 3D printing process could contribute
to these differences41.

While this studyprimarily focusedon INCandLGFbiting tasks,where
bending is more dominant, we acknowledge that twisting (torsional)
movements of themandiblemay also play an important role inmandibular
biomechanics. Twisting can occur during more complex or asymmetric
chewing patterns and may introduce additional stress distributions that
could further impact the performance of TMJ prostheses. Although our
study focused on designing an artificial cartilage and did not explicitly
consider twisting movements, future research should incorporate both
bending and twisting to provide a more comprehensive understanding of
the mechanical behavior of TMJ prostheses under various functional
conditions.

Additionally, we acknowledge that while this study reports peak
stress values, the effects of bone remodeling were not considered. Bone
remodeling can influence stress distribution and implant stability over
time, and screw loosening may result from regional bone resorption
around the screws, which was not evaluated42. Future research should
incorporate bone remodeling to better assess long-term stress dis-
tribution and screw stability.
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Fig. 1 | Design and material composition of TMJ Implants. a The implanted
mandible with artificial cartilage. b Initial andmodified designs of the TMJ implants
and artificial cartilage. c The voxelized-FEA model with 10 additional layers of
materials acting as artificial cartilage to ensure close-fitting contact between the
articulating surfaces and prevent rigid body movements. d Various material

property distributions within the artificial cartilage, including hard, hard-soft, and
multiple FGMdesigns (e.g., ρ = 90% to ρ = 0%) (transverse cut view). eExperimental
configuration (EXP-FEA) and (f) muscle force vectors and constraints used in
physiological FEA (PHY-FEA).
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Fig. 2 | Strain/stress distributions and biomechanical testing. a Comparisons
between digital image correlation (DIC) and FEA in the strain distributions on the
surface of the implant (together with the artificial cartilage), around the condylar
neck, and resection border. bThe results obtained from the quasi-static compression
testing for biomechanical evaluation. cThePearson similarity between FEAandDIC

in three different regions chosen in (a). dComparisons in the x and y displacements
of screwNo. 6 with respect to the bar displacement (in the z-direction) between FEA
and DIC. eVonMises stress distributions of different cartilage designs. The legends
in (b) apply to (d) as well.
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Kinematics analysis
We assessed the kinematics of four designs of cartilage-mimicking com-
ponents, i.e., hard, FGM[90–0], FGM [90–10], and FGM [90–20], during
the INC task using PHY-FEA, and compared the kinematics of the
implanted mandible to that of the intact mandible (Fig. 3). The FGM
[90–10] and FGM [90–20] designs were specifically used to evaluate the
effect of harder materials. Subsequently, we examined the implanted
mandible with hard and FGM[90–0] cartilage-mimicking components and
compared them with the intact mandible during the LGF task (Fig. 4).

During the INC, due to themorphological asymmetry of themandible,
the intact mandible tended to move toward the left side. The PHY-FEA
showed around a 0.15mm larger mediolateral (UX) displacement of the
right ramus as compared to the left side (Fig. 3b, left).Moreover, the left side
of the mandible moved more anteriorly (UY) than the right side during
incisal biting, with a displacement of around 0.1mm (Fig. 3b, right).

Achieving symmetricmovementof themandible is crucial to ensure an
even distribution of forces throughout the mandibular structure and its
joint14. The FGM-incorporated protheses reduced the asymmetry in med-
iolateral (UX)movement on the right side and showed a leftwardmovement
in the vicinity of themandiblemental tubercles. They also showed relatively
better similarity and closeness to the intactmandible on the left (implanted)

side (Fig. 3b-left). In particular, the FGM[90–0] prosthesis achieved a
recovery rate of approximately 72% (α = 0.72) in the intact mandibular
displacement patterns, while the hard cartilage-mimicking components
resulted in a recovery rate of only 28% (α = 0.28) (Fig. 4b). Furthermore, the
mandibular displacement of the FGM[90–0] prosthesis was 4% closer to
that of the intactmandible, compared to the prosthesiswithahard cartilage-
mimicking component, as indicated by the Euclidean distance values of
0.16mm for the FGM[90–0] prosthesis and 0.20mmfor the prosthesis with
a hard cartilage-mimicking component (Fig. 4b).

During the INC, the anteroposterior (UY) movement of themandibles
showed that the hard cartilage-mimicking components resulted in greater
anteriormovement on the right side (0.12mm) as compared to the left side
(0.05mm). In contrast, the FGM-incorporated protheses facilitated anterior
movement on the left side, resulting in more symmetrical anteroposterior
movements of the mandible. Both the left (implanted) and right (intact)
sides demonstrated nearly equal anterior movements (0.12mm)
(Fig. 3b, right).

As compared to the prosthesis with the hard cartilage, the FGM-
incorporated prostheses, particularly FGM[90–0], reduced the asymmetry
in anteroposterior (UY) movement (Fig. 3b-right) and demonstrated 28%
less dissimilarity (α = 0.28) and 7% closer alignment with the displacement

Fig. 3 | Mandibular kinematics during incisal
clenching. a The sampling points along the mand-
ible. b The mediolateral (UX), anteroposterior (UY),
craniocaudal (UZ), and magnitude displacements of
the mandible during incisal clenching for different
cartilage designs (hard, FGM[90–0], FGM [90–10],
FGM [90–20]).
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patterns of the intact mandible (Fig. 4b). The normalized cross-correlation
increased from −1 to −0.28 while the Euclidean distance decreased from
0.35mm to 0.28mm when comparing the displacements of the intact
mandible with those of the prostheses incorporating a hard and an
FGM[90–0] cartilage-mimicking component, respectively (Fig. 4b).

The TMJ prosthesis with a hard cartilage-mimicking component
showed superior craniocaudal (UZ) displacement performance during
the INC as compared to those with FGM cartilage-mimicking compo-
nents. The FGM designs of the prostheses, particularly FGM[90–0],
resulted in a larger craniocaudal (UZ) displacement (0.09 mm) on the left
side as compared to the design with a hard cartilage-mimicking com-
ponent (0.05 mm), thus increasing the asymmetry in this specific
mandibular movement (Fig. 3b, right). The prosthesis with a hard
cartilage-mimicking component resulted in a higher degree of symmetry
in the motion of the implanted mandible and enhanced its similarity to
the movement pattern observed in the intact mandible. Specifically, the
TMJ prosthesis with a hard cartilage-mimicking component recovered
15% more of the intact mandibular displacement patterns than the
FGM[90–0] prosthesis (Fig. 4b). Moreover, the prosthesis with a hard
cartilage-mimicking component brought this specific movement 3%
closer to that of the intact mandible, as indicated by the corresponding
Euclidean distances in Fig. 4b.

Among the four designs of the cartilage-mimicking component
(Fig. 4b), the FGM[90–0] demonstrated, on average, 36% less dissimilarity
and 2%closer alignment to the displacement patterns of the intactmandible
as compared to the ones with a hard cartilage-mimicking component. In
general, the mandibular movement range during the INC increased when
FGM-incorporated prostheseswere used, as is clear from the corresponding
displacementmagnitudes (Fig. 3b, right). The FGMdesign[90–0] increased
the mandibular movement range by 20% (0.02mm) as compared to the
prosthesis with a hard cartilage-mimicking component. The results pre-
sented in Fig. 4b also indicate that mandibular displacements could be
regulated through a rational distribution of material properties and that the
displacement magnitudes increase when the outer layer of the cartilage-
mimicking component is relatively softer. Additionally, the reaction forces
on the prosthetic joint decreased from 167N for the hard design of the
cartilage-mimicking component to 153 N for the FGM[90–0] design, cor-
responding to a reduction of >8%.

We further examined the performance of the hard and FGM[90–0]
designs of the cartilage-mimicking components during the LGF biting task.
Given thatmandibularmovementduringLGF is inherently asymmetric, the
concept of symmetry is not applicable here. The intact mandible demon-
strated mediolateral (UX) displacement towards the left side on both the
right and left sides (Fig. 4a, left). The right side experienced a greater

Fig. 4 | Mandibular kinematics during left group
biting. a The displacement patterns of hard and
FGM[90–0] prostheses (mediolateral, ante-
roposterior, craniocaudal, and magnitude) during
left group biting. b The correlation and Euclidean
distance between the displacement patterns of the
hard, FGM[90–0], FGM [90–10], and FGM [90–20]
designs against the intact mandible during the INC
and LGF biting tasks.
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craniocaudal (UZ) displacement of 0.05mm as compared to the left side,
which exhibited a displacement of 0.01mm(Fig. 4a, right).Additionally, the
right side moved posteriorly (UY) by 0.05mm, while the left side showed a
slight anterior displacement of 0.01mm (Fig. 4a, right).

Regarding mediolateral (UX) displacement during LGF, the hard
design of the cartilage-mimicking component decreased the tendency of the
implanted mandible to move toward the left (UX), while the FGM[90–0]
design increased it (Fig. 4a, left). As compared with the FGM[90–0] design,
the hard design of the cartilage-mimicking component showed a 13%
reduction in dissimilarity from the displacement patterns observed in the
intact mandible, as indicated by the normalized cross-correlation in Fig. 4b.
Conversely, the displacements of the FGM[90–0] design demonstrated a
16% greater degree of proximity to the displacement pattern of the intact
mandible, as compared to the hard cartilage design, as shown by the
Euclidean distance presented in Fig. 4b.

There is an inversely proportional relationship between the ante-
roposterior (UY) displacements exhibited by the implanted mandibles and
those of the intact mandible during LGF. The hard and FGM[90-0] designs
showed nearly equal dissimilarity to the displacement field of the intact
mandible, with a correlation coefficient (α) of approximately −0.97.
However, the FGM[90–0] design demonstrated 4% greater proximity
to the displacements of the intact mandible as compared to the hard
design (Fig. 4b).

For craniocaudal (UZ) displacement during LGF, the hard design
performed better than the FGM[90–0] design. The hard design exhibited
25% less dissimilarity to the displacement patterns of the intactmandible, as
compared to the FGM[90–0] design. The normalized cross-correlation
between the intact mandible and the implanted mandible with a hard
cartilage-mimicking component was−0.55, while it was−0.80 between the
intact mandible and implanted mandible and the FGM[90–0] design
(Fig. 4b). Additionally, the displacement pattern of the hard design was 3%
closer to that of the intact mandible as compared to the FGM[90–0] design,
as indicated by the corresponding Euclidean distances presented in Fig. 4b.

In the LGF scenario, the FGM[90–0] design showed better medio-
lateral (UX) andanteroposterior (UY) displacements,while thehard cartilage
design excelled in craniocaudal (UZ) displacement. The displacement
magnitudes showed that the FGM[90–0] design enhanced the mandibular
movement range as compared to the hard design, with an average increase
of 88%. The average displacement magnitude increased from 0.17mm for
the hard design to 0.32mm for the FGM[90–0] design. Although the
prosthesis with a hard cartilage-mimicking component exhibited 12% less
dissimilarity from the displacement patterns observed in the intact mand-
ible, as compared to the FGM[90–0] prosthesis (Fig. 4b), the FGM[90–0]
design displayed a smaller average Euclidean distance (0.28mm) to the
intact mandible as compared to the hard design (0.34mm). This indicates
that the displacement of the FGM[90–0] design was 6% closer to the intact
mandible (the average Euclidean distances in Fig. 4b). Consequently, with
the FGM[90–0] design, there was an average performance increase of 19%
during the INC and an average performance decrease of 3% during LGF.
Additionally, the reaction forces on the prosthetic joint decreased from
151N for the hard design to 137 N for the FGM[90–0] design, representing
a reduction of nearly 10%.

The excessivemandibular displacements observedmediolaterally (UX)
and anteroposteriorly (UY) during biting, particularly during LGF, are due
to the absence of the lateral pterygoid muscle, which controls the precise
horizontal movement of the mandible43. Following TMJ replacement,
translational movements are often the most impacted. The primary factors
contributing to reduced mandibular translation include the detachment of
the lateral pterygoid muscle, the geometry of the articular surface, and the
development of fibrosis in the articular and muscular tissues12.

Comparing the displacement patterns of implanted mandibles to that
of the intactmandible duringmastication is challenging,mainly due to their
dependency on the prosthetic joint design approach12,44,45. The prosthetic
joint is often simplified to be a spherical or ball-and-socket joint with a
clearance between the articulating surfaces2,12. However, in this study, the

prosthetic joint was designedwith tight surface-to-surface contact. Since the
TMJ is a bilateral joint, where themovement of one side affects the other, the
implantation alters the kinematics of both the implanted and healthy sides
of the mandible9. This interdependence complicates a direct comparison
between the implanted and intact mandibles.

For a comparative analysis of various prosthesis designs, each
implanted mandible can be positioned alongside an intact mandible40. The
similarity (measured by α) and proximity (measured by the Euclidean
distance) between the displacements of the intact and implantedmandibles
largely depend on the design andmodeling approach of the prosthetic joint.
Ideally, α should be close to 1 and the Euclidean distance close to 0 when
comparing the intact and implantedmandibles. However, it is important to
recognize that αwill not be exactly 1 and the Euclidean distance will not be
exactly 0, as complete functional restoration of the TMJ is practically not
achievable even with an effective replacement46.

In this study, we designed artificial cartilage-mimicking components
using FGMs, ranging from hard material properties to those of a softer
material. In the actual TMJ prostheses, however, the implant is made of a
cobalt-chromium-molybdenum alloy, a titanium alloy, or both, while the
fossa component is typically made of polyethylene (UHMWPE)47,48. The
resulting hard-soft contact interface without any gradual transitions poses
risks of wear, slippage, and degradation over time8,10,13. Fabricating FGMs
that transition from the metallic implant to the fossa component made of a
soft material, such as polyethylene, is quite challenging.

To address this challenge, we suggest the use ofmulti-layer coatings on
the metal implant to create functional gradation. Coatings can provide a
softer region on the implant head, and reduce the risks associated with soft-
hard contact while maintaining the structural integrity and durability of the
metal implant. Additionally, introducing cellular structures made from the
same material as the implant, with variations in porosity on the top of the
implant using additive manufacturing techniques, such as directed energy
deposition, could further enhance the gradation. This could be followed by
the infiltration of a polymeric material to create FGMs.

Future research should focuson thedevelopment and testingof coating
techniques and advanced manufacturing methods to enhance the perfor-
mance and longevity of TMJ prostheses. Furthermore, performing fatigue
tests on these designs will be crucial to evaluate their long-term durability
and performance under physiological cyclic loading conditions. This will
help in assessing the wear resistance and structural integrity of the pros-
theses over an extended period.

Methods
TMJ prosthesis design and manufacturing
The initial TMJ implant design was voxelized to fine voxel sizes of 0.25 ×
0.25 × 0.25mm3 using a MATLAB code described in ref. 49 (Fig. 1b).
Subsequently, ten (voxel) layers of materials, each with a thickness of
0.25mm and an overall thickness of 2.5 mm (10 × 0.25mm), were added
onto the proximal part of the implant head to mimic the presence of the
artificial cartilage (Fig. 1c). This design thickness falls within the average
range measured for articular cartilage covering the temporomandibular
joint disc, which varies between 2.0 and 2.8mm in the central, lateral,
medial, and posterior regions50. Each layer was then assigned a value of ρ,
representing the volume fraction of the hard phase (Fig. 1c, d). In the
original TMJ implant design, all voxels were consistently assigned a volume
fractionofρ = 100%, indicating that theywere entirely composedof thehard
phase material. In the added ten layers positioned above the TMJ implant
head, however, we assigned varied volume fractions of the hard phase,
assigning values from ρ = 90% to ρ = 0% (Fig. 1c, d). This gradation in
volume fraction created a functionally graded material, transitioning from
the hardmaterial of the implant to a softer material, therebymimicking the
function of natural cartilage.

We created five FGM artificial cartilages with varied material property
distributions of ρ = 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90% of the hard
material, including (i) FGM[90–0] where thematerial distribution from the
implant body toward the liner component was 90, 80, 70, 60, 50, 40, 30, 20,
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10, and 0%, (ii) FGM [90–10] with a distribution of 90, 80, 70, 60, 50, 40, 30,
20, 10, and 10%, and (iii) FGM [90–20] with a distribution of 90, 80, 70, 60,
50, 40, 30, 20, 20, and 20%.We compared these designs with (iv) a cartilage-
mimicking component having an abrupthard-soft connection in themiddle
(denoted as ‘hard-soft’) with a distribution of 100, 100, 100, 100, 100, 0, 0, 0,
0, and 0%, and (v) a cartilage-mimicking component without a material
gradient andwith a volume fraction of ρ = 100% (denoted as ‘hard’) (Table 1
and Fig. 1d).

All the specimens were fabricated using a multi-material Polyjet 3D
printer (ObjetJ735Connex3, Stratasys® Ltd., USA)with a print resolution of
0.042mm × 0.084mm and a layer thickness of 0.027mm49. Specimen
preparation for printing was carried out using the GrabCADPrint software
(Stratasys®Ltd.,USA, version1.76.10.25761).A rigidopaquephotopolymer,
VeroCyan™ (RGD841, Stratasys® Ltd., USA), was utilized to represent the
hard phase, while a rubber-like photopolymer, Agilus30™ Clear (FLX935,
Stratasys®Ltd., USA),was used for the soft phase. Thesematerials, which are
available in the 3D printer with different Shore hardness values, were
automatically mixed by the 3D printer according to the specified volume
fractions to achieve the desired material gradient.

Biomechanical testing
The healthy intact mandible and three prosthesis designs (i.e., hard, hard-
soft, and FGM[90–0]) were tested with three replications. To secure the
connection of the TMJ implant to the mandible, we utilized universal flat
head stainless-steel screws with dimensions of 3.0 × 12.0mm. The torque
applied during the screw insertion process was measured using a Stahlwille
Torque Screwdriver 760 (Germany), with the maximum torque set at 0.3
Nm51. This ensured precise and controlled fixation of the implant.

The implanted and intact mandibles were biomechanically tested
under quasi-static compressive loading using a mechanical testing bench
(LLOYD instrument LR5K equippedwith a 5000N load cell) at a crosshead
speed of 1mm/min and with a preload of 10N until failure occurred. The
specimenswere positionedupside downon the test setupproposed in ref. 52
(Fig. 1e). The load from themachine was distributed evenly in the region of
themandibular angle through a rigid steel bar. The cranial component with
an (artificial) TMJ disk was used to support the condyle, constraining its
translationalmovement while allowing rotationalmovement. The INC task
was executed using a support structure that constrained the incisal region
perpendicularly to the occlusion plane (i.e., the z-direction) (Fig. 1e). Failure
criteria included fractures of the mandible, the implant with the artificial
cartilage, failure at the screw-substrate interface, or a crosshead displace-
ment exceeding 10mm after the preload.

The full-field strain and local deformation during the experimental
testing were recorded using aQ-400 2 × 12MPixel digital image correlation
(DIC) system (LIMESS GmbH, Krefeld, Germany). Strain maps were
generated at a frequencyof 1 Hzwith facet sizes ranging from21 to27pixels.
The lateral surface of the ramus bone and theTMJ implant togetherwith the
cartilage were designated as the region of interest (Fig. 2a). A black dot
speckle pattern was applied over a white-painted background to cover the
entire area of interest. Two digital cameras, along with LED panels for
illumination, were positioned 0.7m from the specimen to capture the

images. Image processing and strain calculations were conducted using
Istra4D x64 4.6.5 software (Dantec Dynamics A/S, Skovunde, Denmark).
The maximum principal strain maps obtained from FEA were then com-
pared to those measured with DIC within the linear region (Fig. 2a).

Computational modeling
The finite element analysis (FEA) was performed using the commercial
software suite (implicit solver, Abaqus 2019, Dassault Systems Simulia,
France). The model was developed based on the randomly selected and
anonymized computed tomographic (CT) scan of amandible described in12

The CT data had a spatial resolution of 0.52×0.52×1.0 mm3. The mandible
segmentation was performed using Materialise Mimics® v21.0 (Materialise
Inc., Leuven, Belgium), and Materialise 3-matic® v14.0 (Materialise Inc.,
Leuven, Belgium) was used for mesh generation. A quadratic tetrahedron
(C3D10) element was used for both the implanted and intact mandibles. A
model was accordingly created and accounted for nonlinear geometry to
replicate the experimental condition (EXP-FEA) (see section 2.3.2 and
Fig. 1e). Subsequently, themodelwas expanded to include amusculoskeletal
system and simulatemore complex physiological loading conditions (PHY-
FEA), such as INC and LGF, according to the musculoskeletal model pro-
posed by Korioth et al. 53 (Fig. 1f).

Material property assignments
The material properties of the hard phase (i.e., ρ = 100%) were assigned to
the implant body, while those of the FGM artificial cartilage were deter-
mined by the locally assigned volume fraction of the hard phase (ρ) to each
individual layer. The constitutive model, which can predict both linear
elastic and hyperelastic mechanical behaviors and accommodate both
hardening or softening nonlinear regimes for a given volume fraction of the
hard phase was obtained in our previous study49. However, here we only
focused on the linear elastic part of these material properties.

In the EXP-FEA, all the components including the mandible, fossa
component, cranial component, and TMJ disc were assumed to be isotropic
and homogeneous and had linear elastic material properties (E ¼2697.3
MPa and ν ¼0.4) for the hard phase (i.e., ρ = 100%). In the PHY-FEA, the
mandible was assumed to be isotropic and non-homogeneous, and have
linear elastic material properties derived from the CT image data using
Materialise Mimics® (Materialise Inc., Leuven, Belgium) as described in
ref. 12. Thematerial properties of the TMJ disc and cranial componentwere
set to be homogeneous, isotropic, and linearly elastic, as described in
ref. 12,40.

Loads and boundary conditions
The model was constrained at the superior surfaces of both cranial sections
in all directions (Fig. 1e, f). Biting tasks were simulated by constraining the
teeth in the direction perpendicular to the plane of occlusion (i.e., the z-
direction) (Fig. 1e, f). In other words, no vertical movements of the lateral
and central incisors were allowed during INC.

The interactions between the cartilage (i.e., TMJ disc) and cranial
component and between the fossa component and cranial component
were modeled with a tie constraint. The contacts between the cartilage

Table 1 | FGM artificial cartilages with ten layers of varied material property distributions ρ(%) of the hard material

FGM design material distribution ρ(%) within layers

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

FGM[90–0] 90 80 70 60 50 40 30 20 10 0

FGM [90–10] 90 80 70 60 50 40 30 20 10 10

FGM [90–20] 90 80 70 60 50 40 30 20 20 20

hard-soft 100 100 100 100 100 0 0 0 0 0

hard 100 100 100 100 100 100 100 100 100 100

The values are presented from left to right (L1–L10), indicating the distribution from the implant body toward the liner component.
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(TMJ disc) and mandibular condyle and between the mandible and the
TMJ implant were assumed to be frictionless. Fixation screws were
modeled by applying a rigid beam constraint to the adjacent screw hole
surfaces of the TMJ implant and the bone. A bar-to-bone contact was
modeled using a friction coefficient (penalty) of 0.2 and a finite sliding
formulation without surface smoothing52.

In EXP-FEA, a steel loading bar was simulated as an analytically rigid
and, thus, non-deformable object. The bar was placed to transmit dis-
tributed forces similar to those applied in the experiments (Fig. 1e). A
displacement of 2mmwas imposedon the bar along the positive z-direction
(craniocaudal axis) with all the rotations constrained except for those
around the y-axis (anteroposterior axis).

In PHY-FEA, the FGM-incorporated prostheses were subjected to
conditions under INC and LGF biting tasks. Table 2 lists the muscle force
components for each biting task. To ensure that the TMJ prosthesis
experiences a maximum stress level below the yield stress of the soft
material, we considered 25% of the maximum muscle forces for INC and
LGF from the literature12,40. Moreover, the left lateral pterygoid muscle was
detached in the implanted model. Each muscle force was applied as a
concentrated load at the corresponding insertion point (Fig. 1f). Nodes
within a 2mm radius of each insertion point were kinematically coupled to
the corresponding node to simulate realistic muscle forces. These boundary
conditions were selected based on their widespread use and recognition in
the literature for accurately simulating TMJ function under physiological
loading conditions9,12,40,52,53.

Kinematic performance evaluation
We assessed the functional performance of the designs by analyzing man-
dibular displacement during INC and LGF biting tasks, and compared
mediolateral, anteroposterior, and craniocaudal displacements
(Figs. 3 and 4). Moreover, we evaluated the joint reaction forces for each
design bymeasuring the forces exerted at the artificial joint interfaces during
these tasks using the finite element model.

To do this, we selected a series of sampling points along the lower
contour of the mandible. For a symmetrical configuration, points on one
half of themandible were chosen at nearly equal distances, and these points
were then mirrored across the sagittal plane to ensure symmetry (Fig. 3a).
We calculated the displacements at each sampling point using the finite
elementmodel.We then compared thedisplacement of each samplingpoint
between the intact and implanted mandibles using normalized cross-

correlation, represented by Pearson’s correlation coefficient (α),

α ¼
Pn

i Uintact
i � �Uintact

� �
Uimplanted

i � �Uimplanted
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i Uintact
i � �Uintact

� �2Pn
i Uimplanted

i � �Uimplanted
� �2

r ð1Þ

where Uintact
i represents the displacement of ith sampling point out of n

sampling points on the intact mandible, Uimplanted
i represents the displace-

ment of ith sampling point on the implanted mandible, �Uintact is the mean
displacement of all the sampling points on the intact mandible, and
�Uimplanted is the mean displacement of all the sampling points on the
implanted mandible.

Furthermore, to quantify the spatial differences between the corre-
sponding displacement sampling points of the intact and implanted
mandibles, the Euclidean distance was calculated (Fig. 4b):

Euclidean distance ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

i
Uintact

i � Uimplanted
i

� �2
r

ð2Þ

Conclusions
This study investigated the incorporation of FGMs into TMJ prostheses to
enhance mandibular kinematics and reduce prosthesis reaction forces. We
tested various FGM configurations with different material property dis-
tributions and compared them with the designs featuring an abrupt soft-
hard transition and no gradient. An experimentally validated finite element
model was used to evaluate the designs under INC and LGF tasks. The
results demonstrate that the prosthesis with an abrupt hard-soft connection
in the cartilage suffers fromstress concentrations; the stress at the interface is
increased by up to nine times as high as that of the FGM[90–0] cartilage
design. The FGM[90–0] cartilage design improves the performance by 19%
during the INC and decreases performance by 3% during LGF in terms of
mandibular kinematics and reduces the joint reaction force by 8% and 10%
at the artificial joint interfaces during the INC and LGF, respectively.
Additionally, the FGM[90–0] designmakes the mandibular movement less
asymmetric during the INC. The FGM[90–0] cartilage design significantly
increases themandibularmovement range by 20%during the INC and 88%
during LGF as compared to the hard design. Although FGM-incorporated
prostheses show great promise in enhancing TMJ functionality, achieving a
complete replication of the natural TMJ function remains challenging and
the fabrication technology for such protheses are yet to be developed.

Data availability
The data that support the findings of this study will be provided upon
reasonable request.
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