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The biomechanics of transplanted teeth remain poorly understood due to a lack of
models. In this context, finite element (FE) analysis has been used to evaluate the
influence of occlusal morphology and root formon the biomechanical behavior of
the transplanted tooth, but the construction of a FE model is extremely time-
consuming. Model order reduction (MOR) techniques have been used in the
medical field to reduce computing time, and the present study aimed to develop a
reduced model of a transplanted tooth using the higher-order proper generalized
decomposition method. The FE model of a previous study was used to learn von
Mises root stress, and axial and lateral forces were used to simulate different
occlusions between 75 and 175N. The error of the reduced model varied between
0.1% and 5.9% according to the subdomain, and was the highest for the highest
lateral forces. The time for the FE simulation varied between 2.3 and 7.2 h. In
comparison, the reduced model was built in 17s and interpolation of new results
took approximately 2.10−2s. The use of MOR reduced the time for delivering the
root stresses by a mean 5.9 h. The biomechanical behavior of a transplanted tooth
simulated by FE models was accurately captured with a significant decrease of
computing time. Future studies could include using jaw tracking devices for
clinical use and the development of more realistic real-time simulations of
tooth autotransplantation surgery.
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1 Introduction

Replacement of permanent teeth in case of trauma appears particularly challenging in
children and adolescents due to bone growth and contraindication for the use of implants.
Recently, tooth autotransplantation regained interest in the dental community thanks to
advancements in medical imaging. With the advent of cone beam computed tomography
(CBCT), it is now possible to simulate and utilize 3D printed replicas to prepare the donor
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site based on the segmentation of the donor tooth. This
advancement has led to reduced extra-alveolar time and
improved the success rate of the surgery (EzEldeen et al., 2019).
However, the risk of root fracture or root resorption of transplanted
teeth is still greater than that of non-transplanted ones, and
numerous biomechanical processes still remain unclear (Zhu
et al., 2014; Jang et al., 2016). It was reported that excessive
occlusal forces could lead to root resorption but that occlusal
stimuli also facilitate the regeneration of the periodontal
ligament; understanding how occlusal forces will be distributed to
the root appears therefore decisive (Mine et al., 2005; Wu et al.,
2019). In this context, finite element (FE) analysis has been used to
evaluate the influence of occlusal morphology and root form on the
biomechanical behaviour of the transplanted tooth, but only in one
study (Kırmalı et al., 2022), possibly because the construction of a FE
model is extremely time-consuming (Liang et al., 2018).

Numerous methods, such as deep learning-based segmentation,
have been developed to automate some parts of the FE analysis
(Lahoud et al., 2021). However, the computing time remains long
due to large meshes and non-linearity of the periodontal ligament.
In the medical field, model order reduction (MOR) techniques
(Calka et al., 2021), including the most recently described higher-
order proper generalised decomposition (HOPGD) method
(Modesto et al., 2015; Lu et al., 2018; Badrou et al., 2023), have
been used to simplify the computational complexity of biological
processes and allow, for example, to simulate the blood flow with
high accuracy or the displacement of the tongue. MOR techniques
have yet to be employed in dentistry; herein we compared the results
of a HOGPD reduced model to those of a traditional FEA approach.

2 Material and methods

2.1 Numerical method

The CBCT scan of a transplanted tooth was chosen from a
previous cohort study. Detailed clinical and radiographic
examinations, as well as the protocol, were previously described
(EzEldeen et al., 2019; Lahoud et al., 2021). All segmented volumes
were then meshed with 786,558 tetrahedral elements using the
computational geometry algorithms library (CGAL) meshing
library after a convergence test (Jacinto et al., 2012). A 200 μm-
thick periodontal ligament was simulated using an Ogden first order
hyper-elastic model around the root surface with thickness and all
dental materials were supposed homogeneous and linearly elastic
defined by the Young’s modulus E and by the Poisson ratio ], for the
latter (Chang et al., 2015). The strain energy function U for this law
is defined as:

U � 2μ
α

λ1
α + λ2

α + λ3
α − 3( ) + 1

D
J − 1( )2 (1)

Where μ and α are material constants. D is an incompressible
parameter. λi for i � 1, 2, 3 have the relation λi � J−1

3λi where λi are
the principal stretches of the left Cauchy-Green strain tensor and J is
the total volume strain.

The attributed material properties were referenced from the
literature (Richert et al., 2020). There was a perfect bonding between
each component and the nodes of the lateral faces of the cortical

bone were constrained to prevent displacement. A load was applied
to the palatal face of the transplanted tooth to simulate masticatory
forces. The FE analysis was conducted using the Abaqus software
6.14 (Dassault Systèmes, Vélizy-Villacoublay, France) to evaluate
the von Mises root stress (VMS) of the transplanted tooth
(Figure 1A). The extreme von Mises stress value was then
extracted from each FE model to create a response surface.

2.2 Model order reduction

The general procedure follows a two-stage offline-online
decomposition. In the offline stage (learning phase), snapshots (a
set of results depending on space, time and model control
parameters) are generated with high fidelity simulations
(Figure 1B). In the online stage (in real-time), the results are
interpolated with respect to the model parameters (Figure 1C).

An alternating fixed-point algorithm as proposed in (Modesto
et al., 2015) can solve this minimisation problem. For a new set of
parameters, the new functions were interpolated from the existing
functions. In the present study, the discretisation of the parameters
was conducted using uniform grids. The forces Fx and Fy were
chosen as the two input parameters to simulate different occlusions
ranging from an intensity from 50 to 200 N.

2.3 Performance and error estimation

The time for delivering root stresses calculated by FE analysis
and the reduced models were compared using an Intel 2 Xeon
2.30 GHz central processing unit (CPU; Intel, Santa Clara, CA,
United States).

To evaluate the accuracy of the reduced model, evaluation points
are considered at the centres of the subdomains defined by the
snapshot grid in the parameter space (Figure 1D). For each of these
evaluation points, an additional snapshot is computed using the set
of parameters at this point and the results (VMS in the present
study) are stored in a reference matrix Uref containing the so-called
high-fidelity results. The reduced model is used to interpolate the
results using the same set of parameters and the stresses obtained are
in turn stored in a matrix U. For the considered point, an error δ is
computed such that:

δ � U − Uref

����
����

Uref

����
����

(2)

With ‖ · ‖ the L2 norm.

3 Results

For low-intensity lateral and axial loading, high stresses in the
cervical part of the root and lower stresses in the centre of the canal
of FE models (Figure 1A). Considering the root stresses, the extreme
VMS increased linearly by 109% between the lowest and highest
axial load and by 152% between the lowest and highest lateral load
(Figure 2A). Considering the periodontal ligament, the extreme
VMS increased linearly by 32% between the lowest and highest axial
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load and quadratically by 73% between the lowest and highest lateral
load (Figure 2B).

The error of the reduced model varied between 0.1% and 5.9%
according to the subdomain, and was the highest for the highest
lateral forces (Figure 3).

The time for the FE simulation varied between 2.3 and 7.2 h. In
comparison, the reducedmodel was built in 17 s and interpolation of
new results took approximately 2.10−2s (Table 1). The use of MOR
reduced the time for delivering the root stresses by a mean 5.9 h.

4 Discussion

This proof-of-concept study demonstrated that these
biomechanical aspects simulated by FE models could be captured
by MOR (HOPGD) with good accuracy and with a significant
decrease in computing time.

The performance of the method reported herein is in
accordance with previous studies reporting a reduction of CPU
time, from approximately 3 h for FEA to <1 s for reduced models

FIGURE 1
Workflow of the higher-order proper generalised decomposition (HOPGD)method. (A) A finite element (FE) model is created based on the anatomy
of a transplanted tooth (indicated by a white dotted line). The von Mises stresses (VMS) are then calculated within the FE model under an oblique force F
(represented by a black arrow), split into lateral force (Fy) and axial force (Fz). (B) The FE computations (blue dots) are generated in a second step using an
uniform grid and VMS values for each computation are stored for data learning. In (C) the HOPGD algorithm is used to build a reducedmodel based
on the previous results. (D) For a new set of input parameters within the parameter space (for example, the red dots in the centre of each subdomain), the
reduced model can provide real-time results.

FIGURE 2
Outputs of the 16 finite element (FE) models summarised in response surfaces. Each blue node represents the extreme vonMises stress (VMS) in MPa
for each of the 16 FE models. The influence of axial (Fz) and lateral forces (Fy) is presented for (A) the root and (B) the periodontal ligament.
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(i.e., a 104-fold reduction) (Lu et al., 2018) and 5 min for FEA to
10–5 s for reduced models (i.e., a 107-fold reduction) (Badrou et al.,
2023). In comparison, a proper orthogonal decomposition (POD)
was used by Ng et al. for modelling the cardiac propagation and
reported similar accuracy with a 10-fold reduction of computing
time (Khan et al., 2020). This difference of computing times might
be explained by the difference of problems to learn. It is of
particular importance to note that this method also requires
snapshots in an offline phase and the resolution in a reduced
basis online, however one of the limitations of POD is that the
enrichment of the reduced basis can quickly become expensive for
high dimensional problems (Chinesta et al., 2011). By considering

uniform grids, the number of snapshots is exponential. For
example, a uniform grid of snapshots in a space of eight
parameters with 10 values to be considered in each axis
requires 108 finite element snapshots. (Lu et al., 2018). Other
approaches such as Proper Generalized Decomposition (PGD)
based on the separation of variables, were used for haptic
simulators (Quesada et al., 2018). However, the CPU time could
increase by more than 100 depending on the number of modes
required to construct the model (i.e., the accuracy required)
(Quesada et al., 2018). Furthermore, the PGD remains an
intrusive method and might therefore appear less adapted to
the use of commercial software. In the present study a limited
number of snapshots was chosen, but the grid could be refined for
lateral forces where the error was higher. For example, a
refinement strategy was recommended if the error is greater
than 5% by adding snapshots along the axes of the most
influential parameters in a regular grid (Lu et al., 2018).
Furthermore, other approaches such as design of experiment
could have been used as a first approach (Richert et al., 2022)
as weakly non-linear responses were herein present. In
comparison, MOR is mostly used for highly non-linear
phenomena (Chinesta et al., 2011), but numerous non-linear
factors were also neglected such as fatigue or contact between
teeth for this first proof of concept and will be considered for future
real-time simulations (Wakabayashi et al., 2008).

The root stresses were herein mostly influenced by the axis of
loading, which confirms the conclusions of previous studies on
the importance of occlusion (Lin et al., 2009; Hilgenfeld et al.,
2019). For in vitro, as in silico, models only one occlusal situation
is traditionally simulated (Richert et al., 2020), probably due to
long computing times. As a consequence, our comprehension of
biomechanical phenomena is limited to a particular clinical
scenario (Ordinola-Zapata et al., 2022). However,
understanding occlusion is fundamental as occlusal
morphology was reported to be one of the most significant
variables in stress distribution in dentin and cortical bone of
the transplanted tooth (Kırmalı et al., 2022). An improper
occlusion can reduce the survival of the restored tooth (Bhuva
et al., 2021) or impact the dental support by transmitting

FIGURE 3
Grid representing the 2D parameter space for the two forces Fz
and Fy applied on the tooth. The blue and red dots are the snapshots
used to build the reduced model and those used to evaluate its
accuracy using at the centres of the subdomains, respectively.

TABLE 1 Comparison between data from the finite element analysis and those interpolated by the reduced model for the 9 sets of parameters at the centres of the
subdomains.

Fy/Fza(N) Finite element analysis (h) Reduced model response time (s) Error (%)

75/75 6.6 0.024 0.3

75/125 7.0 0.021 0.3

75/175 7.1 0.020 0.3

125/75 6.9 0.021 0.1

125/125 7.0 0.022 0.1

125/175 7.2 0.019 0.1

175/75 7.1 0.019 5.9

175/125 2.3 0.020 5.4

175/175 2.6 0.020 4.9

aFy: lateral force, Fz: axial force, CPU: central processing unit; N: newton, h: hours, s: seconds.
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excessive forces (Passanezi and Sant’Ana, 2000). Conversely, it
may result in premature fracture of the crown and in extreme
cases root fracture. Currently, occlusal evaluation is often done
using articulation papers or virtual records, which are operator-
dependent and do not provide a clear understanding of force
transmission in the tooth or crown (Carey et al., 2007; Kerstein
and Radke, 2014; O’Carroll et al., 2019; Fraile et al., 2022). It may
therefore be interesting in the future to combine the reduced
model presented herein with a jaw tracking device such as
Modjaw (Modjaw, Villeurbanne, France) to better understand
the force transmission and adjust occlusion (Bapelle et al., 2021).
Another perspective for pre-clinical students would be to use
these real-time simulations with haptic simulators to better
develop their surgical skills and timeliness as it was previously
developed for the laparoscopic surgery (Quesada et al., 2018).

The study does have certain limitations; for instance, it is of
particular importance to note that the current model was restricted
to a single anatomy for a shorter learning time. Different anatomies
should be tested but this appears to be complex as FE studies are
currently based on a single anatomy (Richert et al., 2020). This
limitation could be explained by the time needed to construct a FE
model based on one tooth and future studies should evaluate how to
automate this construction (Lahoud et al., 2021; Lahoud et al., 2022).
In the future, it would be interesting to couple MOR with statistical
shape analysis to learn also anatomic features as it has been
successfully done for the aorta and the human liver (Lauzeral
et al., 2019; Maquart et al., 2021). Another limitation is that the
present study used simple occlusion without multiple dental
contacts, as it is currently the case for most models that are
limited to small deformations on relatively simple shapes and
with restricted input forces (Mendizabal et al., 2020); future
studies should evaluate how MOR could be adapted to learn
complex occlusal schemes with multiple dental contacts. This is a
major concern as computational cost could greatly increase with the
complexity of the learned model.

5 Conclusion

This study constitutes a first proof of concept to provide real-
time stress values using MOR. The biomechanical behaviour of a
transplanted tooth simulated by FE models was accurately captured
with a significant decrease of computing time.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Author contributions

Conceptualization, PŁ, AB, NB, and RR; Formal analysis, AB;
Writing—original draft preparation, PŁ, AB, NB, and RR;
Writing—review and editing, MD, J-CF, and RR; Visualization,
RJ, ME, and AB-B; Supervision, RR; Project administration, RR;
All authors contributed to the article and approved the submitted
version.

Acknowledgments

The authors would like to thank Philip Robinson (PhD;
Hospices Civils de Lyon, France) for help in manuscript preparation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1201177/
full#supplementary-material

References

Badrou, A., Duval, A., Szewcyzk, J., Blanc, J., Tardif, N., Hamila, N., et al. (2023).
Development of decision support tools by model order reduction for active
endovascular navigation. J. Theor. Comput. Appl. Mech., 1–33. doi:10.46298/jtcam.
10364

Bapelle, M., Dubromez, J., Savoldelli, C., Tillier, Y., and Ehrmann, E. (2021). Modjaw®
device: Analysis of mandibular kinematics recorded for a group of asymptomatic
subjects. Cranio 6, 1–7. doi:10.1080/08869634.2021.2000790

Bhuva, B., Giovarruscio, M., Rahim, N., Bitter, K., and Mannocci, F. (2021). The
restoration of root filled teeth: A review of the clinical literature. Int. Endod. J. 54,
509–535. doi:10.1111/iej.13438

Calka, M., Perrier, P., Ohayon, J., Grivot-Boichon, C., Rochette, M., and Payan, Y. (2021).
Machine-Learning based model order reduction of a biomechanical model of the human
tongue. Comput. Methods Programs Biomed. 198, 105786. doi:10.1016/j.cmpb.2020.105786

Carey, J. P., Craig, M., Kerstein, R. B., and Radke, J. (2007). Determining a relationship
between applied occlusal load and articulating paper mark area. Open Dent. J. 1, 1–7.
doi:10.2174/1874210600701010001

Chang, Y. H., Lee, H., and Lin, C. L. (2015). Early resin luting material damage around
a circular fiber post in a root canal treated premolar by using micro-computerized
tomographic and finite element sub-modeling analyses. J. Mech. Behav. Biomed. Mat.
51, 184–193. doi:10.1016/j.jmbbm.2015.07.006

Chinesta, F., Ladevèze, P., Cueto, E., Chinesta, F., Ladevèze, P., Cueto, E., et al.
(2011). A short review on model order reduction based on proper generalized
decomposition. Arch. Comput. Methods Eng. 18, 395–404. doi:10.1007/s11831-
011-9064-7

Passanezi, E., and Sant’Ana, A. C. P. (2000), Role of occlusion in periodontal disease.,
Periodontol 79 (2019) 129–150. doi:10.1111/prd.12251

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Lahoud et al. 10.3389/fbioe.2023.1201177

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1201177/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1201177/full#supplementary-material
https://doi.org/10.46298/jtcam.10364
https://doi.org/10.46298/jtcam.10364
https://doi.org/10.1080/08869634.2021.2000790
https://doi.org/10.1111/iej.13438
https://doi.org/10.1016/j.cmpb.2020.105786
https://doi.org/10.2174/1874210600701010001
https://doi.org/10.1016/j.jmbbm.2015.07.006
https://doi.org/10.1007/s11831-011-9064-7
https://doi.org/10.1007/s11831-011-9064-7
https://doi.org/10.1111/prd.12251
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1201177


EzEldeen, M., Wyatt, J., Al-Rimawi, A., Coucke, W., Shaheen, E., Lambrichts, I., et al.
(2019). Use of CBCT guidance for tooth autotransplantation in children. J. Dent. Res. 98,
406–413. doi:10.1177/0022034519828701

Fraile, C., Ferreiroa, A., Romeo Rubio, M., Alonso, R., and Pradíes Ramiro, G. (2022).
Clinical study comparing the accuracy of interocclusal records, digitally obtained by
three different devices. Clin. Oral Investig. 26, 4663–4668. doi:10.1007/s00784-022-
04542-6

Hilgenfeld, T., Juerchott, A., Deisenhofer, U. K., Weber, D., Rues, S., Rammelsberg, P.,
et al. (2019). In vivo accuracy of tooth surface reconstruction based on CBCT and dental
mri—a clinical pilot study. Clin. Oral Implants Res. 30, 920–927. doi:10.1111/clr.13498

Jacinto, H., Kéchichian, R., Desvignes, M., Prost, R., and Valette, S. (2012), A web
interface for 3D visualization and interactive segmentation of medical images,
Proceedings of the Web3D 2012 - 17th Int. Conf. 3D Web Technol. 51–58. New
York, NY, USA, August 2012, doi:10.1145/2338714.2338722

Jang, Y., Hong, H. T., Chun, H. J., and Roh, B. D. (2016). Influence of dentoalveolar
ankylosis on the biomechanical response of a single-rooted tooth and surrounding
alveolar bone: A 3-dimensional finite element analysis. J. Endod. 42, 1687–1692. doi:10.
1016/j.joen.2016.07.018

Kerstein, R. B., and Radke, J. (2014). Clinician accuracy when subjectively interpreting
articulating paper markings. Cranio 32, 13–23. doi:10.1179/0886963413Z.0000000001

Khan, R., Shahebul Hasan, A., and Ng, K. (2020). Reduced order method for finite
difference modeling of cardiac propagation. Curr. Diections Biomed. Eng. 6, 107–110.
doi:10.1515/cdbme-2020-3028

Kırmalı, Ö., Türker, N., Akar, T., and Yılmaz, B. (2022). Finite element analysis of
stress distribution in autotransplanted molars. J. Dent. 119, 104082. doi:10.1016/j.jdent.
2022.104082

Lahoud, P., Jacobs, R., Boisse, P., EzEldeen, M., Ducret, M., and Richert, R. (2022).
Precision medicine using patient-specific modelling: State of the art and perspectives in
dental practice. Clin. Oral Investig. 26, 5117–5128. doi:10.1007/s00784-022-04572-0

Lauzeral, N., Borzacchiello, D., Kugler, M., George, D., Rémond, Y., Hostettler, A.,
et al. (2019). A model order reduction approach to create patient-specific mechanical
models of human liver in computational medicine applications. Comput. Methods
Programs Biomed. 170, 95–106. doi:10.1016/j.cmpb.2019.01.003

Liang, L., Liu, M., Martin, C., and Sun, W. (2018). A deep learning approach to
estimate stress distribution: A fast and accurate surrogate of finite-element analysis. J. R.
Soc. Interface. 15, 20170844. doi:10.1098/rsif.2017.0844

Lin, C. L., Chang,W. J., Lin, Y. S., Chang, Y. H., and Lin, Y. F. (2009). Evaluation of the
relative contributions of multi-factors in an adhesive MOD restoration using FEA and
the Taguchi method. Dent. Mat. 25, 1073–1081. doi:10.1016/j.dental.2009.01.105

Lu, Y., Blal, N., and Gravouil, A. (2018). Adaptive sparse grid based HOPGD: Toward
a nonintrusive strategy for constructing space-time welding computational vademecum.
Int. J. Numer. Methods Eng. 114, 1438–1461. doi:10.1002/nme.5793

Maquart, T., Elguedj, T., Gravouil, A., and Rochette, M. (2021). 3D B-Repmeshing for
real-time data-based geometric parametric analysis. Adv. Model. Simul. Eng. Sci. 8,
8–28. doi:10.1186/s40323-021-00194-5

Mendizabal, A., Márquez-Neila, P., and Cotin, S. (2020). Simulation of hyperelastic
materials in real-time using deep learning.Med. Image Anal. 59, 101569–101611. doi:10.
1016/j.media.2019.101569

Mine, K., Kanno, Z., Muramoto, T., and Soma, K. (2005). Occlusal forces promote
periodontal healing of transplanted teeth and prevent dentoalveolar ankylosis: An
experimental study in rats. Angle Orthod. 75, 637–644. doi:10.1043/0003-3219(2005)75
[637OFPPHO]2.0.CO;2

Modesto, D., Zlotnik, S., and Huerta, A. (2015). Proper generalized decomposition for
parameterized Helmholtz problems in heterogeneous and unbounded domains:
Application to harbor agitation. Comput. Methods Appl. Mech. Eng. 295, 127–149.
doi:10.1016/j.cma.2015.03.026

O’Carroll, E., Leung, A., Fine, P. D., Boniface, D., and Louca, C. (2019). The teaching
of occlusion in undergraduate dental schools in the UK and Ireland. Br. Dent. J. 227,
512–517. doi:10.1038/s41415-019-0732-6

Ordinola-Zapata, R., Lin, F., Nagarkar, S., and Perdigão, J. (2022). A critical analysis of
research methods and experimental models to study the load capacity and clinical
behaviour of the root filled teeth. Int. Endod. J. 1, 471–494. doi:10.1111/iej.13722

Lahoud, P., EzEldeen, M., Beznik, T., Willems, H., Leite, A., Van Gerven, A., et al. (2021),
Artificial intelligence for fast and accurate 3-dimensional tooth segmentation on cone-beam
computed tomography, J. Endod. 47 827–835. doi:10.1016/j.joen.2020.12.020

Quesada, C., Alfaro, I., González, D., Chinesta, F., and Cueto, E. (2018). Haptic
simulation of tissue tearing during surgery. Int. J. Numer. Method. Biomed. Eng. 34,
e2926–e2932. doi:10.1002/cnm.2926

Richert, R., Farges, J. C., Maurin, J. C., Molimard, J., Boisse, P., and Ducret, M. (2022).
Multifactorial analysis of endodontic microsurgery using finite element models. J. Pers.
Med. 12, 1012. doi:10.3390/jpm12061012

Richert, R., Farges, J. C., Tamimi, F., Naouar, N., Boisse, P., and Ducret, M. (2020).
Validated finite element models of premolars: A scoping review.Mater. (Basel) 13, 3280.
doi:10.3390/ma13153280

Wakabayashi, N., Ona, M., Suzuki, T., and Igarashi, Y. (2008). Nonlinear finite
element analyses: Advances and challenges in dental applications.Nonlinear finite Elem.
analyses Adv. challenges Dent. Appl. 36, 463–471. doi:10.1016/j.jdent.2008.03.010

Wu, Y., Chen, J. M., Xie, F. P., Liu, H. H., Niu, G., and Lin, L. S. (2019). Simulation of
postoperative occlusion and direction in autotransplantation of teeth: Application of
computer-aided design and digital surgical templates. Br. J. Oral Maxillofac. Surg. 57,
638–643. doi:10.1016/j.bjoms.2019.05.011

Zhu, Y., Yang, W., V Abbott, P., Martin, N., Wei, W., Li, J., et al. (2014). The
biomechanical role of periodontal ligament in bonded and replanted vertically fractured
teeth under cyclic biting forces. Int. J. Oral Sci. 7, 125–130. doi:10.1038/ijos.2014.51

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Lahoud et al. 10.3389/fbioe.2023.1201177

https://doi.org/10.1177/0022034519828701
https://doi.org/10.1007/s00784-022-04542-6
https://doi.org/10.1007/s00784-022-04542-6
https://doi.org/10.1111/clr.13498
https://doi.org/10.1145/2338714.2338722
https://doi.org/10.1016/j.joen.2016.07.018
https://doi.org/10.1016/j.joen.2016.07.018
https://doi.org/10.1179/0886963413Z.0000000001
https://doi.org/10.1515/cdbme-2020-3028
https://doi.org/10.1016/j.jdent.2022.104082
https://doi.org/10.1016/j.jdent.2022.104082
https://doi.org/10.1007/s00784-022-04572-0
https://doi.org/10.1016/j.cmpb.2019.01.003
https://doi.org/10.1098/rsif.2017.0844
https://doi.org/10.1016/j.dental.2009.01.105
https://doi.org/10.1002/nme.5793
https://doi.org/10.1186/s40323-021-00194-5
https://doi.org/10.1016/j.media.2019.101569
https://doi.org/10.1016/j.media.2019.101569
https://doi.org/10.1043/0003-3219(2005)75[637OFPPHO]2.0.CO;2
https://doi.org/10.1043/0003-3219(2005)75[637OFPPHO]2.0.CO;2
https://doi.org/10.1016/j.cma.2015.03.026
https://doi.org/10.1038/s41415-019-0732-6
https://doi.org/10.1111/iej.13722
https://doi.org/10.1016/j.joen.2020.12.020
https://doi.org/10.1002/cnm.2926
https://doi.org/10.3390/jpm12061012
https://doi.org/10.3390/ma13153280
https://doi.org/10.1016/j.jdent.2008.03.010
https://doi.org/10.1016/j.bjoms.2019.05.011
https://doi.org/10.1038/ijos.2014.51
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1201177

	Real-time simulation of the transplanted tooth using model order reduction
	1 Introduction
	2 Material and methods
	2.1 Numerical method
	2.2 Model order reduction
	2.3 Performance and error estimation

	3 Results
	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


