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Biomechanical assessment

of different fixation methods

in mandibular high sagittal
oblique osteotomy using

a three-dimensional finite element
analysis model

Charles Savoldelli%?*?, Elodie Ehrmann?3 & Yannick Tillier?

With modern-day technical advances, high sagittal oblique osteotomy (HSOO) of the mandible

was recently described as an alternative to bilateral sagittal split osteotomy for the correction of
mandibular skeletal deformities. However, neither in vitro nor numerical biomechanical assessments
have evaluated the performance of fixation methods in HSOO. The aim of this study was to compare
the biomechanical characteristics and stress distribution in bone and osteosynthesis fixations

when using different designs and placing configurations, in order to determine a favourable plating
method. We established two finite element models of HSOO with advancement (T1) and set-back (T2)
movements of the mandible. Six different configurations of fixation of the ramus, progressively loaded
by a constant force, were assessed for each model. The von Mises stress distribution in fixations

and in bone, and bony segment displacement, were analysed. The lowest mechanical stresses and
minimal gradient of displacement between the proximal and distal bony segments were detected in
the combined one-third anterior- and posterior-positioned double mini-plate T1 and T2 models. This
suggests that the appropriate method to correct mandibular deformities in HSOO surgery is with use
of double mini-plates positioned in the anterior one-third and posterior one-third between the bony
segments of the ramus.

Bilateral sagittal split osteotomy (BSSO) is a surgical technique commonly used to correct mandibular deformi-
ties. Combined with orthodontic treatment, this technique provides a satisfactory occlusal relationship and
facial appearance. However, the main complication of this procedure remains neurosensory disturbance with
sensitivity deficit of the chin and lower labial area due to permanent injury to the inferior alveolar nerve"* High
sagittal oblique osteotomy (HSOO) of the mandible with modern-day technical advances® was recently described
as an alternative to BSSO to provide mandibular skeletal deformity correction and avoid surgical damage to the
inferior alveolar nerve (Fig. 1, right). Previously, the classical approach to treating this type of deformity was
to perform a horizontal osteotomy of the ramus. It consisted of performing a horizontal osteotomy between
the sigmoid notch and the mandibular foramen*. This original design to the osteotomy of the ascending ramus
resulted in a lack of adequate postoperative osteo-fixation, and a small contact area®®. The “modern” HSOO
consists of performing an osteotomy above the mandibular foramen at an average angle of 45° with respect to
the vertical ramus of the mandible (Fig. 1, left). Then, the distal segment of the mandible is mobilised, placed
and fixed into the planned position within an increasing segment contact after repositioning. Advancement or
setback of the distal segment during HSOO depends on the mandibular deformities (retrognathism or progna-
thism) but both result in little contact across the osteotomy site. Ensuring a stable fixation remains a primary
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Figure 1. Schematic comparison of high sagittal split osteotomy (HSOO, left) and bilateral sagittal split
osteotomy (BSSO, right).

concern in providing bony union. Stability of HSOO is therefore determined by fixation techniques in the
early postoperative phase. In general, for HSOO, surgeons have used standard®®, grid-double® or dedicated>”*
mini-plates to ensure an optimal fixation. The way in which they are used mainly depends on the practitioner’s
experience and preferences. Many clinical and radiological studies®’~'° have been conducted in HSOO patients
to demonstrate the relevance of this specific technique in terms of less neurosensory disturbance!’, but none of
the studies had assessed the optimal position or design of the fixation method. Moreover, neither in vitro nor
numerical biomechanical assessment was carried out to evaluate the performance of fixation methods in HSOO,
despite a number of studies investigating biomechanical modifications of the described techniques of BSSO'2.
Among the biomechanical evaluation methods, the finite element analysis (FEA) model is widely used to assess
the stress distribution of fixation methods occurring during different types of jaw surgery"*~'¢. FEA simulates
the mechanical aspect of a structure or tissue under load and the von Mises stresses can yield estimates of stress
data over the entire continuum of any fixation configuration during osteosynthesis'’. The aim of this finite ele-
ment study was to compare the biomechanical characteristics and stress distribution in osteosynthesis plates
when using different designs and placing configurations, in order to propose an effective plating method when
undertaking HSOO surgery.

Materials and methods

FE model. Two patients presenting each with a dento-skeletal class IT and class ITI malocclusion were previ-
ously treated with HSOO. The patients underwent mandibular advancement and mandibular set-back, respec-
tively, with numerical planning and patient specific implants for a fixation and positioning system. All methods
were carried out in accordance with relevant guidelines, regulations and medical research ethics (World Medi-
cal Association Declaration of Helsinki). All experimental protocols were approved by an internal institutional
review board (Nice University Head and Neck Institute), this study was declared to the “Commission Nationale
Informatique et Liberté” (CNIL N° 2219288) and informed consents were obtained for this study. The com-
puter tomography (CT) images from the surgical planning of both patients were reacquired after surgery. Three-
dimensional digital modelling of half of the mandible was performed by segmenting the acquired DICOM
images with a 0.65 mm thick cut using Materialise 3-matic Medical version 15.0 (Materialise, Leuven, Belgium).
The segmented model was then exported as an .stl file (surface mesh) and used by ProPlan CMF (Materialise,
Leuven, Belgium) to simulate the numerical HSOO, according to modern-day technical advances’. Two bone
segments were obtained, one proximal and one distal. The distal bone segment was advanced by 5 mm in model
1 (T1) and retracted by 3 mm in model 2 (T2; Fig. 2) to comply with surgical planning. The fixation units were
designed using Materialise 3-matic Medical version 15.0 (Materialise, Leuven, Belgium). For each model, six
different geometries of mini-plate, with 1.2 mm thick fixation and monocortical screws, were generated so that
the surgical operation could be simulated with each of them. They were designed in order to be applied in three
different areas: three single plates placed vertically on the external side of ramus in the anterior one-third (A1),
in the middle one-third (A2), and in the posterior one-third (A3) positions, and three double parallel bridge-
plates placed vertically in the anterior and middle one-third (A4), in the anterior and posterior one-third (A5),

Scientific Reports |

(2021) 11:8755 | https://doi.org/10.1038/s41598-021-88332-2 nature portfolio



www.nature.com/scientificreports/

Model Il : skeletal classe Il setback

advancement

Skeletal malocclusion Movement of the distal bone segment Surface mesh in stl. file

Figure 2. Three-dimensional T1 and T2 models obtained respectively from Class II and III skeletal
malocclusion during 3D planning.
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Figure 3. Areas available for mini-plate fixation in high oblique sagittal split osteotomy.

and in the middle and posterior one-third (A6) positions of the ramus (Fig. 3). An experienced surgeon and an
engineer from OBL-Materialise company (Malakoff, France) managed this initial step. Each mini-plate model
was exported as a .stl file. Mini-plates and screws were assembled, smoothed, and cleaned up using the Autodesk
Meshmixer free software version 3.5.374 (available at https://www.meshmixer.com) and Meshlab free software
version 2016.12 (available at https://www.meshlab.net), and then exported again as surface meshes, together
with those of the mandible segments (.stl files) into the FORGE NxT 3.0 finite element software (Transvalor,
Biot, France) which has been already validated using different biomechanical models'®-%.

An adaptive volume meshing (I-deas Universal File format) of the different parts (mini-plates, screws and
bone segments) has been created due to the volumetric mesher included in the FORGE NxT 3.0 package (GLpre).
Mesh boxes were created to limit the number of elements (coarser mesh) in areas where small deformation are
expected in order to reduce computing time and to refine the mesh in areas that are likely to have high strain or
stress levels, such as around the screw holes in bone segments, and in the fixation devices (Fig. 4).
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Figure 4. Methodology. (a) high sagittal oblique osteotomy and fixation design in surface mesh (stl. format
file); (b) volume mesh generation (univ. format file); (c) volume mesh refinement in the areas of high stress
gradients; (d) condyle boundary conditions and mandible loading; and (e) von Mises stresses and displacement
analysis.

Model Biomechanical behaviour law | Young’s modulus (E), MPa | Poisson’s ratio (y)
Compact bone Linear elasticity (Hooke’s law) 13,700 0.30
Cancellous bone Linear elasticity (Hooke’s law) 7,930 0.35
Fixations: screw and plates (TA6V Titanium alloy) Linear elasticity (Hooke’s law) 114,000 0.34

Table 1. Assigned mechanical properties of different components.

The final FEM model of the mandible had an average of 72,349 tetrahedral (+ 1334) elements in the T1 model
and tetrahedral 67,424 (+986) in the T2 model.

The number of tetrahedral elements depended on the mesh refinement around the screw holes and on the
geometry of the mini-plates (and thus on the number of screws required).

Material properties.  All materials used were assumed to be homogenous, isotropic and linear elastic. The
elastic modulus (E) and Poisson ratio (y) for bone and titanium alloy were assigned according to a previous
study'®?! and are summarised in Table 1 . Coulomb’s law was used to account for friction between the different
components of the model. Low friction contact was used between bone fragments to simulate a non-osseointe-
gration and the nature of interface between bone fragments immediately after surgery (7 = 0.05, £=0.02). The
contact surface between bone segments and screw units was assumed with sticking contact, and between bone
segments and plates units with sliding contact.

Boundary conditions. Assuming that the proximal and distal segments were fixed by fixation units, an
upward displacement was applied linearly and perpendicularly to the basal area of the chin, with the condylar
region blocked in all directions in order to maximize the shear forces in the operated area. The displacement
imposed on the jaw corresponds to a masticatory force of the order of maximum 100 N, corresponding to biting
forces that patients who have undergone orthognathic surgery might encounter in the beginning of the postop-
erative period, and is therefore lower than in the non-operated population. The calculations were performed out
on a 16 processors computer with the FORGE NxT 3.0 FE analysis program. The computed results were analysed
using the Glview Inova post-processor included in the FORGE NxT 3.0 package. The evaluated parameters were
the von Mises stress distribution in the fixation units, the peak of stress in bones, and the shift displacement in
the gap between the proximal and distal bone segments.

Results

Figures 5 and 6 show the von Mises stress distribution in fixation schemes at 50, 75, 100 N, and the displacement
shift between the proximal and distal bone segments under 100 N in the T1 and T2 models. Figure 7 shows the
von Mises stress distribution in bone around the hole drilling under 100 N, and Fig. 8 summarizes the maximal
peak stress distribution under a 100 N vertical load in fixation and bone.

Von Mises stress in fixation.  The results of stress distribution in the same plating configuration for T1 and
T2 showed a similar trend. The stress distribution showed a smoother location with less stress concentrated in
the double-plate (A4, A5, A6) than the single-plate (A1, A2, A3) configurations. Higher von Mises stress peaks
were observed in T1-A2 and T2-A1 (single-plate) models, while the T1-A5 and T2-A5 (double-plate) models
showed lower stresses.
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Figure 5. von Mises stress distribution in fixation schemes and the displacement shift between the proximal
and distal bone segments in the T1 model.
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Figure 6. von Mises stress distribution in fixation schemes and the displacement shift between the proximal
and distal bone segments in the T2 model.
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Figure 7. von Mises stress distribution in bone around the hole drilling under 100 N.

Von Mises stress in bone. High stresses were uniformly distributed around the screw holes of both bone
segments in the double-plate configurations (A4, A5, A6) but more concentrated in the distal segment in the
single-plate configurations (A1, A2, A3). Higher von Mises stress peaks were observed in the T1-A2 and T2-A4
models, while the T1-A5 and T2-A5 models again showed lower stress values.

Bone segment displacement. The smallest displacement in the T1 model was observed in the T1-A4
configuration, while the T2-A4 and T2-A5 configurations showed the lowest displacement in the T2 model.
The highest displacements were observed in the T1-A1 and T2-A1 models. Moreover, a posterior gap of 5° was
observed in the T2-A1 model, indicating a major shift displacement (Fig. 9).

Discussion

Craniofacial surgery with skeletal fixation using plates and screws is used clinically to ensure stability despite
gaps between bone segments. Securing stable fixation is a major concern in orthognathic surgery, in order to
avoid non-union of bony fragments that compromise the outcome of surgery and lead to relapse. The type and
location of fixations in HSOO are not well-defined, remain controversial, and depend on the approach exposure,
handling of the short proximal segment, and clinical experience. It is critically important to optimize the fixations
since HSOO reduces the contact area with bone compared to BSSO for equivalent displacement’, and therefore
influences healing. Moreover the fixation method in BSSO* and HSOO”!° affects the temporomandibular joint
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Figure 9. A gap with a 5° angle in the posterior area in the T2-A1 model shows a large displacement shift
between the proximal and distal segment, compromising stability.

position and may result in adverse effects. We have summarised in Table 2 the fixation configurations according
to the main HSOO studies.

All the authors described the use of osteosynthesis in the one-third anterior and middle positions, corre-
sponding to the A4 configurations in our study. HSOO approach exposure remains challenging and osteosyn-
thesis can be complicated due to the existence of an area that is too difficult to navigate surgically, and therefore
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Kuehle et al.!! 50 Condylar positioning Dedicated double mini- Ox_le-third anterior and None NR
plate middle
. L . . Electromagnetic
Berger et al.'” 10 Condylar positioning Dliilcated double mini- Slrilc‘;c_ltlglrd anterior and navigated condylar NR
p positioning

Table 2. Main HSOO clinical studies. NR, not reported; TM]J, temporo-mandibular joint.

Figure 10. A fixation fracture that occurred in our clinical experience with a double-plate in the anterior
position.

some authors use an endoscope for this®. In this approach, the anterior and middle one-third positions remain
the most easily accessible areas for performing osteosynthesis. Only one clinical study’ focused on plating
configurations, since mini-plate fractures had occurred in the author’s own experience. The authors decided to
develop a dedicated “orthognathics” osteosynthesis, but no biomechanical data are available on the influence of
the configuration of the fixation pattern. However, the biomechanical assessment of the bending yield strength
of the construct that affects fatigue failure is necessary to understand why and how the fracture of the fixation
occurs, as mentioned previously by many authors® and ourselves (Fig. 10). Using FEM, we were able to determine
the mechanical impact of various designs of internal fixation in HSOO surgery®. In addition, one should aim
to reduce the volume and quantity of any implanted material®*. A design process focused on shape and design
variables optimization can produce bone plates that meet these two criteria: maximum stability with a minimum
amount of implanted material.

FORGE NxT 3.0 is not specifically oriented towards biological applications but the easy addition and sharing
of new features such as dedicated constitutive models is sufficient to encompass the broad framework needed for
biomechanics. FORGE NxT 3.0 uses linear and nonlinear implicit finite element frameworks designed specifically
for analysis in computational solid biomechanics. HSOO is a case of computational solid biomechanics and the
mathematical model is based on the governing equations of continuum mechanics associated with the bound-
ary and initial conditions. FORGE NxT 3.0 provides a numerical method of analysis based on the mathematical
models which requires numerical discretization, solutions algorithms, and convergence criteria as requested in
computational biomechanics?*?. Several finite element studies have been carried out using Forge software and
have been validated in the literature'®2*%",
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Models were developed from patients previously cared with HSOO technique and achieving a class I level
of dental occlusion with improved facial balance and proportions. Class II and class III deformities are com-
monly treated conditions in orthognathic surgery®® and the amount of displacement of each model was decided
according to the original treatment planning that corresponds to the mean possible displacement in HSOO
surgery due to the recommended area of contact’. The HSOO technique was performed using the off-site plan-
ning software SurgiCase (Materialise, Leuven, Belgium), an on-site additive manufacturing tool® (cutting and
drilling guide) and patient-specific implants (PSI) were suited perfectly to the new anatomy of the displaced
mandible. Titanium alloys are widely used in orthognathic surgery due to the excellent combination of properties
such as a moderately high specific strength and high fatigue life. Unlike PSI, standard fixations require adjusted
bending of the plates during the operation, and may fail due to the generated residual stresses, which affect the
mean stress in fatigue loading.

In our double-plates models, the design involves a double bridge as used in clinical practice which facilitate
positioning during the operative period. The use of two plates joined by two bridges produced mechanical change
than fixing two separate plates. Theoretically, the plates with bridges exhibit less displacement than unbridged
plates and could be associated with modified stress values, but additional sensitivity tests must be performed
to confirm this.

Several simplifications and assumptions were made regarding the material properties of the models. All struc-
tures in this study were considered as homogeneous, linear elastic, and isotropic. Even though in vivo bone is not
actually isotropic®*~, the structure of cortical and cancellous bones is generally considered to be transversely
isotropic®*~*. This simplification can have some biomechanical consequences to the mandible under loading™.

Vertical loading as the boundary condition was assumed in our study as per most previous numerical finite
element analysis®’~*° and in vitro biomechanical assessments'? in BSSO studies. However, Ayali et al.** showed
the relevance of testing the mandible not only under anterior vertical loading conditions but also under posterior
vertical, horizontal, and oblique loading conditions. The constraint applied to the condyle and the vertical force
applied under the chin area used in this study extrapolated the clinical environment of a clenching jaw during
the immediate post-operative period when patients are not allowed to chew. From a biomechanical perspective,
we assumed condylar restraint to provide an assessment of stress distribution in clenching conditions (worst
post-operative case scenario). However, the temporomandibular joint dissipates tension during mandibular
closing/opening and results could be overestimated according to the latter conditions. The response of the
temporomandibular joint to the applied stress reaches an equilibrium in order to concentrate the lower ten-
sions around the plate, the screws and the bone. On the other hand, a rigid system with a constraining condyle
naturally reduces movements between bone segments to reduce the risk of plate failure but concentrates higher
tensions in the bone/screw junction.

The mechanism represented by the 100 N loading occurs in any patients with an unconscious oral habit of
rhythmic, non-functional clenching and grinding of teeth while performing movements that are not part of the
masticatory function, and that will result in abnormal stress in bones and fixations. Thus, this study simulated
and analysed the worst clinical case to understand the maximal stress distribution in bones and fixations.

The results of this study provide suggestions for plate positioning. We examined six different mini-plate con-
figuration schemes in this study. The T2-A1 model showed very high displacement and excessive stress on bone
structures and fixations. This suggests that the design of these configurations makes their stiffness questionable,
and that the expected deflection in the mini-plates would jeopardize the stability of the fixation. A correlation
between stress and displacement values in the present study showed that high stress levels can lead to the forma-
tion of an excessive gap between osteotomised fragments, which can result in malunion or non-union. Whatever
the displacement of the distal bone segment, the A5 fixation configuration, i.e., anterior one-third + posterior
one-third configuration in both models, showed an optimal balance between bone and fixation stress distribu-
tion and displacement. Higher stresses were observed in other configurations, including with the double mini-
plates in the anterior one-third and middle (A4), which are commonly used in clinical studies (Table 2). From
a biomechanical point of view, the results of this study suggest a change of habit in the osteosynthesis of HSOO
surgery by placing the fixation with a double mini-plate in one-third of the anterior and posterior areas (A5) of
the ramus in order to guarantee bone stability. This solution seems to be optimal for patients with either Class
II or Class IIT dento-skeletal malocclusion.

The aim of this study was to assess the optimal design of the fixation and the optimal positioning of the
plate. Model 5A (double plate in anterior and posterior position) showed better performance both in stability
and stress distribution but it is important not to disregard the other models tested. Indeed, their maximum von
Mises stress values never exceeded the yield strength of titanium alloy (880 MPa), which would imply a higher
risk of failure. However, these models reached a sufficient level of tension to induce significant strain levels in
the plates that compromise the biomechanical properties of the bone segment stability.

Conclusions

The T1-A5 and T2-A5 models showed an optimal balance of stress distribution and displacement of bone seg-
ments. According to the results of this study, the double mini-plate positioned at one-third of the anterior and
posterior areas is recommended in HSOO surgery to provide stable fixation for both advancement or set-back
displacements.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author.

Scientific Reports |

(2021) 11:8755 | https://doi.org/10.1038/s41598-021-88332-2 nature portfolio



www.nature.com/scientificreports/

Received: 14 September 2020; Accepted: 31 March 2021
Published online: 22 April 2021

References

1.

2.

NN G

10.

11.
12.
13.
14.
15.
16.
17.
18.

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
. Zysset, P. K., Goulet, R. W. & Hollister, S. J. A global relationship between trabecular bone morphology and homogenized elastic

35.
36.
37.

38.

Alolayan, A. B. & Leung, Y. Y. Risk factors of neurosensory disturbance following orthognathic surgery. PLoS ONE 9, €91055
(2014).

D’Agostino, A., Trevisiol, L., Gugole, E,, Bondi, V. & Nocini, P. E. Complications of orthognathic surgery: the inferior alveolar nerve.
J. Craniofac. Surg. 21, 1189-1195 (2010).

. Kaduk, W. M. H.,, Podmelle, F. & Louis, P. ]. Revisiting the supraforaminal horizontal oblique osteotomy of the mandible. J. Oral

Maxillofac. Surg. 70, 421-428 (2012).

. Steinhauser, E. W. Historical development of orthognathic surgery. J. Craniomaxillofac. Surg. 24, 195-204 (1996).

. Landes, C. et al. Low to high oblique ramus piezoosteotomy: a pilot study. J. Craniomaxillofac. Surg. 42, 901-909 (2014).

. Paulus, C. & Kater, W. High oblique sagittal split osteotomy. Rev. Stomatol. Chir. Maxillofac. Chir. Orale 114, 166-199 (2013).

. Kuehle, R., Berger, M., Saure, D., Hoffmann, J. & Seeberger, R. High oblique sagittal split osteotomy of the mandible: assessment

of the positions of the mandibular condyles after orthognathic surgery based on cone-beam tomography. Br. J. Oral Maxillofac.
Surg. 54, 638-642 (2016).

. Seeberger, R., Thiele, O. C., Mertens, C., Hoffmann, J. & Engel, M. Proximal segment positioning with high oblique sagittal split

osteotomy: indications and limits of intraoperative mobile cone-beam computerized tomography. Oral Surg. Oral Med. Oral Pathol.
Oral Radiol. 115, 731-736 (2013).

. Mohlhenrich, S. C. et al. Bony contact area and displacement of the temporomandibular joint after high-oblique and bilateral

sagittal split osteotomy: a computer-simulated comparison. Br. J. Oral Maxillofac. Surg. 54, 306-311 (2016).

Berger, M. et al. Electromagnetic navigated condylar positioning after high oblique sagittal split osteotomy of the mandible: a
guided method to attain pristine temporomandibular joint conditions. Oral Surg Oral Med. Oral Pathol. Oral Radiol. 124, 407-414
(2018).

Seeberger, R. et al. Neurosensory alterations and function of the temporomandibular joint after high oblique sagittal split oste-
otomy: an alternative technique in orthognathic surgery. Br. J. Oral Maxillofac. Surg. 51, 536-540 (2013).

Kuik, K., De Ruiter, M. H. T., De Lange, ]. & Hoekema, A. Fixation methods in sagittal split ramus osteotomy: a systematic review
on in vitro biomechanical assessments. Int. J. Oral Maxillofac. Surg. 48, 56-70 (2019).

Vieira e Oliveira, T. R., Kemmoku, D. T., da Silva, J. V. L., Noritomi, P. Y. & Passeri, L. A. Finite element evaluation of stable fixation
in combined mandibular fractures. J. Oral Maxillofac. Surg. 75, 2399-2410 (2017).

De Jesus, G. P. et al. Finite element evaluation of three methods of stable fixation of condyle base fractures. Int. J. Oral Maxillofac.
Surg. 43, 1251-1256 (2014).

Shu, J., Zhang, Y., Chong, D. Y. R. & Liu, Z. Effects on loads in temporomandibular joints for patients with mandibular asymmetry
before and after orthognathic surgeries under the unilateral molar clenching. Biomech. Model. Mechanobiol. 19, 533-541 (2019).
Dai, Z. et al. Evaluation of the transverse displacement of the proximal segment after bilateral sagittal split ramus osteotomy with
different lingual split patterns and advancement amounts using the finite element method. J. Oral Maxillofac. Surg. 74(2286),
e1-2286.e11 (2016).

Maas, S. A, Ellis, B. J., Ateshian, G. A. & Weiss, J. A. FEBio: finite elements for biomechanics. J. Biomech. Eng. 134, 011005 (2012).
Odin, G., Savoldelli, C., Bouchard, P. O. & Tillier, Y. Determination of Young’s modulus of mandibular bone using inverse analysis.
Med. Eng. Phys. 32, 630-637 (2010).

Savoldelli, C., Bouchard, P. O., Maniére-Ezvan, A., Bettega, G. & Tillier, Y. Comparison of stress distribution in the temporoman-
dibular joint during jaw closing before and after symphyseal distraction: a finite element study. Int. . Oral Maxillofac. Surg. 41,
1474-1482 (2012).

Savoldelli, C., Bouchard, P. O, Loudad, R., Baque, P. & Tillier, Y. Stress distribution in the temporo-mandibular joint discs during
jaw closing: a high-resolution three-dimensional finite-element model analysis. Surg. Radiol. Anat. 34, 405-413 (2012).

Rho, J. Y., Ashman, R. B. & Turner, C. H. Young’s modulus of trabecular and cortical bone material: ultrasonic and microtensile
measurements. J. Biomech. 26, 111-119 (1993).

Ureturk, E. U. & Apaydin, A. Does fixation method affects temporomandibular joints after mandibular advancement?. J. Cranio-
maxillofac. Surg. 46,923-931 (2018).

Savoldelli, C., Tillier, Y., Bouchard, P.-O. & Odin, G. Contribution of the finite element method in maxillofacial surgery. Rev.
Stomatol. Chir. Maxillofac. 110, 27-33 (2009).

Lovald, S. T., Wagner, J. D. & Baack, B. Biomechanical optimization of bone plates used in rigid fixation of mandibular fractures.
J. Oral Maxillofac. Surg. 67, 973-985 (2009).

Henninger, H. B., Reese, S. P, Anderson, A. E. & Weiss, J. A. Validation of computational models in biomechanics. Proc. Inst. Mech.
Eng. 224, 801-812 (2010).

Babuska, I. & Oden, J. T. Verification and validation in computational engineering and science: basic concepts. Comput. Methods
Appl. Mech. Eng. 193, 4057-4066 (2004).

Tillier, Y., Paccini, A., Durand-Reville, M. & Chenot, J. L. Finite element modeling for soft tissue surgery based on linear and
nonlinear elasticity behavior. Comput. Aided Surg. 11, 63-68 (2006).

Emrich, R. E., Brodie, A. G. & Blayney, J. R. Prevalence of class 1, class 2, and class 3 malocclusions (angle) in an urban population.
An epidemiological study. J. Dent. Res. 44, 947-953 (1965).

Savoldelli, C., Vandersteen, C., Dassonville, O. & Santini, J. Dental occlusal-surface-supported titanium guide to assist cutting and
drilling in mandibular bilateral sagittal split osteotomy. J. Stomatol. Oral Maxillofac. Surg. 119, 75-78 (2018).

Asgari, M., Abi-Rafeh, J., Hendy, G. N. & Pasini, D. Material anisotropy and elasticity of cortical and trabecular bone in the adult
mouse femur via AFM indentation. J. Mech. Behav. Biomed. Mater. 93, 81-82 (2019).

Li, S., Demirci, E. & Silberschmidst, V. V. Variability and anisotropy of mechanical behavior of cortical bone in tension and com-
pression. J. Mech. Behav. Biomed. Mater. 21, 109-120 (2013).

Abdel-Wahab, A. A., Alam, K. & Silberschmidt, V. V. Analysis of anisotropic viscoelastoplastic properties of cortical bone tissues.
J. Mech. Behav. Biomed. Mater. 4, 807-820 (2011).

Petrtyl, M., Heit, J. & Fiala, P. Spatial organization of the haversian bone in man. J. Biomech. 29, 161-167 (1996).

properties. J. Biomech. Eng. 120, 640-646 (1998).

Wang, Q., Strait, D. S. & Dechow, P. C. A comparison of cortical elastic properties in the craniofacial skeletons of three primate
species and its relevance to the study of human evolution. J. Hum. Evol. 51, 375-382 (2006).

O’Mahony, A. M., Williams, J. L. & Spencer, P. Anisotropic elasticity of cortical and cancellous bone in the posterior mandible
increases peri-implant stress and strain under oblique loading. Clin. Oral Implants Res. 12, 648-657 (2001).

Demircan, S., Uretiirk, E. U., Apaydin, A. & $en, S. Fixation methods for mandibular advancement and their effects on temporo-
mandibular joint: a finite element analysis study. Biomed Res. Int. 2020, 2810763 (2020).

Albougha, S., Darwich, K., Darwich, M. A. & Albogha, M. H. Assessment of sagittal split ramus osteotomy rigid internal fixation
techniques using a finite element method. Int. J. Oral Maxillofac. Surg. 44, 823-829 (2015).

Scientific Reports |

(2021) 11:8755 | https://doi.org/10.1038/s41598-021-88332-2 nature portfolio



www.nature.com/scientificreports/

39. Lee, ]. Y. et al. Biomechanical evaluation of magnesium-based resorbable metallic screw system in a bilateral sagittal split ramus
osteotomy model using three-dimensional finite element analysis. J. Oral Maxillofac. Surg. 72, el-el3 (2014).

40. Ayali, A. & Erkmen, E. Biomechanical evaluation of different plating methods used in mandibular angle fractures with 3-dimen-
sional finite element analysis: favorable fractures. J. Oral Maxillofac. Surg. 75, 1464-1474 (2017).

Author contributions
Study design: C.S.,Y.T. Data Analysis and Interpretation: C.S., Y.T., E.E. Writing and Critical Revision: C.S., Y.T.
C.S. prepared all figures and tables.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:8755 | https://doi.org/10.1038/s41598-021-88332-2 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biomechanical assessment of different fixation methods in mandibular high sagittal oblique osteotomy using a three-dimensional finite element analysis model
	Materials and methods
	FE model. 
	Material properties. 
	Boundary conditions. 

	Results
	Von Mises stress in fixation. 
	Von Mises stress in bone. 
	Bone segment displacement. 

	Discussion
	Conclusions
	References


