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Abstract 

Background: The objective of the study was to validate biomechanical characteristics 
of a 3D‑printed, novel‑designated fixation plate for treating mandibular angle fracture, 
and compare it with two commonly used fixation plates by finite element (FE) simula‑
tions and experimental testing.

Methods: A 3D virtual mandible was created from a patient’s CT images as the 
master model. A custom‑designed plate and two commonly used fixation plates were 
reconstructed onto the master model for FE simulations. Modeling of angle fracture, 
simulation of muscles of mastication, and defining of boundary conditions were 
integrated into the theoretical model. Strain levels during different loading condi‑
tions were analyzed using a finite element method (FEM). For mechanical test design, 
samples of the virtual mandible with angle fracture and the custom‑designed fixation 
plates were printed using selective laser sintering (SLS) and selective laser melting 
(SLM) printing methods. Experimental data were collected from a testing platform with 
attached strain gauges to the mandible and the plates at different 10 locations during 
mechanical tests. Simulation of muscle forces and temporomandibular joint conditions 
were built into the physical models to improve the accuracy of clinical conditions. The 
experimental vs the theoretical data collected at the 10 locations were compared, and 
the correlation coefficient was calculated.

Results: The results show that use of the novel‑designated fixation plate has signifi‑
cant mechanical advantages compared to the two commonly used fixation plates. The 
results of measured strains at each location show a very high correlation between the 
physical model and the virtual mandible of their biomechanical behaviors under simu‑
lated occlusal loading conditions when treating angle fracture of the mandible.

Conclusions: Based on the results from our study, we validate the accuracy of our 
computational model which allows us to use it for future clinical applications under 
more sophisticated biomechanical simulations and testing.

Keywords: Mandibular angle fracture, Rigid fixation, Customized fixation plate, Finite 
element analysis, 3D printing
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Background
The incidence of fracture of mandibular angle is similar to that of condyle and body 
[1]. Rigid fixation in conjunction with intra-operative maxillomandibular fixa-
tion (MMF) is widely used to treat mandibular angle fractures [2, 3]. Intraoral open 
reduction and internal fixation (ORIF) is a common surgical approach for treating 
simple angle fractures using two non-compression mini-plates; or one non-compres-
sion mini-plate (the Champy technique) [4–7]. Many clinicians choose the Champy 
method to treat noncomminuted angle fractures that is to place a mini-plate on the 
superior mandibular border due to its simplicity. The Champy method is considered a 
non-rigid fixation method.

Clinical complications following ORIF procedures in the treatment of angle frac-
ture, such as, nonunion, malocclusion and hardware removal ranging from 5.26 to 
15.78% are related to biomechanical issues [3, 8]. It is difficult to conduct biomechan-
ical studies in vitro or ex vivo on physical models to evaluate the effectiveness of plate 
designs or treatment techniques because it is difficult in obtaining human or animal 
samples. Other issues are: variation of sample quality, and difficulty in simulating 
complex functional loading generated from masticatory muscles [8, 9].

An alternative solution is the use of advanced computational tools such as finite 
element analysis (FEA). The advantage of FEA is that it can analyze a model with 
complex geometry and obtain detailed data than a physical model [10–13]. However, 
it is critical to create a virtual model with built-in complex skeletal geometry, and 
mechanical properties in order to obtain accurate results from FEA for relevant clini-
cal simulations. The degree of accuracy of a virtual model can be confirmed through 
the same duplicated physical model through mechanical tests.

Another important factor is all pre-fabricated standard mini-plates are not custom-
made to fit each patient. It always requires bending to manually fit the patient’s man-
dible. The operator’s skill and the amount of residual bending stress are potentially 
problematic [14]. The new trend of a custom-designed and 3D-printed fixation plate 
is emerging as the method of choice for selecting a fixation plate in treating these 
patients [14–16].

In 2017, we designed a custom-designed plate with topological optimization, and 
evaluated its biomechanical behaviors with two commonly used fixation plates by 
FEA [17]. The objective of the study is to validate the behaviors of the 3D-printed, 
novel-designated fixation plate to treat mandibular angle fractures developed in a 
previous research [17]. The custom-designed plate and two commonly used fixation 
plates were compared by both FEA and experimental mechanical testing. Outcome 
measurements of the region of interest on the mandibular surface were principal 
stress, strain and displacement during simulated occlusal loadings. A correlation 
coefficient between experimental and computational data was performed to validate 
the accuracy of the finite element (FE) model.
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Results
The maximum principal strain values during three different loading conditions were 
analyzed and collected by the FE method. Table  1 represents the maximum strain 
values (µε) of fractured mandible with different fixation systems in FEA under three 
occlusal loading conditions. The maximum strains occur near occlusal loading areas 
and the anterior segment of the coronoid process.

Repeat measurements of strain distribution were collected three times at each gauge 
location during simulate occlusal loadings. The data recording process of the strain dis-
tributions under the loading force of 5 N at lower central incisor are shown in Table 2. 
The numbers of strain gauges from 1 to 10 are marked in Fig. 1 representing the measur-
ing points on the mandibular surface, and numbers of 11 and 12 represent strain values 
from the gauges located at the upper and lower fixation plates. Figure 2 shows the maxi-
mum strains (µε) of mandibles and fixation plates under the three fixation methods. The 

Table 1 The maximum strain values (µε) of  fractured mandible with  different fixation 
systems in FEA under three occlusion conditions

Incisor loading Left molar loading Right 
molar 
loading

One mini‑plate 3043 2886 3087

Two mini‑plates 1711 2058 1951

Customized plate 1551 1552 1501

Table 2 Strain values (µε) of mandible and customized plate under 5 N loading at incisor

(1), (2), and (3) are three measurements at each location; 1–10 are strain gauges located on the mandible; 11 and 12 are 
strain gauges located on the fixation plates

1 2 3 4 5 6 7 8 9 10 11 12

(1) 77 0 6 − 11 − 13 − 4 35 85 − 24 − 20 14 − 6

(2) 76 2 6 − 12 − 13 − 5 35 85 − 21 − 20 14 − 6

(3) 76 0 7 − 12 − 13 − 6 36 85 − 22 − 20 16 − 6

Mean 76 1 6 − 12 − 13 − 5 35 85 − 22 − 20 15 − 6

Fig. 1 10 strain gauges on the mandibular surface were numbered
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black lines show the results under the loading force of 5 N. Red lines show the results 
under the loading force of 10 N. Figure 3 shows the maximum strain values (µε) of three 
fixation systems at different occlusion positions under the loading force of 5 N. The three 
different bars represent the strains from one mini-plate, two mini-plates and 3D-printed 
customized fixation plate, respectively. Figure 4 shows the paired strain values (µε) from 
the same location of the experimental and FEA data. Loading condition of FEA at inci-
sor was 125 N, left and right molar was 250 N. It was 25 times of the experimental load-
ing, therefore the strain values of the experimental groups were multiplied by 25 times 
in Fig. 4. The black lines in the chart represent the results from the experimental groups, 
and the red lines represent the results from the FEA groups. SPSS software (V19.0, IBM 
Corp, Armonk, NY, USA) was used to obtain the correlation between experimental data 
and FEA data. Pearson correlation coefficient values are shown in Table 3.

Discussion
Mandibular angle fractures are unfavorable to bone healing due to the actions of 
masticatory muscles [18–20]. Teeth and the temporomandibular joint boundary 
condition are important parameters related to stress and strain distributions during 
occlusal loading [21]. Anisotropic properties of cortical and cancellous bone of the 
mandible and degree of mineralization as well as anatomic variations in the mandible 

Fig. 2 The maximum strain values of the fractured mandible with different fixation systems under three 
occlusion conditions: a incisor loading; b left molar loading; c right molar loading

Fig. 3 The maximum strain values of three fixation systems under loading force of 5 N with different 
occlusion positions
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are important information when constructing an accurate finite model [22–24]. We 
have taken into account those factors and integrated them into our physical and com-
putational models.

Critical yield tensile strain of human cortical bone is 0.4% [25, 26]. The principal 
strains of the three fixation systems were well below the yield tensile strain of human 
bone regardless of occlusal loading conditions. The strain levels of the custom plate 
consistently were the lowest from both FEA and mechanical test results. Based on our 
measured data, the average maximum strain (µε) of the custom plate was 5.23% of the 
one-plate system and 52.2% of the two-plate system under loading. The FEA results 
of the maximum stress of all three fixation systems are under the yield strength of 
titanium alloy (σ = 780–950 MPa) [27]. The combined average maximum von Mises 

Fig. 4 Strain measurements from experimental groups and finite element groups; strain levels within incisor 
loading: a one mini‑plate, b two mini‑plates, c customized plate; strain levels within left molar loading: d one 
mini‑plate, e two mini‑plates, f customized plate; strain levels within right molar loading: g one mini‑plate, h 
two mini‑plates, i customized plate

Table 3 The correlation coefficient of  measured and  calculated strains with  the  same 
treatment method

Incisor loading Left molar loading Right 
molar 
loading

One mini‑plate 0.952 0.951 0.967

Two mini‑plates 0.964 0.954 0.969

Customized plate 0.991 0.963 0.962
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stress (MPa) of the one-plate system is 3.75 times that of the two-plate system, and 
2.4 times that of the custom plate system according to the previous FEA results [17]. 
A biomechanical behavior study by Ayali et  al.[28] found that the two-plate system 
provides more biomechanical stability than the one-plate system, which is consistent 
with our conclusions. Coskunses et al. [29] used FEA to evaluate whether the adding 
of lateral extension to a mini-plate similar to the Champy technique would improve 
the stability of mandibular angle fractures. The study found that the biomechanical 
stability of two parallel mini-plates fixation schemes, whether it is 4-hole or 6-hole, 
was similar. Based on the conclusion, the 4-hole one mini-plate (Type A) and two 
mini-plates (Type B) system in this study are typical. Figure  2 shows that the cus-
tom plate system provides the best stability and the least deformation under occlusal 
loading. The customized plate is designed based on topological optimization to mini-
mize the structural strain energy that may provide the best results. It is noted that the 
higher strain locations from our physical mold testing were on both the buccal and 
the lingual aspects of the ramus area. The measured data correlate well with our FEA 
models. The majority of strains recorded from our experiment were positive values, 
which were tensile stress. The negative values were compressive stress under occlusal 
loading and located at inferior border of the mandible along the fracture site. The 
results from our strain gauge measurements confirmed the observation in the litera-
ture [30–32].

Determination of strain and stress in mandibles under mechanical loading has an 
important impact in different clinical situations. From a biological view, it is known 
that strain determines to a great extend the functional behavior of bone cells. Therefore, 
knowledge of this parameter may permit assessment of the regenerative capacity of bone 
turnover in various states (fracture healing, or callus stabilization). Concerning the bio-
mechanics of bones, stress evaluation in different anatomical positions can be used to 
investigate potential fracture sites under loading.

Occlusal loading conditions in our FEA were 125  N at incisor, and 250  N at left or 
right molar. However, 5 N and 10 N loading were used for testing our physical models 
due to the material properties of the 3D-printed mandibles and the range and accuracy 
of the forces delivered by the dynamometer. Figure 3 shows the paired plots from calcu-
lated and measured data sets under the same parameters of the three fixation systems. 
All the Pearson Correlation coefficients were calculated by SPSS and compared between 
the in vitro measurements and computational modeling with P < 0.05. The results show 
that high correlations exist with the two models.

Conclusions
We used computational modeling to generate mandibles with angle fracture. Three fixa-
tion plate systems were compared on their mechanical responses under three different 
occlusal loadings. 3D-printed mandibular models, as well as custom-designed plates, 
were used for in vitro measurements using strain gauge. The custom-designed fixation 
plate showed many mechanical advantages over the other two commonly used fixation 
systems. By comparing with the experimental data, we found that there is a very high 
correlation between in vitro measurements and computational modeling. Therefore, we 
conclude our finite model is accurate for biomechanical analysis for clinical applications.
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Methods
FE model generation and optimization of custom‑designed fixation plate

A computational model of a mandible with angle fracture was created from a patient’s 
CT scan images. The scanning parameters were set as 120 kV, 300 mA, with an image 
resolution of 512 × 512 pixels and a slice thickness of 0.5 mm. Triangular meshes cre-
ated from Mimics (V16.0, Materialise, Leuven, Belgium) form a surface model. Volume 
meshes (tetrahedrons) are required for model construction and FEA. The 3-matic soft-
ware (V9.0, Materialise, Leuven, Belgium) was used for mesh reduction, smoothing, and 
re-meshing to create high-quality volume meshes from triangular meshes. An additional 
triangular mesh tool, Geomagic (V12, 3D system, Rock Hill, SC, USA), was used to edit 
the triangular models. Based on the triangular mesh model, mandibular angle fracture 
with a 1-mm interfragmental gap on the right side of mandible was produced using 
the cutting tool in Mimics. The mandible model was imported to Mimics to get vari-
ous material properties (density and Young’s modulus). The FE software Abaqus (V6.14, 
Dassault Systèmes, Cedex, France) can be used to directly create tetrahedron meshes by 
importing the INP file generated from the 3-matic program for subsequent simulation 
and calculation.

Figure 5 shows three types of fixation plates based on Champy technique: one mini-
plate (Type A fixation), two mini-plates (Type B fixation), and a V-shaped custom-
designed plate (Type C fixation). Type A fixation uses one mini-plate to stabilize the 
mandibular fracture from the external oblique line to the buccal aspect mandible at the 
2nd molar area (Fig. 5a). Type B fixation is to use two mini-plates, with one mini-plate 
fixed at the same position of Type A plus the other one fixed at the inferior body of the 
mandible (Fig. 5b). Type C fixation is to use a V-shaped mini-plate with 30-degree angle 
between two arms of the plate (Fig. 5c).

Tetrahedral elements were applied to mesh the mandible model. The final FE model 
of the mandible consisted of 141,206 elements and 33,652 nodes. The material proper-
ties of the mandible were defined in Hounsfield units (HU) from CBCT images [17, 22]. 
Figure 6 shows the locations and directions of masticatory muscle modeling including 
masseter, medial pterygoid, lateral inferior pterygoid and temporal muscle. All those 
muscles were simulated as different springs with no resistance during compression [17]. 

Fig. 5 Three fixation systems for mandibular angle fracture: a one mini‑plate; b two mini‑plates; c 
customized plate
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Condyles were set as hinge constraints to simulate the state of mandibular occlusion at 
a certain moment. Physiologic occlusal loadings are also illustrated in Fig. 6. Loading I 
is the computational model under loading with 125 N at lower incisor. Loading II is the 
computational model under loading with 250 N at left second molar. Loading III is the 
computational model under loading with 250 N at right second molar. The directions of 
loads were set as vertically parallel to the long axis of the teeth. FEAs were conducted 
using Abaqus program.

To create the customized fixation plate with a novel geometry shape, the topological 
optimization program in Abaqus was used. Detailed descriptions of the assignment of 
material properties to the FE models and optimization process of the customized plate 
are detailed in the previous publication [17]. Values of the maximum von Mises stress, 
principal strain and interfragmental displacement of fractured mandible with differ-
ent fixation systems were calculated and recorded with three loading conditions using 
Abaqus program.

Experimental setup
A testing platform was designed to mimic the parameters used by our FEM. The FE 
models were described above. The testing platform (shown in Fig. 7a) was equipped with 
condyle-restricting devices, simulators of muscles, and apparatus to simulate biting sta-
tus. The system can be adjusted for various mandibular sizes, muscular orientations, and 
locations and directions of occlusion loading.

An SLS machine (Sinterstation HiQ/HS, 3D Systems Corporation, Rock Hill, SC, 
USA) was used to manufacture mandible models for the experiment. Nylon powder 
was used for SLS printing. The shape and the size of the models were exactly the same 
as those generated by the FE models. Each mandible was suspended at the center 
of the platform via the two condyles and three groups of masticatory muscles. The 

Fig. 6 Schematic representation of muscle modeling and occlusal loading
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lateral inferior pterygoid muscle was excluded in the experiment because its pulling 
direction was approximately parallel to the occlusal plane and the muscular insertion 
area was covered by the condyle-restricting device [33].

The three masticatory mandibular muscles were replaced by nylon cords and three 
types of springs with different stiffness coefficients. One end of each nylon cord was 
scattered and attached to correct location of mandibular surface corresponding to 
each muscle origin or insertion. Cyanoacrylate adhesive was used to stabilize the 
cords. The other side of the nylon cord was connected by a spring. The magnitude of 
three masticatory muscle forces (Fi) can be evaluated by the following equation: 

where P is the coefficient of muscle force (taking 40 N/cm2), and Ai is the cross-sectional 
area  (cm2). The magnitude of three types of masticatory muscle forces in the experiment 
is shown in Table 4 [34]. The parameters of three types of springs for simulating the mas-
ticatory muscle forces are shown in Table 5. The opposite side of the spring was con-
nected by a wire-rope. The stretched length of the spring was calculated from the ratio 
of the masticatory muscle forces to the stiffness coefficient of springs. The sides of the 

(1)Fi = P · Ai,

Fig. 7 a Experimental testing system; b condyle‑restricting device; c the simulator of the articular disc
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wire-rope were tied by small locking devices to simulate the magnitude of the muscle 
fibers. Each wire-rope was wrapped with a small laminate to assure its correct orienta-
tion in order to simulate the direction of the muscle fibers.

The condyle-restricting device was designed to allow a 2  mm thick sili-
cone disc as meniscus to fit the condylar neck. Design an appropriate cuboid 
(40 mm × 20 mm × 22 mm) to do a Boolean operation with the former shell. Another 
cylinder piece was added at the back surface of the cuboid to attach to the platform. For 
conveniently assembling the condyle and restrict device, this cuboid was divided into 
two parts. An SLM machine (AM250, Renishaw, Gloucestershire, UK) was used to fab-
ricate the condyle-restricting devices and three types of fixation plates (shown in Fig. 8) 
[35] under the following conditions: scanning rate at 0.6 m/s, laser power at 400 W and 
exposure time at 125 μs. Titanium alloy powder (Ti6Al4V) with an average particle size 
of 30  μm was used for SLM printing. Figure  7b shows the condyle-restricting device. 
The empty space between condyle and cuboid was designed to mimic the condylar disc. 

Table 4 Parameters of three masticatory muscle forces

Muscle Muscle forces (N) Cross‑sectional 
area  (cm2)

Unit vector coordinates

X Y Z

Masseter muscle 136.0 3.40 − 0.21 − 0.42  + 0.89

Medial pterygoid muscle 76.8 1.92 − 0.55  + 0.36  + 0.76

Temporal muscle 176.6 4.44 − 0.22  + 0.50  + 0.83

Table 5 Parameters of springs for mandibular muscles

Masseter muscle Medial pterygoid muscle Temporal 
muscle

Steel wire diameter (mm) 1.0 1.0 0.8

External diameter (mm) 8 8 6

Number of coils 30 35 25

Stiffness coefficient (N/mm) 166 138 147

Fig. 8 Condyle‑restricting devices and three types of fixation plates printed by SLM
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It is 2 mm in thickness and partially fits the exact surface of the anterior aspect of the 
condylar head (shown in Fig. 7c). The silicone condylar disc is able to reduce the impact 
between the condylar head and restrict device when the condylar head moves backward 
during mechanical loadings. The screws used to connect between the fixation plates 
and mandibular models are defined as locking screws and are locked in the mandibular 
models.

The measurement system consisted of strain gauges and one data acquisition system. 
Electric resistance strain gauges configured with a quarter bridge and their sensitivity 
factor was 2.08. Static strain indicator (DH-3818, Donghuatest Ltd., Jingjiang, Jiangsu, 
China) was used as the data acquisition system. Based on the von Mises stress of the 
mandibular model with different fixation systems in the FEA [17], 10 positions on the 
mandibular surface were selected to measure the strain distribution. Figure 1 shows the 
locations of strain gauges positions. The directions of the strain gauges were adjusted 
appropriately and they were glued on the predetermined locations with cyanoacrylate 
adhesive. Strain gauges were also glued onto fixation plates at the middle point of each 
plate, where the maximum strain was expected. The vertical loadings were applied to 
specific locations by pressing a dynamometer. The locations of occlusal loading were set 
to an exact position as the FE models, namely, lower central incisor, left and right lower 
molar areas. The number of forces applied to the teeth was programmed with 5 N, 10 N, 
and 10 N correspondingly.

The experiment was performed at room temperature (20 ℃). Before measuring the 
strain values, all the measurement points were balanced automatically, then, loading 
force was applied and set by the dynamometer. Strain values generated from the gauges 
during deformation of the mandible and strain gauges under different occlusal loadings 
were collected by the data acquisition system. Each sample was repeatedly tested three 
times to evaluate the repeatability and reliability.

Abbreviations
FE: Finite element; FEM: Finite element method; SLS: Selective laser sintering; SLM: Selective laser melting; MMF: Maxil‑
lomandibular fixation; ORIF: Open reduction and internal fixation; FEA: Finite element analysis.

Acknowledgements
Not applicable.

Authors’ contributions
Study concept and design: YL, KC, YF and XX. Acquisition of data: XX, XJ and XD. Analysis and interpretation: XX, KC, JW 
and RW. Drafting of the manuscript: KC, RW and DB. Final approval of the version to be submitted: YL, KC and XX. All 
authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China (No. 51775506), the Public Welfare Tech‑
nology Application Research Project of Zhejiang Province, China (No. LGG19E050022), the Zhejiang Provincial Natural 
Science Foundation of China (No. LY18E050022), the James R. Hayward Research Fund of the Chalmers J. Lyons Academy 
of Oral and Maxillofacial Surgery, the 111 Project (No. D16004), and Medical Health Science and Technology Project of 
Zhejiang Provincial Health Commission (No. 2018KY878).

Availability of data and materials
The data generated and analyzed during the current study are available from the corresponding author upon reasonable 
request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
All the authors have provided consent for publication.



Page 12 of 13Xu et al. BioMed Eng OnLine           (2021) 20:15 

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Stomatology, People’s Hospital of Quzhou, Quzhou 324000, China. 2 College of Mechanical Engineer‑
ing, Zhejiang University of Technology, Hangzhou 310023, China. 3 Key Laboratory of Special Purpose Equipment 
and Advanced Processing Technology, Ministry of Education and Zhejiang Province, Zhejiang University of Technology, 
Hangzhou 310023, China. 4 National International Joint Research Center of Special Purpose Equipment and Advanced 
Processing Technology, Zhejiang University of Technology, Hangzhou 310023, China. 5 Department of Orthopedic Sur‑
gery, University Hospitals of Cleveland, Case Medical Center, 11100 Euclid Ave., Cleveland, OH 44016, USA. 6 Department 
of Comprehensive Care, Case Western Reserve University School of Dental Medicine, 10900 Euclid Ave., Cleveland, OH 
44106‑4905, USA. 7 Department of Oral Maxillofacial Surgery, Case Western Reserve University School of Dental Medicine, 
10900 Euclid Ave., Cleveland, OH 44106‑4905, USA. 

Received: 4 November 2020   Accepted: 22 January 2021

References
 1. Hatefi S, Etemadi ShM, Yihun Y, Mansouri R, Akhlaghi A. Continuous distraction osteogenesis device with MAAC 

controller for mandibular reconstruction applications. Biomed Eng Online. 2019;18:43. https ://doi.org/10.1186/
s1293 8‑019‑0655‑0.

 2. Iii EE. A prospective study of 3 treatment methods for isolated fractures of the mandibular angle. J Oral Maxillofac 
Surg. 2010;68:2743–54. https ://doi.org/10.1016/j.joms.2010.05.080.

 3. Hsueh WD, Schechter CB, Shaw IT, Stupak HD. Comparison of intraoral and extraoral approaches to mandibular 
angle fracture repair with cost implications. Laryngoscope. 2016;126:591–5. https ://doi.org/10.1002/lary.25405 .

 4. Siddiqui A, Markose G, Moos KF, McMahon J, Ayoub AF. One miniplate versus two in the management of man‑
dibular angle fractures: a prospective randomised study. Br J Oral Maxillofac Surg. 2007;45:223–5. https ://doi.
org/10.1016/j.bjoms .2006.08.016.

 5. Scolozzi P, Jaques B. Intraoral open reduction and internal fixation of displaced mandibular angle fractures using 
a specific ad hoc reduction‑compression forceps: a preliminary study. Oral Surg Oral Med Oral Pathol Oral Radiol 
Endod. 2008;106:497–501. https ://doi.org/10.1016/j.tripl eo.2008.01.018.

 6. Liu Y, Wei B, Li Y, Gu D, Yin G, Wang B, Xu D, Zhang X, Kong D. The 3‑dimensional miniplate is more effective than the 
standard miniplate for the management of mandibular fractures: a meta‑analysis. Eur J Med Res. 2017;22:5–15. https 
://doi.org/10.1186/s4000 1‑017‑0244‑2.

 7. Monnazzi MS, Gabrielli MAC, Gabrielli MFR, Trivellato A. Mandibular angle fractures: a comparative study between 
one‑ and two‑plate fixation. Dent Traumatol. 2017;33:121–5. https ://doi.org/10.1111/edt.12312 .

 8. Wong RCW, Tideman H, Merk MAW, Jansen J, Goh SM, Liao K. Review of biomechanical models used in studying the 
biomechanics of reconstructed mandibles. Int J Oral Maxillofac Surg. 2011;40:393–400. https ://doi.org/10.1016/j.
ijom.2010.11.023.

 9. Ribeiro M, Lauria A, Sato F, Moreira R. Biomechanical analysis on different fixation techniques for treatment of man‑
dibular body fractures. Braz J Oral Sci. 2013;12:80–3. https ://doi.org/10.1590/S1677 ‑32252 01300 02000 02.

 10. Gröning F, Fagan M, O’Higgins P. Comparing the distribution of strains with the distribution of bone tissue in a 
human mandible: a finite element study. Anat Rec. 2013;296:9–18. https ://doi.org/10.1002/ar.22597 .

 11. Joshi U, Kurakar M. Comparison of stability of fracture segments in mandible fracture treated with different designs 
of mini‑plates using fem analysis. J Maxillofac Oral Surg. 2014;13:310–9. https ://doi.org/10.1007/s1266 3‑013‑0510‑y.

 12. Ackland DC, Moskaljuk A, Hart C, Lee PVS, Dimitroulis G. Prosthesis loading after temporomandibular joint replace‑
ment surgery: a musculoskeletal modeling study. J Biomech Eng. 2015;137:041001. https ://doi.org/10.1115/1.40295 
03.

 13. Ayali A, Erkmen E. Biomechanical evaluation of different plating methods used in mandibular angle fractures with 
3‑Dimensional finite element analysis: Favorable fractures. J Oral Maxillofac Surg. 2017;75:1464–74. https ://doi.
org/10.1016/j.joms.2017.02.028.

 14. Gonzales DMC, Spagnol G, Sverzut CE, Trivellato AE. In vitro evaluation of the resistance of three types of fixation to 
treat fractures of the mandibular angle. Br J Oral Maxillofac Surg. 2017;55:136–40. https ://doi.org/10.1016/j.bjoms 
.2016.09.017.

 15. Huang S, Lo L, Lin C. Biomechanical optimization of a custom‑made positioning and fixing bone plate for Le Fort 
I osteotomy by finite element analysis. Comput Biol Med. 2016;68:49–56. https ://doi.org/10.1016/j.compb iomed 
.2015.10.015.

 16. Gutwald R, Jaeger R, Lambers F. Customized mandibular reconstruction plates improve mechanical performance 
in a mandibular reconstruction model. Comput Methods Biomech Biomed Engin. 2017;20:426–35. https ://doi.
org/10.1080/10255 842.2016.12407 88.

 17. Liu Y, Fan Y, Jiang X, Baur DA. A customized fixation plate with novel structure designed by topological optimization 
for mandibular angle fracture based on finite element analysis. Biomed Eng Online. 2017;16:131–47. https ://doi.
org/10.1186/s1293 8‑017‑0422‑z.

 18. Ross CF, Patel BA, Slice DE, Strait DS, Dechow PC, Richmond BG, Spencer MA. Modeling masticatory muscle force in 
finite element analysis: sensitivity analysis using principal coordinates analysis. Anat Rec A Discov Mol Cell Evol Biol. 
2005;283:288–99. https ://doi.org/10.1002/ar.a.20170 .

 19. Bezerra TP, Junior FIS, Scarparo HC, Costa FWG, Studart‑Soares EC. Do erupted third molars weaken the mandibular 
angle after trauma to the chin region? A 3D finite element study. Int J Oral Maxillofac Surg. 2013;42:474–80. https ://
doi.org/10.1016/j.ijom.2012.10.009.

https://doi.org/10.1186/s12938-019-0655-0
https://doi.org/10.1186/s12938-019-0655-0
https://doi.org/10.1016/j.joms.2010.05.080
https://doi.org/10.1002/lary.25405
https://doi.org/10.1016/j.bjoms.2006.08.016
https://doi.org/10.1016/j.bjoms.2006.08.016
https://doi.org/10.1016/j.tripleo.2008.01.018
https://doi.org/10.1186/s40001-017-0244-2
https://doi.org/10.1186/s40001-017-0244-2
https://doi.org/10.1111/edt.12312
https://doi.org/10.1016/j.ijom.2010.11.023
https://doi.org/10.1016/j.ijom.2010.11.023
https://doi.org/10.1590/S1677-32252013000200002
https://doi.org/10.1002/ar.22597
https://doi.org/10.1007/s12663-013-0510-y
https://doi.org/10.1115/1.4029503
https://doi.org/10.1115/1.4029503
https://doi.org/10.1016/j.joms.2017.02.028
https://doi.org/10.1016/j.joms.2017.02.028
https://doi.org/10.1016/j.bjoms.2016.09.017
https://doi.org/10.1016/j.bjoms.2016.09.017
https://doi.org/10.1016/j.compbiomed.2015.10.015
https://doi.org/10.1016/j.compbiomed.2015.10.015
https://doi.org/10.1080/10255842.2016.1240788
https://doi.org/10.1080/10255842.2016.1240788
https://doi.org/10.1186/s12938-017-0422-z
https://doi.org/10.1186/s12938-017-0422-z
https://doi.org/10.1002/ar.a.20170
https://doi.org/10.1016/j.ijom.2012.10.009
https://doi.org/10.1016/j.ijom.2012.10.009


Page 13 of 13Xu et al. BioMed Eng OnLine           (2021) 20:15  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 20. Antic S, Vukicevic AM, Milasinovic M, Saveljic I, Jovicic G, Filipovic N, Rakocevic Z, Djuric M. Impact of the lower third 
molar presence and position on the fragility of mandibular angle and condyle: A Three‑dimensional finite element 
study. J Craniomaxillofac Surg. 2015;43:870–8. https ://doi.org/10.1016/j.jcms.2015.03.025.

 21. Wong RCW, Tideman H, Kin L, Merkx MAW. Biomechanics of mandibular reconstruction: a review. Int J Oral Maxil‑
lofac Surg. 2010;39:313–9. https ://doi.org/10.1016/j.ijom.2009.11.003.

 22. Cheng K, Liu Y, Wang R, Zhang J, Jiang X, Dong X, Xu X. Topological optimization of 3D printed bone analog with 
PEKK for surgical mandibular reconstruction. J Mech Behav Biomed. 2020;107:103758. https ://doi.org/10.1016/j.
jmbbm .2020.10375 8.

 23. Bujtár P, Sándor G, Bojtos A, Szücs A, Barabás J. Finite element analysis of the human mandible at 3 different 
stages of life. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 2010;110:301–9. https ://doi.org/10.1016/j.tripl 
eo.2010.01.025.

 24. Liu Y, Fan Y, Dong H, Zhang J. An investigation of two finite element modeling solutions for biomechanical simula‑
tion using a case study of a mandibular bone. J Biomech Eng. 2017;139:1–11. https ://doi.org/10.1115/1.40376 33.

 25. Nalla RK, Kinney JH, Ritchie RO. Mechanistic fracture criteria for the failure of human cortical bone. Nat Mater. 
2003;2:164–8. https ://doi.org/10.1038/nmat8 32.

 26. Wang R, Liu Y, Wang JH, Baur DA. Effect of interfragmentary gap on the mechanical behavior of mandibular angle 
fracture with three fixation designs: a finite element analysis. J Plast Reconstr Aesthet Surg. 2017;70:360–9. https ://
doi.org/10.1016/j.bjps.2016.10.026.

 27. Haden C, Collins P, Harlow D. Yield strength prediction of titanium alloys. Jom. 2015;67:1357–61. https ://doi.
org/10.1007/s1183 7‑015‑1436‑2.

 28. Ayali A, Erkmen E. Three‑dimensional finite element analysis of different plating techniques for unfavorable man‑
dibular angle fractures. J Craniofac Surg. 2018;29:603–7. https ://doi.org/10.1097/SCS.00000 00000 00432 7.

 29. Coskunses FM, Kocyigit ID, Atil F, Tekin U, Suer BT, Tuz HH, Ozgul O, Yagiz A. Finite‑element analysis of a new 
designed miniplate which is used via intraoral approach to the mandible angle fracture: comparison of the different 
fixation techniques. J Craniofac Surg. 2015;26:e445–8. https ://doi.org/10.1097/SCS.00000 00000 00189 0.

 30. Meyer C, Martin E, Kahn J, Zink S. Development and biomechanical testing of a new osteosynthesis plate 
(TCP) designed to stabilize mandibular condyle fractures. J Craniomaxillofac Surg. 2007;35:84–90. https ://doi.
org/10.1016/j.jcms.2006.11.006.

 31. Christopoulos P, Stathopoulos P, Alexandridis C, Shetty V, Caputo A. Comparative biomechanical evaluation of 
mono‑cortical osteosynthesis systems for condylar fractures using photoelastic stress analysis. Br J Oral Maxillofac 
Surg. 2012;50:636–41. https ://doi.org/10.1016/j.bjoms .2011.12.001.

 32. de Medeiros RC, Sigua EA, Navarro P, Olate S, Barbosa J. In vitro mechanical analysis of different techniques of inter‑
nal fixation of combined mandibular angle and body fractures. J Oral Maxillofac Surg. 2016;74:778–85. https ://doi.
org/10.1016/j.joms.2015.11.009.

 33. Wagner A, Krach W, Schicho K, Undt G, Ploder O, Ewers R. A 3‑dimensional finite‑element analysis investigating the 
biomechanical behavior of the mandible and plate osteosynthesis in cases of fractures of the condylar process. Oral 
Surg Oral Med Oral Pathol Oral Radiol Endod. 2002;94:678–86. https ://doi.org/10.1067/moe.2002.12645 1.

 34. Osbom JW, Baragar FA. Predicted pattern of human muscle activity during clenching derived from a computer 
assisted model: symmetric vertical bite force. J Biomech. 1985;18:599–612. https ://doi.org/10.1016/0021‑
9290(85)90014 ‑4.

 35. Rotaru H, Schumacher R, Kim S, Dinu C. Selective laser melted titanium implants: a new technique for the 
reconstruction of extensive zygomatic complex defects. Maxillofac Plast Reconstr Surg. 2015;37:1–6. https ://doi.
org/10.1186/s4090 2‑015‑0001‑9.

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

https://doi.org/10.1016/j.jcms.2015.03.025
https://doi.org/10.1016/j.ijom.2009.11.003
https://doi.org/10.1016/j.jmbbm.2020.103758
https://doi.org/10.1016/j.jmbbm.2020.103758
https://doi.org/10.1016/j.tripleo.2010.01.025
https://doi.org/10.1016/j.tripleo.2010.01.025
https://doi.org/10.1115/1.4037633
https://doi.org/10.1038/nmat832
https://doi.org/10.1016/j.bjps.2016.10.026
https://doi.org/10.1016/j.bjps.2016.10.026
https://doi.org/10.1007/s11837-015-1436-2
https://doi.org/10.1007/s11837-015-1436-2
https://doi.org/10.1097/SCS.0000000000004327
https://doi.org/10.1097/SCS.0000000000001890
https://doi.org/10.1016/j.jcms.2006.11.006
https://doi.org/10.1016/j.jcms.2006.11.006
https://doi.org/10.1016/j.bjoms.2011.12.001
https://doi.org/10.1016/j.joms.2015.11.009
https://doi.org/10.1016/j.joms.2015.11.009
https://doi.org/10.1067/moe.2002.126451
https://doi.org/10.1016/0021-9290(85)90014-4
https://doi.org/10.1016/0021-9290(85)90014-4
https://doi.org/10.1186/s40902-015-0001-9
https://doi.org/10.1186/s40902-015-0001-9

	Experimental validation of finite element simulation of a new custom-designed fixation plate to treat mandibular angle fracture
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Discussion
	Conclusions
	Methods
	FE model generation and optimization of custom-designed fixation plate

	Experimental setup
	Acknowledgements
	References




