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ABSTRACT:  
 
Introduction: The aim of the study was to highlight the effects of the reaction forces that produce stress on the 

hard structures of the jaw during mandibular lateral movement by using the finite element method. For a good 

understanding of the distribution and intensity of these forces during lateral movement, two clinical models from 

which the virtual models were obtained were studied. The first model was with advanced wear and end to end 

occlusion and the other was with bruxism and Angle Class II 2 with deep overbite. These two models were 

compared with an ideal virtual masticatory system. 

Materials and Methods: The study used a virtual masticatory system model obtained in a previous study which 

was considered to be ideal. This model was used to obtain the two virtual models based on the dental casts of the 

two real clinical cases. 

Results: The maximum load measured by stress, displacement and strain was recorded in the deep overbite 

patient model, followed by the end to end occlusion patient model and then the ideal model. Loading, 

represented by stress, displacement, and strain, was localized on compact bone tissue of the jaw: canine 

eminence, sutures of the viscerocranium, and even in the palatine bone. In the mandible, maximum load 

localization represented by stress, displacement and strain was on the compact bone in the premolar region and 

mandibular symphysis. 

Conclusions: The study demonstrated the presence of stress generated by the reaction forces and its distribution 

to the jaw bone during mandibular movement. The highest stress value was recorded in the case of deep overbite 

patient, suggesting that the mandible has the greatest deformation in lateral movement in the occlusion. 

 

Key words: reaction forces, virtual skull, mandibular movements, finite element method, 

stress 

 
 
INTRODUCTİON  

 
The maxillary bones, alveolar processes 

and teeth make up the hard parts of the 

masticatory system, a morphological and 

mechanical-functional complex with strong 

anatomical, physiological and functional 

interrelations. These hard components 

contain tissues with different embryonic 

origin, with different structures and have 

different mechanical and physical 

properties. Having other physical and 

mechanical properties, the bone and dental 

tissues behave differently during the 

masticatory system functioning. The most 

important properties of hard tissue 

components taken into account are; 

hardness, elasticity, density and Poisson 

coefficient. 
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Recently, a growing interest was noticed in 

the study of these physical and mechanical 

properties of bone and dental tissues [2-6], 

trying to explain the failures of implant 

treatments [7-11], restorative treatments 

[12-18] and the etiology of some forms of 

dental wear [20-22]. Most of these studies 

looked at the physical and mechanical 

properties of hard tissues and used the 

finite element method. This method has a 

great applicability in this field, and it was 

used to study the stress occurring in the 

bone-implant interface [23-26], the 

tensions occurring in the dental tissues, 

their role in the etiology of dental wear 

[21,27-30] and the tensions occurring in 

dental tissues in the case of restorative 

treatments [31-37]. 

This study aimed to highlight the effects of 

the reaction forces at the level of the jaws’ 

rigid structures during mandibular lateral 

movement by the finite element method. 

These reaction forces (resistance) appear as 

a consequence of the masticatory demands 

[38] and were revealed by the kinematic 

dynamic analysis method [39]. Only the 

lateral movement was considered because 

in another study we found that the greatest 

value of the resistance forces in the lateral 

movement of the jaw was 172 N in the first 

left superior premolar [40]. 

For a good understanding of the 

distribution and intensity of these forces in 

the lateral movement of the mandible, two 

virtual models obtained from the dental 

casts of two clinical cases, one with 

advanced wear and end to end occlusion 

and another with bruxism and deep 

overbite, were compared with an ideal 

maxillary system [39,41]. 

 
MATERIALS AND METHODS  
 
2.1. The study was approved by the Ethics 

Committee of UMF Craiova.  

2.2. The study used the previously 

obtained virtual model of the maxillary 

system [39], by scanning a cadaver skull 

with the Geomagic Capture 3D scanner 

(3D SYSTEMS, South Carolina, USA). 

The method allowed the virtual outer skull 

and the virtual model to be obtained. To 

obtain the inner skull architecture, 1256 

tomographic and MRI images from 8 

people aged between 18-75 years were 

used (with their informed consent). At the 

same time, the internal architecture of a 

skull from UMF Craiova was studied. 

Several types software were used, like 

Geomagic Capture, and Mimics developed 

by Materialise NV (Leuven, Belgium), 

with two work modules Mimics Medical 

for transforming tomographic images into 

geometries in .stl format, and 3-Matic 

Medical module for file processing and 

transformation into surface geometries 

editable in three-dimensional 

parameterized environments of type 

SolidWorks (Mimics, Materialise NV, 

Leuven Belgium) [39]. With AutoRemesh 

function, an editable CAD (Computer 

Aided Design) SolidWorks software 

geometry of the skull had been obtained. 

Some surfaces, considered "ideal", were 

added to the original model and the final 

model has been corrected and finalized by 

various software techniques among which 

was Geomagic for SolidWorks [39]. 

Mimics software allowed us to 

differentiate compact bone from cancellous 

bone, but to simplify calculations we used 

a medium value for bone density (1990 

kg/m3), like in other studies [6,42]. The 

two main bone components 

(viscerocranium and mandible) were 

loaded into an Assembly session of 

SolidWorks and a three-dimensional model 

of the maxillary system was obtained. To 

achieve the Multi Body model, motion 

constraints were applied so that the 

temporomandibular joints were 

approximated by biomechanical rotation 

and translational couplings. Multibody 

dynamics is a methodology used to study 

internal loads like stress and strain in the 

jaw [43].  It is a simulation technique used 

to study the behavior of biomechanical 

systems that have some flexibility. Even 

though the studied structure was in some 

extent flexible, it was considered rigid; the 
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flexibility was only used to assess internal 

forces and deformation.  

2.3. The virtual model obtained was 

considered the ideal model (Figure 1a) [41] 

for reference and it was used to obtain the 

two virtual models based on the dental 

casts of the two real clinical cases with 

different types of occlusion. The scanned 

dental arches from each case were attached 

to the virtual ideal model. 

 

 

 
Figure 1. Virtual model 1a. The virtual model of the ideal masticatory system, 1b. The finite 

element structure for the ideal model [41] 

 

With regard to the two models proposed 

for analysis, the first model belonged to a 

55-year-old patient with advanced erosive 

occlusal wear, with end to end occlusion 

(Figure 2).  

 

 
 

Figure 2. Patient with erosive wear and end to end occlusion. 2a. Dental Arches, 2b; Dental 

casts; 2c and 2d. The virtual model. 

 

2.4. The second model belonged to a 32-

year old patient with bruxism and Angle 

Class II Division 2 Malocclusion with deep 

overbite (Figure 3).  

The models have undergone three-

dimensional scanning operations using the 

3DSYSTEM CAPTURE 3D scanner and 

the Geomagic interface with the 

SolidWorks interface. For each model, 

approximately 60 successive scans were 

automatically aligned. At that time the 

result consisted of a complex cloud of 

three-dimensional points. This three-

dimensional model had been transformed 

into a preliminary surface. Due to the fact 

that the scanner's laser system cannot fully 

cover the entire scanned pattern, different 

Fill operations had been used. For each 

model, a closed area consisting of a large 

number of triangles that was saved under 

the .stl format then loaded into SolidWorks 

resulted. Virtual models were scaled, 

cropped and attached to the ideal model's 

maxilla using software techniques. For 
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each patient, the two components of the 

masticatory system (upper and lower jaw) 

were assembled using CAD-specific 

methods. Smoothing, "composing", 

"simplification" techniques were also used, 

and final models were obtained. These 

models were then "attached" using the 

SolidWorks Assembly module and specific 

assembly commands, ultimately obtaining 

the complete virtual masticatory system for 

each patient. This method was also applied 

in another study [41]. 

 

 
 

Figure 3. Patient with deep overbite. 3a. Dental Arches; 3b.Dental casts; 3c and 3d. The 

virtual model. 

 

2.5. For a successful simulation of the 

masticatory system in the virtual model, 

the material properties of all involved 

materials have to be given. The material 

parameters used in this study were taken 

from the literature [6,10,42,44], and the 

values defining the mechanical and 

physical parameters are presented in Table 

1. 

 

Table 1 - Physical and mechanical properties of materials used in FEA (finite element 

analysis) studies. 

Material Density 

[kg/m
3
] 

Elasticity module E 

[GPa] 

Poisson coefficient 

Cortical bone 1990 [6,41] 12,6 GPa [43]  0.3 [10] 

Cancellous bone 1990 [6,41] 1.148 GPa [43]  0.23 [10] 

 

Dental and periodontal tissues properties 

were not introduced in the calculations 

because they were considered irrelevant for 

this study.   

 

2.6. To perform the analysis, the patterns 

were divided into finite elements. The 

finite element structure for the ideal model 

is shown in Figure 1b. The finite element 

structure parameters are presented in table 

2. 

 

Table 2 - Structural features of finite elements for the three models. 

Model Maximum 

size of the 

finite element 

Minimum 

size of the 

finite element 

Total 

number of 

notches 

Total number 

of elements 

Processing 

time of 

finite 

element 

structure 

Ideal model 25.79 mm 5.15 mm 363701 229861 17.55 min 

Model with 36.44 mm 7.28 mm 585673 389250 9.21 min 



Romanian Journal of Oral Rehabilitation 

 Vol. 13, No. 1, January - March 2021  

 

41 

 

end to end 

occlusion 

Model with 

deep overbite 

44.41mm 8.88 mm 1086807 709736 23.13 min 

 

With this data, the main movements of the 

mandible, such as lifting, propulsion, 

retropulsion and laterality was 

cinematically simulated using Motion 

module for dynamic and kinematic 

analysis from SolidWorks. Thus, the 

maximum values of the reaction force from 

laterality movement without dental contact 

of 172 N were obtained for the ideal model 

[40]. This value was applied also for the 

two studied virtual models to assess stress, 

displacements and strain in the jaw. 

Differentiation between the values 

obtained for the two models was given by 

dental occlusion. 

 

3. RESULTS AND DISCUSSIONS  

 
3.1. For the ideal reference model, the 

following stress maps (Figure 4a), 

displacement maps (Figure 4b), and strain 

maps (Figure 4c) in the hard tissues of the 

masticatory system of the ideal model were 

obtained. The maximum value of stress 

was 53.61 MPa, while the maximum value 

of displacement was 10.74 µm, and the 

maximum value of strain was 2160 µ. 

 
 

Figure 4. Ideal Model. 4a. Stress Map; 4b. Displacement Map, 4c. Strain Map. 
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3.2. In the same way, the stress map 

(Figure 5a), the displacement map (Figure 

5b) and the strain map (Figure 5c) for the 

model of the 55-year-old patient with end 

to end occlusion were obtained. The 

maximum value of stress was 116.5 MPa, 

while the maximum value of displacement 

was 14.46 µm, and the maximum value of 

strain was 2155 µ. 

 
Figure 5. Virtual model of the patient with end to end occlusion. 2a. Stress map; 5b. 

Displacement map; 5c. Strain map. 

 

3.3. The final analysis was done for the 

virtual model of 32 years old male with 

deep overbite occlusion.  

Figure 6 presents stress map 

(Figure 6a), displacement map (Figure 6b) 

and strain map (Figure 6c) obtained for the 

analyzed model. The maximum value of 

stress was 260.4 MPa, while the maximum 

value of displacement was 28.81µm, and 

the maximum value of strain was 2155 µ. 
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Figure 6. Virtual model of the patient with deep overbite. 6a. Stress map; 6b. Displacement 

map; 6c. Strain map. 

 

3.4. The results of the study derived from a 

virtual masticatory system attached to a 

virtual skull, obtained in a previous study 

[39]. Other studies realized by researchers 

from this team used the same method to 

obtain virtual models using tomographic 

and bone scanning images [41,44]. Starting 

from this virtual model, two more virtual 

dento-maxillary models were created by 

replacing the dental arches of the ideal 

model with the virtual arches of two 

patients: one with end to end occlusion and 

the other with deep overbite. So, the 

difference between the three virtual models 

was given by dental arches, dental 

occlusion and the way mandibular 

movements were performed (lateral 

movement in this study). 

In an ideal case with correct occlusion, the 

lateral movement involved a downward 

movement of approximately 2 mm, after 

which the lateral displacement was 

performed. In the case of deep overbite 

occlusion, the lateral movement was much 

broader because the cuspidate teeth had to 

escape from dental contact trough a 

downward movement in laterality 

movement, as opposed to the end to end 

occlusion where the lateral movement was 

performed in the first place. These 

movements were accomplished by the 

contraction of the masticatory muscles 

with insertion on the mandible which exert 

traction on it, and thanks to the physical 

and mechanical properties of the jaw bone, 

resistance forces (reaction) were generated 

inside them [38,46-48]. These forces could 

be highlighted through stress (stress, 

displacements and strain). The way stress, 

displacement, and strain developed as a 
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consequence of the reaction forces were 

related to the regional variability of the 

properties of the bone tissues from the jaw 

structure and the stresses exerted on them 

during the mandibular dynamics. 

Concerning our study, the higher stress 

quantified as stress, displacement and 

strain were recorded in the 32-year old 

deep overbite patient model, followed by 

the 55 year old patient with end to end 

occlusion and then the ideal model. 

However, differentiated on the two 

maxillary jaws, the highest stress and 

strain were in the 55 year old patient with 

end to end occlusion, followed by the deep 

overbite patient model and then the ideal 

model. For the displacement, first was the 

32 year old model with deep overbite 

occlusion followed by the 55 year old 

model with end to end occlusion and then 

the ideal model. For the mandible, the 

highest stress, displacement and strain 

were in the 32 year old deep overbite 

patient model followed by the 55 year old 

model with end to end occlusion and then 

the ideal model. 

A logical explanation for the results of the 

study would be that in the case of deep 

overbite occlusion, the mandible had to go 

through a wide and complicated path so 

that its deformation and the amplitude of 

the reaction forces expressed by stress 

were the largest, approximately two times 

larger than in the superior jaw. However, 

the fact that in the superior jaw, stress, 

displacement and strain did not have the 

same representation as in the inferior jaw 

suggested that there are other factors that 

had not been taken into account. Regarding 

stress distribution represented by stress, 

displacement and strain, these were 

localized in compact bone of the superior 

jaw – like canine eminence, sutures of the 

viscerocranium and even in the palatine 

bone. In the mandible, stress localization 

represented by stress, displacement and 

strain was on the compact bone in the 

premolar region and mandibular 

symphysis. Also Bholla [9], in a similar 

study, had stated that Von Mises stress was 

higher in the compact bone. 

Many studies referred to mechanical and 

physical properties of the jaw bones 

[4,5,9,49-56], like for example, the 

elasticity module, bone density and 

Poisson coefficient. Very few studies 

referred to jaw bone deformations during 

masticatory demands [47,48]. Structural 

variability determined these different 

properties, bone deformations and the way 

mechanical forces were distributed in the 

interior of the bone.  

Regarding structural variability, a study on 

15 dental human skulls showed that the 

cortical bone in the alveolar region was 

thicker, less dense and less rigid [46]. The 

cortical bone in the maxilla body was 

thinner, denser, and stiffer. Cortical palatal 

bones had intermediate properties for some 

characteristics, but were generally more 

similar to the cortical bone in the alveolar 

region. In addition to these different 

properties of the compact bone of the 

maxilla for maxillary biomechanics, the 

large number of sutures, the presence of 

the sinuses, the perpendicular arrangement 

of the palatine bones on the jaw bones, and 

the insertion of a small part of the masseter 

muscle must be taken into account. It was 

believed that there were three pillars of 

resistance in the maxilla, through which 

the occlusal forces were transmitted to the 

skull: zygomatico-maxillary, pterigo-

maxillary and fronto-maxillary [57]). 

However, this fact cannot be generalized 

since there is a wide range of anatomical 

and structural variations among the 

population that make the transmission of 

the forces generated by occlusion and 

mandibular movements different. Peterson 

estimated that the biomechanical 

modelling of the zygomatico-maxillary 

complex was more difficult to achieve 

because a small number of functional 

(occlusal and functional) forces were taken 

into account, but in these bone structures a 

large number of reaction forces could 

develop, whose interdependence was 

poorly understood [46]. In the literature, 
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there were no biomechanical analyses of 

viscerocranium behavior, although in-vivo 

studies of stress distribution showed that 

most of the regions of the face and the 

palate had significant loads during the 

functions of the masticatory system in 

vertebrates [58-60]. Theoretically, 

according to Peterson, the active forces 

could be measured or estimated 

experimentally, as well as the occlusal 

force, so only the forces of resistance 

(reaction) had to be numerically estimated 

[46]. 

For the mandible, no such pillars were 

described, but it is well known that at its 

level there are reinforcements determined 

by the internal and external oblique lines 

and the dense structure in the mental 

protuberance. A study elastic properties 

and bone density in edentulous jaw bones 

found that physical properties were more 

favorable to the mandible than to the 

maxilla and better in the frontal region than 

in the lateral areas of both jaws [4]. In 

2006, Peterson stated that less complicated 

morphology of the mandible was 

conducive to stress computation if the 

mean values of elastic properties were used 

in the calculations [46]. 

In 1999, Misch et al. performed a 

classification of the jaw bones according to 

cortical and trabecular bone density in four 

classes reflecting the biomechanical 

properties (strength, elasticity module, 

implant to bone contact and stress 

distribution) [7]. 

Referring to jaw bone deformities, a FEM 

(finite element method) study using a 

virtual model based on tomographic 

images established a correlation between 

the jaw’s shapes, masticatory muscle 

contraction force and bone deformity 

during mastication [48]. The same study 

showed that jaws tended to deform less to 

individuals with the ability to generate 

large muscle forces during mastication, 

and that the shape of the jaw determined 

how the occlusal forces were transmitted to 

the skull. 

A FEM study of a mandibular model 

analysed mandibular deformation by 

Metrology optical analysis and found that 

at a 500 N stress in the region of the first 

lower premolar region the deformation was 

86 μm and for the same 500 N force 

applied to the second lower molar was 24 

μm [47]. By comparing the mandibular 

deformation in the two premolars, a 3-5 

fold deformation was observed in the first 

premolar region, suggesting that there was 

a direct relationship with bone elasticity. 

Regarding the stress generated in the 

structure of the mandible, the highest 

values were determined in the bone tissue 

around the stressed teeth and in the bone 

regions of the retromolar triangle and the 

mental region. 

These studies of the properties of the jaw 

bones, their deformations and stress under 

the occlusal forces are important in the 

context of the present study because the 

reaction forces and the stress, displacement 

and strain generated by them are the 

consequences of the bone tissue properties 

and bone deformations without the 

contribution of occlusal forces. The present 

study did not take into account the occlusal 

forces because during the functional 

processes the antagonist teeth rarely come 

into contact, never during phonation and 

very little time during mastication [38,61]. 

The present study showed a direct 

correlation between the amplitude of 

mandibular movements during masticatory 

functions and the values of stress, 

displacement and strain from bone 

structures (Figures 4, 5, and 6). However, 

the highest values of stress, displacement 

and strain were found in the areas rich in 

compact bone, respectively areas where the 

bone elasticity was lower. According to 

this findings, a mandibular movement with 

a higher amplitude as in deep overbite 

patient has as a consequence higher values 

of stress, displacement and strain in bone. 

FEA is a computerized in silico study that 

could not replicate exactly clinical 

situations. Nevertheless, the stress, 

displacement and strain analysis in this 
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study was performed in dynamics, using 

data from clinical cases, and this increased 

the value of the results and conclusions of 

this study.  

Study limitations came from using the 

same model of skull for all three 

simulations and from using the same mean 

values for mechanical properties of cortical 

bone and cancellous bone, in all three 

virtual models. The models could be 

improved and applied in case the patients 

will benefit from implant-prosthetic 

treatment, when they are undergoing a CT 

or CBCT investigation. Maxillary bone 

areas characterized by high values of 

stress, displacement and strain are an 

indication for the reduction of occlusal 

loading forces especially in laterality 

movements of the jaw [62]. 

 

4. CONCLUSIONS  

 
The study demonstrated the presence of 

stress, displacement and strain generated 

by the reaction forces and its distribution 

to the jaw bones during lateral mandibular 

movements. The highest values of the 

stress, displacement and strain was at the 

level of bone regions rich in compact bone 

of the anterior upper jaw area, canine 

eminence, sutures of the viscerocranium, 

palatine bone, and in the mandible in the 

area of the premolars and the anterior area. 

The highest stress value was recorded in 

the case of deep overbite occlusion in the 

lower jaw, suggesting that the mandible 

has the greatest deformation in lateral 

movement in the deep overbite occlusion. 

These simulations could be helpful in 

analyzing the stress that could be generated 

in various fixed prosthetic tooth or implant 

restored clinical cases. 
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