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Abstract 
 
Surgeons often supplement surgeries involving rigid internal fixation of mandibular 
fractures with a short postoperative period of intermaxillary fixation (IMF) to allow a few 
weeks of healing in the fracture region before normal patient functioning is allowed.  It is 
believed that this could reduce the likelihood of complications in some patients.  A finite 
element model of a mandible with a parasymphyseal fracture was created and 
anatomically loaded to determine the effect of fracture healing on the occurrence of 
complications.  Measures of strain in the fracture region, stress in the bone surrounding 
implant screws, and stress in the implant devices were measured while the stiffness in the 
fracture region was gradually increased to mimic fracture healing.  According to the 
results of the FEA, delaying normal patient functioning with IMF for two weeks 
decreases the first principal strain in the fracture region to 54% of its immediate 
postoperative value.  Over the same time period peak Von Mises stress in the cortical 
bone surrounding the screws and peak Von Mises stress in the plate were decreased to 
62% and 60% of their original values, respectively. 

   
Introduction 

Rigid internal fixation is the standard method for treating mandibular fractures.    
Complications from this surgery are significant and include nonunion, malunion, and 
delayed union of the fracture, as well as infection, and hardware failure.  
Craniomaxillofacial (CMF) surgeons will often use intermaxillary fixation (IMF) 
immediately following surgery to allow healing along the fracture before normal 
functioning is resumed3, ,15 4.  The use of and the appropriate length of time for 
postoperative IMF has until now been determined entirely at the surgeon’s discretion.  
The use of postoperative IMF is widely considered beneficial although excessively 
prolonged periods of IMF can lead to patient non-compliance and delayed healing in 
some individuals16.       

 
Bolourian recently studied the clinical effect of two weeks IMF on clinical outcomes for 
patients with mandibular fractures3.  Of 31 patients treated intraorally with miniplate 
fixation, primary bone healing was achieved in all cases and no major complications were 
recorded.  The study reported not only improved complication rates compared to other 
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outcomes recorded in previous studies, but improved rates compared to documented 
studies at the same institution with shorter periods of required IMF.  The authors suggest 
that the 2 week period of IMF served to allow the reattachment of the soft tissue drape 
and the settling of the occlusion, while there was no investigation into the effect of initial 
healing on the biomechanics of the mandibular fracture region and the hardware used for 
the fixation system.         

 
Finite Element (FE) modeling can offer insight into the stress and strain state of 
mandibular bone and fixation hardware when subjected to normal clinical loading.  FE 
modeling is an appropriate tool to attempt to correlate stress and strain results to clinical 
outcomes.  FE models of the human mandible have previously been developed to 
determine the effectiveness of implants used in mandibular fracture fixation.  In most 
cases, these models assume no interaction and no stiffness along the fracture surfaces, 
assuming a fracture environment with no rigidity that is only valid in actuality for the 
immediate days after surgery6, ,14 19.  In reality the stiffness of the fracture region has been 
shown to be continuously changing from the properties of initial connective tissue to 
those of cortical bone.  This entire process can take anywhere from 12 to 20 weeks.  
While good results can be obtained from FE models, the model conditions have a large 
effect on the pertinence of the conclusions for surgeons.  Considering the frequent 
prescription of postoperative soft diet and intermaxillary fixation following internal 
fixation of mandibular fractures, the current challenge in mandibular modeling is to 
update the previous models to give surgeons a snapshot of model results for each stage in 
the fracture healing process.         

 
The aim of this study is to understand the effect of increasing fracture stiffness on stress 
and strain measures determined through FE modeling and known to affect the occurrence 
of complications. An FE model of a mandible with a parasymphyseal fracture was 
created and anatomically loaded.  Measures of strain in the fracture region, stress in the 
bone surrounding implant screws, and stress in the implant devices were measured while 
the stiffness in the fracture region was gradually increased to mimic fracture healing.  
These results examine the effect of delayed functioning on FE results and are ultimately 
intended to guide CMF surgeons towards appropriate lengths of IMF and soft diet 
suggestions.  The current work is distinguished from prior works by having a CT-scan 
based, dentate, heterogeneously orthotropic, fully 3-D model of the mandible and the 
latest fracture fixation hardware coupled with the first finite-element modeling effort of 
bone healing. 

 
Methods 

FEA Geometry Creation 
 
Computerized Tomography scans of a 22 year old male were obtained from a Siemens 
Somatone Sensations Multislice Scanner.  The patient had full dentition and normal 
occlusion.  The scans were imported into Mimics 7.3 (Materialise, Ann Arbor, MI) where 
thresholding and editing functions were used to create entities for cortical bone, 
cancellous bone, and the dental segment.  IGES (Initial Graphics Exchange Specification) 
curves were approximated around the volumes and imported into ANSYS 8.0.  Volumes 
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were created and subsequently bonded in the symphysis, parasymphysis, body, angle, 
ramus, coronoid, and condyle regions using their respective IGES curves.   

 
The volumes created were meshed using tetrahedral-shaped solid elements.  The final 
mesh of the mandible with hardware consisted of 67,434 elements and 107,352 nodes.  
Mesh refinement was used in the plate, screws, fracture region, and the surrounding 
cortical and cancellous regions until convergence of all pertinent measures was 
established.  A consistent mesh size was used in all analyses.  Geometric information 
from the finite-element model was compared to the original CT scan data to ensure model 
validity.  Furthermore, loadings similar to previous studies were mimicked in order to 
validate stress results.  CAD model verification for this study was detailed in Chaudhary5 
and Lovald14. 
 
The fracture was simulated as a 2 mm thick linear fracture in the parasymphyseal region.  
A 3D Matrix miniplate is used to secure the fracture.  Geometrical data for the plate was 
provided by the Stryker-Leibinger Corp (Kalamazoo, MI).  There is a small amount of 
clearance between the modeled plate and bone, as in clinical situations.  Unicortical 
screw fixation was used on the superior border while bicortical fixation was used on the 
inferior border.  Screws were simulated as solid cylinders with a diameter of 2.3 mm that 
were inserted and bonded using Boolean functions into the bone material.   

 
Material Properties 
 
The finite-element model of the dentate mandible consists of the following materials: 
cortical bone, cancellous bone and dental segment (dentin, enamel, peridontal ligament).  
Coordinate systems and orthotropic properties for cortical bone only were designated in 
each of 12 mandibular volumes created and mentioned previously.  Table 1 gives the 
material properties used in this study.   The orthotropic cortical bone values were taken 
from a study by Schwartz-Dabney17.  Isotropic properties for cancellous bone were taken 
from An1.  The properties for dentin were taken from another FE study12, but correlate 
well with a study by Craig and Peyton7.  In the current study only material properties for 
dentin are modeled in the dental segment due to its high modulus of elasticity.  The 
properties of titanium plates and screws were taken from another FE study of mandibular 
angle fractures6. 
 

Material 
Properties Symphysis Parasymphysis Angle Ramus Condyle Coronoid Cancellous Dentin Titanium 

E 20,492 21,728 23,793 24,607 23,500 28,000 10,400 17,600 110,000 x
E 12,092 12,700 12,757 12,971 12,650 14,000 10,400 17,600 110,000 y
E 16,350 17,828 19,014 18,357 17,850 17,500 10,400 17,600 110,000 z

ν 0.43 0.45 0.41 0.38 0.32 0.28 0.3 0.34 0.34 xy

ν 0.22 0.2 0.22 0.23 0.25 0.28 0.3 0.34 0.34 yz

ν 0.34 0.34 0.3 0.28 0.24 0.23 0.3 0.34 0.34 xz
G 5,317 5,533 5,493 5,386 5,500 5,750 4,000 6,567 41,045 xy
G 4,825 5,083 4,986 5,014 5,150 5,300 4,000 6,567 41,045 yz
G 6,908 7,450 7,579 7,407 7,150 7,150 4,000 6,567 41,045 xz

 
Table 1. Material properties used in FEA of the mandible.  Orthotropic properties were used for cortical 
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bone, while isotropic properties were used for cancellous bone, dentin, and the titanium plate.  The x-
direction is along the length of the mandible, the y-direction is normal to the bone plane, and the z-direction 

is their cross product. 
 
Table 2 gives Young’s Modulus determined for fracture stiffness at 0, 4, and 8 weeks10.  
While the fracture healing reference gives numbers for fracture stiffness up to 16 weeks, 
it is rare that IMF is used to supplement rigid internal fixation past eight weeks.  While 
this reference determined the stiffness of a fractured tibia, the final modulus given for 
100% matured bone of the peripheral fracture tissue matches well with cortical bone 
modulus of elasticity of mandibular bone17.  For the first eight weeks of healing in Table 
2, we have fitted the modulus values for the peripheral and central tissue, using least 
squares regression analysis, to an exponential curve (r2 = 0.94 and 0.91 for the peripheral 
and central tissue, respectively). A command/data input file was written for the original 
analysis and then iterated over the modulus of elasticity of the 2 mm thick fracture 
region/callus through ANSYS’s Batch Mode. Poisson’s Ratio for the fracture region is 
0.3 for all analyses.  Figure 1 shows the meshed mandibular model with its different 
material sections.     

 
 

 Central Tissue Peripheral Tissue
Stage (weeks) Modulus (MPa) Modulus (MPa) 

0 0.05 20 
4 0.19 76 
8 20 2000 

 
Table 2. Modulus of Elasticity for the fracture region’s central and peripheral tissue over the entire healing 

period10. 
 

 
Figure 1. Meshed mandibular model showing fracture region, fixation hardware, and different material 

regions of cortical bone. 
 
Field Equations and Boundary Conditions 
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The bite force used in this FEA was a unilateral molar clench.  Muscle force vectors that 
were experimentally derived for that specific bite are then distributed around the 
mandible.  Each force has a direction, area of attachment, and magnitude.  Both condyles 
and the occlusal surface of the right first molar are restrained from movement in all 
directions.   

The equations of equilibrium used in this mandibular FEA are: 
3..1,3..1,0, ===+ jif ijijσ
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In the realm of small deformation theory, the strain εij at a material point is related to the 
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For an orthotropic material deforming elastically, the stress-strain constitutive relation, or 
Hooke’s Law, is as follows: 
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, Gwhere Ei ij, and vij are the different elastic material constants (9 total). In this last 
equation, a repeated index does not imply summation. 

 
For an isotropic material, Hooke’s Law reduces to two material constants (two from G, λ 
and ν): 
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Equations (1), (2), (3) and (4) apply to material elements in the whole mandibular 
domain, Ω.  Here σij is the ijth component of the stress tensor, and fi is the ith component 
of acting body forces.  Body force contribution is negligible in this case.   

 
The boundary conditions used in this mandibular FEA are: 
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ui in Equation (5) is the ith component of the displacement vector of a material 

point.  The condition of zero displacement in Equation (5) applies to both condyle 
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surfaces (Γ ) and the occlusal surface of the first molar where the bite takes place (ΓC T).  
This bite restraint is applied contralateral to the fracture side of the mandible.   

 
Lastly, Equation (6) represents the stress traction, or force per area, exerted by muscle 
forces during mastication on the mandible.  Here nj is the jth component of the normal 
unit vector at a surface point P and Ti is the ith component of traction.  The magnitude 
and direction of muscle forces during the simulated bite were obtained from Korioth12 
and are shown in Table 3.  The data from this reference pertains to the bite of a healthy 
adult with an intact mandible.  It is estimated that the bite force of a patient with a 
fractured mandible is 60% of that of a healthy adult18.  The bite force data was modified 
accordingly in this study.  The muscle attachment areas on the mandible were obtained 
from Gray11.  Figure 2 shows the mandibular model with the applied boundary 
conditions.    

  Muscle Weight Force Direction 
Right/         
Working 
Side 

Left/         
Balancing 
Side Muscle X Y Z 

82.3 68.5 -0.21 0.89 0.42Superficial Masseter 
35.3 29.4 -0.55 0.76 -0.36Deep Masseter 
88.1 62.9 0.49 0.79 0.37Medial Pterygoid 
69.2 55.0 -0.15 0.99 0.04Anterior Temporalis 
37.9 38.4 -0.22 0.84 -0.50Middle Temporalis 
26.8 17.7 -0.21 0.47 -0.86Posterior Temporalis 
12.0 26.1 0.63 -0.17 0.76Inferior Lateral Pterygoid 

Table 3. Muscle forces for both the working (where the bite occurs) and balancing sides of the mandible.  
Each muscle force is found by multiplying the muscle weight by the three unit direction vectors and then 
distributed across the area of attachment.  The X vector is normal to the sagittal plane with the positive 
direction towards the left side of the mandible.  The Y vector is normal to the occlusal plane with the 

positive direction pointing superiorly.  The Z direction is orthogonal to the other axes.  All muscle force 
data was taken from Korioth12.  The original data was scaled at 60% to represent the bite force of a patient 

with a healing mandible fracture18. 
 

ΓC

ΓM

ΓT

 
Proceedings of the 2008 ASEE Gulf-Southwest Annual Conference 

The University of New Mexico – Albuquerque 
Copyright © 2008, American Society for Engineering Education 



Figure 2. Boundary conditions applied to the mandibular domain (Ω).  ΓM represents the masseter, 
temporalis, medial pterygoid, and lateral pterygoid muscles.  ΓC is the condyle area.  ΓM and  ΓC belong to 

both sides of the mandible.  Γ  is the area on the superior border of the 1st Molar contralateral to the 
fracture side of the mandible.     

T

 
Results 

Results for the FE model are shown over the first eight weeks of healing for the following 
measures: average first principal strain in the fracture region, peak Von Mises stress in 
the titanium plate, and peak Von Mises stress in the cortical bone surrounding the screws.  
Results for 1st principal strain in the fracture region were averaged over all elements 
contained within this region.  Figure 3 graphically shows the 1st principal strain of the 
fracture region in the mandibular model for the analysis simulating immediate post 
surgery functioning.  Higher strains were located on the periphery of the fracture site with 
higher strains found buccally than lingually.  Figure 4 gives the average first principal 
strain in the fracture, or callus, region over the first eight weeks of healing.  It is shown 
by the figure that first principal strain reduces to 54% of its immediate postoperative 
value by week 2 and to 24% by week 4.  Figure 5 shows the displacements calculated for 
the whole model in a direction normal to the fracture plane for the analysis simulating 
immediate post surgery functioning.  The deformed shape of the mandible clearly shows 
tension in the superior region of the fracture with compression near the inferior border.         

 

 
Figure 3. Contours showing 1st Principal strain in the mandibular body, the fixation hardware, and the 

fracture region of the mandible.  The results are for the immediate post-surgery analysis with no healing 
time before loading.   
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Figure 4. Average first Principal strain in the fracture region over the first eight weeks of healing of a 

parasymphyseal fracture. 
 

 
Figure 5. Displacment (mm) shown for the whole mandibular model in loading occurring immediately after 
surgery.  The displacement direction is normal to the fracture plane.  The plot shows tension occurring near 

the superior border of the fracture with compression on the inferior border. 
 

 
Results are shown for the peak Von Mises stress in the titanium plate over the first eight 
weeks of healing (Fig. 6).  Figure 7 graphically shows the Von Mises stress over the 
mandibular model for the analysis simulating immediate post surgery functioning.  Stress 
was measured at all nodes along the midplane of the plate thickness and the highest of 
these stresses was designated the peak value.  Higher stress in all analyses was found in 
the superior medial region of the plate.  Titanium plate stress reduces to 60% of its 
original value by week 2 and to 30% by week 4.   
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Figure 6. Peak Von Mises stress (MPa) in the titanium plate over the first eight weeks of healing of a 

parasymphyseal fracture. 
 

 
Figure 7. Contours showing the Von Mises stress in the mandibular body and the fixation hardware.  The 

results are for the immediate post-surgery analysis with no healing time before loading.   
 

Results were gathered for the peak Von Mises stress in the cortical bone surrounding the 
screws over the first eight weeks of healing (Fig. 8).  In all analyses, peak stresses 
occurred on the two superior screws medial to the fracture site.  The cortical bone stress 
is reduced to 62% of its original value by week 2 and to 31% of the original value by 
week 4.     
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Figure 8. Peak Von Mises stress (MPa) in the cortical bone surrounding the screws over the first eight 

weeks of healing of a parasymphyseal fracture. 
 

 
 

Discussion 
 
The numerical results show that immediately after surgery the average first principal 
strain in the callus region is approximately 2.0%, the peak Von Mises stress in the 
titanium plate is 504 MPa, and the peak Von Mises stress in the cortical bone surrounding 
the screws is 78 MPa.  The yield strength of Titanium is approximately 1000 MPa6 while 
Frost8 reported that strain in the callus/fracture region should be within 0.1% and 3.0% to 
heal appropriately and that screw implants should not induce stresses in bone over 60 
MPa.  We see that the stress in cortical bone is the only measure that exceeds these limits 
in this case.  We note that this peak stress is over a minute region of the sharp entrant 
corner of the screw into bone.  Given the performance of this type of fixation in the other 
measures, we conclude that this plate would be appropriate for fixation of a patient with 
parameters (bone quality, jaw size, bite force, non-comminuted fracture) similar to those 
of a typical 20 to 40 year old male with a fracture that can be reduced appropriately.   
 
Because of the variability among subjects, the results of these analyses are best viewed 
qualitatively.  This is especially true when translating these results to cases using 
different hardware.  Results for all three measures decrease to 54%-62% of their original 
values in the first two weeks, decreasing further to 24%-31% of their original values by 
week 4.  This similar trend continues for all three measures showing asymptotic behavior 
around week 6. These results should be a guide towards surgeons pertaining to the option 
of postoperative IMF and the mastication habits of each patient during the first eight 
weeks post-operation. Observing the FE results we note that a minimum of 2 weeks of 
IMF is attractive for any patient and could reduce complications significantly. The 
continued decrease in stress and strain measures up to 4 weeks after surgery suggests that 
a soft diet should be used until this point.  In some cases of poor bone quality or fracture 
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comminution, IMF could be recommended for the entire 4 week period. The results of FE 
analyses suggest that soft diet or IMF past six weeks will have little effect on the stress 
and strain measures examined in this study.   
 
The results of this study are compared to a retrospective study performed on patients 
treated at the University of New Mexico Hospital (UNMH) between 2000 and 20044.  All 
patients examined suffered a symphyseal or parasymphyseal fracture and were fixated 
with a single 3D Matrix miniplate or 2 Low Profile Band miniplates in parallel.  All 
patients also underwent a minimum of two weeks of postoperative IMF.  Of the eighty 
patients reviewed, six (8%) had postoperative complications.  All complications were due 
to exposed hardware, paresthesia, malocclusion, and TMJ pain.  No complications were 
related to infection, nonunion, delayed union, or failed hardware; complications 
influenced by the measures examined in this FE study.  None of the complications in the 
retrospective study required plate removal.  This is an attractive outcome compared to 
other retrospective studies of rigid internal fixation of mandibular fractures2, , , 9 13 16.  The 
results of this UNMH review corroborates numerical analysis suggesting that a 
significant decrease in the stress and strain measures leading to patient complications is 
realized if normal patient functioning is delayed until after two weeks of healing has 
occurred.  
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