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Abstract 

Loss of bone in the mandible as a result from for example resection of bone tumors or trauma, can 

in more complex cases be reconstructed using a reconstruction plate to provide stability between 

the remaining mandible stumps. Different studies on reconstruction plates present a fracture rate 

of 2.8-9.8 %. The rate of plate fracture and plate loosening increases the need to improve the design 

of the reconstruction plate. A useful tool to find new designs for structures is topology 

optimization. Topology optimization is a mathematical based method where it is possible to define 

an optimization problem for a specific load case. Based on the defined problem, the solver 

calculates the most appropriate design to reach the final goal. The aim of this work is to investigate, 

describe, and discuss how new designs for reconstruction plates used for bridging large mandibular 

defects can be achieved by using topology optimization as a tool.  

 

Two software programs handling topology optimization from Altair Engineering were used: 

SimLab 14.0 and HyperMesh 14.0. Both of them uses the solver OptiStruct to solve the defined 

topology optimization problem. The topology optimization problem was defined to minimize the 

compliance of the structure with an upper limit of the allowed volume fraction used for the new 

design. Three different clenching tasks were examined: right unilateral clench, clenching in the 

intercuspal position, and incisal clench. All three load cases resulted in different designs, the 

designs were also affected by the initial amount of screws used, and by the defined value on the 

allowed thickness of the created parts in the new design. The results gave an initial understanding 

of topology optimization, and indicated the possibilities a design process with topology 

optimization has to achieve new designs for reconstruction plates used for large mandibular 

fractures.  
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Abbreviations and definitions  
 

TMJ Temporomandibular joint. 

CICP Clenching in the intercuspal position. 

RUC Right unilateral clench. 

IC Incisal clench. 

PDE Partial differential equation.  

FEM Finite element method. 

CAD Computer-aided design. 

FEA Finite element analysis. 

CAE Computer-aided engineering. 

Volume fraction 𝐷𝑒𝑠𝑖𝑔𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
 

Compliance A reciprocal measure of the stiffness. 

𝐶 =
1

2
𝑈𝑇𝐹, 𝑤𝑖𝑡ℎ 𝐾𝑈 = 𝐹 

Mindim/minimum 

thickness 

Minimum member size control, controls the minimum thickness of the parts 

created in the new design. 

Upper bound Defines the upper limit of the volume fraction that is allowed to be used for 

the new design. 
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1. Introduction 
The work for this master thesis has been performed at the University of Applied Sciences and 

Arts Northwestern Switzerland, School of Life Sciences, FHNW, at the Institute for Medical 

and Analytical Technologies (IMA). The master thesis has been examined at Linköping 

University, at the Department of Biomedical Engineering (IMT).  

1.1     Background 

Loss of bone in the mandible can be a result from trauma, inflammation or tumor bone resection. 

Additional from aesthetic defects it may lead to poor swallowing, deficiency in speech, airways 

reduction, and failure to retain saliva (1). Several techniques can be used for mandibular 

reconstruction such as soft-tissue free flaps, reconstruction plates and bone grafts. Bone 

reconstruction/ vascularized autologous bone are to be preferred since the method is easier and 

fewer complications has been registered. However, a general poor health of the patient  and 

advanced cancer entail a more complicated case, then it is better to use a reconstruction plate, 

see figure 1 (2,3). 

 

Figure 1. Example of a reconstruction plate used for mandibular defects commercially available today (4). 

A reconstruction plate is used to bridge the defect and provide mechanical stabilization between 

the mandibular stumps to avoid dislocation. The reconstruction plate has to be biocompatible 

and possess appropriate mechanical properties. It should be stiff enough to provide stabilization, 

but not too stiff so that it impedes the transfer of stresses and strains through the implant (1,3,5). 

The plates are subject to daily stresses that increases the requirements of the plate strength. 

Common complications that occur when using reconstruction plates are infection, plate 

exposure, plate fracture and screw loosening. The excessive stress may lead to fatigue fractures 

of the plate, and the cortical bone can also be affected, which can result in enlargement of the 

screw holes and thereof screw loosening (1–3,6). 

 

Different studies on reconstruction plates present a fracture rate of 2.8-9.8 % (1). A 

retrospective study made by Sakakibara et al. concluded that there are three possible causes of 

complications of mandibular reconstruction: mechanical stress, infection, and radiation therapy 

(in cases where cancer is present). The most likely way to reduce the risk of plate fracture is to 

reduce the mechanical and biological stresses on the reconstruction plate and the surrounding 

tissues. This goes in line with other studies reporting that bite forces, location, and size of the 

mandibular defect play a role in the fractures that occurs in reconstruction plates (2,6). 

 

In a study made by Knoll et al. the stresses in reconstruction plates used for angular mandible 

defects were investigated with finite element analysis. The stresses in the plate resulting from 

the simulated loadings exceeded the strengths of the components, which consequently can lead 

to clinical complications. Based on their simulation results, they presented an optimized plate 

where they had removed material from the low tension zones to minimize the surface and 

volume of the implant (1). 



10 

 

 

The rate of plate fracture and plate loosening increases the need to improve the design of the 

reconstruction plate to obtain better mechanical strength to sustain the forces the plate is subject 

to. A useful tool to find new design for structures is topology optimization. Topology 

optimization is a mathematical based method where it is possible to define an optimization 

problem: in example finding the stiffest structure by using a defined volume for a specific load 

case. The solver calculates the most appropriate design to reach the final goal(7). This technique 

is commonly used in aerospace and car industries, but it is a relatively new technique for 

biomechanical problems. Given the complexity of the human body, the design of most 

orthopaedic and trauma devices has historically been based on anatomy, rather than 

biomechanics (8).  

 

The first paper where topology optimization was used to achieve new designs for bone plates 

used for rigid fixation of mandibular fractures was published in 2009 (8). An optimized plate 

was presented, with as good fixation strength as commercial available larger bone plates, but 

with smaller plate volume, and it was tested for both fracture in the body of the mandible and 

symphysis fractures(8,9). Tang et al. presented a study where they investigated suitable 

optimization parameters for designing of a mandibular defect-repair implant and presented an 

optimized plate that could be used as reference for implant in clinical environments (10).   

1.2     Aim of the report 

The aim of this work is to investigate, describe, and discuss how new designs for reconstruction 

plates used for bridging large mandibular defects can be achieved by using topology 

optimization as a tool.  

1.3     Limitations  

The mathematical theory behind the topology optimization has not been investigated in a deeper 

manner. The focus has been on the software regarding the topology optimization, and no further 

analyse regarding stresses in the new reconstruction plate designs has been performed.  

1.4     Structure of the work 

Time has been invested in the software, model preparation and performing the topology 

optimization. The project started with a literature study to investigate the topic and get an 

overview of topology optimization in biomechanics. Which medical indication could be of 

interest and what commercial software are available? Reconstruction plates for bridging large 

mandibular defect was chosen as the subject to investigate. 

 

After contact with the company Altair Engineering, three different software programs were 

initially tested: HyperMesh 14.0, SimLab 14.0, and solidThinking Inspire 2016 (all three are 

commercial available from Altair Engineering). All three uses a solver called OptiStruct for the 

topology optimization problems. The possibilities of the different software were investigated to 

be able to make a decision of which one of these software that was most suitable in this case.  

 

Meshing of the model and definition of the boundary conditions were performed simpler and 

more time efficient in SimLab compared to HyperMesh: SimLab has therefor been used as the 

pre-processor. The topology optimization parameters have been defined both in SimLab and 

HyperMesh for different simulations and the calculation is performed by the solver Optistruct 

in both cases. This will be explained further in section 3.1 Software. 
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The initial idea was to import an STL file, which is the file format received when converting 

CT scan data to a virtual 3D model, directly into the program. This is not possible to do with 

Inspire. Inspire is also limited to simpler linear cases compared to SimLab and HyperMesh; that 

is the reason why this software was not investigated further. However, this software could 

probably be useful. In the end, to import the model as an STL file was not an option in SimLab 

either, due to limitations in geometrical modification, and only linear static analyses were 

performed.  

 

Available tutorials for the chosen software was used to learn how the software worked. The 

topology optimization part started with a simplified model to get a good initial understanding 

how this tool could be used, since the mandible model is quite complex to start with. When a 

better understanding of the software was achieved, was time invested to get a good mandible 

model with a reconstruction plate where the topology optimization procedure could be 

examined.   

2. Theory 
The following section describes the anatomy and biomechanics of the mandible that will be 

used for the finite element model of the mandible, followed by a theoretical part about 

mechanical properties, finite element method, and topology optimization. 

2.1     Anatomy and biomechanics of the mandible 

The mandible can be referred to as the strongest bone in the face, and it is anatomically divided 

into different parts. In the middle you find the mandibular symphysis, followed by the body, 

angle, and ramus, see figure 2. Anterior to the ramus is the coronoid process, and posterior to 

the ramus is the condylar process. The mandible is connected to the temporal bone by the 

temporomandibular joint (TMJ), which is a complex and interrelated joint that contributes to 

the movements of the mandible (11). 

 

 
Figure 2. Schematic picture of the human mandible (12).  

The movements of the mandible can be described in five different ways: elevation, depression, 

protraction, retraction, and side-to-side movements. Elevation and depression is present during 

the chewing process when the mandible is moved superiorly and inferiorly. The protraction and 
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retraction is non angular movements and juts out the jaw respectively brings it back into its 

position (13). Four main muscles around the mandible, termed the muscles of mastication, work 

together to achieve those movements see figure 3. 

 

 

Figure 3. The muscle of mastication: temporalis, masseter, lateral pterygoid, and medial pterygoid (14). 

The muscles of mastication include two palpable (superficial) muscles: the masseter and the 

temporalis, and two deeper located muscles: the medial- and the lateral pterygoid. The Masseter 

is a powerful muscle that elevates and closes the jaw during chewing, and also protrudes the 

mandible. It has both a deep and a superficial part, see figure 4. Its origin (the fixated end of the 

muscle) is from the zygomatic arch and zygomatic bone, and the insertion (the movable end, 

the muscles move in the direction of their origin) is between the angle and ramus. The 

temporalis is a fan-shaped muscle and it is the strongest elevator. It retracts the protruded 

mandible with its horizontal fibres, and maintains the position of the mandible at rest. Its origin 

is from the temporal fossa, and the insertion at the coronoid process, see figure 4 (13,15). 

 

  

Figure 4. Right: Superficial and deep masseter muscle (16). Left: temporalis muscle (17). 

The lateral pterygoid is involved in more complex movements compared to the masseter and 

the temporalis. It plays a part in all movements of the mandible, as assisting during opening of 

the mouth and side-to-side movements. It can be divided into two deep headed muscles: inferior 

and superior. The origin is from the greater wing and lateral pterygoid plate of sphenoid bone, 

while the insertion is at the condylar process of the mandible respective the capsule of the 

temporomandibular joint. The medial pterygoid main task is to elevate the mandible, and it is 
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also active during protraction and side-to-side movements. The medial pterygoid has both a 

superficial and a deep origin, and begins at the maxillary tuberosity respective the medial side 

of the lateral pterygoid plate. It inserts on the inside of the angle of the mandible.  

2.1.1     Definition of the teeth 

The teeth have different form and function and can be divided into four subgroups called: 

incisors, canines, premolars, and molars, see figure 5. The four incisors in the front are sharp 

and used for cutting food. The corner teeth are called canines and are used to hold and tear food. 

Followed the canines are the two premolars and then three molars which are formed to crush 

and tear food, respectively chew, crush, and grind food (11). 

 

 

Figure 5. Schematic picture of the mandibular dentation of an adult (18).  

2.1.2     Bite forces 

During mastication, the mandible will be exposed to different forces due to actions of the 

mastication muscles. The maximum bite forces generated during chewing depends on a number 

of factors, such as: age, gender, craniofacial morphology and personal health of the individual 

(19). 

 

The magnitude of the bite forces acting on the mandible also vary with different types of 

clenching. Depending on the functional action of the mandible, the different muscles will use 

different proportions of their maximal force (20), the magnitude of those muscle forces will be 

described further in section 3.2 The mandible model. In this report, three different clenching 

tasks are considered: clenching in the intercuspal position (CICP), right unilateral clenching in 

the molars (RUC), and clenching in the incisor region (IC), see figure 6. Clenching in the 

intercuspal position is the position of the mandible when the mandible is in its most closed 

position, it is a uniform bite where the greatest tooth contact between the mandibular and 

maxillary teeth occur. It can be simulated with constraints on two of the molar teeth on both 

sides. The right unilateral clenching in the molars consider a bite on the right side where the 

molar teeth are in contact with each other. Clenching in the incisor region is a bite where only 

the incisor teeth is used. 
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Figure 6. The three different clenching task used in this report: clenching in the intercuspal position (CICP), where 

the mandible is in its most closed position; right unilateral clench (RUC), where the bite is performed on the right 

side (viewed from the patient) with contact on the molar teeth; and a bite where only the incisor teeth are used, 

clenching in the incisor region (IC). The yellow arrows represent the direction and the magnitude of respective 

muscle group, and the red arrows represent the region where the bite occurs respective a constraint on the condyle 

(see section 3.2 The mandible model for further explanation).   

2.2     Mechanical properties  

Materials used in biomechanics need to exhibit certain bulk characteristics, to sustain the 

applied load without deflection or permanent failure. This section introduces some basic 

mechanical properties to be considered. Possible consequences when applying a load to an 

object are translation, rotation, and deformation. The inner forces can be described by the ratio 

between the applied force (F) and the initial area (A) of the face the forces are applied to (21): 

 

𝜎 =
𝐹

𝐴
 (1) 

   

This is defined as the nominal stress (also engineering stress) applied to the sample. The SI 

units of stress are Nm-2 or pascals (Pa). Two types of stress are considered: tensile stress, when 

a pulling force elongates the sample, and compressive stress when a pushing force is shortening 

the sample, see figure 7. 

 

CICP RUC

IC
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To compare the responses of different types of material, the resultant length change per unit 

change can be considered. This is normally known as strain. The nominal strain is given by 

(21): 

 

                𝜀 =
𝑙2−𝑙1

𝑙1
=

∆𝑙

𝑙1
 (2) 

 

Where l1 is the initial length of the sample and l2 is the length of the sample after the force has 

been applied, see figure 7. If the applied force is not normal to the surface of the sample, a shear 

stress 𝜏 and a shear strain 𝛾 can be defined according to equation 3 and 4, see figure 7 for a 

schematic example (21). 

 

   𝜏 =
𝐹//

𝐴
 (3) 

 
   𝛾 = 𝑡𝑎𝑛𝜃 (4) 

 

Figure 7. Schematic example of compressive stress, tensile stress, strain, shear strain,  

shear stress, and Poisson’s ratio. 

Stress and strain are connected with a linear relationship; in the case of bulk material, a 

proportional constant between tensile (or compressive) stress and strain is defined as Young’s 

modulus, E (21): 

 

   𝜎 = 𝐸𝜀 (5) 

 

 

 

Compressive stress, 𝜎 Tensile stress, 𝜎 

 

l1 
Δl 

Strain, 𝜀 Shear stress, 𝜏 

Shear strain, 𝛾 

θ 
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2
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F 
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1
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2
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1
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In the case of shear stress and strain, the proportional constant is known as the shear modulus, 

G(21): 

 

   𝜏 = 𝐺𝛾 (6) 

 

If a material is compressed or stretched in one direction, it usually tends to expand respectively 

contract in the other direction, this effect can be described by Poisson’s ratio v, which is the 

ratio between the transverse strain and the axial strain (see figure 7) (21): 

 

        𝑣 = −
𝜀𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒

𝜀𝑎𝑥𝑖𝑎𝑙
= −

∆𝑥 𝑥1⁄

∆𝑦 𝑦1⁄
 (7) 

 

The stresses and strains induced in a material can describe its strength and stability. Definitions 

such as yield strength (the stress at which noticeable plastic strain occur), tensile strength (when 

a notable constriction develops in the material), and breaking strength (when the material 

actually breaks) can be used to further describe the properties of the material. However, stresses 

that are below the yield strength of the material can over long periods of times and if the material 

is subject to cyclic load patterns cause the material to failure via creep respective fatigue (21).   

2.3     Finite element method  

The function of the mandible is a complex system, and analyzing the function requires tools 

that are able to perform good approximations. In general, laws of physics for space-and time-

dependent problems can be expressed in terms of partial differential equations (PDE). A 

differential equation describes a small change in a dependent variable with respect to a change 

in an independent variable (x, y, z, t) (the derivative of the dependent variable with respect to 

the independent variable). A PDE is a differential equation containing derivatives of more than 

one independent variable, where each derivative represents a change in one direction out of 

several possible directions (22).   

 

A PDE cannot usually be solved with analytical methods. Using different types of 

discretization, it is possible to approximate those problems with numerical model equations. 

The finite element method (FEM) is a numerical method used to solve those kinds of problems 

(22). The calculations are performed at a limited (finite) number of points, called nodes. The 

nodes are joined together into elements, which are created during discretization (meshing) when 

the problem is divided into smaller subdomains. The values in between the nodes are calculated 

with an interpolation function, and the result can in that way be interpolated for the entire 

domain (23).  

 

FEM has developed since the invention in the beginning of the 1940s and it is today a useful 

tool in many fields, such as biomechanics, aeronautical, and automotive industries. It can be 

used in the process of finding new designs: to analyze the stiffness and strength of a structure 

and compare different solutions. 

2.4     Topology optimization 

The FEM design process can be improved using a mathematical approach called topology 

optimization, to find the best design that can maintain the structure when specified forces are 

applied. Figure 8 describes a design process with and without topology optimization. In the 

design process without topology optimization, a proposal of the design is done by the designer, 

using a computer-aided design (CAD) program. It is then analysed with finite element analysis 
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(FEA) where simulations with different load cases is performed to obtain stresses in the plate 

to know if this design would sustain the applied load case. If the design fails, the designer has 

to propose a new design in the CAD program and redo the analysis. Finding the best solution 

for the design problem in this way can be tricky and time consuming, since it can require many 

iterations.   

 

To make this process more efficient, topology optimization can be used. Opposite to only use 

CAD and FEA it is possible to define a problem for a solver, telling it to construct a structure 

that should resist a specific load case. In this way it is the solver who does the iterations, which 

speeds up the process. The new design can be used as a template in a CAD program and further 

analysed with FEA, before it is build and exposed to mechanical testing (24).  

 

  
 

 

 

 
 

 

Figure 8. Comparison between a design process without and with topology optimization. In the first process it is 

the designer that provides a proposal for the design, which can require many redesign iterations. When topology 

optimization is used, the solver will do most of the iterations; for every iteration is an analysis done to obtain an 

optimum design for the defined problem.  

2.4.1     Define and solve a topology optimization problem 

Finding the best design for a structure requires a good definition of the problem in order for the 

solver to know what problem to solve. Defining the topology problem requires knowledge about 

the following terms: design variable, design space, response function, design constraint 

function, and objective function (24). They will be presented here, and then further investigated 

in section 4. Topology optimization result. 

 

Design variable is the structural parameter describing the system. In OptiStruct, for topology 

optimization, it is defined as the element density of the elements that are subject for the 

optimization. This variable is altered during the optimization process.  

 

Design space defines which components in the structure that are designable during the 

optimization process, it can be assigned to a material, a property, or a component. The parts that 

are not assigned to the design space are referred as the non-design space. A force or constraint 

must be applied to an element that is included in the non-design space.  

 

Response function represents the parameters of interest. It could be mass, volume, compliance, 

stress etc. Example: if the goal is to receive a stiff structure as possible while altering the 

volume, a response function has to be defined for both compliance and volume. 

 

CAD design FEA Build Test

CAD design FEA Build Test

Redesign 

Topology optimization 
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Design constrain function is used to define restrictions on the optimization problem. It limits 

the values that the response function can take, and it must be satisfied for the design to be 

acceptable.  

 

Objective function defines the goal of the optimization. It can be defined to either minimize or 

maximize one of the defined responses; such as minimizing the compliance to get a stiffer 

structure, or minimize the volume. 

 

With those variables defined, the solver will search for the minimum of the objective function 

to find the best design of the structure. However, the final solution is not always the best. 

Depending on the objective function, either one or several minimum can be found. For a convex 

function, only one minimum can be found in the design space, meanwhile for a higher order 

curve both local and global minimum can be present. 

 

The solver program used in this project, OptiStruct, uses an iterative process called the local 

approximation method to solve the optimization problem and find the minima. The flow chart 

in figure 9 describes the process; beginning with an analysis of the physical problem using finite 

elements, followed by a convergence test to see if convergence is achieved or not. A response 

screening is done to retain potentially active responses followed by a design sensitivity analysis 

on the retained responses. The sensitivity information is used to optimize the problem. 

Thereafter, a new analysis is performed of the physical problem followed by the same 

procedure. This is done until the convergence test is fulfilled, or if the maximum number of 

iteration is reached (which can be defined by the user).  

Figure 9. The iterative process for the topology optimization used in Optistruct. 

Optistruct uses a method called the density method to solve the optimization problem, where 

the final design should preferably contain only elements that represents either 100 % material 

or no material. However, that is computationally prohibitive. Instead is a continuously variating 

design variable used. The solver defines a material density for each element and uses it as the 

design variable. It is defined to have a value between 0 and 1, where 0 represents void and 1 

represent solid. Elements that has a low stress value will be assigned a lower density, while 

elements that has a high stress value will be assigned a higher density value. The intermediate 

values represent fictitious material (25).  

Analyse of physical problem 

Convergence test 

Final design Response screening 

Design sensitivity analysis 
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The intermediate values are not desirable when looking for an optimal design, since the density 

of the real implant only can be 0 or 1 in practice. It is therefore necessary to use a technique 

that decreases the elements with intermediate values and increases the elements with densities 

of either 0 or 1. The penalizing method used in OptiStruct is achieved by a power law 

formulation (26): 

 

                 �̂�𝑖(𝜌𝑖) = 𝜌𝑖
𝑝𝐾𝑖, 𝑝 > 1 (8) 

 

 

Where �̂�𝑖 and 𝐾𝑖 is the penalized respective real stiffness (material property of the material 

used) matrix of the i th element, ρ is the density (design variable in the optimization) of the i th 

element, and 𝑝 is the penalization factor. When 𝑝 = 1 will the stiffness be linear and no 

penalization occur, however, increasing the value of 𝑝 will penalize intermediate values since 

the stiffness will no longer follow a linear behaviour.   

2.4.2     Optimization parameters 

There is a wide range of optimization parameters that can be defined for optimization in 

OptiStruct. In this work is the parameters volume fraction and compliance used. 

 

The volume fraction describes the fraction of the initial design volume in the topology 

optimization and it is defined as follow (25): 

 

               𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝐷𝑒𝑠𝑖𝑔𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
 (9) 

 

The volume fraction can be defined for individual components, groups of components, or the 

whole structure. In the simulations done in this work is the volume fraction assigned to the plate 

that will be optimized. It is possible to define a constraint on this parameter, either a lower or 

upper boundary, defining the amount of volume that can be used for the topology optimization. 

 

The goal with the optimization in this work is to have a stable and robust mandible, where the 

optimized reconstruction plate keeps the two parts of the mandible as still as possible relative 

to each other. A compliance response is therefore defined for the topology optimization 

problem. Compliance is dependent on the applied forces and the displacement, and can be 

considered as a reciprocal measure of the stiffness; if the objective is to minimize the 

compliance then the stiffness of the structure will be maximized. The compliance C is calculated 

in OptiStruct using the following relationship (25): 

 

𝐶 =
1

2
𝑈𝑇𝐹, 𝑤𝑖𝑡ℎ 𝐾𝑈 = 𝐹 (10) 

 

Where C is the compliance, U is the resulting displacement, and F is the applied force. 

Compliance is usually defined as the displacement divided by the force, however, in this case 

the definition do not affect the optimisation result since an extern force is applied. In a structure 

with a linear static load case, the compliance is defined as described in equation 11 (25). Where 

K is the stiffness. 

 

𝐶 =
1

2
𝑈𝑇𝐹 =

1

2

𝐹𝑇𝐹

𝐾𝑇 =
1

2

𝑓2

𝐾
, 𝑤𝑖𝑡ℎ

1

2
𝑓2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (11) 
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The compliance can be assigned to either one or several components in the model. In this project 

is the compliance defined for the total structure since the purpose it to achieve a stiff structure 

as possible, where the two parts of the mandible should not move in relation to each other when 

a bite force is applied. 

 

The mandible is exposed to different load cases during clenching and one load case might affect 

the design of the implant in one way meanwhile another load case will force the design of the 

implant in another direction. It can therefore be interesting to analyse several load cases at the 

same time; this is possible by defining weighted compliance as a response function for the 

topology optimization. Weighted compliance for different load cases, i, with weighting factor 

W, is defined as follow (25): 

 

       𝐶𝑊 = ∑ 𝑊𝑖𝐶𝑖 = 1/2 ∑ 𝑊𝑖𝑢𝑖
𝑇𝑓𝑖 (12) 

 

2.4.3     Member size control 

Constraints on the size of the different parts in the structure, formed during topology 

optimization, can be applied. Those different parts are referred as members in the OptiStruct 

user guide. The size of the created parts can be regulated using either minimum member size 

control (mindim), maximum member size control (maxdim), or both. Mindim is used to 

eliminate small members of the design, see an example of small members in figure 10. The 

defined value limits the diameter of the created members. It is possible though, that the final 

design contains members under the specified minimum member size, if they are important to 

the load transmission. According to OptiStruct user guide it is recommended that mindim is 3-

12 times the average element size (25). 

 

Maxdim controls the formation of larger members. It must be at least twice the size of mindim, 

at least 6 times the average element size, and less than half the width of the thinnest part of the 

design region (25). According to OptiStruct user guide, maxdim should only be used when it is 

truly desired though: first of all, maxdim is a new research development and it is still undergoing 

improvements, it induces further restrictions on the design space, and it is recommended to first 

study the design without maxdim and then decide if the use of maxdim would be advantageous. 

Based on those recommendations has only mindim been used in this study, see section 4.4.2 

Minimum member size for discussion of the optimization result.  

 

 

Figure 10. Example of smaller members in topology optimization. 
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3. The topology optimization process 
This section describes the used software and the process from model preparation to topology 

optimization results.  

3.1     Software 

Altair HyperWorks (Altair Engineering) is an open architecture computer-aided engineering 

(CAE) simulation platform with several products used for different kinds of simulation 

problems (27). Following software provided by Altair Engineering are used during this 

procedure: SimLab 14.0, HyperMesh 14.0, OptiStruct, and HyperView.  

 

The flowchart in figure 11 describes in which part of the procedure the different software 

programs are present and how they are connected to each other. Between every step is the file 

format presented, a description of the different file formats can be seen in table 1 (a description 

of all the file formats that are created during the topology optimization can be found in 

Appendix). The mandible model is geometrically prepared in the CAD program Solidworks 

and then imported into SimLab as a parasolid file. SimLab is used for model preparation with 

meshing and definition of boundary conditions. It would be possible to perform the whole 

Figure 11. The software programs used in the project. Between each software is the file format presented. 

OptiStruct is the solver for the topology optimization problem, and it is integrated within SimLab and HyperMesh.  
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procedure without SimLab, and do the meshing and define the boundary conditions within 

HyperMesh. However, in this case after examination of both software, it was decided to use 

SimLab for both meshing and boundary conditions, since this procedure was simpler and less 

time consuming then by using HyperMesh.   

Table 1. Description of the different file formats used in the different steps. 

File format Description  

Parasolid (*.x_t) Geometric modelling kernel (3D modelling software component). 

*.fem File containing information about the meshed model with boundary 

conditions and the defined topology optimization parameters.  

*.h3d HyperMesh binary result file. This file is imported to HyperView for 

post-processing. Two separate files are created, one that contains the 

new design, *_des.h3d, and one containing an analyse of the load case, 

*_s1.hd3.  

*.out 

  

OptiStruct output file containing specific information on the file setup, 

the setup of the optimization problem, estimates for the amount of 

RAM and disc space required for the run, information for each 

optimization iteration and compute time information. Review this file 

for warning and errors that are flagged from processing the *.fem file. 

*.stl STereoLithography, describes the surface geometry of the model, 

without representation of colour, texture, etc.  

 

It is possible to define the topology parameters in both SimLab and HyperMesh, and both 

software have been used for different simulations in this work. It is a bit faster and simpler to 

define the parameters in SimLab. Another advantage with SimLab is that is it easy to see the 

values of the defined optimization parameters in the model browser, which is not possible in 

HyperMesh. However, when running the optimization within SimLab it is not possible to work 

with the model in the program at the same time, and defining different weight factors for the 

specific load cases when using weighted compliance is only possible in HyperMesh as well (but 

it is possible to use weighted compliance with weighting factor 1 for all load cases in SimLab). 

That is why both SimLab and HyperMesh have been used. When performing the optimization 

in HyperMesh, the model is exported with the file format *.fem from SimLab, and then imported 

into HyperMesh. The defined optimization problem is saved in the same file format *.fem and 

then solved by OptiStruct. OptiStruct is used within both SimLab and HyperMesh, but it is also 

possible to run OptiStruct by its own. The optimization results are in the *.hd3 format which 

can be opened in HyperView to perform post-processing. When optimization has been 

performed in HyperMesh, HyperView can easily be opened from the page where the 

optimization is started. It is also possible to open HyperView in a new window.   

3.2     The mandible model 

CT scan data of a patient was used for the mandible model. Dicom images (*.dcm) was 

converted into STL files using Mimics (Materialise, Belgium), this can be done due to 

standardized values of CT images: the algorithms can convert bone-related grey values 

(Hounsfield units) into virtual 3D images (*.stl). The program Geomagic (3D Systems USA) is 

used to convert the STL file into NURBS and then into an IGES file (*.igs). The IGES file is 

then imported into Solidworks for geometry modification.  

 

A mandibular defect was created on the right side (viewed from the patient) and a reconstruction 

plate was fixated to the two mandible stumps with 20 screws positioned in a row on the lower 

part of the plate. It is recommended to start the simulations with a large design space to give the 
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solver greater freedom to create a new design. The model was imported into SimLab as a 

Parasolid file (*.x_t) and rotated to gain the same coordinate system as the muscular forces was 

defined in, see figure 12 (see Appendix for rotation values). 

 

It is possible to define different mesh options for different features in the structure using a 

function called mesh control in SimLab. This was applied around the cylindrical screw holes to 

get a fine mesh and to get a finer mesh on the plate compared to the mandible. A finer mesh 

gives a more accurate result, but the calculation time increases (28). A finer mesh is applied to 

the plate compared to the mandible stumps, since it is the plate that will be optimized. The 

average element size applied to the plate were 1 mm, and the average element size applied to 

the mandible was 2 mm. Tet10 was used as the element type for the solid mesh (further mesh 

specification is described in Appendix). The plate was fixated to the mandible with rigid bars 

used as 1D screws. 

 

The mandible was assumed to contain only cortical bone possessing linear properties, and a 

plate made of titanium. A mean value from previous studies handling finite element mandible 

model has been used for Young’s modulus and Poisson’s ratio for both cortical bone and the 

titanium, see table 2 (see Appendix for the values from the articles) (29–32). The complex 

movements of the TMJ is not taken into account, since during clenching tasks (which are the 

concerns in this study), the condyles are centred in their respective glenoid fossae (8).  

Table 2. Young's modulus and Poisson’s ratio for cortical bone and titanium. 

 Cortical bone Titanium 

Young’s modulus (N/mm2) 1.38*104 1.145*105 

Poisson’s ratio 0.3 0.34 

 

As discussed in previous section (2.1.2 Bite forces), the muscle forces differ depending on the 

clenching task. The value of each muscle force (Mir) for the different mastication muscles can 

be calculated as follow (33): 

 

  𝑀𝑖𝑟 = [𝑋𝑀𝐼 ∗ 𝐿] ∗ 𝐸𝑀𝐺𝑀𝐼 (12) 

 

Where XMI is the cross sectional area of the muscle in cm2, L is a constant for the corresponding 

skeletal muscle in N/cm2. The product of XMI and L is called the weighting factor, which is the 

maximal force of each muscle group. EMGMI is the scaling factor for each muscle during 

different muscle contractions (20). The resultant magnitude of the muscle force is multiplied 

with a corresponding unit vector in X-, Y-, and Z-direction to achieve an orthogonal vector 

force that describes the direction of muscle movements. Figure 12 describes the coordinate 

system used in this model. See table 3 for the weighting factor and the force directions (unit 

vectors) for each muscle group and table 4 for the scaling factors for three different clenching 

tasks for respective muscle group, see Appendix for the calculated resultant muscle forces (Mir).  
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Figure 12. Coordinate system for the mandible model, viewed from the front and from the left side. 

Table 3. The weighting factor represents the maximum force for respective muscle group. X, Y, and Z, describes 

the directions of the muscle force (the corresponding unit vectors), see the defined coordinate system in figure 12. 

Muscle group Weighting factor Force direction 

X Y Z 

Superficial masseter 190.4 -0.207 0.885 0.419 

Deep masseter 81.6 -0.546 0.758 0.358 

Anterior temporalis 158 -0.149 0.988 0.044 

Middle temporalis 95.6 -0.221 0.837 -0.5 

Posterior temporalis 75.6 -0.208 0.474 -0.855 

Medial pterygoid 174.8 0.486 0.791 0.372 

Inferior lateral pterygoid 66.9 0.63 -0.174 0.757 

 

Table 4. Scaling factor for each muscle group depending on the muscle contraction during the three different 

clenching tasks: right unilateral clench (RUC), intercuspal clench (CICP), and incisal clench (IC). 

 Scaling factor 

Muscle group Right unilateral clench Intercuspal clench Incisal clench 

Right Left Right Left Right Left 

Superficial masseter 0.72 0.6 1 1 0.4 0.4 

Deep masseter 0.72 0.6 1 1 0.26 0.26 

Anterior temporalis 0.73 0.58 0.98 0.98 0.08 0.08 

Middle temporalis 0.66 0.67 0.96 0.96 0.06 0.06 

Posterior temporalis 0.59 0.39 0.94 0.94 0.04 0.04 

Medial pterygoid 0.84 0.6 0.76 0.76 0.78 0.78 

Inferior lateral pterygoid 0.3 0.65 0.27 0.27 0.71 0.71 

 

Faces in the mesh on the solid model was created in areas that corresponds to the attachment 

sites of the muscles. The attachment sites are not perfect and not uniform on both sides due to 

alterations in the mesh, but the attempt is to gain approximately the same attachment area on 

both sides for the different muscles. The resultant muscle force for each muscle was divided 

equally on the nodes within the defined face on the mesh. See figure 13, 14, and 15: the red 

areas represent the attachment sites of the muscle, and the yellow arrows represent the 

magnitude and the direction of the muscle forces. 

 

Constraints in both rotational and displacement X-, Y-, Z-direction were attached on the 

condylar process, and on the 1st and 2nd molar on the right side, on both sides, and on the incisal 
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teeth for respective load case, see the red arrows in figure 13, 14, and 15. The attachment sites 

is approximated here as well. First of all is the teeth not represented in the model, so the position 

of the tooth has been estimated, and the nodes for the constraint on the condylar process has 

also been arbitrary chosen.   

 

 

Figure 13. The mandible model for clenching in the intercuspal position in SimLab, viewed from the front and 

from the back. Constraints has been attached on the condylar process and on two of the molar teeth on both sides. 

 

Figure 14. The mandible model for right unilateral clench in SimLab, viewed from the front and from the back. 

Constraints has been attached on the condylar process and on two of the molar teeth on the right side. 

Figure 15. The mandible model for the incisal clench in SimLab, viewed from the front and from the back. 

Constraints has been attached on the condylar process and on the remaining incisal teeth on the left side. 
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3.3     Problem formulation 

The goal with the topology optimization is to have both a stable structure as possible and to 

keep the volume as low as possible. The whole reconstruction plate was defined as the design 

space, meaning that the plate will be the only component in the structure that will be optimized. 

Two responses were defined: volume fraction on the reconstruction plate and compliance on 

the whole structure. An upper limit on the volume fraction was defined to control the amount 

of volume that was used for the new design (this is defined as upper bound in both SimLab and 

HyperMesh). The objective of the optimization was to minimize the compliance on the total 

structure (which will maximize the stiffness of the structure). See table 5 for a summation of 

the parameters and figure 16.  

 

 

Figure 16. Definition of the topology optimization parameters. 

The reconstruction plate should keep the two mandible stump as still as possible in relation to 

each other; in other words, the displacement of the two mandibular stumps should be as low as 

possible. According to equation 10, the resulting displacement is connected to the compliance 

of the structure, minimizing the compliance will therefore minimize the displacement, and 

therefore maximize the stiffness of the structure.  

Table 5. Definition of the topology optimization parameters. 

Design space Reconstruction plate 

Responses Volume fraction defined on the reconstruction plate  

Compliance defined on the total structure 

Constraints Upper bound on volume fraction  

Objective Minimize compliance 
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3.4     Interpretation of the result 

The result of the topology optimization is visualized using HyperView. The computed design 

of the implant is pictured by the different element densities that have been calculated by the 

solver (see section 2.4.1 Define and solve a topology optimization problem). The new design 

can be visualized using two different plots: contour plot and iso-surface plot. The contour plot 

in figure 17 (the uppermost picture) shows the distribution of the element densities for all the 

elements in the plate: with densities from void to solid (0 to 1). The whole initial design is still 

visible now. However, the elements that represents a void or have a very small density is not of 

interest, therefore they are filtered away by using the iso-surface plot in HyperView. With this 

plot it is possible to change a threshold value that regulates which element densities that are 

visible. 

 

Figure 17. In the uppermost picture the contour plot is applied and all element in the plate are visible. In the three 

lower pictures the iso-surface plot is applied with different threshold values: elements with a density above 0.2, 

0.3, respective 0.5 are visible. Simulation with the RUC load case, with a volume fraction of 0.2 and a minimum 

thickness of 6 mm. 

For example, a threshold value of 0.2 hides all the elements with a density below 0.2 while the 

element with a density of 0.2 or above is still visible. Doing this, either more or less material 

can be added to the design, and the threshold value can be changed until the most appropriate 

design is achieved. Elements with density 1 is essential for the structure, while elements with 

density 0 represents non-load bearing parts and can therefore be removed. The intermediate 

values can either be necessary or not be necessary for keeping a good stability of the structure. 

Iso-surface plot: 

apply different 

threshold values 

0.2 0.3 0.5 
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The threshold value is variated to find a good balance in how much material that should be 

preserved for the implant.  

 

If more material is preserved in the design, the implant will be stiffer compared to if less 

material is kept. The material that is removed can decrease the diameter of the members, but it 

can also contribute to the disappearance of some small members in the structure that have a low 

density, see figure 17 when the threshold value is changed from 0.2 to 0.3. For the simulation 

in figure 17 is a threshold value around 0.2-0.3 probably appropriate, since a higher threshold 

removes to much of the material.  

 

When an appropriate threshold value is selected, the iso-surface can be exported as an STL file. 

In the exported file, every element with a density value below the threshold will be neglected 

and every element with a density value above the threshold will be assigned density value 1. 

The exported plate design contains therefore only elements that represent solid.    

 

The STL file with the plate design can be imported into a CAD program and used as a template 

to design a plate with a smoother design. The new smoother design should then be imported 

back to the analysis program to make a new analysis with the same load case, to see if the 

stresses in the plate are not too high in order to withstand the applied forces. See figure 18 for 

a schematic overview of the process to achieve the final design.   

 
Figure 18. The process to achieve the final design. 

3.5     Iteration process 

Figure 19 describes the iteration process for one simulation. The change of the design variables 

(the element densities) is limited to a narrow bound to achieve a stable convergence (25). The 

largest change in the design variables occur in the first iterations, where the greatest change in 

the design also is observed. For every iteration is a FEA done until convergence for the stated 

problem is reached. A simplification of the optimization process is described in figure 20: an 

initial analysis and evaluation is performed for the design variables in the start design, defined 

optimization algorithms evaluates if an optimal design is achieved or not. If it is not, the design 

variables are changed and a new analysis is performed. This is repeated until an optimal design 

is achieved (24).  
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20 25 32 

Figure 19. Iteration process for one simulation: load case RUC, volume fraction 0.2, minimum thickness 3 mm, 

threshold 0.3, and all screws are used. The number in the right corner of each frame represent the iteration number.  

 

 

Figure 20. Simplified picture of the iterations in the optimization process to achieve an optimal design. 
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4. Topology optimization result 
This section presents the results from the topology optimization. 

4.1     Upper limit on the volume fraction 

In this project, the volume fraction is selected as one of the topology optimization responses 

(see section 2.4.2 Optimization parameters for definition of this response). It is essential to 

define a constraint for this response, telling the program how much of the initial volume that 

can be used for the new design, otherwise the program will keep all the material. This is done 

by defining either one or both of the parameters “lower bound” and “upper bound”. Lower 

bound defines the lowest amount of volume that has to remain after the optimization, and upper 

bound defines how much of the initial volume that can be used for the design. If the upper bound 

is assigned the value 0.3, 30 % or less of the initial volume will be used for the new design. In 

this project has only the upper bound been used; applying the lower boundary would not make 

any different here, since the solution will approach the upper limit due to maximizing the 

stiffness.  

 

Simulations were done for the two load cases RUC and CICP to gain an initial overview of the 

optimized designs and understand how the designs can be affected by different limits on the 

upper bound. Following limitations were used: 0.2, 0.3, 0.4, and 0.5, see figure 21 and 22. The 

amount of volume used for the plate increases with increased value on the upper bound as 

expected.  

 

Figure 21. Simulations with different values (0.2, 0.3, 0.4, 0.5) applied for the upper limit of the volume fraction 

for the load case RUC, with a threshold value of 0.3. 

Upper limit of the 

volume fraction 

0.2 0.3 

0.4 0.5 



31 

 

 

Figure 22. Simulations with different values (0.2, 0.3, 0.4, 0.5) applied for the upper limit of the volume fraction 

for the load case CICP, with a threshold value of 0.3. 

 

The simulations for the RUC load case distribute most of the material to the right side (from the 

patient view) which makes sense since the most of the load is applied on the right side in this 

case. The masseter muscle drags the mandible with a slightly greater power on the right side 

compared to the masseter muscles on the left side. The constraint applied on the place 

corresponding to the first and second molars does also contribute to a higher induced load on 

the right side. The simulation results from the CICP load case shows that most of the material 

is concentrated in the middle which goes in line with the uniform loads that are applied in this 

case.  

 

The other defined response for the topology optimization problem is compliance (see section 

2.4.2 Optimization parameters for definition of this response), and the objective function is 

defined to minimize this response. The final compliances for the simulations can be found in 

the *.out file. To understand how the final compliance is affected by the value of the upper 

bound, the normalized compliance is plotted as a function of the value of the upper bound, see 

figure 23 (see Appendix for non-normalized values). There is a decrease in compliance, 

meaning that the structure becomes stiffer the more material that is used. The decrease for the 

RUC load case is higher compared to the CICP load case, that is because of the difference in 

the initial compliance value. The difference between the two initial compliances for CICP and 

RUC are quite big, where RUC has a compliance that is approximate 4 times greater than the 

compliance for CICP. The compliance is calculated as a function of the displacement (see 

equation 10), where a higher displacement gives a higher compliance. The boundary condition 
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that are applied to the RUC model forces the mandible to a greater displacement compared to 

the load conditions for the CICP model, therefore the compliance is higher in that case.   

 

 

Figure 23. Normalized compliance as a function of the value of upper limit of the volume fraction for the load 

cases CICP and RUC. 

4.2     Minimum member size 

The designs of the previously presented results are unclear and is not appropriate for 

manufacturing. Decrease the effect of checker boarding and force the design to a more 

appropriate shape is necessary, and can be done by defining constraints on the design space. 

The appropriate constraint in this case is to use minimum member size control (in HyperMesh 

it is defined as mindim, while in SimLab it is defined as minimum thickness), which limits the 

diameter of the created parts in the new design (see section 2.4.3 Member size control).  

 

Simulations with a minimum thickness ranging from 3 mm to 7 mm respective 3 mm to 6 mm 

has been performed for the two load cases RUC and CICP with the allowed volume to use for 

the designs limited to 20 % respective 30 % of the initial volume, see figure 24 and 25. In both 

cases a more controlled design is achieved. A lower value on the minimum thickness gives a 

structure with many small parts for the RUC load case, the amount of small members decreases 

with a higher limitation value since the diameter of the previously members are to small relative 

to the defined limit for members.  

 

An interesting change in the design for the RUC load case appears when the minimum thickness 

is increased to 7 mm, see figure 24 (the lowest picture), where only the lower part of the design 

remains and the designs seems similar to the CICP load case (see figure 25). This is probably 

an effect of a defined problem that is too limited, and the solver does not have any greater 

freedom in the design process.  
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Figure 24. Simulations with different values of the allowed minimum thickness (3, 4, 5, 6, 7 mm) for the design 

with a volume fraction of 0.2 for the load case RUC. Threshold value 0.3. 
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Figure 25. Simulations with different values of the allowed minimum thickness (3, 4, 5, 6 mm) for the design with 

a volume fraction of 0.3 for the load case CICP. Threshold value 0.6.  

For the CICP load case is the difference of the designs not so big between the different values 

on the minimum thickness, but it gives a smoother result. When only the upper bound on the 

volume fraction was used, there were a bit more material on the left side; applying a constraint 

on the minimum thickness though gives a more uniform design. The design for this 

reconstruction plate is similar to the commercial reconstruction plates available today.   
 

Similar designs can be achieved when altering different values of the minimum thickness in 

combination with different values on the upper bound of the volume fraction for the same load 

case.  In figure 26, the picture to the left, is the obtained result from the simulation with an upper 

limit on the volume fraction of 0.3 and with a minimum thickness of 6 mm; comparing this 

result with the result when an upper limit of 0.2 and a minimum thickness of 6 mm, a slightly 

change of the design is observed, see the picture to the right in figure 26 (both has the threshold 

value 0.3). The first design is more similar to the design with an upper limit on the volume 

fraction of 0.2, and a minimum thickness of 5 mm (the picture in the middle in figure 26), where 

the smaller part in the middle of the hole is present. This element might be essential for the  
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Figure 26. Similarities in the design when a volume fraction of 0.3 and minimum thickness of 6 mm is used 

respective a volume fraction of 0.2 and minimum thickness of 5 mm is used as the defined parameters for the RUC 

load case. Meanwhile the smaller part in the picture to the right is neglected. Threshold value 0.3. 

construction, but when the element size was constrained to 6 mm in the second case, too few 

elements are left to make this middle element thicker and it is therefore rejected. 

 

In conclusion, the minimum thickness parameter is used to reduce the checker boarder effect 

and get a more structured design better suited for manufacturing. Different designs will be 

achieved depending on the defined value on the minimum thickness (a lower value can give a 

structure with more smaller parts), and also in combination with the upper limit on the volume 

fraction and the applied load case.  

4.3     Number of screws 

The position and the amount of screws that are used to fix the implant on the mandible can 

change the optimal design of the implant to maintain its stiffness. This section discusses the 

appropriate amount of screws used for the implant, when the screws is positioned in a row on 

the lower part of the mandible. In previously presented results, all of the initial designed screws 

are used during the simulations, however, it can be noticed that material has been removed 

around some of the screws during the optimization. This implies that those screws are not 

necessary to maintain the stiffness of the structure as high as possible during those simulation 

conditions. Around some of the screws has only a part of the material been removed, meaning 

that they may have some impact to stiffen the structure and may therefore be considered to be 

kept. 

 

Analysing the design for the simulation presented in figure 24 with an upper limit on the volume 

fraction of 0.2 and a minimum thickness of 3 mm for the RUC load case: only material around 

four respective three screws holes on the right respective left side is remained. Simulations with 

Volume fraction 0.3 

Minimum thickness 6 

Volume fraction 0.2 

Minimum thickness 5 

Volume fraction 0.2 
Minimum thickness 6 
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both four screws and three screws on respective side of the implant has therefore been done in 

order to analyse if and how the design of the implant changes with the amount of screws, see 

figure 27. When all the screws (seven) on the right side together with four screws on the left 

side were used is the optimized result the same as when all screws are used, see figure 27 

lowermost picture to the left. However, when the amount of screws is decreased to four 

respective three screws on both sides, two new designs are achieved, see figure 27 lowermost 

picture in the middle and to the right.   

Figure 27. Different amount of screws used for the load case RUC: 7 on the right side and 4 on the left side, 4 on 

both sides, respective 3 on both sides. A volume fraction of 0.2 with a minimum thickness of 3 mm is used. 

Threshold values: 0.3, 0.3, respective 0.1.  

 

Decreasing the amount of screws also decreases the space where the material can be distributed. 

The loadbearing structure has therefore the possibility to change its design, see figure 27. There 

is barely any difference seen when comparing the design of all screws with the design with 7+4 

screws for the RUC (uppermost picture to the right and lowermost picture to the left in figure 

27). The material can be distributed over the same load bearing space even though some of the 

screws has been removed from the simulations, implying that in this case those screws are not 

essential for the loadbearing structure.   

 

However, when the amount of screws is decreased on the right side as well, a change in design 

occur, see figure 27 (4+4 and 3+3). More material is allocated at the bottom of the implant to 

increase the stiffness of the structure. In the design with only three screws on each side there is 

Changing the initial 

amount of screws 

4+4 3+3 7+4 
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also two extra pillar in the hole-structure to increase the stiffness. The material, previously 

distributed around the fourth screw holes, can be placed in another position in the design to 

strengthen the structure, since the part of the implant that is attached to the mandible is now 

smaller. A lower threshold value is used for the result with three screws on both sides (0.1 

compared to 0.3 for the other two cases); using a higher value would make the smaller parts 

disappear, which do not seem appropriate in this case.   
 

 

Figure 28. Different amount of screws used for the load case CICP: 4 respective 3 on both sides. A volume fraction 

of 0.2 with a minimum thickness of 3 mm is used. Threshold value 0.6.  

Similar simulations have also been performed for the CICP load case, with four respective three 

screws on each side, see figure 28. The design for the CICP load case do not change so much 

with the amount of screws, except that the length of the implant decreases with the decreasing 

amount of screws. Initially there is more or less material left around every screw hole on the 

implant, however the elements around the screw holes at the end of the plate are not dense and 

it can therefore be discussed if they are essential for the structure or not. Decreasing the amount 

of screws makes the implant shorter and in the same time a bit higher, since the allowed space 

for the material to be distributed on is decreased as discussed with the load case for RUC.  

4.4     Decreasing muscular forces 

As discussed earlier, the bite force is dependent on person, and affected by age, gender and 

health state. Previously simulations are based on muscle forces from two studies made by 

Korioth et.al respective Nelson (20,33). One question to be asked is how the design of the 

implant can be affected by differences in the biting force between different patients. Would it 

Changing the initial 

amount of screws 

3+3 4+4 
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be possible to use one type of implant for several patients, which is based on an average muscle 

force, or should the individual biting forces be reconsidered for every implant? It is not only the 

magnitude of the muscle force that can differ, there might also be that the strength of the muscles 

is not uniform. The simulations for the bilateral clench (CICP) consider uniform forces, but 

how will the design be affected if for example the strength of the muscles on the right side are 

weaker compared to the muscles on the left side? 

 

Simulations with decreasing muscle force on the right side of the model were performed to 

answer the question. The CICP load case has been used, since it is a uniform load case. Based 

on the result from the simulations with different amount of screws has four screws on each side 

been used. The muscle forces on the right side were scaled to 90 % respective 40 % of the initial 

muscle force. Almost no change in the design can be seen, figure 29 lower most picture to the 

left and in the middle.  

 

Figure 29.  The right side muscles scaled to 90 % respective 40 % of the initial muscle force, respective the muscle 

forces on both sides scaled to 40 % of the initial muscle force for the load case CICP. A volume fraction of 0.2 

and a minimum thickness of 3 mm is used with four screws on each side. Threshold value 0.6. 

Gerlach et al investigated the effect that fractures on the mandible has on the bite force, result 

showed that the bite force for the patients with a fracture was lower compared to the persons in 

the control group  (34). Would a generally lower decrease in bite force affect the design of the 

implant? Simulation with the muscle forces on both sides scaled to 40 % of the initial muscle 

force for the CICP load case has been done, and no change in the design can be seen, figure 29 
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40 % on both sides 
Scaled force on 

the right side 
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picture lowermost to the right. Since the force is scaled the same on both sides, has the scaling 

no effect on the outcome of the design.   

4.5     Comparison of different load cases 

When eating we perform different biting tasks; in this report is three different clenching tasks 

analysed: RUC, CICP, and IC. The previously discussed results do only consider the load cases 

for RUC and CICP, and it has been seen that the designs for those specific load cases differ. 

Simulations with the load case for IC results in yet another design, see figure 30 for comparison 

of the design results between the three different load cases. In the load case for IC is a constraint 

applied on the place for the incisors instead of the 1st and 2nd molar, and a bilateral muscle force 

is applied. The muscle forces for the IC load case is much lower compared to the CICP load 

case, except the medial and lateral pterygoid that has a higher magnitude in all X-, Y-, and Z-

directions.  

 

 

Figure 30. The three different load cases RUC, CICP, respective IC, with a volume fraction of 0.2 and a minimum 

thickness of 3 respective 6 mm. Threshold value 0.3 for RUC, 0.6 for CICP, and 0.3 respective 0.5 for IC. All 

screws are used in the simulations.  

In general, the resulting designs for the IC load case is in between the resulting design for the 

RUC and CICP load case. IC has a uniformed applied load case as CICP has, which distributes 
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most of the material to the plate on the lower part of the mandible. However, IC has only a 

constraint on the left mandible stump (due to the position of the defect in the mandible), creating 

a larger displacement on the right side compared to the CICP load case, alike the load case of 

RUC, this gives the extra structure on the right side of the mandible, seen in the middle picture 

to the right in figure 30. Increasing the constraint on the minimum thickness to 6 mm for the IC 

load case, lower most picture to the right in figure 30, limits the design in the same way that 

can be observed for the RUC load case in figure 24 (discussed in section 4.2 Minimum member 

size).  

 

Decreasing the amount of screws, to four screws on each side of the plate, used for the 

simulations for the IC load case results in a design similar to the CICP load case, see figure 31. 

In those simulations, 0.2 has been used as the upper limit of the volume fraction with a minimum 

thickness of 3 mm. The structure on the right side disappear for the IC load case which is 

probably due to the decreasing amount of screws on the right side. 

 

Figure 31. Simulations for the two load cases CICP and IC with four screws on both sides, the upper limit on the 

volume fraction is set to 0.2 and a minimum thickness of 3 mm is used. 

4.6     Weighted compliance 

The effect of the three different clenching tasks that has been analysed should be taken in 

consideration when designing a new reconstruction plate, since all of them provides different 

requirements on the plate. In both SimLab and HyperMesh it is possible to define a response 

called weighted compliance: where all the selected load cases will be taken into account when 

the solver calculates the new design, see equation 12. In HyperMesh it is also possible to apply 

different weighting factors (this is not possible in SimLab) which can be used if one load case 

is considered more important than another.  

 

Simulations to see how weighted compliance affects the design has been done, combining the 

three load cases RUC, CICP, and IC, see figure 32. Using a weighting factor of 1 for all three 

CICP IC 

4+4 4+4 
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load cases gives a final design that is the same as if only the load case RUC is used, compare 

the lowermost picture to the left and the left picture in the middle in figure 32. This is due to 

the higher compliance in the case for RUC compared to CICP and IC: it is 4.5 times higher than 

the compliance for CICP, and 1.6 times higher than IC. Increasing the weighting factor for CICP 

and IC to create approximately the same value on the compliance for the three load cases in the 

calculations gives a new design of the plate, see the lowermost picture to the right in figure 32.  

 

The objective of this topology optimization is, as specified before, to minimize the compliance. 

A design that decreases the compliance the most will therefore be preferable. The load case 

RUC causes the largest displacement for the model, thereof the highest compliance; that is why 

this load case has the greatest impact on the design.  

 

 
Figure 32. Weighted compliance for the load case RUC, CICP, and IC with a volume fraction of 0.2 and a minimum 

thickness of 3 mm. In the left case has weighting factor 1 been used for all three load cases, and in the right case 

has weighting factor 1, 4.5, and 1.6 been used for respective load case to gain similar compliance for each load 

case. Four screws on both sides of the plate has been used. Threshold value of 0.3, respective 0.4.   

Weighted compliance 
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Weighting factors: 

1 RUC, 1 CICP, 1 IC 
Weighting factors: 

1 RUC, 4.5 CICP, 1.6 IC 

RUC CICP IC 



42 

 

5. Discussion 
Presented results gives an initial understanding of the possibilities using topology optimization 

to achieve new designs for reconstruction plates. Depending on applied constraints, applied load 

case, and initial amount of screws different designs is achieved; indicating that the software 

reconsiders the different defined topology optimization problems and calculates a design based 

on the specific loads and parameters used in that case.  

 

The three different load cases used in this project resulted in three different designs for the 

reconstruction plate. This raises the question of which load case that are most important for the 

design? Should every load case have some effect of the outcome of the design, or only the one 

that affects the design most? Using weighted compliance, it is possible to see that the RUC load 

case affects the design the most, and it is therefore the most extreme load case among the three 

different load cases used in this project.  

 

Therefore, being the most extreme load case, it should probably have the greatest impact on the 

design, making it possible to sustain all three load cases. However, further analysis of the design 

should be performed before this can be concluded. Using FEA on the designed plate, and 

analyse the stresses in the plate when different load cases is applied would give a better picture 

of how the different designs are affected by the different load cases.  

 

Analyse the stresses in the plate is essential for all the possible designs achieved with topology 

optimization, to decide which design that gives the lowest stresses in the plate. As presented in 

the introduction, should the plate be stiff enough to provide stabilization, but not too stiff so 

that it impedes the transfer of stresses and strains through the implant. If the strain is too high, 

new bone tissue cannot form to bridge and heal the fracture. The simulations performed in this 

project do only consider a defined object function to minimize the compliance, meaning 

maximize the stiffness; specific limitations of stresses and strains in the plate are not considered. 

However, using compliance as a response, it is recommended not to apply stress constraints 

(25). 

 

It is possible to define stress as a response function, and for example minimize the volume when 

a stress constraint is applied. However, this has not been examined during the project, since the 

stiffness of the structure would then not be considered. Therefore, examination of different 

designs has to be performed, to achieve a design with low enough induced stresses and strains. 

The graph in figure 23 indicates that less material used for the plate provides a less stiff 

structure; experimenting with the amount of used material for the plate and analyse how it 

affects the induced stresses and strains could therefore be one way to achieve an appropriate 

design. 

 

This in combination with changing the values of the minimum member size, the threshold value, 

the amount of screws used, and also change the initial design provides different designs that 

can be exanimated. In this report has one initial design of the plate been used with changes of 

the initial amount of screws, which provides new possibilities for the design. This indicates that 

making greater changes in the initial design would provide other suggestions of designs for the 

reconstruction plate.  

 

Introducing the topology optimization process, it was said that more iterations were needed to 

provide a new design when topology optimization was not present in the design process. Even 

though several iterations (change of defined parameters, load cases, initial design, etc.) can also 
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be applied for the design process with topology optimization, it will still be less iterations 

compared to the process without topology optimization, since the software performs a lot of the 

iterations. 

 

Using a design process including topology optimization guides the designer by giving possible 

suggestions based on the defined load case. The designer still need to use their design skills to 

analyse and improve the suggested designs, however, the initial steps in the design process will 

be faster.   

5.1     Improvements and future work 

Improvements and changes in a finite element model is always possible to do, to achieve a 

model more alike the real case and gain more accurate results. The model used in this work is 

simplified and could be improved by defining both cortical bone and cancellous bone, including 

the teeth in the simulations, and more accurate attachment sites for the muscles and constraints. 

Investigations in other ways to define the load cases may also be considered. The contact 

between the bone and the plate has neither been included in those simulations.  

 

Reviewing other articles describing finite element models of the mandible, different approaches 

regarding definition of the material and the loads cases is seen. The bone in the mandible is 

stated to be orthotropic, with regional variations in the elastic properties, where the direction of 

the maximum stiffness varies throughout the different parts of the mandible (35). Lovald et al. 

and Korioth divided the cortical bone in the mandible model into 12 volumes and applied 

orthotropic properties (8,9,33). Whereas Xin et al. uses discretisation of gray values to calculate 

the elastic properties for 10 regions in the mandible, giving a non-linear elastic model with a 

variated elastic modulus (36). Nonetheless, many FEA studies on the mandible uses linear 

elastic properties. That is why a simplified model has been used in this project, however to gain 

more accurate result, it may be considered to be improved to get a model that is more alike the 

real human body.    

 

The simulations in this report do only consider one size of the mesh. In general, a finer mesh 

gives a more accurate result for the simulation, however it increases the calculation time and 

the memory. Applying a mesh with a smaller average element size would make it possible to 

define a lower value on the minimum thickness. The minimum thickness applied in the 

simulations in this report is 3 mm, since the average element size for the plate used in those 

simulations were 1 mm (and it is recommended to define the minimum thickness 3-12 times the 

average element size). It would be possible to create a design with thinner parts if a finer mesh 

is used which open up the possibility for new designs.  

 

Creating a physical reconstruction plate from the CAD design is possible using 3D printing 

technology. This technology makes it possible to create designs with thin and complex parts, 

that differ a lot from the commercial available reconstruction plates used today.   

 

The presented simulations have shown potential in finding new designs for reconstruction 

plates. In those cases, only one initial design of the plate has been used; it would be interesting 

to see how the different initial designs of the plate affect the final result. Decreasing the 

thickness of the plate would maybe require a structure with either larger members or several 

smaller members connected to withstand the same applied forces. Changing the position of the 

screws would also open up for new designs; they could be positioned both on the top of the 

plate and in the lower part of the plate, in a line from the top of the plate to the bottom of the 
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plate, or with a more spread out position. The radius of the screws can also be changed to see 

how it affects the design. 

 

When a good design for the reconstruction plate is found, that accomplish the requirements for 

the topology optimisation problem and the FEA, the next step is to carry out mechanical testing. 

The designed plate could be 3D printed and then exposed to mechanical forces. If no fractures 

occur when similar load cases as in the simulations is applied has a good finite element model 

been used. However, if fractures occur, should the finite element model be reconsidered and 

improved.  

6. Conclusion 
An initial understanding of the use of topology optimization in a design process to achieve new 

designs for reconstruction plates used for large mandibular defects has been achieved. The 

topology optimization problem was defined to minimize the compliance with a constraint on 

the volume fraction respective on the minimum thickness of the parts created in the new design. 

Defining a minimum thickness is essential to get a smoother design, and it also provides 

different suggestions for a final design; it should be noted though, that a too high value can limit 

the design too much. 

 

The three different load cases used in this report provides different designs of the reconstruction 

plate, the design is also affected by the initial amount of screws. This indicates the importance 

of a well-defined model; the simulation results are not better than the defined model. Different 

defined load cases might give another result and changing the initial design opens up the 

possibilities for new possible designs. 

 

Topology optimization can provide suggestions for new designs for reconstruction plates, that 

can be used as a template in a CAD program, and further on analysed with FEA to examine 

which plate design has the lowest stress conditions when different load cases are applied.  Using 

topology optimization speeds up the design process in comparison to a design process when 

topology optimization is not used, since less iterations is needed to provide suitable suggestions 

for new designs. Topology optimization can therefore be a useful to in the process of finding 

new designs for reconstruction plates used for large mandibular defects.   
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Appendix 
After running topology optimization with OptiStruct several file formats are achieved, table A1 

gives a description of each file format.  

Table A1. Description of the different files created during topology optimization. 

File format Description 

*.res HyperMesh binary result file. 

*.h3d HyperMesh binary result file. This file is imported to 

HyperView for post-processing, contains information 

about the resulting design. Two separate files are created, 

one that contains the new design *_des.h3d, and one 

containing analyse of the load case *_s1.hd3. 

*.HM.comp.cmf HyperMesh command file used to organize elements into 

components based on their density result values.  

*.out 

 

 

 

 

  

Optistruct output file containing specific information on 

the file setup, the setup of the optimization problem, 

estimates for the amount of RAM and disc space required 

for the run, information for each optimization iteration and 

compute time information. Review this file for warning 

and errors that are flagged from processing the *.fem file 

*.sh Shape file for the final iteration. It contains the material 

density, void size parameters and void orientation angle 

for each element in the analysis. This file may be used to 

restart the run. 

*.hgdata HyperGraph file containing data for the objective function, 

percent constraint violations, and constraint for each 

iteration. 

*.oss OSSmooth file with a default density threshold of 0.3. The 

user may edit the parameters in the file to obtain desired 

result. 

*_hist.mvw Contains the iteration history of the objective, constraints, 

and the design variables. It can be used to plot curves in 

HyperGrapf, HyperView, and MotionView. 
*.stat Contains information about the computation time used for 

the complete run and also the break up of the CUP time for 

reading the input deck, assembly, analysis, convergence, 

etc.  

 

Table A2 describes the rotational parameters used in SimLab to position the model according 

to the coordinate system used for the defined muscular forces (see section 3.2 The mandible 

model). Table A3 present the mesh parameters used for the mandible model, defined in SimLab. 

The meshed finite element model consists of 109 773 elements, where 69 596 of them are 

topology design elements. The initial volume of the design material is 6.73 cm3 and the total 

volume of the non-design material is 39.63 cm3. Table A4 presents the values for Young’s 

modulus and Poisson’s ratio for cortical bone and titanium from four different studies, in the 

simulations presented in this report was a mean value used for each parameter. The calculated 

muscle forces for the three different load cases is presented in table A5-A7.  
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Table A2. Rotation of the model around X-, Y- , respective Z-axis, to achieve the coordinate system that 

corresponds with the one used for the muscular forces. 

X-axis 240° 

Y-axis -4° 

Z-axis -3.5° 

Table A3. Mesh parameters for the mandible model. 

 

 

Table A4. Values for Young’s modulus and Poisson ratio for cortical bone and titanium, from four different studies. 

A mean value was used for the simulations presented in this report. 

Reference 

number 

Cortical bone Titanium 

Young’s 

modulus [GPa] 

Poisson’s 

ratio 

Young’s 

modulus [GPa] 

Poisson’s 

ratio 

(29) 14 0.3 114 0.34 

(30) 13.7 0.3 115 0.34 

(31) 13.7 0.3 115  

(32) 13.7 0.3   

Table A5. Muscle vectors for the load case RUC. L is the muscles on the left side and R is the muscles on the right 

side. X, Y, and Z represent the direction of the muscle force.  

Muscle group LX LY LZ RX RY RZ 

Superficial masseter 23.65 101.10 47.87 -28.38 121.32 57.44 

Deep masseter 26.73 37.11 17.53 -32.07 44.53 21.03 

Medial pterygoid -50.97 82.96 39.02 71.36 116.14 54.62 

Anterior temporalis 13.65 90.54 4.03 -17.19 113.96 5.07 

Middle temporalis 14.16 53.61 -32.03 -13.94 52.81 -31.55 

Posterior temporalis 6.13 13.98 -25.20 -9.28 21.14 -38.13 

Inferior lateral pterygoid - 27.4 -7.57 32.92 12.64 -3.49 15.19 

 

  

Mesh control Screw holes Cylinder 

Element size in axial direction 4 

Number of elements in circular 

direction 

12 

Mesh control Plate Body  

Element type Tet10  

Average element size 1 

Angle 30 

2D Mesh  

Element type Tri3 

Average element size 2 

Minimum element size 0.2 

Grade factor 1.5 

Maximum angle per element 30 

Curvature minimum element size 1 

Aspect ratio 10 

Solid Mesh  

Element type Tet10 

Average element size 2 
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Table A6. Muscle vector for the load case CICP. L is the muscles on the left side and R is the muscles force on the 

right side. X, Y, and Z represent the direction of the muscle force. 

Muscle group LX LY LZ RX RY RZ 

Superficial masseter 39.41 168.504 79.78 -39.41 168.50 79.78 

Deep masseter 44.55 61.86 29,21 -44.55 61.85 -29.21 

Medial pterygoid -64.56 105.08 49.42 64.56 105.08 49.42 

Anterior temporalis 23.07 152.98 6.81 -23.07 152.98 6.81 

Middle temporalis 20.28 76.82 -45.89 -20.28 76.82 -45.89 

Posterior temporalis 14.78 33.68 -60.76 -14.78 33.68 -60.76 

Inferior lateral pterygoid -11.38 -3.14 13.67 11.38 -3.14 13.67 

Table A7. Muscle vector for the load case IC. L is the muscles on the left side and R is the muscles force on the 

right side. X, Y, and Z represent the direction of the muscle force. 

Muscle group LX LY LZ RX RY RZ 

Superficial masseter 15.77 67.40 31.91 -15.77 67.40 31.91 

Deep masseter 11.58 16.08 7.6 -11.58 16.08 7.6 

Medial pterygoid -66.26 107.85 50.72 66.26 107.85 50.72 

Anterior temporalis 1.88 12.49 0.56 -1.88 12.49 0.56 

Middle temporalis 1.27 4.80 -2.87 -1.27 4.80 -2.87 

Posterior temporalis 0.63 1.43 -2.59 -0.63 1.43 -2.59 

Inferior lateral pterygoid -29.92 -8.26 35.96 29.92 -8.26 35.96 

 

Table A8 describes the final compliance in the structures achieved with different constraints on 

the upper limit of the volume fraction for the load cases CICP and RUC. The values are plotted 

in the graph in figure A1. This is discussed in the report in section 4.1 Upper limit of the volume 

fraction.  

Table A8. Final compliance for the simulations with only the upper limit of the volume fraction defined, for the 

load case CICP and RUC. 

Upper limit of the 

volume fraction 

Final compliance 

CICP RUC 

0.2 36.95 164.6 

0.3 36.78 141.2 

0.4 36.6 129.6 

0.5 36.4 123.3 

 
Figure A1. Final compliance as a function of the upper limit value of the volume fraction for the load case CICP 

and RUC. 
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