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ABSTRACT 

This paper presents the refinement and optimization of three-dimensional (3D) dental 
implants with the complex root shapes of natural teeth. These root shapes are too 
complex to be drilled manually like current commercial implants and so are designed 
to be conducive to robotic drilling utilizing milling algorithms. Due to the existence of 
sharp curvatures and undercuts, anatomically correct models must be refined for 3D 
robotic milling and these refined shapes must be shown to be optimized for load 
bearing. Refinement of the anatomically-correct natural tooth-shaped models for 
robotic milling was accomplished using Computer-Aided-Design (CAD) tools for 
smoothing the sharp curvatures and undercuts. The load bearing optimization 
algorithm is based on the Soft-Kill Option (SKO) method, and the geometries are 
represented using non-uniform rational B-spline (NURBS) curves and surfaces. Based 
on these methods, we present optimized single and double root-shaped dental 
implants for use with robotic site preparation. 
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1 INTRODUCTION 

Advancements of computing schemes for biological analysis and computer-aided design (CAD) have 
led to rapid development in biomechanical applications ranging from biotechnology to tissue 
engineering [1]. Based on the designed CAD geometrical configuration, finite element analysis (FEA) in 
dental research has been significantly used for several decades to reduce time and cost [2-7], and to 
provide specific quantitative information at any location within geometrical model. Thus FEA has 
become a highly required analytical tool for assessment in dentistry. We utilize a combination of CAD 
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analysis and FEA optimization to design natural root shapes including a two-root shape for dental 
implants that is intended for automated robotic site preparation [8] and subsequent manual 
implantation. These novel shapes are intended to provide a significant increase in the stability of 
implants which we believe will increase the long term (> 5 years) success rate of dental implants. 
 

There are only two types of implants in use today. Research on traditional implant designs and 
their finite element analyses (FEA) include variations on the thread helix of a screw and screw bore  [9] 
[10] as these screw types of implants are overwhelmingly used commercially. Another type of implant 
is called “press fit” which does not have a helix but retains the shape of a screw and is utilized much 
less frequently in a clinical setting because of its poor initial stability. Both these implants suffer from 
potential instability in large molar regions, thereby having a “lollipop effect” i.e. large disc on small 
stem. This inherent instability significantly affects the long term success. In this paper, we address the 
long term stability of implants especially for large molar teeth by designing implants that mimic the 
better stability of natural teeth roots that are frequently double roots in the molar regions. We design a 
revolutionary type of single and double root implant that is based on the press-fit type of implant. 
These, however, are much more complex than simple screw shaped implants. Thus, sophisticated 3D 
models are required to better understand the mechanical behavior of the jaw bone structure and 
prosthetic dental restorations.  
 

There are many papers utilizing FEA to evaluate implant designs. Fok et al. (2006) [11] provides a 
direct comparison of experimental and theoretical results in biomechanical studies to achieve 
validation. The authors utilized MD Patran 2010 [12] to model a simplified 3D mandibular segment 
with implants. However, no researchers evaluated 3D designs that mimicked natural root shaped 
implants and their viability for stability and jaw bone drilling site preparation. The potential usability 
of an implant must satisfy the criteria that the dental drill can attain the shape of an implant so that it 
may be inserted. Therefore, undercuts and sharp curvatures in a natural root form is not viable. Our 
hypothesis is that natural root form templates can be designed that meet the level of stability in bone 
that is similar to natural teeth while maintaining feasibility for site preparation. The measure of 
stability we utilize is the satisfactory distribution of forces along the intersection with bone.  

 
The first step of modeling is to use CAD to define the desired bone and implant geometry. Then 

this is followed by defining the material behavior in terms of the Young’s modulus and Poisson’s ratio 
for various mandibular bone components and the implant for FEA. After applying the load and 
boundary conditions, the various parameters and their contributions to the stress profile can be 
evaluated. Based on our FEA model, a biologically-inspired adaptive growth method called Soft-Kill 
Option (SKO) [13,14,15] was introduced to design the optimized implant shapes which are able to 
reduce the stress distribution around the interface between bone and the implant. Previously, SKO was 
only applied to 2D designs and we adapted the SKO method to perform in 3D topology optimization. 
In our method, the topology of the body and associated implant is completely defined and various 
parts of the body may have non-uniform local stresses based upon the impact of the implant. The 
objective of the optimization process is to find the best structural layout of an implant to minimize the 
maximum local stress. This paper validates our hypothesis by comparing our optimized implant 
template designs with un-optimized natural teeth to obtain desirable distribution of forces. 
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2 MATERIALS AND METHODS 

2.1 Model Preparation 

In this research, two different types of natural root-shape CAD models were prepared for the Finite 
Element Analysis (FEA). Our standardized set of natural-root-form implants were designed based on 
the 3D shape of human teeth. The 3D models of human teeth were extracted from a digital 
anatomically correct female skeleton. Among all the 32 teeth, the one-root part of tooth #29 and two-
root part of tooth #30 were selected as the templates for FEA and further optimization since they are 
good representations of typical roots (Fig. 1). 

After picking the templates for natural-root-form implants, shape refinement was required for 
the design. The shape of a natural-root is obviously much more complicated than conventional 
cylinder-shaped implants. Robotic operation allows precise site-preparation for the complex shapes 
of the natural-root-form that is not manually possible. However, due to the facts of the small scale 
and limited space available intra-orally, there is a need for simplification of the natural-root shapes to 
make automated robotic milling of the implant site a possibility. 

  

 
Fig. 1: Templates of natural-root shapes for FEA: (a) one-root template, (b) two-root template. 

The biggest issues for natural-root-shape milling are the existence of sharp curvatures and 
undercuts. Therefore, two strategies were applied using Autodesk 3ds Max to get the refined shapes of 
the implants. First, we performed curvature smoothing since the root of a natural tooth has 
the tendency of curving at its apex (Fig. 2(a)). While it might provide for better anchoring for the tooth, 
it requires frequent direction changes and undercuts for the milling tool, which may cause heating, 
failure, and obstructions during site-preparation. We smoothed the curvature by creating a segmented 
system for each root along its central line and then adjusted the orientations of the segments or bones 
to make their connections smoother (Fig. 2(b)). The bones were generated according to the curvature 
of the original model. The conjunction between two adjacent bones lies in wherever larger curvature 
change occurs. We developed a simple script which reorients the position of the lower bone with 
respect to the upper bone, hence reducing curvature of the implant (Fig. 2(c)). Similarly, curvature 
soothing was also applied to the template for other implant types. 
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Fig. 2: Curvature smoothing: (a) initial template with bones, (b) smoothed template, (c) implant modeler 
windows. 
 
When the surface of the roots was carefully inspected after the curvature smoothing, we found out 
there were still several undercuts in the models. Because the intraoral operation space is very small, no 
undercut can be manufactured in the jawbone. We applied an algorithm in Autodesk 3ds Max which 
accesses the position of three consecutive vertices along the centerline of the implant starting from an 
arbitrary point which typically is the vertex at the opening. If the position of the middle vertex is not 
approximately half of the distance, taking into account an arbitrary threshold, between the upper and 
the lower vertex, the position on the middle vertex was adjusted.   
 

  

Fig. 3: Undercuts removal: a) model of the implant with undercuts, b) model of the implant with 
undercuts removed.            
   
Since a CAD based model is initially used in this study, the boundary shape is represented by NURBS 
curves and surfaces to control the curvature and tangency of the model [15].  Several papers described 
that during the optimization process, corners in the surfaces may become sharper, which lead to 
increase the stresses in that region, and can face element distortion. In order to avoid the numerical 
errors in the meshing and Jacobian calculations, sharp edges should be smoothed. Fig. 4 shows the 
initial root-shape implants of an anatomically correct model without crowns (a) and (b), while models 
in Fig.5 represent the robotic milling refined implants from the Fig. 4. 

For the finite element analysis, models of Figs. 4-5 were filled and the top surface was closed. 
Since original models have sharpness through the NURBS curves and surfaces, elements size was 
reduced by 20% and the surface was smoothed by 20% to avoid element distortion during finite 
element computation.  
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Fig. 4: Anatomically correct models: (a) one-root implant, (b) two-root implant. 

 

                                                                                
Fig. 5: Refined models: (a) one-root implant, (b) two-root implant. 

 
 

2.2 Finite Element Model 

Two 3D finite element models were developed using the results of the CAD refinement that represent a 
segment of the human mandible with four natural teeth as implants. The model was constructed from 
the geometry identified in the previous section and processed in Rhinoceros 3.0 and Solidworks 2010. 
The finite element mesh was generated in 10-node quadratic tetrahedral elements using MSC PATRAN 
2010, comprising of 30,217 elements for the one root implant and 98,494 elements for the two root 
implant after convergence (Tab. 1). As shown in Fig. 6, the model consists of three parts: cancellous 
bone, cortical bone, and the natural root-shaped implants. The material properties (Tab. 2) of the 
implant and the bones are obtained from [14]. The interface between the cancellous and cortical bones, 
the implant root and the bones are assumed to be perfectly bonded. All materials used in this model 
are considered to be isotropic, homogeneous, and linearly elastic. Tab. 2 shows the elastic properties in 
terms of material types. The properties are the same in all directions, therefore, only two independent 
material constants of Young’s modulus and Poisson’s ratio exist in an isotropic material. In Fig. 6, 
cancellous bone is surrounded by 1 mm thick cortical bone. 

The boundary condition is applied along the bottom surface of the cortical bone and all around 
the sides to restrict translational and rotational movements of the structure, a load of 200 N in the 
vertical (z) direction was applied on the top surface of the implant, simulating a chewing force applied 
by the teeth from the maxillary side. The relationship between the force and angle changes with 
different teeth from different patients. Thus, in this paper, only a vertical force was considered to 
simplify the process. 
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Tooth Type Elements Nodes Element Type 
One-Root 30217 44088 C3D10 
Two-Root 98494 136795 C3D10 

 
Tab. 1: Finite element configuration for the anatomically correct models. 

 
 

Materials Young’s Modulus (GPa) Poisson’s Ratio 

Cortical Bone 13.7 0.3 

Cancellous Bone 1.37 0.3 

Implant(titanium) 110 0.33 
 

Tab. 2: Material properties for the anatomically correct models. 
 
 

           
           (a) Cortical Bone                (b) Cancellous Bone                  (c) Implant              (d) Final Model 

                        
       (e) Cortical Bone                 (f) Cancellous Bone                  (g) Implant               (h) Final Model 
 
Fig. 6: 3D dental implants for one-root and two-root implants of an anatomically correct model. 

2.3 Methodology – SKO Optimization 

Topology optimization is widely used in applications where the weight of an object needs to be 
reduced to a minimum. The main principle in topology optimization is that the material layout should 
be optimized within a given design domain using a mathematical approach. The procedure of topology 
optimization starts with a design space that will be reduced to the final solution. The design space 
limits the solution and should be larger than the predicted solution. The simplest category of 
algorithms uses the stress to find the regions where the material is useful and where it is not. In this 
study, the SKO method, one of the topology optimization techniques, was used [13]. Many topology 
optimization methods start with a design space, which is filled with material with a certain density, 0 ≤ 
ρ ≤ 1. However, the SKO method starts with ρ=1 and then changes the material under the design 
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parameters and constraints. It does not keep the mass of the design constant, but it will keep the 
minimum stress of the design constant. The materials used for the design space in this study have the 
following properties: Young’s Modulus (E=1.37 GPa, 13.7 GPa), and Poisson’s ratio (υ=0.3). 

2.4 Overview of the Simulation 

Fig. 7 illustrates the general concept of the topology optimization process. The model was created and 
analyzed with the following steps using FE software, ABAQUS/CAE/STANDARD [17]. Firstly, a FE model 
was created by Patran 2010, and then converted to an ABAQUS input file for the SKO optimization. In 
order to update the Young’s modulus, a user defined material subroutine (UMAT) was used to define 
the mechanical constitutive behavior of two different materials – cortical and cancellous bone, while 
the implant has a constant material property. The UMAT subroutine updates the stresses and solution-
dependent state variables at the end of the increment which can provide the material Jacobian matrix 
for the model. A FORTRAN environment is set up to manage the interaction between the ABAQUS input 
file and the UMAT subroutine. 
 

 
 

 

 

 

 

 

 

 

Fig. 7:  Diagram of optimization process. 

2.5 Three Dimensional SKO Implementation 

The SKO optimizing process [13] iterates in order to find the optimal solution as illustrated in Fig. 8. 
The process was started with both the anatomically correct model and the model that was refined for 
robotic milling. The stresses are evaluated in each iterations and depending on the stress level in the 
elements, the elastic modulus is adjusted. Elements with high stresses are made a bit stiffer before the 
next iteration and vice versa. The steps are as follows: 

• Start with a design space and fill it with finite elements. The user should select which material 
will be assigned in each iteration during computation if there are several materials; 

• Generate a FEM-simulation and check the stresses in the part; 
• Let each element’s material stiffness is a function of the stress in the previous iteration 

    1+iE = f (σ
i
) (Eqn. (2.5)); 

• Check the convergence of Young’s modulus; Step 2 and 3 should be repeated until the process 
converges; and then 

• Optimized solution. 
 
One can also introduce a global reference stress, σ

ref
, for the entire model. Eqn. (2.1) was employed to 

update the Young’s modulus in design space. 

ABAQUS/CAE (Modeling) 
• Create model 
• Assign the material properties 
• Create boundary conditions 
• Create mesh 
• Create .inp file 

ABAQUS (Solver) 
• Compile and link  
   the subroutine  

• Output file (.odb)  
• Contain the results 

UMAT  
• Mechanical constitutive Eqn. 
• Update the Young’s   
   Modulus (SKO) 

ABAQUS/CAE 
• Post-processing 
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In Eqn. (2.1), the global reference stress controls the variation of the Young’s modulus and k is a 
positive scaling factor to adjust the speed of the process of updating the Young’s modulus. In this 
study, three different materials were considered: implant, cortical bone, and cancellous bone. Thus, 
one has to limit the Young’s modulus such as ],[ maxmin EEE ∈                

                                                           i.e. 
otherwiseEE

ifEE

i
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+
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where E
min

 denotes either cortical bone or cancellous bone, and E
max

 denotes the implant. In this way, a 
reasonable scaling factor, k, will be calculated as follows: 

                                                                 ref

EEk
σ

)( minmax −
=                                                                   (2.3) 

In this research, the reference stress in Eqn. (2.1) is compared with the stress calculated in the 3D 
model as the von Mises stress using Eqn. (2.4) which is implemented in the UMAT subroutine.  
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It is more effective to start using a lower value for the reference stress and then increase it slowly from 
cycle to cycle until the process converges under the design constraints indicated in Eqn. (2.5). 
 

 
 
 
 
 
 
 
 

 

 

 

Fig. 8: Flowchart of the SKO. 
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Section 3 studies the effect of local Young’s modulus gradation in the 3D jawbone subject to a uniform 
axial loading on the top surface of the implant.  The modulus was graded in the z direction emanating 
from the contact surface between implant specimen and cortical bone into the section toward the outer 
traction boundaries.  In the UMAT subroutine, the Young’s modulus was varied starting at the contact 
surface between implant and cortical bone, but now was limited in depth such that gradation did not 

Design Space 

Proposed 
structure 

Young’s modulus update: 
E (x) = f (σ ) 

FEM run with constant 
Young’s modulus (E) 

Convergence check 

Yes 
No 



 

Computer-Aided Design & Applications, 10(1), 2013, 59-72 
© 2013 CAD Solutions, LLC, http://www.cadanda.com 

 

67

extend to the outer boundaries (except for the initial run to establish a baseline). The goal was to create 
the optimized Young’s modulus to reduce the magnitude of stress concentration for both the 
anatomically correct models and the refined models. 
 

3 SIMULATION RESULTS 

3.1 Finite Element Results 

The von Mises stress distribution was used to display the stress around the cortical and cancellous 
bone area. Stress distribution depends on assumptions made in geometry, material properties, 
boundary conditions, and bone-implant interface. Contour plots of von Mises stresses, recorded at the 
location of implant-bone contact, under axial load of 200N are shown along the insertion depth in Figs. 
9(a) through 9(d). Through the half-cut of the model, nodal paths were generated to investigate how 
the stress varies through these lines for the one-root and two-root implants. Fig. 9  illustrates that 
along the cortical and implant interface, high level of von Mises stress with a maximum stress of 19.33 
MPa for one-root and 17.9 MPa for two-root implants exist near the bone around the implant neck and 
the magnitude of stresses then decrease along the path and the increased stresses were shown around 
the implant root apex regions (Figs. 9(b), 9(d), 10(b) and 10(d)) in both the initial anatomically correct 
case and the refined case. However, the two-root implant has less von Mises stress distribution around 
the root apex areas than the one-root implants. 
 
 

      
 
Fig. 9: Stress contours of the anatomically correct models: one-root implant - (a) contour plots with 
nodal path, (b) von Mises stress levels along the nodal path; two-root implant - (c) contour plots with 
nodal path, (d) von Mises stress levels along the nodal path. 

 
 

      
 

Fig. 10: Stress contours of the robotic milling refined models: one-root implant - (a) contour plots with 
nodal path, (b) von Mises stress levels along the nodal path; two-root implant - (c) contour plots with 
nodal path, (d) von Mises stress levels along the nodal path. 
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3.2 SKO Results – Anatomically Correct and Refined models 

This section presents the results of SKO optimization of the anatomically correct and refined models. 
The results confirm a possibility that computer aided optimization may inspire understanding and 
modeling of complex natural root-shape implants. Through the optimization procedure, the geometric 
design space is specified, spanned with a finite element mesh and geometric boundary conditions as 
well as forces specified. Three Young's moduli are initially assigned to the two types of bone and the 
implant material of the finite elements in the design space. A structural analysis gives an initial 
solution to obtain a stress distribution over the domain. The stresses are combined to establish the 
distribution of an equivalent stress, which is the von Mises stress. The local optimality criterion used 
by Mattheck assumes that the stiffness of the design will globally increase when the Young's modulus 
is increased in regions with higher stresses and reduced where the stresses are lower. When the 
stresses fall below a certain threshold, the Young's modulus is replaced by the Young’s modulus of 
cancellous or cortical bones. This serves to modulate the shape of the implant so that the optimal 
shape can be determined by the optimal distribution of stresses reflected in the changing Young's 
modulus regions. 

The SKO optimization procedure yields the results plotted in Figs. 11-14. In Fig. 11, for example, 
reference stresses from 2 MPa to 4 MPa were used under the axial loading of 200N to see how the 
material property varies for one root implant of the anatomically correct model. Note that gray and 
red color of the model has the same material property which is titanium. Optimized geometry 
adjacent to the original implant decreases progressively in thickness with increasing the reference 
stress. That means the circumferential stress also decreases with increasing the reference stress but 
its maximum value is much lower than in the initial configuration. The thickness of the optimized 
implant model decreases progressively but at a slow rate with increasing distance to the root. The 
difference between the results shown in Fig. 11 and Fig. 12 is in the choice of the reference stress used 
for the optimization, since different stress magnitudes exist based on the root-shapes. In Figs. 13-14, 
the refined model has a tendency to have more material property change in a low reference stress due 
probably to the wider geometric configuration than the one for the anatomically correct model. 

Based on the optimized results, updated material of the top cortical bone area could be neglected 
since it has only 1 mm of thickness and our interest is focused near implant roots around the 
cancellous bone. Thus, it may be concluded that local details of the new implant shape depend on the 
choice of reference stress for the objective function while global features remain the same. Also 
results illustrate that in order to reduce the stresses around the apex of roots, root-shapes should be 
more rounded. Such rounded root-shapes will be introduced in section 3.3. 
 

                                
(a) σ

ref
 =2.0MPa, F=200N       (b) σ

ref
 =3.0MPa, F=200N         (c) σ

ref
 =4.0MPa, F=200N 

 
Fig. 11: Optimized material property for the one-root implant of an anatomically correct model. 
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(a) σ

ref
 =1.65MPa, F=200N         (b) σ

ref
 =1.8MPa, F=200N            (c) σ

ref
 =2.2MPa, F=200N 

 
Fig. 12: Optimized material property for the two-root implant of an anatomically correct model. 

 
 
 

                                                 
 (a) σ

ref
 =2.0MPa, F=200N         (b) σ

ref
 =3.0MPa, F=200N               (c) σ

ref
 =4.0MPa, F=200N 

 
Fig 13: Optimized material property for the one-root implant of a refined model. 

 
         

                                              
                                       

(a) σ
ref

 =1.65MPa, F=200N        (b) σ
ref

 =1.8MPa, F=200N              (c) σ
ref

 =2.2MPa, F=200N 
 

Fig. 14: Optimized material property for the two-root implant of a refined model. 

3.3 Optimized Implants and FEA Results 

Based on SKO results, new implant shapes are created. The new optimized models without crowns 
have more rounded shapes around the root-tips than the previous refined models (Fig. 15c and 15d). 
FEM results of the optimized implants under an axial load of 200 N are shown in Fig. 16. Tab. 3 shows 
the stress levels for the anatomically-correct models, robotic-milling-refined models and SKO-
optimized models. First, for the one-root case, the optimized model with respect to the anatomically 
correct model reduced the maximum stress near the implant root-tip by 21.16% from 6.38 MPa to 5.03 
MPa, while it was reduced by 39.01% for two-root case. Additionally, comparing with respect to the 
robotic milling refined model, one-root and two-root implants have the stress reduction of 19.65% and 
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9.39%, respectively. Thus, the optimized implant model has significant stress decreases from both the 
anatomically correct model and the refined model. 

                                  
  

Fig. 15: Implants: refined models - (a) one-root Implant, (b) two-root implant; SKO optimized models -
(c) one-root Implant, (d) two-root implant. 

 
 

   
 
Fig. 16: Stress contours of the optimized implants; one-root implant: (a) contour plots with nodal path, 
(b) Von Mises stress levels along the nodal path; two-root implant: (c) contour plots with nodal path, 
(d) Von Mises stress levels along the nodal path. 
 
 
 

 
Anatomically 
Correct Model 

(MPa) 

Robotic Milling 
Refined Model 

(MPa) 

Optimized Model 

Value 
% Change from 
Anatomically 
Correct Model 

% Change from 
Refined Model 

Max. 
One-Root 6.38 6.26 5.03 21.16 19.65 

Max. 
Two-
Root 

3.64 2.45 2.22 39.01 9.39 

 
Tab. 3 Stress levels of three different types of models. 

4 CONCLUSION 

In this paper, refinement and SKO optimization techniques to design the natural root-shapes of dental 
implants is introduced. The anatomically correct models and refined models were employed to study 
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how the material properties vary and how the implant geometry can be optimized under boundary and 
loading conditions with certain constraints. The consideration of natural root-shaped implants allowed 
us to model the true biomechanical environment based on biological adaptive growth. Through this 
procedure, optimized natural root-shaped implants were created for robot milling which will be 
performed to prepare the root shape for the implant at the implant site. In future research, we will 
investigate various surface preparation methodologies that will promote bone integration and 
encourage further stability of these implants. Additionally, we will investigate proper manufacturing 
methods for such implants. 
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