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Computer-aided design and finite element methods (FEM) have interested
dental researchers because of its use in the computer simulation and design of
dental implants, a process greatly facilitated by the development of new
computer technology and more accurate modeling technologies. FEM allows
for a better understanding of stresses along the surfaces of an implant and in
surrounding bone. This will aid in the optimization of implant design and
placement of the implant into the bone; it will also help when designing the
final prostheses to minimize stresses. The purpose of this review is to elucidate
the role of FEM and the impact of this technology in clinical dentistry in the
new millennium.
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ental implants average 1
mm of crestal bone loss
around the neck of the
implant within the first
year of function, with
subsequent loss of 0.1
mm per year.1,2 After years of function,
cumulative bone loss may become a
concern, since the osseointegrated implant requires vital, nondiseased bone
to prevent failure of the prosthetic implant system. Two possible etiologic
reasons for crestal bone loss are bacteria leading to tissue infection (periimplantitis) and mechanical forces that
exceed ultimate stresses in the boneimplant system.
Bacterial infections are minimized
by placement of sterile implants utilizing proper aseptic placement techniques and by good oral hygiene. Even
when the bacterial component is controlled, there is reported a 0.1-mm decrease in alveolar bone height, which

D

has been attributed to improper loading of the implant.3
Functional stress between 200 and
700 psi is reported to maintain existing
alveolar bone height.4 Stress outside
this range has been reported to cause
degeneration of bone tissue. Degeneration ensues if the stresses are too
high, and bone atrophy occurs if the
stresses are too low. Maintenance of
bone levels can be achieved by proper
implant and prosthesis design. This aspect can be better understood by use
of computer-aided analysis and studies.
In recent years, mechanical design of
dental implants have benefited from
computer-aided design with associated
finite element analysis. Distributions of
stress and strain may be obtained from
a solution of equilibrium equations (the
principle that the sum of forces and
moments at every point in the structure is zero, expressed as a set of parJournal of Oral Implantology
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FINITE ELEMENT MODEL

FIGURE 1. Overall computer simulation process. PDE indicates partial differential equations; BC, boundary conditions; FEM, finite element
method; FV, finite volume; and FD, finite difference.

tial differential equations) together
with applied loads and constraints.
This set of equations, together with the
loads applied or constraints enforced
on the structure, comprise a boundary
value problem (BVP) that must be
solved to obtain a detailed description
of the stresses and strains. However,
the complexity of implant-bone system
and bone properties precludes the use

of analytical techniques to solve this
BVP. The alternative to intractable exact analytical solutions is to employ
numerical approximation methods.
One powerful numerical method is the
finite element method (FEM), which
can be optimized to yield accurate approximations of exact analytical solutions.
In the FEM method, the system of

MODELING DENTAL IMPLANTS
In Fig 1, we depict the overall computer simulation process. Physical systems are modeled by partial differential equations (PDE) and boundary
conditions (BC), which are resolved using discrete approximations. In each
stage of the modeling process, error is
introduced in the simulation. For a
→

FIGURE 3. 3D stress distribution on the implant dissipated through the elements constituting the mandibular bone.
FIGURE 4. 2D cross-sectional stress distribution along the interface of the implant and bone; notice how the cells participate individually
in the process.

78

Vol. XXVI/No. Two /2000

Downloaded from http://meridian.allenpress.com/joi/article-pdf/26/2/77/2033339/1548-1336(2000)026_0077_trotfe_2_3_co_2.pdf by guest on 12 June 2021

FIGURE 2. 3D finite element model. The implant is located in the anterior region of a half

interest is broken into several elements,
finite in number, over each of which an
approximation to the solution is constructed using simple polynomial
functions (eg, ax 1 by 1 c, for some a,
b, c, chosen systematically to obtain a
good approximation). We may illustrate the method using the problem of
determining the circumference of a circle.5 If points are placed on the circumference of the circle and line segments
connect each adjacent point, then the
approximate circumference would be
the sum of the lengths of each line elements. We have in effect constructed
linear approximations to the length
over each element. It may be readily
apparent that the more points and line
elements there are, the more accurate
the solution would be. If an infinite
number of elements is used, the sum
of the lengths of all elements would be
equal to the analytical solution (C 5
2pr). Alternatively, instead of using
more line segments, we could increase
the accuracy of the approximation of
each segment using a quadratic approximation; we would also have much
better overall accuracy.
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Most recent models of dental implants comprise a cortical bone region,
the trabecular bone region, and a commercially pure titanium implant. This
system can be analyzed using a 2D
plane strain model or a complete 3D
model. In the 2D system, it is assumed
that out-of-plane deformations, strains,
and stresses are negligible. This greatly
reduces the cost of analysis, but it also
introduces more error due to the artificial boundary conditions that must be
assumed. The elastic modulus of the
cortical and trabecular bone is usually
taken as the average of several values
cited in literature, where bone was assumed to be isotropic, linear elastic,
homogenous, and wet/dry.9 However,
even such models lead to inconclusive
data, with numerical error over 50%.
Out-of-plane strains are also significant, as shown by Patra et al.6 A simplified 3D finite element model of half
the mandible with one implant is
shown in Fig 2. From this image, we
can see the discretization of the anterior portion of the mandible into a series of cells. Each cell is a finite element, and all of them together give a
computerized visualization of the lower jaw. The resulting stress field is determined by FEM and shown in Fig 3.
Figure 4 is the solution at a cross section through the implant-bone system
derived from the full 3D simulation.
FEMs incorporating in vivo behavior
have been used to study the different
effects of axial and oblique loading on
the bone-implant system.10 The study
compared nondecalcified bone-implant
sections obtained from an animal after
7 weeks of function in the oral cavity
with the 2D and 3D FEMs. This preliminary study shows an interesting
correlation between the FEMs and histology. In another study, orthodontic
forces on implants have been analyzed
both histologically and with FEMs.11
Of particular interest is this latter
study. In this report, the investigators
have tried to histologically correlate in
vivo findings with FEM. By knowing
the orthodontic forces applied on osseointegrated implants in humans,

Chen et al11 have simulated in vivo conditions in the computed model. This
has allowed them to identify both histologically and on the computer the areas where bone remodeling was present, areas corresponding to areas of
highest stress. Interestingly, and promisingly, both the histological observations and the FEM analysis showed elevated levels of stress patterns along
the implant surface in the bone in the
same areas. Similar observations were
made by Patra et al,6 where crestal bone
loss was correlated to a FEM-based
stress analysis study. This preliminary
study, supported by previous reports,6,11 indicates that FEM may be
used to study the pattern of stress
along the interface of bone and implant
and to optimize the implant design6 in
relation to stress distribution and bone
quality. Clinicians will benefit from using FEM since ultimately, with this
method, it will be possible to choose
the most appropriate implant shape,
size, design, and position according to
the bone properties of that particular
site.
CONCLUSION
Current research conducted by our
team is moving this technology into an
arena that will allow us to correlate numerical analysis with clinical practice.
A new generation of custom computer
programs has been written that will allow analysis of complex 3D structures
that can handle hundreds of thousands
of elements with complex properties.
Analysis of digital image data is used
to generate computer models. In vivo
studies have recently been proposed
that will allow further study of loaded
implants over time, and loading patterns to empirically derive bone
growth and fracture laws to be incorporated into the simulation. Multiple
implant systems with prostheses have
also been modeled. The availability of
computer power and the increasing
body of knowledge on how these systems behave will allow more accurate
simulations. It may be forecasted that
digital images of the maxilla or man-
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good simulation, these errors must be
measured and controlled.
When one is interested in solutions
of stress and strain, which are essentially related to the derivatives of deformation functions, much more accurate approximation and hence more
computational power is necessary. Error can accumulate rapidly from oversimplification of the physical model,
from improper boundary conditions,
or from the numerical approximation
methods. FEM is used extensively in
industry to study stress and strain relationships before products are manufactured. This method enables simulation of complex dynamic physical systems by constructing approximate numerical solutions that describe the
response of any system to applied
loads.6
Early attempts at modeling dental
implants resulted in unrealistic assumptions. Large errors resulted from
the use of axially directed static loads;
assumption of homogenous, linear,
and isotropic properties of bone; assumption of perfect bonding between
the bone and implant; improper
boundary conditions, such as considering the inferior border of the mandible to be completely rigid and nonmovable; and modeling as two dimensional (2D). In reality, loads from mastication are dynamic and oblique
relative to the occlusal surface of the
implant; bone material properties are
inhomogeneous, anisotropic, and nonlinear; and the interface between the
implant and bone is dynamic. The approximation of loading and bone properties has been attributable to the insufficient computer capabilities for
handling the calculations and insufficient bone data. These modeling errors
compound, presenting a problem
when interpreting the numerical solutions.7 The sophistication in computer
programming methods, computational
power, and digital imaging techniques
have allowed FEM to better analyze a
biological structure, such as live bone,
into a three-dimensional (3D) computer model more accurately.8
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dible, along with functional habits of
the patient, may be used clinically to
generate a 3D model that will suggest
the implant orientation and placement,
along with the desired geometry based
on dynamic stress analysis.
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