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Combined Influence of Implant Diameter and 
Alveolar Ridge Width on Crestal Bone Stress:

A Quantitative Approach
Wonjae Yu, DDS, MS, PhD1/Yoon-Je Jang, DDS, MS, PhD2/Hee-Moon Kyung, DDS, MS, PhD3

Purpose: To quantitatively evaluate the combined influence of implant diameter and alveolar ridge
width on crestal bone stress. Materials and Methods: ITI solid-screw implants, 10 mm in length and
3.3, 4.1, and 4.8 mm in diameter, and the alveolar bone were modeled using axisymmetric finite ele-
ments. Four different alveolar ridge geometries were selected for each implant: 5-, 6-, 7-, and 8-mm-
wide ridges for the 3.3-mm implants; 6-, 7-, 8-, and 9-mm-wide ridges for the 4.1-mm implants; and 7-,
8-, 9-, and 10-mm-wide ridges for the 4.8-mm implants. A nonaxial oblique load of 100 N was applied
at 30 degrees to the implant axis. Regression analysis was used to avoid ambiguity when estimating
the peak stress occurring at the coronal contact point between the implant and the crestal bone, ie,
the singularity point. Results: Peak stresses were dependent on both implant diameter and alveolar
ridge width. Substantially lower stresses were recorded around the implants placed in narrower ridges.
Conclusion: A regression analysis may be used to quantify the peak stress at the singularity point. An
implant with a diameter that is at least half the ridge width is recommended to reduce the stress con-
centration in the crestal bone. INT J ORAL MAXILLOFAC IMPLANTS 2009;24:88–95

Key words: alveolar ridge width, crestal bone stress, finite element simulation, implant diameter,
stress singularity, structural rigidity 

The crestal bone surrounding the implant neck is
subject to higher mechanical stresses, which have

been observed in many separate studies regardless of
differences in implant design,1–3 loading condi-
tions,4–7 and/or bone characteristics.3,8–10 Because
stress beyond a certain threshold can result in micro-
damage and bone resorption according to bone
physiology theories,11 this would seem to suggest
that high crestal stress is a plausible cause for crestal
bone loss, long-term instability, and even the eventual
failure of an implant.5,6,12–14

Previous research has focused on the reduction of
crestal bone stress through the use of greater
diameters or lengths for implants2,3,15; novel
implant,14,16,17 abutment,1,18,19 and thread
designs20,21; and sophisticated surface modification
techniques.22,23 The common goal in all  these
approaches has been to increase the bone-to-
implant contact area—the load-transmitting area—
based on the engineering theory that dividing the
load across a larger area can reduce stress. However,
the problem is actually more complex, as the high
stress in the crestal bone is associated with a stress
concentration phenomenon at the sharp corner
between the implant and the coronal surface of the
crestal bone. The common practice of using the lin-
ear elasticity hypothesis for the implant/bone com-
plex may lead to a typical singularity problem. The
stress solution at the notch, being inversely propor-
tional to the tip radius, becomes infinite and no
unique solution can be determined. This makes both
finite element analysis and the interpretation of
results problematic.

Although the singularity problem has generally
been ignored, some researchers have described the
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use of a large number of finite elements.4,24 How-
ever, when a geometric discontinuity is present,
mesh refinements only intensify the effect of singu-
larity and diverge the solution, as the exact solution
is singular. Even a qualitative comparison may not be
entirely free from ambiguity if models with different
geometries are studied, since the stresses near the
singularity are mesh-dependent.25,26 This is partly to
do with the way finite element mesh models are
created: the complicated three-dimensional (3D)
geometry of the implant/bone complex dictates the
use of an “automesh” procedure, at the expense of
proper control of the mesh quality. Thus, to investi-
gate crestal bone stress systematically, a reliable
scheme to overcome or circumvent the singularity
problem at the sharp corner would appear to be
essential.

To reduce the concentration of stress on the
crestal bone, the load transmitted from the implant
to the crestal bone needs to be controlled, and the
key parameter is the structural rigidity of the
implant/bone complex at the crestal level, ie, bal-
ancing the combined structural rigidity of the
implant and crestal bone. Yet, in most previous bio-
mechanical studies, the implant and/or bone has
been dealt with in a more individual manner.5,6,20,24,27

Furthermore, whereas the effects of the internal
structure and quality of the alveolar bone have
already been investigated,2,10 the alveolar ridge
width, a key ingredient of the bone’s structural rigid-
ity, has not been properly addressed.

Accordingly, the purpose of this study is twofold:
(1) to test a regression analysis method for quantify-
ing the peak stress at the point of singularity in the
crestal bone, and (2) to investigate the combined
and/or interactive influence of implant diameter and
alveolar ridge geometry on crestal stress.

MATERALS AND METHODS 

Implant and Alveolar Ridge 
All the modeled implants had the same length
(10 mm), but they varied in diameter (3.3, 4.1, and 4.8
mm; ITI System, Straumann, Waldenburg, Switzer-
land). The 3.3-mm-diameter implants were placed in
alveolar bone with ridge widths of 5, 6, 7, and 8 mm,
whereas 6-, 7-, 8-, and 9-mm-wide ridges were
selected for the 4.1-mm implants and 7-, 8-, 9-, and
10-mm-wide ridges were modeled for the 4.8-mm
implants. Thus, 12 different models were created
(Fig 1). The thickness of the cortical shell was fixed at
0.8 mm in all models. The alveolar ridge width was
measured at the bone level, corresponding to the
first thread of the implant.

Axisymmetric Finite Element Model with
Nonaxial Load
To more easily control the mesh characteristics, ie,
element size and node locations, an axisymmetric
scheme was used to represent the implant/bone
complex, and all meshing operations were performed

Fig 1 Schematic diagram of ITI solid implant placed in alveolar
bone of variable ridge widths.

Fig 2 Typical mesh of axisymmetric finite element model (3.3-
mm ITI implant placed in 6-mm-wide alveolar ridge).

� = 0-deg plane

Height from alveolar
crest: 10.8 mm

Alveolar bone ridge
width: 5 to 10 mm

Implant diameter: 
3.3, 4.1, and 4.8 mm

Implant length: 10 mm

X

� = 180-deg plane

Y

100 N
Y

X

100 N

30 deg

Axis of
symmetry

d = 0.2 mm

d d d d d
C1 C2 C3

C4
C5

Singularity
point

088_Yu.qxd  1/22/09  2:58 PM  Page 89



90 Volume 24, Number 1, 2009

Yu et al

manually. In the crestal bone, the aspect ratio of each
finite element was no greater than 2.0 and the four
corner angles for each element were close to 90
degrees. With the exception of a few locations, the
element aspect ratio was controlled to within 5.0
throughout the model.

A smooth spline curve was used to model the con-
tour of the alveolar bone to avoid unnecessary increases
in stress. Alveolar bone with a height of 15 mm, ie, 1.5
times the implant’s endosseous length, was included in
the finite element model.To represent osseointegration,
the implants were assumed to be rigidly anchored
along their entire interface with the bone.

Figure 2 shows an example of the finite element
mesh model. The software used was a PC-based
NISA II/Display III program (v. 10.0, EMRC, Troy, MI). All
the models were created using an 8-node quadrilat-
eral element, ie, NKTP Type 34, which allows the mod-
eling of an axisymmetric structure subject to either
axial or nonaxial loads. Each finite element model
was constructed using an average of 3,000 elements
and 8,000 nodes.

A force of 100 N was applied to a node in the cen-
ter of the crown’s occlusal surface, obliquely at 30
degrees to the vertical axis of the implant (Fig 2). All
the nodes on the bottom surface of the bone were
constrained to establish boundary conditions during
the analyses.

Material Properties 
All the materials used in the present study were con-
sidered to be isotropic, homogeneous, and linearly

elastic, while the mechanical properties were taken
from the literature28,29 (Table 1). For the sake of mod-
eling simplicity, a gold-alloy crown with a 1.5-mm
occlusal thickness was used over the titanium abut-
ment, although porcelain-fused-to-metal is usually
selected as the implant superstructure in clinics.
However, previous studies have confirmed that these
materials have the same effect on bone and/or
implant stresses.5,30

Reference Points 
For the systematic comparison of crestal stresses,
five nodes were selected as the reference points,
located at the most coronal surface of the crestal
cortical bone (C1, C2, C3, C4, and C5 in Fig 2) and
separated from the implant ’s external wall by
0.2, 0.4, 0.6, 0.8, and 1.0 mm, respectively. A prelimi-
nary study was conducted to ensure that all the
reference points were placed in the area unaffected
by the notch singularity.

Regression Analysis
A statistical approach was used to quantify the peak
stress occurring at the point of singularity, ie, at the
sharp corner. The singularity problem was avoided
with the use of a regression analysis, whereby the
peak stress was calculated asymptotically by extrap-
olating the results recorded at the five reference
points (C1 to C5 in Fig 2). The analysis was per-
formed using SPSS WIN 12.0 software (SPSS Inc,
Chicago, IL).

Table 1 Mechanical Properties of Bone and
Implant Materials 

Material Young modulus (GPa) Poisson ratio

Titanium39 102.2 0.35
Cortical bone10 13.7 0.3
Cancellous bone10 1.37 0.3
Gold (Type IV)38 99.3 0.35

Fig 3 Typical result for overall stress (maximum compressive
stresses) distribution (4.1-mm-diameter ITI solid implant placed
in 7-mm-wide alveolar ridge).  
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RESULTS

The maximum compressive stress was selected to
study the bone loading; the stress distribution was
plotted using the built-in visualization tools of the
Display III program. In general, the stresses were
distributed smoothly throughout the bone, with the
exception of the cervical area, which exhibited an
acute stress gradient. Figure 3 presents a typical bone
stress distribution in the � = 0-degree plane,
obtained from a 4.1-mm-diameter implant placed in
a 7-mm-wide ridge. The � = 0-degree plane was
located in the direction of the applied force (Fig 1).
Since the compressive stresses in this plane can be
produced by both the vertical and lateral compo-
nents of the obliquely acting force in a superimposed
manner, the compressive stress in this plane should
be higher than in any other plane around the implant.

Figures 4a to 4d show enlarged views of the
crestal region, corresponding to 6-, 7-, 8-, and 9-mm-
wide alveolar ridges hosting a 4.1-mm implant. The
stresses on the external (most coronal) surface of the
crestal bone were highly concentrated in the vicinity
of the sharp corner, and the stress concentration var-
ied as a function of the ridge width. The extent and
severity of the stress concentration was clearly more
significant in the wider ridges.

Instead of the overall profile of the alveolar ridge,
the localized geometry close to the crestal area
seemed to determine the crestal stresses. As pre-
sented in Figs 4a to 4d, the differences in the stress
distribution in the bone were minor below the first
thread level of the implant for both cortical and can-
cellous bone. Perceivable differences in stress distrib-
ution were observed only in the area near the sharp
corner, confirming that the problem of stress concen-
tration was responsible for the high level of stresses
in the crestal area.

Similar results were also observed for the 3.3-mm
and 4.8-mm implants. Although the stress level varied
as a function of either the ridge width or the implant
diameter, the crestal bone stress was still lower in the
narrower ridges in all three implant models.

The stress values recorded at the five reference
points were plotted, as shown in Figs 5a to 5c, along
with the estimated peak stresses at the sharp corner,
the point of singularity. The stresses at x = 0.0 mm
indicate the estimated peak stress based on a regres-
sion analysis. The results showed, first, that the stress
concentration in the crestal bone area was less signif-
icant when implants with the same diameter were
hosted in narrower ridges. Second, the crestal
stresses were lower when using a wider-diameter
implant.

Fig 4 Stress (maximum compressive stresses) distribution in the cervical area (in Pa) around a 4.1-mm ITI implant, placed in alveolar
bone of different ridge widths. a: 6 mm, b: 7 mm, c: 8 mm, d: 9 mm. 
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Fig 5 Stresses (maximum compressive
stresses) at the coronal surface of cervical corti-
cal bone varying as a function of distance from
the bone/implant interface. a: 3.3-mm implant, b:
4.1-mm implant, c: 4.8-mm implant.
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Figure 6 shows the estimated peak stress values
with respect to the combined effects of implant
diameter and ridge width. Essentially, the narrower
the ridge width, the lower the peak stress. For the
3.3-mm implant, the peak stress was 46.5 MPa in the
narrowest ridge (5 mm), compared to 56.2 MPa in the
widest ridge (8 mm). For the 4.1-mm implant, the
peak stress was 25.7 MPa in the 6-mm-wide ridge,
compared to 34.0 MPa in the 9-mm-wide ridge, and
for the 4.8-mm implant, the peak stress was 16.4 MPa
in the 7-mm-wide ridge, compared to 22.9 MPa in the
10-mm-wide ridge.

DISCUSSION

When two structural components are connected,
continuity in the structural properties is required at
the connection to establish a smooth pattern for the
load transfer between them.The key parameter is the
structural rigidity,31 which is defined as the product
of the elastic modulus (E) and the geometric proper-
ties (ie, area, A, and moment of inertia, I) of the con-
stituent components and describes how the material
is arranged in space.32 When structural discontinuity
is created so that the structural rigidity changes
abruptly at the connection, the load transfer pattern
is distorted, resulting in stress concentrations.

The crestal bone may need particular attention, as
a discontinuity in the structural rigidity is inevitably
created at the juncture of the implant and the crestal
bone. The factors determining the variation in the
structural rigidity of the implant/bone complex at
the crestal bone level need to be carefully addressed
because they can play an important role in the
crestal stress distribution. Crestal bone stress is
already known to be sensitive to such implant
factors2,3,20,21,24 as the diameter, crestal module, and
thread design, along with bone factors that include
the quality and quantity of the alveolar ridge.2,5,10

Meanwhile, changes in implant length do not affect
the structural rigidity at the crestal bone level,
thereby minimizing their influence on crestal
stress.3,20

The stress concentration in the crestal bone can
be attributed to the “notch” effect at the sharp
corner between the implant and the crestal bone. In
ordinary structures, the stress concentration can be
relieved by a smoother design of the notch, for
example, increasing the transition radius at the sharp
corners. Yet this is clearly not an option for an in vivo
structure. One practical way for a clinician to manip-
ulate the structural rigidity of the implant/bone
complex is to vary the size (diameter) of the implant
relative to the ridge width.

From a stress viewpoint, placement of a wider-
diameter implant has a twin effect. First, the
increased bone/implant interface area reduces the
stress, as per the engineering formula that the stress
= load divided by area. Equally important, the differ-
ence in the structural rigidity of the implant/bone
complex, ie, a more gradual pattern change at the
crestal level, effectively reduces the stress concentra-
tion. A previous 3D finite element study3 provides a
typical example. When the implant diameter was
increased from 3.5 to 6 mm, the crestal bone stress
(or strain) was reduced by as much as 3.5-fold
instead of 1.7-fold, ie, the number that an elementary
theory would yield.

A similar effect can also be achieved when placing
implants in narrower alveolar ridges, as a narrower
ridge with smaller structural rigidity produces a less
abrupt change in the structural rigidity of the
implant/bone complex. The results of this study sup-
port this idea, as the crestal stresses were obviously
lower in the narrower ridges for all three implant
models. Because all the other parameters known to
affect stress were kept the same, except for the ridge
width, the differences in the stress distribution could
be correlated with the altered structural rigidity.

Consequently, the balance between implant diam-
eter and alveolar ridge width must be important
when controlling the structural rigidity of the
implant/bone, implying that these two factors cannot
be analyzed independently from each other. However,
most previous biomechanical studies have examined
the effects of the implant parameters without proper
consideration of alveolar ridge width.3,16,17,24,33

Furthermore, oversimplification of the alveolar crest
geometry, for example, using a wide, flat crestal sur-
face that does not reflect the structural rigidity at the
crestal bone level in a realistic manner, can exaggerate
the stress concentration.

In the present study, the peak stress occurring at
the point of singularity was calculated by an extrap-
olation from the stresses recorded at the reference
points (C1 to C5) using a regression analysis (Fig 5).
Primary consideration was given to determining the
peak stress in a consistent manner. For this, care was
taken to avoid placement of reference points within
the notch vicinity area, where finite element stress
results were affected by the notch singularity.
A series of regression analyses was conducted, vary-
ing the finite element mesh and the locations of the
reference points (C1 to C5), to test the consistency of
the regression estimations. The detailed procedures
are not included here; however, the results seem
promising. The impacts of mesh density and the
locations of reference points were minor on the peak
stress estimations.

Yu et al
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The rapidly varying pattern of the crestal bone
stresses near the singularity point required the use
of high-order polynomials. Linear, quadratic, and
cubic functions were initially tested to simulate the
stress distribution pattern. Whereas the lowest stress
peak was calculated when using a linear function,
the quadratic and cubic functions produced similar
results.

Reduction of the peak stress was observed when
the alveolar ridge width was less than twice the
implant diameter (Fig 6), suggesting that the implant
diameter should be at least half the ridge width.
Virtually the same pattern was observed for implants
under loads with different inclination angles in the
range of 0 to 30 degrees. Thus, from a biomechanical
standpoint, the wider the implant diameter or the
thinner the alveolar ridge, the lower the crestal
stress. However, narrower ridges can lead to unfavor-
able situations. Clinically, thin buccal and/or lingual
bone plates are more prone to rapid, horizontal-type
bone resorption, which worsens the crown/root
ratio, creating a source of increased crestal bone
stress, especially when the implant is subject to
obliquely acting loads.6 In contrast, crestal bone
resorption can occur in a vertical manner in thicker
ridges, creating a cone-shaped bony pocket that
effectively reduces the crestal stress concentra-
tion.6,34,35 Therefore, the maximum implant diameter
for a given alveolar ridge (or minimum alveolar ridge
for an implant) cannot be determined solely on the
basis of static biomechanics. Based on clinical experi-
ence, the minimum required ridge width is 1.3 to 1.5
times the implant diameter (4.8 mm has been rec-
ommended for a 3.3-mm-diameter ITI solid-screw
implant and 6.2 mm for a 4.8-mm implant36), making
a reasonable balance between the implant diameter
and the ridge width within a range of 1.3 to 2.0.

Because of the limitations of axisymmetric model-
ing, the mesiodistal geometry could not be properly
addressed. Nonetheless, based on the findings of this
study, it can be inferred that the crestal stress in the
mesiodistal plane is greater than that in the buccol-
ingual plane, as the distances measured mesiodis-
tally from the implant to adjacent teeth or implants
are greater than the buccolingual ridge width. This
inference is also supported by a previous 3D
analysis37 in which higher stresses were reported in
the mesiodistal plane than in the buccolingual
plane. The presence of a bone defect, such as a
dehiscence in the buccal or lingual plate, represent-
ing a somewhat extreme case of a thin ridge, has
been found to lead to increased stress in the
mesiodistal plane.37 However, contradictory results
have also been previously reported, in which the
stress in the mesiodistal plane was much lower than

that in the lingual plane.38 Thus, since 3D bone stress
is a complicated function of various parameters,
including the type of load and the nature of the
implant/bone interface,39 further well-designed 3D
studies are still needed to address this issue more
clearly.

CONCLUSION

This finite element study investigated the effect of
different combinations of the implant diameter and
alveolar ridge width on crestal bone stresses. The
impact of the structural rigidity of the implant/bone
complex and its variations was discussed as an impor-
tant source of crestal bone stress concentration.

Within the limitations of this theoretical study, the
following conclusions were drawn:

1. Using the regression analysis method, the peak
stress at the sharp corner between the implant
and the crestal bone was estimated while avoid-
ing the mesh-dependency problem associated
with the notch singularity.

2. The estimated peak stress varied significantly as a
function of both implant diameter and alveolar
ridge width. This may indicate that the balance of
implant diameter and alveolar ridge width needs
to be considered in a combined manner. From a
biomechanical viewpoint, the wider the implant
and the narrower the alveolar ridge, the lower the
stress. The reduction in the estimated peak
stresses was in the range of 17% to 28%, depend-
ing on implant diameter and ridge width.

3. To ensure a decreased level of crestal bone stress,
a ratio of implant/alveolar ridge width above 0.5
may be recommended.
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