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Influence of Off-Axis Loading of an Anterior 
Maxillary Implant: A 3-dimensional Finite 

Element Analysis
Ming-Lun Hsu, DDS, Dr Med Dent1/Fang-Ching Chen, DDS2/Hung-Chan Kao, PhD3/Cheng-Kung Cheng, PhD4

Purpose: To evaluate the influence of the stress/strain distribution in bone around an anterior maxil-
lary implant using 2 types of bone and under 3 different loads. Materials and Methods: A premaxil-
lary finite element model featuring an implant and its superstructure was created. Six different testing
conditions incorporating 2 types of cancellous bone (high density and low density) under 3 different
loading angles (0, 30, and 60 degrees) relative to the long axis of the implant were applied in order to
investigate resultant stress/strain distribution. Results: The maximum equivalent stress/strain
increased linearly with the increase of loading angle. For each 30-degree increase in loading angle,
the maximum equivalent stress in cortical bone increased, on average, 3 to 4 times compared with
that of the applied axial load. In addition to loading angle, bone quality also influenced resultant stress
distribution. For the low-density bone model, a substantial strain in the cancellous bone was found not
only near the implant neck but also at the implant apex. Conclusion: To achieve a favorable prognosis
under off-axis loading of an anterior maxillary implant, careful case selection for appropriate bone
quality and precise occlusal adjustment should be attempted to optimally direct occlusal force toward
the long axis of the implant. INT J ORAL MAXILLOFAC IMPLANTS 2007;22:301–309
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With the predictability of dental implants for oro-
facial rehabilitation, the clinical use of oral and

maxillofacial implants has rapidly expanded over the
past 20 years.1–3 In their retrospective study of 1,964
implants, Noack et al4 reported that mandibular
implants were generally more successful than maxil-
lary implants. The overall preprosthetic loss rate was
1.9%, while 4.3% of implants were lost after pros-
thetic treatment.4 In addition, osseointegration has

been achieved with early or immediate loading.5,6

However, despite reports of relatively substantial suc-
cess rates in many clinical studies, 100% success over
the long term still appears unattainable.7 Biome-
chanical factors play a substantial role in implant
success or failure.8–10 The application of occlusal
forces induces stresses and strains within the
implant-prosthesis complex and affects the bone
remodeling process around implants.11,12

The amount of bone strain or stress is directly
related to the amount of the occlusal force applied
through the implant-supported prosthesis. From a
cellular biomechanical standpoint, bone remodeling
at the cellular level is controlled by the mechanical
environment of strain.13 Based on Frost’s mechanos-
tat concept, bone fractures at 10,000 to 20,000
µstrain (1% to 2% deformation). However, just 20% to
40% of the amount of strain required for fracture (ie,
4,000 µstrain) may trigger cytokine to begin a resorp-
tion response.14,15 In other words, excessive bone
strain may not only result in physical fracture but
also cause bone resorption. The interaction of the
mechanical and biologic factors in the oral environ-
ment is a critical determinant in the identification of
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unfavorable loading conditions that may result in an
undesirable bone response and predictable bone
loss.16 To achieve optimized biomechanical condi-
tions for implant-supported prostheses, conscien-
tious consideration of the biomechanical factors that
influence prosthesis success is essential.

Biomechanical factors play an important role in
maintaining the bone-implant inter face.10,17

Although there are many critical mechanical factors
related to implant failure, Tepper et al emphasized
the importance of force direction.18 In reality,
occlusal force almost always features a transverse
component in addition to a vertical component. Off-
axis force, which is common during normal mastica-
tion, would appear to induce more stress than does
axial force.19 For the incisal region, the direction of
the maximum incisal biting force is about 12 degrees
toward the frontal plane, which means that the lat-
eral component of force on an anterior dental
implant can be appreciable.20 Moreover, the place-
ment of dental implants would be more likely to pro-
duce an unfavorable off-axis load in the case of
severe palatal resorption of the alveolar ridge follow-
ing tooth extraction than in the case of a ridge with-
out resorption.

Although many studies have been conducted
about the stress on implants, to the authors’ knowl-
edge, fewer such studies have related to stress analy-
sis in the maxilla, and even fewer to the premaxillary
region. In cases where esthetics requires tooth over-
lap in the anterior region, off-axis loading of the
implant is usually unavoidable.21 The bone quality in
the premaxillary region is also typically not as good
as that in the mandible. In addition, from a review of
the literature it would appear that most finite ele-
ment analyses have assumed that occlusal load was
directly applied on the abutment of the dental
implant. Such studies fail to consider the effect of a

prosthetic crown in a clinical setting. The application
of load on a crown or implant results in the produc-
tion of different bending moments; therefore, a more
detailed premaxillary finite element analysis (FEA)
model with an implant and its superstructure is nec-
essary. The purpose of this study was to evaluate the
influence of the stress/strain distribution in bone
around an anterior maxillary implant using 2 types of
bone and under 3 off-axis loads.

MATERIALS AND METHODS

Model Geometry
A model of a maxillary segment in the incisal region
featuring an implant and its superstructure was con-
structed on a personal computer using a computer-
aided design program (Pro/Engineer 2000i; Paramet-
ric Technology, Needham, MA). A dried human
maxilla was used as a reference to model the geome-
try of the premaxillary region. The thickness of the
cortical bone was assumed to average 1.0 mm, a fig-
ure that was established for the human maxilla used
herein based on a computed tomographic image.

A simulated 3.75 � 13-mm cylindric implant
made of commercially pure titanium was used for
this study. The implant was placed in the maxillary
right central incisor area and apposed by cortical
bone in the crestal region and by cancellous bone for
the remainder of the implant-bone interface. The
overall dimensions of the crown were 10 mm in
height, 9 mm in mesiodistal length, and 6.7 mm in
buccolingual width. The crown was attached to a 6-
mm-high implant abutment featuring a 1-mm collar
and a 5-mm profile.

Material Properties
All materials used in this study were considered to be
isotropic, homogenous, and linearly elastic. The phys-
ical properties of different components used in this
study are illustrated in Table 1. Two types of bone
quality were modeled by varying the elastic modulus
for the cancellous bone in the software. Since the
Young’s modulus of the maxillary anterior region has
been described as being between that of the poste-
rior mandible and that of the posterior maxilla,25 a
Young’s modulus of 1.37 GPa was used to represent
high-density bone,23 while a Young’s modulus of 0.8
GPa was used to represent low-density bone.18 Elas-
tic moduli of 102.0 GPa and 13.0 GPa were used for
the titanium implant22,26,27 and the cortical bone,28

respectively. Since porcelain is often the premier
choice for implant superstructure for the incisal
region, the superstructure for the present model was
assumed to be a ceramic crown.24

Table 1 Physical Properties of Different 
Components Used

Elastic 
Component modulus (GPa) References

Cortical bone 13.0 Tada et al22

Cancellous bone
High-density 1.37 Sevimay et al23

Low-density 0.8 Tepper et al18

Titanium (implant, abutment) 102 Tada et al22

Porcelain (crown) 67.2 Ishigaki et al24
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Interface Conditions
The bone-implant interface was assumed to be per-
fect, simulating complete osseointegration, and the
dental implant, abutment, and crown were assumed
to be connected as a single unit.

Constraints and Loads
The implant model was constrained in all directions
at the nodes on the distal end and upper surface of
the bone segment.

To evaluate the influence of force direction, the
implant was assumed to be subjected to 3 different
loading angles independently (0, 30, and 60 degrees
relative to the long axis of the implant; Fig 1). To
ensure that the axial force was directed along the
long axis of the implant, a load of 178 N was directly
applied on the occlusal node of the implant at the
center of the abutment.29 For off-axis loading, an
occlusal load of 178 N was applied on a node at the
crown. A 2-mm overbite was simulated to mimic clin-
ical conditions. Thus, a model featuring 6 conditions
was created by varying the elastic modulus in cancel-
lous bone and introducing 3 different angled forces.

Elements and Nodes
When the geometry of the model was complete, a
specialized mesh-generation procedure was used to
discretize the model (Figs 2a and 2b). To ensure the
validity of the stress analysis, convergence testing of
FEA model was conducted by applying element
refinement methodology. This approach resulted in a
model composed of 16,704 elements and 21,675
nodes.

Stress/Strain Analyses
The Ansys software program (ANSYS 5.0; ANSYS,
Canonsburg, PA) was used to calculate the von Mises
equivalent (EQV) stress/strain in cortical and cancel-
lous bone as well as in the implant. EQV stress/strain
distributions for the models were illustrated by

means of contour mapping. The principal stress dis-
tribution around the implant-bone interface was dis-
played along the labial-palatal section.

RESULTS

Convergence Tests
The results of convergence testing for the high-den-
sity bone under off-axis loading (30 degrees) are pre-
sented in Fig 3. The total displacement of the dental
implant, measured at the implant-abutment junc-
tion, was 34.2 µm for the high-density model under a
30-degree off-axis loading of 178 N.

Maximum EQV Stress/Strain 
Distribution in Bone
EQV stress/strain patterns were displayed as a con-
tour line, with different colors connecting points of
EQV stress level between certain ranges.

Fig 1 The direction and location of the
loading force. F = force; � was either 30 or
60 degrees.

Fig 2a Oblique view of the FEA model. Fig 2b Sagittal view of the FEA model.
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Cortical Bone. Compared with cancellous bone,
substantial stress was observed in cortical bone. For all
loading conditions, apart from axial loading, the maxi-
mum level of EQV stress was concentrated in the corti-
cal bone and was observed on the labial side of the
implant neck (Fig 4). For the high-density bone model,
the maximum EQV stresses were 11 MPa, 44 MPa, and
76 MPa at angles of 0, 30, and 60 degrees, respectively.
For the low-density bone model, the maximum EQV
stresses were 16 MPa, 53 MPa, and 88 MPa at these
angles. The stress developed under off-axis loading
conditions was significantly greater than that pro-
duced under axial loading. For each 30-degree
increase in loading angle (from 0 degrees), the maxi-
mum EQV stress developed in cortical bone increased,
on average, 3 to 4 times compared with the axial load.
The maximum EQV strain in cortical bone was plotted
in Fig 5a. Regardless of load direction, the maximum
EQV strain for low-density bone was always greater
than the corresponding figure for high-density bone.

Cancellous Bone. The maximum EQV strain in the
cancellous bone was plotted in Fig 5b. Under the
same loading angle, the maximum strain in the low-
density bone was higher than that in the high-den-

sity bone. As in the cortical bone, the strain increased
as the loading angle increased, regardless of the
bone quality. However, the patterns for EQV strain
distribution in the cancellous bone showed some dif-
ferences under loading, depending upon differences
in force angle and bone quality. Compared with the
high-density bone model, strain was distributed over
a larger area around the implant apex in the low-
density bone (Figs 6a to 6d). For example, under 60%
off-axis loading, a rather substantial strain was seen
to develop not only around the implant neck but
also near the implant apex in the low-density bone
(Figs 6c and 6d). Under each of the 6 test conditions,
the maximum EQV strain in the cancellous bone was
observed near the implant apex.

Implant and Porcelain Crown. Under axial loading
conditions, the stress in the implant itself was concen-
trated at the loading point, although under off-axis
loading, the stress that developed within the implant
was concentrated at the implant-abutment interface.
For models with the same bone quality, the EQV stress
that developed at the implant-abutment interface
under 30-degree off-axis loading proved to be about
200% of that developed under 60-degree off-axis load-

Fig 4 EQV stress distribution in high-density bone under
(left) 0-degree axial loading and (right) 30-degree off-axis
loading. Sagittal view. F = facial side, P = palatal side, Co =
cortical bone, Ca = cancellous bone.
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ing.The stresses developed in the crown under off-axis
loading were concentrated not only at the occlusal
contact point but also at the crown-abutment
interface.

Principal Stress Distribution in Bone
The maximum tensile and compressive stresses that
developed in bone around the dental implant are listed
in Table 2. Positive values represent tensile stresses;
negative values represent compressive stresses. To
comprehend the stress distribution at the implant-
bone interface, the maximum and minimum principal
stress level distributions at the implant-bone interface
along a labial-palatal section (Fig 7) were compared
under axial loading and 60% off-axis loading (Figs 8a
and 8b). The stress distribution at the implant-bone
interface appeared to vary less and to be consistently
lower under axial loading than was the case for corre-
sponding figures for off-axis loading. Under off-axis
loading conditions, the maximum tensile and compres-
sive stresses, in general, were concentrated on the
palatal and labial side of the implant neck within the
cortical bone. In general, compressive stresses were
more substantial than tensile stresses.

DISCUSSION

The significant and impressive success rates for den-
tal implants suggest that tissues are capable of sus-
taining a long-term positive response to implant
loading. This implies that bony architectural strength
and the direction in which stresses are transferred to
the surrounding bone are typically favorable as
regards bone survival and impact stability.30,31 At

Figs 6a and 6b EQV strain distribution in high-density
bone under (left) 30-degree off-axis loading and (right) 60-
degree off-axis loading. Sagittal view. 

Figs 6c and 6d EQV strain distribution in low-density
bone under (left) 30-degree off-axis loading and (right) 60-
degree off-axis loading. Sagittal view. The same color bar
is used in these 4 figures except for the value given for
dark blue in each figure (and the next-darkest blue in 6c).
The maximum von Mises EQV strain of 8924 µstrain was
noted near the implant apex in the low-density model.

Table 2 Principle Stresses (MPa) Arising in the Bone
Around the Implant Under Axial and Off-Axis Loads

Bone type/
Cortical bone Cancellous bone

loading angle Max Min Max Min

High density
0 degrees 6.1 –13.6 2.8 –4.5
30 degrees 30.6 –54.0 3.8 –6.9
60 degrees 79.5 –95.6 6.2 –7.9

Low density
0 degrees 10.8 –19.4 2.4 –3.9
30 degrees 31.6 –64.6 3.6 –5.9
60 degrees 87.7 –109.3 5.6 –6.6
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excessively high strains and/or numbers of chewing
cycles, bone fatigue can occur, as has been reported
previously.32,33 Such a fatigue response can cause
structural weakening of the bone if developing
cracks are not repaired through ongoing bone
remodeling.34 In some cases, however, a clinician may
need to introduce an implant-supported prosthesis
in areas of compromised bone morphology, which
may result in the development of an unfavorable off-
axis load. An off-axis force could induce a bending
moment and thus exert stress gradients within the
implant as well as the adjacent bone. Given that the
bone quality in the premaxillary region is not as high
as that in the mandible, it was important to investi-
gate how these off-axis forces could affect the stress
distribution in bone of different quality.

Many different methods have been used to study
the stresses/strains in bone and dental implants. For
example, photoelasticity provides good qualitative
information pertaining to the overall location of
stresses but only limited quantitative information.
Strain-gauge measurements provide accurate data
regarding strains only at the specific location of the
gauge.31,35 FEA is capable of providing detailed quan-
titative data at any location within a mathematical
model.29 It would therefore appear that FEA could be
a complementary tool for exploring the detailed
mechanical responses at work in implant dentistry.
Assumptions imposed on the FEA models (eg,
regarding model geometry, load magnitude, load
direction, and material property) influence the rela-
tive accuracy of the FEA.The use of a fine mesh is also

306 Volume 22, Number 2, 2007

Hsu et al

Fig 7 Sagittal view of bone model. A = labial cortical bone
region, B = labial cancellous bone region, C = implant apex area,
D = palatal cancellous bone region, E = palatal cortical bone
region.
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a major factor in the achievement of an accurate
model in FEA.

In the present study, the occlusal force was
assumed to be 178 N, the magnitude used in a previ-
ous 3D FEA of a maxillary anterior implant. This force
was applied to an implant-supported prosthesis to
simulate a real loading condition.29 For dentate
humans, in fact, the maximum bite force varies
between individuals and different regions of the
dental arch. With the bite force recorder used in the
present study, average forces of more than 800 N for
male young adults and 600 N for female young
adults have been recorded in the molar region.36,37

Smaller forces of 290 and 240 N, respectively, have
been measured in the incisal region.36,37 Different
investigators have reported that the maximum
incisal bite force ranges from 50 to 370 N.20,37,38 The
variation may be related to many factors, such as
muscle size, bone shape, age, sex, degree of eden-
tulism, and parafunction. However, the application of
functional forces induces stresses and strains within
the implant-prosthesis complex and affects the bone
remodeling process around the implant.11,12 Exces-
sive forces on implant-supported prostheses could
impair osseointegration or induce bone resorp-
tion.39–41 Therefore, when evaluating the stresses and
strains in the bone, it is essential to consider their
source, the occlusal force. To reduce the risk of bio-
mechanical overload and to increase the long-term
success of the dental implant, the magnitude of the
occlusal force, even the direction and the duration,
must be considered in the treatment-planning stage.

In a comparative analysis, the complexity of real-
life situations can be simplified, assuming that pro-
portions and relative effects accurately reflect
reality.42 In the present study, the author varied the
direction of the force to create an unfavorable load-
ing situation in the anterior maxilla. In reality, unfa-
vorable loading situations are more due to increased
bone resorption after tooth loss. Varying the bone
geometry and implant inclination according to vari-
ous levels of maxillary resorption would have more
accurately simulated situations observed clinically.
Since the reconstruction of multiple complicated
bone models was very elaborate and difficult, certain
assumptions needed to be made to simulate unfa-
vorable loading of an implant. Thus, the direction of
the load was changed instead the bone geometry.
However, a more valid assumption for the precise
modeling of the geometry of the bone-implant sys-
tem is needed for further study.

To get more reliable data, convergence tests with
mesh refinements were performed.The mathematical
model, which consists of more than 16,704 elements,
revealed convergent results. The mesh used proved

sufficiently fine for the model. Sekine and coworkers
measured the labiolingual mobility of 41 isolated
osseointegrated implants in 8 human mandibles clini-
cally using a displacement-measuring lever with elec-
tric strain gauges. The measuring point was 6 mm
from the margin of bone shown on standardized x-
rays of each implant. The load was increased linearly
up to 20 N. They observed implant displacement of
17 to 58 µm under a 20-N lateral load.43

So that the results of this FEA model could be
compared with a real clinical situation, a similar load
was applied to the test implant in the present study.
The resulting level of implant displacement was 17
µm for a high-density model and 19 µm for a low-
density bone model. The study revealed that the cal-
culated load-displacement values were close to val-
ues reported for osseointegrated implants in vivo.The
lower values were attributed to several assumptions
that may have modified the outcome of the FEA
model. The structures in the present models were all
assumed to be homogeneous and isotropic. Addi-
tionally, 100% osseointegration at the implant-bone
interface was simulated, which does not necessarily
appropriately represent actual clinical situations. The
stress distribution revealed was also consistent with
the results of an FEA by Tada et al.22 For low-density
bone models utilizing a cylindric implant, the maxi-
mum strain developed upon implant loading was
observed around the implant apex.

Based on the results, the maximum equivalent
stress/strain elicited by a force on this implant model
appeared to increase linearly with an increase in the
angle of loading from 0 to 60 degrees. For each 30-
degree increase in loading angle, the maximum
equivalent stress developed within the cortical bone
increased an average of 3 to 4 times compared with
that of an imparted axial load. Such a result would
seem to indicate that load direction (upon an
implant) exerts great influence upon the distribution
of stresses within the supporting cortical bone.

EQV strain distribution in cancellous bone differed
among the 6 different testing conditions, although in
each case the maximum EQV strain was observed
near the implant apex. Under the same loading
angle, the EQV strain around the implant apex was
higher in the low-density model than in the high-
density model.

From the physiologic viewpoint, bone density is
directly related to the strength and elastic modulus
of bone44; thus, these results appear reasonable. The
patterns of strain distribution within the bone were
influenced not only by the load direction but also by
bone quality. Furthermore, the maximum EQV strain
was observed near the implant apex and not found
at the cervical area of the implant. If a higher density
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of the bone had been assumed in the study, the loca-
tion of the maximum EQV strain distributed area
would have been changed, as it did in a previous
study.22 Further research is needed to determine
whether differences in bone quality resulting from
differences in strain distribution may affect different
mechanisms of failure.

Although the assumptions made for FEA models
may still be too simplistic to be used to accurately
predict the precise value of strains that arise within
the bone around an implant, it appears of value to
compare this study’s calculated values with previ-
ously reported values. Based upon the mechanostat
concept, peak load magnitudes creating strains
greater than 4,000 µstrain would typically result in
pathologic overload.14 For the high-density bone
model investigated herein, the maximum strain in
the cortical bone was 3,410 µstrain; this strain was
under 30-degree off-axis loading. It seemed that such
strains would not be likely to result in pathologic
overload. However, under 60-degree off-axis loading
the maximum strain in the cortical bone model was
5,770 µstrain. Such strain would probably result in
pathologic overload. Pathologic overload in bone
may result in marginal bone loss and/or implant fail-
ure; hence, when off-axis loading is unavoidable, spe-
cific case-by-case selection of an implant location of
appropriate bone quality is critically important.

The results of the present study showed that the
force direction and bone quality were related to the
stress/strain elicited along the implant-bone inter-
face and the implant-abutment interface. Off-axis
loading and poorer bone quality produced much
more stress/strain than axial loading and better bone
quality. Although many authors have postulated that
osseointegrated dental implants have high success
rates because of the development of excellent
designs and procedures, elevated rates of complica-
tions and loss have been demonstrated after 5 years
of function.45 Despite little evidence that overload-
ing can cause loss of osseointegration or bone
resorption, some problems in clinical cases were
solved by equilibration to achieve optimal occlusion
and to avoid contact in lateral and protrusive move-
ment.46 Likewise many studies have demonstrated
high survival rates for immediately loaded
implants.6,47 Glauser et al noted a 66% survival rate
for implants placed in type 4 bone compared with a
91% survival rate for all other types of bone.48

Where possible, limiting the biomechanical effect
of the provisional restoration by (a) limiting occlusal
contact in central occlusion, (b) removing all excur-
sive contacts, (c) limiting the effects of cantilever and
off-axis loading, and (d) splinting implants together,
has been suggested.49

CONCLUSIONS

Based on 3-dimensional FEA of occlusal forces at var-
ious angles affecting the stress/strain distribution
within different bone-quality types, the following
conclusions can be drawn:

1. The maximum EQV stress/strain imparted to bone
increased linearly with an increase in the angle of
off-axis loading.

2. Under off-axis loading conditions, the maximum
EQV stress generated was typically located buc-
cally around the implant neck.

3. Different patterns of strain distribution occurred
for different types of cancellous bone featuring
different elastic moduli.
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Erratum

In the article, "A Novel Drilling Procedure and Subsequent
Bone Autograft Preparation: A Technical Note," by Anitua
et al (Int J Oral Maxillofac Implants 2007;22:138–145), Fig
1h should have illustrated the placement of the implant
rather than the use of the countersink drill. This error has
been corrected in the online version of the article, which is
available at www.quintpub.com. The JOMI staff regrets the
error.
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