
ORAL & Implantology  -  Anno IX - N. 4/2016

or
ig

in
al

 r
es

ea
rc

h 
ar

tic
le

202

Introduction
In some situations, such as inadequate interdental
space, reduced interocclusal space, close proximi-
ty of adjacent tooth roots, convergent adjacent
tooth roots, or narrow atrophic osseous contour,

narrow neck implants or mini dental implants
might be a suitable treatment option (1). Mini im-
plants may be immediately loaded in appropriate
osseous situations and may also provide an alter-
native treatment if osseous conditions preclude a
standard-sized implant approach. Mini implants
may also provide solutions in patients where there
is severe osseous atrophy that standard-sized im-
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SUMMARY
Finite Element Analysis (FEA) has been used for prediction of stress and strain between dental implant components and
bone in the implant design process.
Purpose. Purpose of this study was to characterize and analyze stress and strain distribution occurring in bone and im-
plants and to compare stress and strain of three different implant designs.
Materials and methods. Three different mini dental implant designs were included in this study: 1. a mini dental implant
with an internal implant-abutment connection (MDIi); 2. a mini dental implant with an external implant-abutment connec-
tion (MDIe); 3. a single piece mini dental implant (MDIs). All implant designs were scanned using micro-CT scans. The
imaging details of the implants were used to simulate models for FEA. An artificial bone volume of 9x9 mm in size was
constructed and each implant was placed separately at the center of each bone model. All bone-implant models were sim-
ulatively loaded under an axial compressive force of 100 N and a 45-degree force of 100 N loading at the top of the im-
plants using computer software to evaluate stress and strain distribution.
Results. There was no difference in stress or strain between the three implant designs. The stress and strain occurring
in all three mini dental implant designs were mainly localized at the cortical bone around the bone-implant interface. Oblique
45° loading caused increased deformation, magnitude and distribution of stress and strain in all implant models.
Conclusions. Within the limits of this study, the average stress and strain in bone and implant models with MDIi were sim-
ilar to those with MDIe and MDIs. The oblique 45° load played an important role in dramatically increased average stress
and strain in all bone-implant models.
Clinical implications. Mini dental implants with external or internal connections have similar stress distribution to single
piece mini dental implants. In clinical situations, the three types of mini dental implant should exhibit the same behavior
to chewing force.
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plant treatment cannot be conducted. 
The use of mini dental implants to retain remov-
able partial and complete dentures has become a
common treatment with high efficacy (1). In high-
ly selected situations, mini dental implants can be
used to support fixed partial or complete dentures.
Much research has also been conducted on mini
implants for orthodontic use. Mini implants may
be relatively easy to place and restore using ap-
propriate preoperative data collection, such as os-
seous ridge contour and gingival quantity.  
There are many brands and designs of mini dental
implants from various manufacturers. Before se-
ries production, each implant design must be eval-
uated according to the effects of a prototype on
natural bone tissue. One important process is to
evaluate stress and strain occurring in the implant
and the surrounding bone. Studying the effects of
the loading forces is necessary in implant dentistry
as a precaution and to improve the survival of im-
plant-supported prostheses (2). The biomechanical
study method that is increasingly used to demon-
strate and predict stress distribution in the contact
area of the implants and the surrounding bone is
finite element analysis (FEA) (3-5). 
Finite element analysis (FEA) is a computer tech-
nique for stress analysis. The effect of loading
forces on a prosthesis or peri-implant region can
be evaluated by using the equivalent stress (von
Mises stress), expressed in megapascals (MPa)
(6). The equivalent stress in the affected object can
be calculated from two- or three-dimensional
loading forces, using the von Mises formula. The
results of the von Mises equation, equivalent
stress, subsequently are compared with the yield
stress of the object (3, 7). FEA is a useful technol-
ogy for prediction of the impacts of stress on the
implant and its surrounding bone.
The amount of stress around the peri-implant re-
gions and prosthetic structures are presented by
different colors. Each color indicates the different
amount of the stress at the prosthesis and peri-im-
plant region.
FEA studies of dental implants have shown that
there are differences in stress and strain in im-
plants depending on the type of loading, bone-im-
plant interface, length and diameter of implants,

shape and characteristics of implant surfaces,
prosthetic type and quality and quantity of the sur-
rounding bone (4, 5, 8-12).
In centric loading, some FEA studies of osseointe-
grated implants mention that when maximum
stress concentration is located in cortical bone, it
occurs in the contact area with the implant (13-
15). When the maximum stress concentration is
located in trabecular bone, it is around the apex of
the implant. In cortical bone, stress distribution is
restricted to the immediate area surrounding the
implant, but in the trabecular bone, the stress dis-
tribution is over a broader area.
In small diameter implants, stress occurring in the
surrounding bone is higher and wider in distribu-
tion than in large implant in both vertical and lat-
eral loads (16). The stress magnitude and stress
distribution decline proportionally to increased
implant diameter (4). Strain and displacement are
also high in mini dental implants and are de-
creased by increasing implant diameters. Never-
theless, using the largest diameter implant may not
be the best choice. Holmgren et al. suggested that
morphologic limits of the stress and the surround-
ing bone should be considered for choosing an op-
timum dental implant size to reduce the stress
magnitude at the bone-implant interface (4, 16).
Mini dental implants have been widely used in
clinical practice because of their benefits; no com-
plex surgery, flapless operation and immediate
loading. One of the most useful treatment is to re-
tain mandibular complete denture. With its small
size, it is not necessary for bone grafting surgery
and surgical procedure is very simple. The use of
mini dental implants to retain removable partial
and complete dentures is widely documented (1).
Mini implants can retain maxillary or mandibular
removable prostheses. The supporting bone densi-
ty should be the type I or II for appropriate long-
term success. The purpose of this study was to
characterize stress and strain distribution in both
implant and bone and to compare stress and strain
between three different designs of commercially
available mini dental implants.
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Material and methods 

Model generation

1. Bone model
The bone was modeled as a simulated square of
9x9 mm in size. The bone models were assumed
as a generalized homogenous volume, filled with
cancellous bone and surrounded by a 1-mm corti-
cal shield at the top/bottom and on the medial/lat-
eral side. No cortical bone was modeled at the pos-
terior/anterior surfaces since the bone should rep-
resent a segment of a mandible. This bone repre-
sentation was used for all implants to make it pos-
sible to compare the results between each implant.

2. Implant models
The implants used in this study were:
1. Mini dental implant 2.75 mm (PW plus®,
PWSE, Nakhon Pathom, Thailand). This implant
is of root-formed shape consisting of two pieces,
abutment and implant, with an internal connection
(MDIi). The implant length was 12 mm. 
2. Mini dental implant (Locator®, Zest Anchors,
Escondido, California, USA) with a diameter of
2.4 mm and length of 12 mm. This product also
consisted of two pieces, abutment and implant, but
with an external connection (MDIe).
3. Mini dental implant (MDI®, 3M ESPE, St. Paul,
Minnesota, USA), a single-piece, 2.4-mm mini
dental implant of 13 mm length (MDIs).
Each implant was scanned by micro-CT (Scanco
µCT 35 desktop micro CT Scanner from Scanco
Medical, Zurich, Switzerland). 
During micro-CT scanning, all implants were
aligned to the Z-axis to make sure that all implants
were exactly in the same position. The resolution
was reduced to 40 microns to reduce the number
of elements generated in the process of developing
the finite element models. The CT images were
thresholded to segment only of the implants.

3. Bone-Implant model generation
To generate the bone-implant model, each implant
was placed at the center of the bone volume.

Therefore, each implant was surrounded by 3 mm
of bone. The tip of each implant was also adjusted
to be 3 mm above the bone surface and the collar
of each implant was set just inside the bone re-
gion. The implants were assumed to be fully bond-
ed to the cortical and cancellous bone (Figure 1).

Finite element analysis

The simulated bone-implant models were set in-
to two groups, each consisting of models of
three different commercial implants. The first
group of bone-implant models was placed under
an axial load of 100 N, acting on the top of the
implant (load case 1). The second group was
loaded with a force of 100 N, acting at 45° to the
top of the implant (load case 2). The anterior and
posterior sides of the bone model, which had no
full cortical bone layer, were fully suppressed in
displacement. 
Material properties were assigned to represent the
different materials: 10 GPa for cortical bone, 500
MPa for cancellous bone and 110 GPa for the tita-
nium implant (Figure 2). 
After loading, plots of the deformed shapes of the
implants resulting from the loading were made to
reveal the deformation mode of the implants. Be-

Figure 1 
The FE model represents a 9 mm thick slab of mandibular
bone with the implant at the center.
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cause the deformations were very small, they were
scaled by a factor 50 to make these visible. Stress-
es were quantified by the Von Mises stress.
These were calculated from the individual stress
and strain components in the following equation: 

Strains were quantified by the energy equivalent
strain, which was calculated as:

With E, the Young’s modulus and U, the strain en-
ergy density was defined as:

To reveal the stress and strain within the bone
and implant, the 3-D models of each implant
were cut in half, as shown in Figure 3. The bone
was made transparent to indicate visibility of
the position of the implant. The final models are
shown in Figure 4.
The average stress and strain was calculated for
each of the different regions of the model: cortical
bone, cancellous bone and implant. Averages of
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stress and strain and their standard deviations were
plotted in bar graphs.
Finally, for the implant only, the highest stress val-
ues were quantified by the 95th percentile of the

Figure 3
The plane along which the models are ‘cut’ to reveal the
stress and strain distributions inside the bone and implant.

Figure 2
Loading conditions applied with
load case 1 and load case 2. At
the anterior and posterior (front
and back) surface of the model,
displacement was fully sup-
pressed.
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Von Mises stress distribution and by the maximum
Von Mises value found in any element of the im-
plant. The maximal stress of only the part of the
implant that was within the bone was also calcu-
lated to obtain a more accurate representation of
the maximum stress. 

Results
The average stress in load case 2 are generally
greater than in load case 1 in both implants and
bone. The average stress in the cortical bone of
load case 2 was roughly double that of load case 1;
however, the stresses in the cancellous bone re-
mained almost unchanged. The distribution of
stress and strain in load case 2 was also greater
than that in load case 1 (Figure 5).
In the bone, the stress occurring in the cortical
bone was greater than in cancellous bone (Figures
6a, c). The stress occurring in the peri-implant re-
gion was greater than in regions far away from the
implant. There was no difference in the stress oc-
curring in cortical and cancellous bone among the
three difference implant designs (Figures 6b-d).
In the implants, the highest stress values in both

load case 1 and 2 were in MDIs and the lowest
stress values were in MDIi.

Stress in bone and implant

Highest stress in implants

Comparing the maximum stresses occurring in the
implants in both loading directions (Figures 7a, b),
the greatest maximal stress value was in the MDIs,
the maximal stress in the MDIe was less and the
maximal stress in the MDIi was the least. Howev-
er, the stress in the stem region of the mini dental
implants under axial load in the MDIi was the
greatest, that in the MDIs was less and that in the
MDIe was the least. For load case 2 only, the lo-
cations where high loads occurred were identified
by making plots in which only the regions loaded
beyond 250 MPa were colored, whereas the rest of
the implant was made transparent (Figure 8). In all
cases, the locations of greatest stress were in the
collar region where the implant was in contact
with the cortical bone. 

Figure 4
Bone-implants models. Pink
represents cortical bone and
green represents cancellous
bone.
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Von Mises Stress > 250
MPa Load case 2(45°)

In contrast to the stress, the strains in the cancel-
lous bone were greater than in the cortical bone

(Figures 9, 10a, c). However, the distribution of
the strains was also mainly in the peri-implant re-
gion. The strains occurring in the bone were no
different among each implant-bone model. Con-
sidering strain in the implants, the highest equiva-
lent strain was in the MDIs and the lowest strain
was in the MDIi (Figures 10b, d).

Figure 5
Contour plots of the Von Mises stress in the bone
and in the implant for load case 1 (left) and load case
2 (right). Units are MPa. Note the different scales for
bone and implant plots.

Figure 6
a) Average Von Mises stress in bone for load
case 1 .b) Average Von Mises stress in implant
for load case 1. c) Average Von Mises stress in
bone for load case 2. d) Average Von Mises
stress in implant for load case 2.

a b

c d
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Deformed plots
In Figure 11 the undeformed and the deformed
configurations are shown for load case 1 and load
case 2. Note that deformations were exagerated by
a factor of 50. According to Figure 11, there was a
dramatic difference in deformations between the
two loading cases. Deformations were greater in
load case 2 than in load case 1. In load case 1,
there was no obvious deformation of the implant.

The visible deformations were seen only in the
bone. In load case 2 all implants were bent by the
oblique force and the deformations in bone were
more obvious.

Discussion
In cancellous and cortical bone, differences in
stress and strain generated by the different implants
were small. Varying the loading direction, howev-
er, results in much larger changes in the stresses.
The 45° loading direction roughly doubled the av-
erage stresses and strains in cortical bone com-
pared to the axial loading direction, although
stresses and strains in cancellous bone remained al-
most unchanged. When looking at the absolute val-
ues in both load cases investigated, stresses in the
cortical bone were well below (2-4 MPa) the val-
ues reported for cortical bone strength (100-150
MPa). For cancellous bone, the strength largely de-
pends on the bone volume fraction (4). In cancel-
lous bone, the stresses with a value of around 1
MPa are similar to values reported in general for
hip implants and can be considered in the physio-
logical range for cancellous bone. 

Figure 7
a) The highest Von Mises stress in the implants for load case; b) The highest Von Mises stress in the implants for load case 2.

Figure 8 
Locations where the Von Mises stress exceeds 250 MPa
are indicated by the colored spots. The rest of the implant
was made transparent.

a b
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The overall values of strain in bone did not much
exceed 0.1%. Physiological strain values during
rigorous activities in this study were around 0.3%.
Therefore, strain values found around these im-

plants were less than those expected for rigorous
activities, but they might have been high enough
to trigger a remodeling response. Frost et al. (17)
described the mechanostat theory and bone re-

Figure 9
Contour plots of the equivalent strain in bone and in
implant for load case 1 (left) and load case 2 (right).

Figure 10
a) Average equivalent strain in bone for
load case 1. b) Average equivalent strain
in implant for load case 1. c) Average
equivalent strain in bone for load case 2.
d) Average equivalent strain in implant
for load case 2.

a b

c d
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modelling related to stress and strain. Strains in
the range of 50-1500 microstrain represented the
physiological range (lazy zone). Strain in the
range of 1500-3000 microstrain may cause appo-
sition and strain less than 50 microstrain may
cause bone resorption.
When comparing the stresses and strains in the im-
plants, it is clear that average stresses and strains
in MDIs were the greatest, followed by those in
MDIe, and those in MDIi were the least. This may
be explained by the slightly larger diameter of an
MDli (2.75 mm.)  than that of  an MDIe (2.4 mm).
According to the suggestion of Luigi et al. (5) the
implant diameter might result in a greater effect on
stress and strain than implant length. However, the
maximum stress in the stem region for MDIe was
the lowest for axial loading in this study.  For the
implants also, the loading direction plays an im-
portant role. The 45° loading direction resulted in
bending of the implant (Figure 5) and caused an
average stress and strain 2-4 times higher than that
caused by axial loading. When looking at the max-
imum stress values found in implants, values in
the range of 266 to 938 MPa were found for load
case 2. In all cases, however, these highest stress-
es occurred in the implant collars and in the re-
gions where the abutment would be placed. To

avoid bending of an implant and the resultant bone
resorption and other complications, the stresses in
those regions should be reduced. Rieger et al. (18)
reported that the serrated geometry of implant led
to high stress concentration at the tips of bony in-
growths and near the necks of implants. When fo-
cusing on the stem region that is inside the bone,
the Von Mises stress ranges from 259 to 373 MPa.
Titanium Ti-6Al-4V (Grade 5) has a compressive
yield strength of around 970 MPa and a fatigue
strength of around 240 MPa. The maximum Von
Mises stress, therefore, can exceed the fatigue
strength of the implant.
A few limitations of the present study should be
noted. First, the stress and strain calculations in
the implants may have been inaccurate for the part
of the implant into which the abutment was
screwed, since contact between the abutment
screw and the implant largely depended on the im-
age settings. Although this can affect the stress/
strain distribution in this region, it is not expected
to affect the stress/strain distribution either in the
screw part of the implant or in the bone. Second,
boundary conditions were chosen to fully suppress
the displacements at two faces of the model, sug-
gesting that the bone segment is rigidly supported
at both these ends. In reality, the support is not

Figure 11
Undeformed (left) and deformed configurations for
load case 1 (middle) and load case 2 (right) for the
different screw designs. Colors in the deformed con-
figuration represent Von Mises stress where red indi-
cates high and dark blue low stresses. Units were
MPa. Deformations were exaggerated by a factor of
50.
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rigid and might differ at both ends. The deforma-
tions and strains found in this study, therefore,
likely represent the low end of those that can be
expected in vivo. Third, the full bonding of the im-
plant to the bone is realistic only for implants with
a coating to which the bone can attach (e.g. hy-
droxyapatite coating). In the bonded model, ten-
sile forces can occur between the bone and im-
plant which is not realistic for uncoated implants.
Fourth, the bone was modeled as a homogeneous
material, whereas in reality, it is not. Modeling the
bone as a trabecular architecture might lead to dif-
ferent results. Although such analyses would be
straight forward to perform in the same way as
performed here, the results might largely depend
on the actual bone microarchitecture that is mod-
eled. Such microstructural analyses thus might re-
quire the analyses of a range of different mi-
crostructures to obtain reliable results. 
The elasticity moduli of different implant materi-
als also affect the stress that occurs at the bone-im-
plant interface. It is recommended that the implant
materials with too low modulus should be avoided
(4). This stress concentration should be empha-
sized when using implants made from materials
with low elasticity moduli. When using non-ta-
pered, screw-type implants with low elasticity
moduli, high stress concentrations occur at the
neck of the implant model. On the other hand,
high stress occurs at the base of implants made
from materials with high elasticity moduli (4).
The long-term success of dental implant place-

ment depends on the preservation of good bone
quality, which depends on appropriate bone re-
modeling and on the avoidance of bone microfrac-
ture (19). In the crestal bone, where progressive
bone loss is usually observed, the bone loss is pos-
sibly related to the low stress in the peri-implant
region. Increased retention elements at the implant
neck counteract the marginal bone resorption, ac-
cording to Wolff’s law (17). However, too high in-
terfacial shear stress leads to marginal bone loss as
well. In the cortical bone, the quality and quantity
of the surrounding bone affects the loading force
that is transferred from the implant to the bone.
Implant placement in high-density bone leads to
less micromovement than in low-density bone,

and reduces stress concentration. The stress con-
centration usually occurs around the implant neck.
Due to the elastic limit of the cortical bone, high
oblique loads may lead to microfractures and the
subsequent healing may result in local fatigue fail-
ure and bone resorption at the neck of the implant.
Clinically, the stress and strain distribution in bone
of 3 implant design may not be different because
the implant only retain the denture, but the tissue
underneath the denture support the chewing load.
Implant retained overdenture need implant for re-
tention but posterior tissue for supporting. The oc-
clusal force is mainly supported by posterior tissue
(load bearing area) such as buccal shelf area and
residual edentulous ridge. Overdentures are con-
nected to mini dental implants by various attach-
ment. Almost mini dental implants are single
piece. The main problem of single piece implant is
that transmucosal abutment cannot be changed
when it is distorted. In this study, the head of MDIi
and MDIe can be changed if they are worn. Oc-
clusion for implant retained overdenture are bilat-
eral balance, lingualization and monoplane (20).
The occlusal force for mandibular implant re-
tained overdenture at molar, canine and incisor are
about 161N, 93N and 94N respectively (21). In the
study, 3 mini dental implant designs were loaded
under 100N related to clinical circumstance. In
term of clinical application, using of two piece mi-
ni dental implant might be preferable treatment
option because of changeable transmucosal abut-
ment.

Conclusions
Within the limits of the study, the average stress
and strain in the bone and implant models of the
MDIi were similar to those in the other two mini
dental implant designs. The oblique 45°load
played an important role in the dramatically in-
creased average stress and strain in all bone-im-
plant models. 
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