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ABSTRACT

Objective: The objective of the study was to evaluate the stress pattern in cortical and cancellous bones, periodontal ligament, and
in the implant itself when a mini-implant (Ml) is inserted in the inter-radicular space between mandibular first molar and second pre-
molar at various angulations and different retraction forces.

Methods: Finite element study was conducted with Ml insertion at 30°, 45°, 60°, 75°, and 90° angulations in the mandibular posterior
region (between second premolar and first molar). At these angulations, horizontal forces of 150, 200, and 250 g were applied to the
middle of the MI head. von Mises stress values were then evaluated using the ANSYS software.

Results: Highest von Mises stress values were detected in the Ml itself, followed by cortical bone, cancellous bone, and periodontal
ligament. The von Mises stress values in cortical bone were highest at 30° angulation and lowest at 90° angulation. In the cancellous
bone, the stress value was found to be maximum at 90°. The von Mises stress values in the Ml were lowest at 90°. In all four structures,
as the load increased from 150 to 250 g, the von Mises stress values increased.

Conclusion: The von Mises stress values in the cortical bone, MI, and periodontal ligament were found to be lowest at 90°. Placement
of the Ml at 90° appears to be an ideal angulation when applied with a horizontal load. Force range used is within clinically recom-
mended levels; however, the increase in load causes an increase in the stress values.

Keywords: Cancellous bone, cortical bone, finite element model, periodontal ligament, mini-implant

Main points:
In this finite element model, von Mises stress values were found to be least at 90° in all structures except cancellous bone.
Perpendicular placement of mini-implant appears to be the ideal insertion angulation.
Increase in load values causes an increase in the stress values at all angulations.

INTRODUCTION

The advent of skeletal anchorage in orthodontics is slowly replacing the traditional methods of reinforcing or-
thodontic anchorage. Mini-implants (Mls) are especially advantageous owing to their miniature size, easy place-
ment and removal techniques, moderately low cost, and most importantly, leeway of early loading (1, 2). Nev-
ertheless, there are certain risks associated with Mls that involve chances of screw fracture, especially during
placement; damage to vital structures such as roots, nerves and blood vessel; and peri-implantitis (3-5). Contrary
to a dental implant, Ml is a temporary anchorage device; hence, its primary stability is pertinent to treatment suc-
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cess as there is a possibility of transmitting orthodontic forces to
the alveolar bone (6).

The MI success rate was reported to be as high as 89.9 % in a
study by Wu et al. (7). The results of their study suggested that
implant diameters greater than 1.4 mm in maxilla and less than
1.4 mm in mandible were critical for Ml success. Other elements
vital to MI success rate are availability of superior bone quality
at the implant site with adequate width of attached gingiva and
a delayed loading of four weeks after Ml insertion (8). Adequate
measures to control factors attributing to local inflammation
would further enhance Ml stability.

Nonetheless, the failure rates of Ml have been still reported as
high as 30% (5, 9-11). Biological and mechanical factors associat-
ed with Ml failure include site of implantation, orthodontic force
level, inflammation, non-keratinized implant sites, screw diame-
ter, and cortical bone thickness (4, 10, 12, 13). Other factors that
are less commonly associated with Ml failure are insertion angle,
exposure length/implanted depth, direction of force, bone qual-
ity, and loading conditions (9, 14-16). Numerous suggestions
have been provided to increase the Ml stability, but they usually
lack the support of mechanical reasoning (14). The process by
which force transmission occurs from external of Ml to the inter-
nal bone surface is one of the keys to the clinical success of Ml
(17). Hence, there was a need to study the effects of individual
variables on each other and the MI.

Finite element analysis (FEA) or finite element model (FEM) is a
computer-based numerical simulation method that has exten-
sive application in mathematical physics and has been widely

used in estimating the mechanical behavior of engineering struc-
tures. In orthodontics, its application involves the evaluation of
various biomechanical force systems with various appliances
(18). The purpose of this finite element study was to estimate
the von Mises stress in various structures (bone, periodontal lig-
ament, and MI) when an Ml is placed at different angulations and
subjected to varying loads. This will help to determine an ideal
angulation of an Ml that can be loaded safely with an optimal or-
thodontic force to achieve adequate primary stability, and thus
reduce the failure of Ml in orthodontics.

METHODS

A FEM was created using a dedicated software (ANSYS Work-
bench 14.5, Canonsburg, PA, USA). The FEM was composed of
five elements: 1- the mandibular second premolar and first per-
manent molar having 0.2 mm thickness of periodontal ligament
and cancellous bone and 2 mm thickness of cortical bone (Fig-
ure 1); 2- Ml model (diameter, length, and screw); 3- modeling
of cortical and cancellous bones and thickness of periodontal
ligament; 4- FEM of MI when placed into bone at various angu-
lation (Figure 2); and 5- Young’s modulus and Poisson’s ratio for
all constituent structures under experiment. The study was ap-
proved by the Institutional Ethics Committee, All India Institute
of Medical Sciences, Jodhpur (AIIMS/IEC/ 2018/697).

The geometry of the FEM of the lower first molar and second
premolar was determined using standard measurement (19).
The periodontal ligament was replicated to a thickness of 0.2
mm around the root along with 0.15 mm thin cementum layer
(20). Orthodontic MI made of pure titanium (diameter, 1.6 mm;
length, 8 mm; thread ridge height, 0.2 mm; thread pitch, 0.6 mm)

Figure 1. a-d. (a) FEM consisting of (b) tooth, (c) M, (d) periodontal ligament and bone elements. FEM: finite element model
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Figure 2. a-e. FEM consisting of Ml at different angulations: (a) 30°, (b) 45°, (c) 60°, (d) 75°, and (e) 90°. FEM: finite element model

MI: Mini-implant

Detail B

Figure 3. Schematic representation of implant design used in this
finite element study

was modeled. The Ml dimensions (Figure 3) were created on the
basis of the research by Motoyashi et al.(21). Based on the clas-
sical theory of elasticity and for the ease of modeling, it was as-
sumed that the constituent material was isotropic and homoge-
neous. The behavior of the constituent material was quantified
by Poisson’s ratio and Young’s modulus as per the previous re-
search (22). The material properties for Ml, bone, and periodontal
ligament are given in Table 1.

The site of placement of Ml was assumed to be in between man-
dibular second premolar and first molar on the basis of a mor-
phometric study (23). FEM was created with MI insertion at

Table 1. Material properties of constituent materials

Materials Young’s modulus (MPa)  Poisson’s ratio
Titanium 110,000 0.35
Cortical bone 14,000 0.30
Cancellous bone 1,370 0.30
Periodontal membrane 69 0.45
Tooth 18,600 0.31

MPa: Megapascal

Table 2. Number of nodes and elements generated for each model

Model Elements Nodes
Model30 140,039 27,564
Model45 140,053 27,531
Model60 140,247 27,594
Model75 140,416 27,614
Model90 175,121 33,319

30°, 45°, 60° 75° and 90° angulations, and at each angulation
a horizontal load of 150, 200, and 250 g was applied (24). The
boundary between the Ml and the bone elements was secured
to demarcate from other interfaces. Gap elements that existed
between the Ml and periodontal membrane were considered to
be negligible. On the application of different loads at each an-
gulation, stress values were calculated in all component struc-
tures and at the neck of the MI. Table 2 represents the number of
nodes and elements created in the study.

RESULTS

The von Mises stress distribution in the cortical bone, cancellous
bone, periodontal ligament, and Ml itself was assessed using a
colored scale (Figure 4). Low and high stress values in the scale
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are depicted by blue and red color, respectively. Table 3 rep-
resents numerical values of von Mises stress in the cortical and
cancellous bones, periodontal ligament, and Ml at 30°, 45°, 60°,
75° and 90° insertion angulations at varying loads. The von Mis-
es stress values in the cortical bone were highest (4.71, 6.28, and
7.85 megapascal [MPa] at 150, 200, and 250 g, respectively) at
30° angulation (Figure 5). The values for other angulations were
lower. The von Mises stress values in cancellous bone were high-
est (0.020, 0.026, and 0.033 MPa at 150, 200, and 250 g, respec-

ANSYS
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(avE)
=.559E-03

SMN =.005421

SMX =B8.04972

— —
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.899233 2.68686 4.47448 6.2621 8.04972

Figure 4. von Mises stress at various Ml sites depicted by a different
scheme of colors. MI: Mini-implant

tively) at 90° angulation. The values were lowest for 60-degree
angulation. Whereas the von Mises stress values in periodontal
ligament were lowest (0.0001, 0.0001, and 0.0002 MPa at 150,
200, and 250 g, respectively) at 90° angulation, the values were
low and comparable at 60- (0.0003, 0.0004, 0.0005 MPa at 150,
200, and 250 g, respectively) and 75- (0.0002, 0.0002, 0.0003 MPa
at 150, 200, and 250 g, respectively) degree angulations and
highest at 30° angulation.

The von Mises stress values in the Ml were lowest (4.83, 6.44, and
8.04 MPa at 150, 200, and 250 g, respectively) at 90° angulation
followed by 45° angulation, and the values were higher at 30°,
60°, and 75° insertion angulations. Stress values were found to
be the highest within Ml when compared with cortical bone,
cancellous bone, and periodontal ligament. The least amount of
stress was observed in the periodontal ligament at all angula-
tions. Overall, the von Mises stresses in cortical bone, cancellous
bone, periodontal ligament, and Ml increased with an increase in
the amount of the horizontal load at all angulations.

DISCUSSION

The FEM simulated the biomechanical force system that is ap-
plied clinically and allowed to evaluate the response of den-
toalveolar system. Posterior region of the mandibular bone was
chosen as a site of implant placement because previous studies
have reported a lower success rate in mandible as compared
with maxillary bone (5, 25). This is in contrast to dental implants
where the opposite is true (3-5). Cortical bone thickness of 2

Table 3. Maximum von Mises stress values induced at various insertion angulations and different horizontal loads

Horizontal load
1509 200¢g 2509
Model Ml Insertion angulations von Mises stress (MPa)
Cortical bone 30 4.71144 6.28129 7.85241
45 2.49361 3.32481 4.15601
60 2.27166 3.02887 3.78609
75 2.50206 3.33608 4.1701
920 2.1329 2.84387 3.5548
Cancellous bone 30 0.0065 0.0087 0.0109
45 0.0066 0.0088 0.0110
60 0.0053 0.0071 0.0089
75 0.0070 0.0093 0.0116
920 0.0196 0.0261 0.0327
Periodontal ligament 30 0.000612 0.000817 0.001021
45 0.000396 0.000528 0.000660
60 0.000286 0.000382 0.000477
75 0.000153 0.000204 0.000255
920 0.0000982 0.000131 0.000164
Mi 30 9.04785 12.0638 15.0798
45 6.0885 8.118 10.1475
60 9.48337 12.643 15.8037
75 9.83599 13.1147 16.3933
920 4.8298 6.4397 8.0497
MI: Mini-implant; MPa: Megapascal
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Figure 5. a-d. von Mises stress values induced at various insertion angulation in (a) cortical bone, (b) cancellous bone, (c) periodontal ligament,

and (d) MI

MI: Mini-implant

mm between second premolar and first permanent molar was
modeled as this is the most common site of MI placement. Screw
diameter greater than 1.8 mm usually requires larger inter-radic-
ular space, whereas screw diameter less than 1.5 mm reduces the
primary stability. Therefore, a screw diameter of 1.6 mm was cho-
sen, which would provide sufficient mechanical properties with-
out requiring a wide insertion space (26-28). It has been widely
reported that the majority of the MIs have the ability to stand
100-200 g of horizontal load (early or immediate) with ease and
the magnitude is sufficient for various tooth movements (29-32).
The orthodontic force levels selected in this study were 150, 200,
and 250 g, to simulate clinically viable conditions.

This study showed that von Mises stress values increased with
increasing horizontal loading force. The forces considered in this
study were within the optimum ranges for clinical conditions,
such as individual canine retraction using horizontal component
of force of 150 g or en masse retraction using horizontal compo-
nent of force in the range of 200-250 g. Lin et al. (9) conducted
a study and reported that the orthodontic force direction had
no statistically significant effect on stress values in cortical bone.
Hence, different directions of loading force were not taken into
consideration in this study. Critical stress curves as drawn in the
study by Li et al. (33) for overload and underload resorption
demonstrated that cortical bone resorption because of over-
loading was seen in areas with von Mises stress greater than
25-28 MPa. The authors suggested that injury to the periodontal
membrane during Mlinsertion may cause overload bone resorp-
tion especially when the integrity of the root is maintained. This

overloading could be attributed to Ml failure (33). The findings of
Robert et al. (30) also suggest that forces between 1 and 3 N do
not affect implant stability. Zhang et al. (16) theorize that within
the implant-cortical bone spongy bone system, higher stresses
are received by cortical bone primarily because of its high mod-
ulus of elasticity. Similar findings were also noticed in this study
as the stress in the cortical bone was higher in comparison with
cancellous bone.

Regarding the effect of angulations on von Mises Stress, the
increase in Ml insertion angulation appears to be inversely pro-
portional to stress values produced in the cortical bone. The
highest stress values were observed in the cortical bone when
the Ml insertion angulation was at 30°. The stress values in the
cortical bone were minimum at 90° angulation and values at 60°,
75° and 45° were in between. Previous studies have shown that
cortex thickness primarily governs the transmission of force from
mini-screw to bone, and cancellous bone thickness plays a minor
role (34, 35). More importantly, cortical bone is more resistant to
distortion and can withstand higher loads mainly because of
its higher modulus of elasticity. Dense cortical bone is advanta-
geous from the primary stability perspective; however, if the site
lacks sufficient preparation, secondary stability can be signifi-
cantly compromised because of increased compression of bone
(36). Primary stability is imperative in early healing and remodel-
ing phase, especially when there is early loading of the implant.

The stress values in cancellous bone were of the lower magni-
tude when compared with cortical bone. The minimum stress
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values were detected in cancellous bone when the implant was
at 60° angulation. The stress was maximum at 90° angulation.
The long-term success of the implant after the healing phase
and during the loading phase is primarily dependent on sec-
ondary stability. No attempt was made to simulate secondary
stability in this study to avoid complex configuration. Reduced
stress in cancellous bone can be a factor that enhances sec-
ondary stability, but this needs further research. The von Mises
stress in the periodontal ligament was much lower than both
bony elements.

The von Mises stress in the MI was mostly present at the
neck of the implant close to bone-implant interface. The mini-
mum stress value was found in the bone when the implant was
at 90° angulation. Considering that Mls are made of pure titani-
um having superior properties, the stress values at all angula-
tions were low enough to presume that there may not be im-
plant breakage up to 250 g of horizontal force. Excessive stress
concentrations were detected in the MI at the cervical margin
around first few threads. Similar findings have been presented
by Meijer et al. (37), Barbier et al. (38), and Clelland et al. (39).
However, Vasquez et al. (40) used a dental implant for anchor-
age in their study and contested this point that even though
the stress concentration was localized in the cervical margin
and first threads, these stresses are of very low magnitude and
inadequate to cause the failure of the implant. Consequently,
the osseo-integrated dental implant may act as potential anchor
units as they are better suited to withstand orthodontic forces.
The results of this study are in agreement with the research by
Jasmine et al. (41) who found that at a horizontal load of 200 g,
maximum stress values were within the MI, followed by cortical
bone and least in the cancellous bone.

There has been a considerable debate whether the insertion
angulation should be perpendicular or angulated. Jasmine et al.
(41) reported that a decrease in stress values was observed in
both Ml and cortical bone as the insertion angulation increased
from 30° to 90°. They concluded that ideal Ml insertion angula-
tion should be at 90° for enhanced stability. The FEA by Perillo
et al. (24) also advocated that placing mini-screws at 90° angle
would result in improved stability than at angulation lesser or
greater than 90°. On the contrary, as the insertion angle affects
the primary stability the least, oblique or a diagonal insertion
of Ml is advantageous over perpendicular insertion because of
its added biomechanical advantages (15). This argument is sup-
ported by the study by Wilmes et al. (15) who suggested that
oblique placement may lead to a slightly greater primary sta-
bility, especially in the areas with poor or reduced bone quality.
To achieve higher insertion torque values, insertion angulation
ranging from 60° to 70° have also been suggested (15). This in-
sertion angulation may also prove to be beneficial whenever
there is insufficient inter-radicular space for Ml placement and
further help in the aversion of root contact.

FEM was constructed on the basis of the assumption that cor-
tical and trabecular bones were isotropic and homogeneous.
Other structures such as osteons, Haversian canals, and intersti-
tial lamellae were not modeled as this would have further com-

plicated the analysis. With the current knowledge, it is difficult
to exactly predict the changes that occur with the passage of
time with the same loading conditions. This study is a predictive
analysis and must be used as a reference to aid clinical judgment.

CONCLUSION

The following conclusions were drawn from this FEM study:

+ In the cortical bone, MI, and periodontal ligament, the von
Mises stress value was least at 90° insertion angulation.

- The von Mises stress values were found to be highest in cor-
tical bone and periodontal ligament when the Ml was angu-
lated at 30°.

+ The von Mises stress values in cancellous bone were found to
be highest and lowest at 90 and 60°, respectively.

« When applied with a horizontal load, placing the MI at 90°
seems to be the ideal angulation. The von Mises stress values
at 60°, 75°, and 90° insertion angulations are higher.

« The increasing loads cause an increase in stress levels. Even
though the horizontal load of 250 g has the maximum stress
levels, it is under the levels that can cause overloaded bone
resorption and in turn Ml failure.
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