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Evaluation of Strain and Insertion Torque of Mini-implants at 90° and 45°
Angulations on a Bone Model using Three-Dimensional Finite Element

Analysis

Abstract

Background: Temporary anchorage devices or mini-implants have gained great attraction due to
its capability to provide absolute anchorage, low cost, versatility, and can be loaded immediately
after placement. Aims and Objectives: The aim of this study is to use FEA analysis to assess the
strain and insertion torque of mini-implants on a bone model at two distinct angulations of 45°
and 90°. Materials and Methods: A computer-aided three-dimensional (3-D) model representing
alveolar bone and mini-implants were developed using ANSYS software. Computed tomography
scan images of the implant and the alveolar bone were taken and exported in DICOM format for 3-D
image processing. The thickness of the bone model is 1 mm. Ti6Al4V orthodontic single and double
threaded mini-implants (L = 7 mm, D = 1.5 mm) were inclined at 45° and 90° on to the bone surface
to measure the insertion torque and strain produced. Results: Maximum insertion torque (MIT)
for single-threaded mini implant at 45° and 90° angulations are 20.001 Nmm and 19.977 Nmm,
respectively. MIT for double-threaded mini-implants obtained is 19.977 Nmm at 90° and 19.991
Nmm at 45° angulation. The strain of the bone at 90° angulation for single-threaded mini-implant
is 0.00893 mm and for single-threaded mini implant at 45° angulation is 0.01257 mm. The strain
in double-threaded mini-implant at 90° angulation is 0.0125 mm and that of 45° angulation is
0.01773 mm. Conclusion: For maximum stability single-threaded mini-implant with perpendicular
insertion, angle is preferred.
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Introduction This plays a crucial role in loading and
healing. The length, diameter, number of
flutes, thread design, density and thickness
of cortical bone, insertion technique,
and the insertion site of mini-implants
are the factors that contribute to primary
stability. Secondary stability is a result of
bone regeneration and remodeling.®! The
biological stability of mini-implants is
assessed using experimental animals based
on loading time and screw design. The
mechanical stability of mini-implants

Orthodontic treatment requires intraoral
anchorage with high resistance to
displacement. Intraoral appliances, such
as transpalatal arch, nance holding arch,
and lingual arch, do not require patient
compliance, but cannot provide absolute
anchorage three-dimensionally. Currently,
mini-implants  have gained countless
attraction due to its versatility, minimal
surgical invasiveness, ability to provide

absolute anchorage, and can be loaded
immediately after placement. As more
percentage of patients are receiving
treatment with mini-implants their clinical
stability requires more attention.'”! The
stability of mini-implant plays an important
role in osseointegration and mechanical
retention. Stability consists of primary and
secondary stability.®] Primary stability is
acquired shortly after mini-implant insertion.
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is measured using mini-implant design,
insertion and removal torque values, and
pull-out measurements.”'*! Hence, the
screw design, the quantity and quality
of bone in the area of insertion, have an
impact on the mini-implant stability after
implantation.

The success of mini-implants has been
compromised due to excessive torquing
forces applied during the insertion of these
devices. Torquing forces can also cause
necrosis around the surrounding cortical
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bone. Maximum insertion torque Insertion torque results
from frictional resistance between the thread of the screw
and its surrounding cortical bone. This is a standard means
to analyze mechanical stability of the mini-implants.
Maximum insertion torque (MIT) is maximum torque value
recorded during the insertion of orthodontic mini-implant
and is expressed in Newton centimeters.

On the other hand, Insertion torque can only be measured
during the insertion of mini-implants and cannot be used to
assess their stability afterward. Since the in vivo assessment
of mini-implant mechanics can be technically limited or
ethically questionable three-dimensional (3D) finite element
analysis (FEA) provide an effective tool for the in vitro
analysis of stress, strain, and insertion torque. This is a
noninvasive and efficient tool for evaluating biomechanics
and the effect of mechanical forces on biological
systems.l' This method is also used for determining
stress and deformations in a particular geometry and also
to determine the risk of failure and estimate high-stress
locations.'” Even though there are many studies in
literature comparing the effect of stress on mini implants
at different angulations, only few have combined the effect
of strain and insertion torque of mini implants at vertical
and oblique angulations on a bone model using FEA. The
objective of this study is to evaluate the strain, stress, and
insertion torque of single-threaded and double-threaded
mini-implants on a bone model at two distinct angulations
of 45° and 90° using 3D FEA.

Materials and Methods

For this study, computer-aided 3D models representing
mini-implants and alveolar bone were generated using
ANSYS software. For this process, computed tomography
scan images were taken and exported in DICOM format
for 3D image processing. Four bone models were
generated using ANSYS software consisted of single and
double thread mini-implants inserted in vertical (90°)
and oblique (45°) directions. The simulation of the four
geometric models with mini-implants was done using FEA.

Modeling of specimens was done using SOLID 186
elements. It includes a 20-node high-order 3D element
having quadratic displacement behavior. The element
consists of 20 nodes, each with 3° of freedom: Translations
in the x, y, and z directions. It supports mixed formulas
for simulating deformations of nearly incompressible
elastoplastic materials and fully incompressible hyperelastic
materials [Figure 1].

Ti-6Al-4V orthodontic mini-implants were used for the
study. Models of single-threaded and double-threaded
mini-implants were created [Figure 2 and Table 1]. The
pitch is 0.7 mm for single-threaded group and 0.35 for
double-threaded group. The single-threaded and double
threaded mini-implants used were 7.0 mm in length and
1.5 mm diameter.

Modeling of specimens

Four mini-implant models were taken for this study. These
models were named as model 1, 2, 3 and 4. All models
were of the same dimensions with different threads. First
model consists of single-threaded mini-implant inserted
at 45° angulation on bone block, model 2 consist of
single-threaded mini-implant inserted at 90° angulation
to bone block, model 3 consists of dual threaded
mini-implant inserted at 45° angulation to bone block and
model 4 consist of dual threaded mini-implant inserted at
90° angulation to bone block [Figures 3 and 4]. Models
of single- and double-threaded mini-implants were also
created [Figure 4]. Modeling was done in ANSYS (ANSYS.
Inc Southpointe 2600Ansys Drive, Canonsburg, USA)
19.2 software by using various sketching tools. Meshing
was done by the software automatically [Figure S5].
Moments applied to the top surface of the implant for two
angulations (90° and 45°). The magnitude of the applied
moment is 20 N-mm. The stress concentration developed
at the bone mini-implant interface of each was processed
and compared with each other.

Results

The results of this study show that strain on the bone
and mini-implant, deformation of bone and mini-implant,
stress on mini-implant is maximum for double-threaded
mini-implants inserted at 45° angulations [Table 2].
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Figure 1: SOLID 186 homogenous structural geometry (ANSYS Library)

Table 1: Dimensions of mini-implant model
TypeT1507 U3

Abbreviations Measurement

Dl External diameter 1.45 1.45
D2 Collar diameter 1.50 1.50
D Internal diameter 0.95 0.95
d, Internal diameter of dual thread B 1.03
L, Length of spiral part 6.00 3.20
L, Length of dual part _ 2.80
L, Total length 7.00 7.00
P Pitch 0.70 0.70
P Pitch of dual part 0.35
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Table 2: Deformations of two implants with different loading conditions

Type of Type of Deformation Deformation of Strain of bone Strain of implant Stresses on

specimen loading of bone (mm) implant (mm) (mm/mm) (mm/mm) implant (Mpa)

Single Vertical 0.0039407 0.025408 0.00893 0.00217 206.08

threaded Inclined 0.0046347 0.031565 0,01257 0.0024 229.5

Double Vertical 0.004029 0,029811 0.0125 0.00256 233.66

stranded Inclined 0.0047304 0.0342219 0.01773 0.00312 297.92
=

AN

NN

&

Figure 4: (a) Single-threaded and double-threaded mini implants. (b) Model
3- double thread at 90°. (c) Model 4- double thread at 45° inclined

Single-threaded mini-implant when inserted in bone block
at 90° angulation, deformation produced in bone block was
0.003 mm, deformation in mini-implant was 0.025 mm,
strain generated in bone was 0.008 mm, strain generated
in mini-implant was 0.0027 mm and stress generated in
mini-implant was 206 Mpa. Single-threaded mini-implant
when inserted in bone block at 45° angulation, deformation
produced in bone block was 0.004 mm, deformation in
mini-implant was 0.031 mm, strain generated in bone was
0.0125 mm, strain generated in mini-implant was 0.002 mm
and stress generated in mini-implant was 229.5 Mpa.
Double-threaded mini-implant when inserted in bone block
at 90° angulation, deformation produced in bone block was
0.004 mm, deformation in mini-implant was 0.029 mm,
strain generated in bone was 0.012 mm, strain generated
in mini-implant was 0.002 mm and stress generated in
mini-implant was 233.6 Mpa. Double threaded mini-implant
when inserted in bone block at 45° angulation, deformation
produced in bone block was 0.004 mm, deformation in
mini-implant was 0.034 mm, strain generated in bone was
0.012 mm, strain generated in mini-implant was 0.003 mm
and stress generated in mini-implant was 297.9 Mpa The

Figure 3: Model 1- single-threaded implant at 45°, Model 2- single-threaded
implant at 90

Figure 5: Meshing (a) single thread and (b) double thread

insertion torque for single-threaded mini-implants inserted
at 90° angulations is 19.97 N mm [Table 2].

Insertion torque was evaluated for a time period of
1 second, a graph was plotted with time (in seconds) in
X-axis (0—1 s) and the moment reaction (insertion torque)
was plotted in Y—axis. The insertion torque was measured
in units of N-mm [Figure 6]. An increase in the insertion
torque values was obtained from 0.1 to 1 s. The moment
recorded was 1.99 N mm in 0.1 s, which increased to 19.97
N mm in 1 s for single-threaded mini-implant inserted at
90° to bone block [Figure 6 and Table 3].

When  single-thread  mini-implants  were  placed
obliquely [Figure 7], there was an exponential increase
in the moment reaction from 2 N mm to 20 N mm
from 0.1 to 1 s. There was 10 times increase in the
insertion torque values [Table 4]. The insertion torque for
double-threaded mini-implants inserted at 90° angulations
at 0.1 sis 1.9 and for 1 s is 19.97 N-mm and for double
thread mini-implant placed obliquely, the insertion torque
values obtained were 1.99 s for 0.1 s and 19.99 for 1 s
[Tables 5, 6 and Figures 8 and 9].

Discussion

There are numerous factors which affect the success
of mini-implants such as mini-implant dimensions,
mini-implant design, bone quality, angle of insertion,
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Figure 6: Graph showing time (in seconds) in X-axis (0—1 s) and the moment
reaction (insertion torque) in Y-axis. The insertion torque in units of N-mm.
single thread at 90°
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Figure 8: Graph showing time (in seconds) in X-axis (0-1 s) and the moment
reaction (insertion torque) in Y-axis. Double thread at 90°

Table 3: Insertion torque with increase in time for a
single thread implant at 90°

Time(s) Moment reaction (total) (Nmm)
0.1 1.9977
0.2 3.9954
0.3 5.993
0.4 7.9907
0.5 9.9884
0.6 11.986
0.7 13.984
0.8 15.981
0.9 17.979
1.0 19.977

Table 4: Tabular column showing the increase in
moment reaction with increase in time for a single thread
implant inclined in 45°

Time(s) Moment reaction (total) Nmm
0.1 2.0001
0.2 4.0001
0.3 6.0002
0.4 8.0002
0.5 10.000
0.6 12.000
0.7 14.000
0.8 16.000
0.9 18.001
1. 20.001

1.
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10.
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Figure 7: Graph showing time (in seconds) in X-axis (0—1 s) and the moment
reaction (insertion torque) in Y-axis. Single threaded at 45°
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Figure 9: Graph showing time (in seconds) in X-axis (0-1 s) and the moment
reaction (insertion torque) in Y-axis. Double thread at 45°

and insertion torque. A detailed study of these factors is
important so as to increase the applications of mini-implants
in our routine clinical practice. This study was undertaken
to evaluate the effect of strain and insertion torque of
mini-implants at vertical and oblique angulations on a bone
model using 3D FEA.

Bone tissue can remodel in response to mechanical stress.
Increased concentration of stress in supporting tissues
due to pressure necrosis can lead to mini-implant failure.
Therefore, the success of mini-implants depends largely
on how these mechanical stresses are transferred from the
mini-implant to the surrounding bone.

There are different methods to study the stress in dental
structures like brittle coating analysis, strain gauges, and
holography. However, these methods are not suitable for
dental structures as these involve complex geometries. FEA
helps in accurately calculating the stress and strain of all
materials including living tissues. This helps to correctly
model the teeth for validating clinical assumptions and
helps to prove it scientifically. Hence, this provides a better
solution for structures involving complex geometries.

In this study, the strain and insertion torque of single and
double threaded mini-implants at 45° and 90° angulations
are evaluated on a bone model using FEA. Remodeling of
bone is affected by strain around the mini-implant. A higher
strain value would lead to bone resorption and would be
pathological.'® Strain produced both in bone block and
in mini-implant while inserting a mini-implant at vertical
angulation was more for double-threaded mini-implant
when compared to single-threaded mini-implant. This result
was caused because 240 of the difference in mini-implant
thread designs. The inter-thread distance is 0.7 mm and
0.35 for single and double thread groups respectively.
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Table 5: Tabular column showing the increase in
moment reaction with increase in time for double thread
mini-implant inclined at 90°

Time(s) Moment reaction (total) Nmm
0.1 1.997
0.2 3.9939
0.3 5.9909
0.4 7.9879
0.5 9.9848
0.6 11.982
0.7 13.979
0.8 15.976
0.9 17.973
1. 19.97

Table 6: Tabular column showing the increase in
moment reaction with increase in time for double thread
implant inclined in 45°

Time(s) Moment reaction (total) Nmm
0.1 1.9991
0.2 3.9982
0.3 5.9974
0.4 7.9965
0.5 9.9956
0.6 11.995
0.7 13.994
0.8 15.993
0.9 17.992
1. 19.991

The internal diameter is wider for the double thread
group. Contact area with cortical bone is increased in
double-threaded mini-implant which can increase the strain
around the mini-implant and the cortical bone. Rossi ef al.,
in their findings, suggested that the strain generated with
the 200 gf traction and 20 N cm torsion in mini-implants
inserted and 45 and 90° showed that increased strain in
bone-implant interface and deformation was seen with
a greater angle of inclination and mini-implants with
large number of threads!'" Gene Tsu et al. studied how
immediately loaded mini-implant length and cortical bone
thickness effects the strain at bone mini-implant interface
and surrounding bone. In finite element and experimental
models, the strain was highly concentrated on just one side
of mandible on lateral loading. For single immediately
loaded mini-implants, cortical bone thickness affects
the bone strain more than the length of implant. If the
mini-implants are placed in thick cortical bone, the strain
can be reduced.’” However, in this study only strain around
the cortical bone of 1 mm thickness was considered.

There has been a considerable debate whether the insertion
angulation should be perpendicular or angulated. Jasmine
et al.? reported that decrease in stress values was observed
in both mini-implants and cortical bone as the insertion

angle increased from 30° to 90°. They concluded that ideal
mini-implant insertion angulation should be at 90° for
enhanced stability The FEA by Perillo et al.?? advocated
that placing mini-implants at 90° angle would result in
improved stability than at angulation lesser or >90°.

This argument was also supported by Wilmes et al. who
suggested that oblique placement may lead to a slightly
greater primary stability, especially in areas with poor or
reduced bone quality. To achieve higher insertion torque
values insertion angulation ranging from 60° to 70° have
also been suggested. This insertion angle proves to be
beneficial whenever there is insufficient inter radicular
space for mini-implant placement.*"

To avoid root injury mini-implants are inserted at 30°-45°
angulation in maxilla and 10%-20% in mandible instead
of perpendicular to bone. Theoretically, a more acute
entry angle would result in increased stress because of
greater amount of cortical bone that TAD has to penetrate.
Increased insertion torque combined with increased stress
on bone resulting from placement of mini-implant at
an angle may raise the risk of inflammation, leading to
mini-implant failure.[*-2%!

Hence, mini-implants should be placed perpendicular to
bone as long as root damage can be avoided. Marimuthu
et al. explained that placing mini-implants perpendicular
to the long axis reduces stress concentration around the
mini-implant and bone. Moreover, when a mini-implant
is inserted at an angle of 45° it resulted in higher stress
and deformation of the bone-implant interface. Butcher
et al. has explained that severe angulation during insertion
can cause slippage of mini-implant bone. Furthermore,
obliquely inserted mini-implants, if forces are applied can
expose a greater lever arm leading to higher failure rates.”

The result of our study supports these previous literatures
which suggest that 90° angulation is ideal for mini-implant
insertion. Successful long-term mini-implant integration
to ensure a successful clinical outcome is positively
associated with primary stability. The most important factor
for sufficient primary stability is the optimal mini-implant
design.!

Thread design is important to achieve primary
stability.” The FEM study by Arenal et al.P” made a
remark that showed the stress distribution of single-threaded
mini-implants is more uniform. The advantages presented
by double-threaded mini-implants are that due to its large
surface area osseointegration is better than single-threaded
mini-implants. So, when the bone density is low as
in maxilla, dual threaded implant can be used and in
mandible where there is increased cortical bone thickness
single-threaded mini-implants can be used.

During insertion of mini-implant excessive torque forces
will compromise the stability and can cause micro-damage
leading to necrosis of the surrounding bone. Cha
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et al. reported that for single thread mini-implants the MIT
was relatively constant, but MIT increased significantly
in double-threaded mini-implants with increase in cortical
bone thickness.?! In this study also insertion torque was at
the maximum with the double-threaded mini-implant when
compared to the single-threaded mini-implant that of same
height, size and width.

Yamaguchi et al. concluded that advantage of double
threaded mini-implant is the faster insertion rate but higher
insertion angle can lead to reduced primary stability, as
they cause an increased damage to bone tissue.’?? Kim
et al. evaluated the effects of diameter and dual pitch
mini-implant of a mini-implant on the insertion and removal
torque and concluded that dual pitch groups showed a
higher removal torque than the mono-pitch groups.B*

Increased strain in the bone-implant interface and greater
deformation resulted when mini-implants had an oblique
angle of insertion and large number of threads. Hence
for better stability single-threaded mini-implant with
90° angulation is recommended. Initial stability of the
mini-implant was considered mainly in our study, which
is influenced by mechanical characteristics of the implants.
Moreover, we considered only strain around the cortical
bone with 1 mm thickness. Further, studies evaluating the
strain in different cortical bone thicknesses should be done.
Experimental and animal studies are also required to assess
the secondary stability of mini-implants which include
osseointegration and strain that causes remodeling changes
in the bone.

Conclusion

The study concluded that when double threaded mini
implant was inserted at 45° angulations on to the
bone surface resulted in increased strain. There was
no significant difference in the insertion torque values
obtained for both single and double threaded mini implants
inserted at 45° and 90° angulations on 1 mm cortical bone
thickness. Hence single threaded mini-implant insertion
at 90° angulations is preferred. However perpendicular or
oblique insertion is determined based on clinical condition
like interradicular bone width and accessibility. Orthodontic
mini implants can be placed vertical to the bone if no root
damage and adequate bone thickness is present. Based
on the clinical situation, clinician can decide on insertion
angle and type of mini implants used.
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