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Effects of placement angle and direction of orthopedic force application on

the stability of orthodontic miniscrews

Jihye Lee?; Ji Young Kim®; Yoon Jeong Choi°; Kyung-Ho Kim¢; Chooryung J. Chung®

ABSTRACT

Objectives: To evaluate the influence of placement angle and direction of orthopedic force
application on the stability of miniscrews.

Materials and Methods: Finite element analysis was performed using miniscrews inserted into
supporting bone at angles of 90°, 60°, and 30° (P90°, P60°, and P30°). An orthopedic heavy force
of 800 gf was applied to the heads of the miniscrews in four upward (U0°, U30°, U60°, U90°) or
lateral (LO°, L30°, L60°, L90°) directions. In addition, pull-out strength of the miniscrews was
measured with various force directions and cortical bone thicknesses.

Results: Miniscrews with a placement angle of 30° (P30°) and 60° (P60°) showed a significant
increase in maximum von Mises stress following the increase in lateral force vectors (U30°, U60°,
U90°) compared to those with a placement angle of 90° (P90°). In accordance, the pull-out strength
was higher with the axial upward force when compared to the upward force with lateral vectors.
Maximum von Mises stress and displacement of the miniscrew increased as the angle of lateral
force increased (L30°, L60°, L90°). However, a more dramatic increase in maximum von Mises
stress was noted in P30° than in P60° and P90°.

Conclusion: Placement of the miniscrew perpendicular to the cortical bone is advantageous in
terms of biomechanical stability. Placement angles of less than 60° can reduce the stability of
miniscrews when orthopedic forces are applied in various directions. (Angle Orthod. 2013;83:667—
673.)
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INTRODUCTION

Temporary anchorage devices (TADs) have provid-
ed efficient skeletal anchorage for tooth movement.
Clinically, the successful use of TADs depends greatly
on stability. Most studies report a success rate with
TADs above 80%, and TADs are now commonly
accepted as a simple and effective tool for daily
orthodontic practice."

TADs are used not only for conventional tooth
movement, but in recent years, they have also been
used in the application of dentofacial orthopedics. A
wider range of TAD applications has been introduced,
such as anchorage for orthopedic traction using
intermaxillary elastics,>® anchorage for face masks to
correct skeletal Class Ill crossbite,®” assistance with
rapid palatal expansion of the maxilla in adults,®° and
anchorage for intermaxillary fixation following various
reduction and orthognathic surgeries.

Recently, bone-anchored Class Il intermaxillary
traction was applied to Class Il adolescents; this
reportedly induced three-dimensional changes in the
mandible and the glenoid fossa.®>'° Although miniplates
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were used in these studies, biomechanically, mini-
screws may also provide similar results when combined
with elastics. In cases of orthopedic correction, es-
pecially when interarch elastics are attached to the
miniscrew, it can be speculated that higher force
magnitudes are delivered to the miniscrew because
additional forces are created from functional jaw
movements generated during protrusive, retrusive,
and lateral movements of the mandible. However,
reports on the stability and success rates of miniscrews
are, for the most part, limited to orthodontic tooth
movements; thus, mobility with applied forces ranging
from 100g to 400g have been evaluated," and these
forces tend to decrease with tooth movement. In
addition to the intermittent increases in force magnitude
exerted by intermaxillary elastics, forces are loaded to
the miniscrews in multiple directions during functional
jaw movements. Lateral, torsional, shear, and extrusive
forces that are not recommended in the conventional
setting of orthodontic tooth movement'" are inevitable
during jaw movements, possibly threatening miniscrew
stability.

Finite element analysis (FEA) is a useful and flexible
approach to evaluate stress distribution in dental
biomechanics.®'® Recently, various finite element
models (FEM) have been developed to address
mechanical factors involved in the stability of mini-
screws. The changes in stress distribution with various
placement angles and load directions have shown that
most miniscrews have enough strength to resist
orthodontic loads under 2 N.'® However, limited
information is available concerning higher force mag-
nitudes. It can be speculated that there would be an
increase in stress level with higher force magnitudes
because stress is almost linearly proportional to force
magnitude when a miniscrew is placed perpendicular
to the cortical bone.' But, as seen in clinical situations,
different placement angles or loading orientations can
induce changes in the maximum force that a miniscrew
can withstand, leading to instability.'**®

Therefore, the aim of this study was to examine the
possibilities and risks of applying orthopedic forces to
miniscrews in various clinical settings. The effect of
applying heavy orthopedic forces at different place-
ment angles and loading orientations was compared
using FEA in combination with pull-out tests.

MATERIALS AND METHODS

An FEM of the supporting bone was constructed as
an 11- X 15-mm cylinder with 1 mm of cortical bone
and 10 mm of cancellous bone using SolidWorks 2006,
a computer-aided design program (Solid Works,
Concord, Mass). The miniscrew design was based
on a combination-type scheme with cylindrical and
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tapered portions (Orlus 1H1610, Ortholution, Seoul,
Korea). The model consisted of 116,447 elements and
159,890 nodes. The bone and miniscrews were
assumed to be isotropic, homogeneous, and linearly
elastic. The mechanical properties included Young’s
moduli of 1.5 X 10* MPa, 1.5 X 10°® MPa, and 1.05 X
10° MPa and Poisson ratios of 0.30, 0.30, and 0.33,
respectively, for cortical bone, cancellous bone, and
miniscrews.'®'” Miniscrews were placed at three
different angles (o) to the cortical bone surface: 90°,
60°, and 30° (P90°, P60°, P30°) (Figure 1A). Vertical
upward forces were applied to the head structure in an
ascending order of 30° to the z-axis (Figure 1B), and
lateral forces were applied in an ascending order of 30°
to the x-axis (Figure 1C).

Unlike orthodontic forces, a higher force range of
approximately 300-500 ¢f is typical of conventional
orthopedic forces. When intermaxillary elastics are
applied for orthopedic movement, they may induce an
additional 104-374 gf during wide mouth opening.'®
Therefore, we set our force level at 800 gf during this
investigation. The maximum von Mises stress of the
bone around the miniscrew and the displacement
of the miniscrew were also examined. The stress
distribution within the surrounding bone and displace-
ment of the miniscrew were visualized as colors
ranging from blue (lowest/least) to red (highest/most).

Bone simulants were used for the pull-out tests. For
test materials, E-glass—filled epoxy sheets (density of
1.7 g/cc, compressive strength of 120 MPa, tensile
strength of 90 MPa) were used to simulate cortical
bone, whereas solid rigid polyurethane foam (density
of 0.48 g/cc, compressive strength of 18 MPa, tensile
strength of 12 MPa) was used to mimic trabecular
bone. Two types of artificial bone specimens with
0.5 mm and 1.0 mm of cortical bone thickness were
fabricated and miniscrews were inserted perpendicular
to the bone block as mentioned previously.' The bone
specimens were divided into eight groups according to
the direction of force (0°, 30°, 60°, 90°) and cortical
bone thickness (0.5 mm, 1.0 mm). A customized jig
was designed to adjust the direction of force applica-
tion to the miniscrew (Figure 2). A 0.5- X 0.5-mm
rectangular wire was connected to the upper hole in
the miniscrew. A crosshead speed of 0.05 mm per
second was applied until the miniscrew was extruded
from the bone specimen, and the maximum tensile
load value N was recorded using a universal testing
machine (Instron 3366, Instron, Norwood, Mass).

Statistical Analysis

To identify the differences in the maximum tensile
load according to the pull-out direction of each speci-
men with different cortical thicknesses, a one-way
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Figure 1. Schematic illustrations of the finite element model with its placement angles and the loading conditions. (A) An FEM was constructed
with cortical and cancellous bone, and a combination-type miniscrew was inserted at various angles (). (B) Loading conditions of the vertical
upward forces in an ascending order of 30° to the z-axis (U0°, U30°, U60°, U90°). (C) Loading conditions of the lateral forces in an ascending

order of 30° to the x-axis (LO°, L30°, L60°, L90°).

analysis of variance was performed. Then, the Tukey
studentized rank test was used for post hoc analysis.
All analyses were performed using SPSS/WIN 18.0
(SPSS Inc, Chicago, Ill) at significance levels of
P < .05.

RESULTS

Depending on the force application, the stress was
focused at the edges of the screw threads in the
cortical bone region rather than in the cancellous
region (Figure 3A). Vertical forces applied parallel to
the miniscrew’s long axis resulted in a broad distribu-
tion of stresses throughout the cortical bone/miniscrew

interface and tended to result in lower maximum von
Mises stresses (Figure 3A, j, h, f) and miniscrew
displacement (Figure 3B, j, h, f) compared to upward
forces with lateral vectors, regardless of the mini-
screw’s placement angle. When the applied force was
not parallel to the miniscrew’s insertion axis, the stress
was most intense in the region of the cortex adjoining
the miniscrew in the direction of the force, which also
contributed to maximum displacement. Miniscrews
with placement angles of 30° (P30°) and 60° (P60°)
showed especially significant increases in maximum
von Mises stresses following an increase in lateral
force vectors (U30°, U60°, U90°) in comparison to
P90° (Figure 4).

Figure 2. Specialized jig system for the application of directional pull-out forces.
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Figure 3. Comparisons of stress distribution and displacement according to the placement angle and upward force. (A) Stress distribution and
maximum von Mises stress (MPa). (B) Displacement and maximum displacement (um). Arrows indicate the direction of force application
regardless of the number of arrows; ms, maximum von Mises stress; and md, maximum displacement.

Stress distribution and displacement were also influ-
enced by the changes in lateral force. Following the
increase in the lateral force angle, the stress and
displacement also tended to increase on the compression
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Figure 4. Maximum von Mises stress (MPa) according to placement
angle and upward force.
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side (Figure 5A,B). In particular, miniscrews with a
placement angle of 30° (P30°) showed significant
increases in maximum von Mises stress corresponding
to the increase of lateral force compared to the steady
state of P60° or P90° (Figure 6).

The pull-out strength was highest when the vertical
pull-out force was applied parallel to the insertion axis
(pure vertical, 90°). It gradually lessened as the lateral
force vector increased from a parallel to perpendicular
force and was lowest when the force was perpen-
dicular to the insertion axis (pure lateral force, 0°).
Furthermore, an increase in cortical bone thickness
from 0.5 to 1.0 mm significantly increased the pull-out
strength (P < .05) (Table 1).

DISCUSSION

The primary stability of miniscrews is a result of
mechanical interlocking of the threads with cortical
bone.®® However, even if initial stability is accom-
plished, overload to the adjacent bone may interfere
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Figure 5. Comparisons of stress distribution and displacement according to the placement angle and lateral force. (A) Stress distribution and
maximum von Mises stresses (MPa). (B) Displacement and maximum displacement (um). Arrows indicate the direction of force application
regardless of the number of arrows; ms, maximum von Mises stress; md, maximum displacement.

with the physiological remodeling of the bone-screw
interface, resulting in later failure. Loads above 4000 -
strain may threaten the structural integrity of the bone,
resulting in pathologic overload?'?* and inducing
fibrous healing at the implant-bone interface.?®* A load
of 4000 p-strain is converted to 55 MPa of compres-
sive stress in the cortical bone.?* According to our FEM
study, the maximum von Mises stress was consistently
below 55 MPa when the miniscrew was placed
perpendicular to the cortical bone (P90°), regardless
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Figure 6. Maximum von Mises stress (MPa) according to placement
angle and lateral force.

of the direction of orthopedic force application. On the
other hand, maximum von Mises stress increased
dramatically as the degrees of lateral and vertical force
application increased in miniscrews placed at an angle
of 30° (P30°) and to a lesser degree in the P60° group,
far exceeding 55 MPa and reaching up to 200 MPa,
which is the yield strength of cortical bone.?® Some
studies have suggested that the placement of a
miniscrew at an angle to the bone surface increases
cortical bone contact and placement torque, resulting
in a positive effect on miniscrew stability when
orthodontic forces are applied.?>?%2” In contrast, others
have recommended placing miniscrews at 90° to the
bone surface for optimum retention, while indicating
that placement angles less than 90° potentially create

Table 1. Pull-out strength according to the upward force and the
cortical bone thickness

Pull-out Strength (N)

Cortical Bone Thickness

Angle of Upward

Force (°) 0.5 mm 1.0 mm Sig.
0 311.4 = 12.3 330.8 + 5.8 *
30 325.0 + 6.8 338.6 = 9.0
60 348.3 = 17.2 3718 £ 7.2 *
90 369.5 + 30.3 480.1 + 13.5 *

* Significant difference (P < .05).
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longer lever arms, reducing anchorage resistance so
that failure can occur even within orthodontic force
levels.'28 Based on our results and those of previous
studies, we recommend placement of the miniscrew
perpendicular to the cortical bone (P90°) as long as
root damage can be avoided to take advantage of
improved biological and biomechanical stability when
applying heavy orthopedic forces.

In addition to investigating insertion variables using
the FEA, we also examined the effects of various
loading directions and cortical bone thickness using the
pull-out test. Pull-out strength increased significantly
when cortical bone thickness doubled from 0.5 to
1.0 mm, but in young adolescents, who make up the
majority of patients treated with orthopedics, the cortical
thickness is sometimes less than 1 mm.2° Thin cortical
bone can cause stability issues because the stresses
are localized mainly to the cortical bone region.
Although we were only able to test the effects of force
direction with our pull-out model, the test results using
miniscrews at various insertion angles also advocate
perpendicular insertion,' as do our FEM results.

In general, TADs are not loaded vertically in clinical
situations, since orthodontic retraction forces usually
induce stable horizontal/lateral forces to the TAD
parallel to the occlusal plane.'* However, when
orthopedic forces are applied to TADs, mandibular
movement during maxillofacial functions such as
speech, breathing, etc, may apply intermittent forces
to the TADs three-dimensionally to varying degrees,
leading to additional fatigue. Future studies using
models that simulate the dynamics of the jaw may
provide broader clinical guidance for the placement
and stability of TADs.

CONCLUSIONS

« Miniscrews placed at angles of less than 60° showed
a significant increase in maximum von Mises stress
following an increase in lateral force vectors com-
pared to miniscrews placed perpendicular to the
bone.

« An increase in cortical bone thickness from 0.5 to
1.0 mm significantly increased the pull-out strength
of the miniscrew.

» Based on our results, we recommend placement of
miniscrews perpendicular to cortical bone to take
advantage of biological and biomechanical stability
when applying heavy orthopedic forces.
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