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Abstract

This study evaluated the biomechanically optimal insertion angle for miniscrew-assisted
anterior intrusion by analyzing stress in the periodontal ligament (PDL) and alveolar bone.
A three-dimensional finite element model from cone-beam computed tomography (CBCT)
data, comprising maxillary bone, anterior dentition, and a bonded orthodontic appliance,
and segmented 0.019 x 0.025-inch stainless-steel archwire were used. Titanium miniscrews
(1.4 x 6 mm) were placed at 5 mm from the alveolar crest between the lateral incisor and
canine. Four insertion angulations relative to the occlusal plane (30°, 60°, 90°, and 120°)
were simulated under a 90 g intrusive force. Results demonstrated that while all configu-
rations achieved intrusion with minor labial tipping and maintained miniscrew stability,
stress localization was highly angle-dependent: the 90° insertion generated the highest
central incisor PDL tensile stress and maximum cortical bone Von Mises stress; the 120°
insertion yielded peak canine PDL Von Mises stress and maximum root displacement; and
the 60° insertion localized peak stresses within the cancellous bone and the bone-implant
interface. Miniscrews remained stable in all scenarios. While all tested miniscrew angula-
tions provided stable anchorage for upper anterior teeth intrusion, the selection of insertion
angle critically influenced stress patterns within the supporting tissues.

Keywords: temporary anchorage devices; titanium miniscrew; angle of the placement;
anterior intrusion; biomechanical consideration; finite element analysis

1. Introduction

Orthodontic movement, particularly intrusive displacement, is associated with an
increased incidence of root resorption. The biomechanical basis for this risk lies in the
distinct patterns of stress that different movements generate within the periodontium [1,2].
This risk is clinically relevant in the correction of a deep overbite, which necessitates a
strategic selection between treatment modalities: posterior teeth extrusion, anterior teeth
intrusion, or a combined approach. For patients exhibiting a significant interlabial gap
accompanied by a gummy smile, the primary treatment strategy is the intrusion of the
maxillary incisors [3-6].

The integration of temporary anchorage devices (TADs), specifically orthodontic minis-
crews, has expanded the scope of achievable tooth movements, including those requiring
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absolute anchorage [7,8]. These devices offer clinically significant advantages: they tolerate
immediate loading, involve a minimally invasive placement and removal protocol, provide
multiple intraoral insertion sites with adequate bone density, and present a cost-effective
treatment option [9,10]. For tooth intrusion, TADs are particularly indicated as they en-
able the application of controlled, light, and continuous forces. This approach eliminates
reactive reciprocal forces on adjacent teeth and provides enhanced biomechanical control,
which may reduce the incidence of associated apical root resorption [11-13]. Furthermore,
it minimizes adverse sequelae such as labial tipping, a limitation frequently associated with
conventional mechanics [14,15].

Primary implant stability in miniscrews is derived from mechanical interlocking and is
influenced by factors including cortical bone density and thickness, surgical technique, and
screw design [16,17]. The intentional placement of orthodontic miniscrews with a deliberate
angulation to the cortical bone is a methodology supported in the literature. Its advantages
are avoiding of adjacent root anatomy and optimizing the cortical bone-to-implant contact
interface [18-22].

Accurately assessing the mechanical stress profiles within the complex periodontal
environment and the biological changes they elicit remains technically challenging [23,24].
Given the ethical and practical constraints of in vivo studies, much existing biomechanical
evidence derives from in vitro models, which are often limited by the use of non-human
bone, destructive testing, and an inability to capture dynamic biological responses. Fi-
nite Element Analysis (FEA) serves as a vital computational bridge between theoretical
biomechanics and clinical practice [25-28]. Finite Element Analysis (FEA) serves as a vital
computational bridge between theoretical biomechanics and clinical practice. This tech-
nique permits the controlled simulation of various force systems and conditions, facilitating
a quantitative assessment of force distribution without requiring additional patient or
animal subjects [29-31].

While FEA studies have widely examined how miniscrew dimensions, thread design,
and bone density affect mechanical stability [32,33], and systematic reviews have high-
lighted how insertion parameters influence success rates [34-37], the biomechanical effect of
insertion angle continues to be discussed [38—40]. Since direct in vivo stress quantification
is not clinically feasible, establishing a reliable FEA simulation model is a necessary step
for understanding and mitigating the risks associated with intrusive tooth movement [1,2].

Therefore, this study utilizes 3D FEA to investigate the biomechanical effects of minis-
crew insertion angle. The primary objective is to quantify its impact on stress distribution
within the periodontal ligament and alveolar bone, assess the resulting displacement of
the anterior teeth, and evaluate the mechanical stability of the miniscrew anchorage itself
under a controlled intrusive orthodontic force.

2. Materials and Methods
2.1. Study Design

This investigation utilized three-dimensional (3D) finite element analysis (FEA) to
evaluate the influence of miniscrew insertion angulation on stress distribution and the
resultant displacement of maxillary anterior teeth during intrusion. The study specifically
assessed miniscrew stability, stress patterns within the peri-implant bone and periodontal
ligament (PDL), and the biomechanical response of the surrounding alveolar bone.

Titanium miniscrews (1.4 x 6 mm) were virtually placed 5 mm from the alveolar crest
in the anterior maxilla [41]. Four insertion angulations (30°, 60°, 90°, and 120°) relative to
the occlusal plane, were placed distal to the lateral incisors in both sides and were tested
under a 90 g intrusive force applied perpendicular to the archwire using Niti closed coil
(3M Unitek, formerly Unitek Corporation, Monrovia, CA, USA) [42,43].
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The insertion point was determined by approximating the center of resistance (CRes)
for the maxillary incisors. Based on anatomical reference, this point is estimated to be
situated apically to an area between the distal root surface of the lateral incisor and the
mesial root surface of the canine [44,45].

Four finite element models were created, each differentiated by the insertion angu-
lation (30°, 60°, 90°, or 120°) of bilateral titanium miniscrews placed between the lateral
incisors and canines. Each model featured anterior maxillary teeth with a segmented
0.019 x 0.025-inch stainless steel archwire from canine-to-canine, ligated to bonded or-
thodontic appliance (MBT) prescription brackets (0.022 x 0.028-inch) (3M Unitek Dental
Products, Monrovia, CA, USA). Forces were applied perpendicular to this archwire in
all simulations. Outcome measures included Von Mises stress (implant/bone), principal
stresses (bone), and displacement vectors of the anterior teeth.

2.2. 3D Model Development
2.2.1. CBCT Imaging and Data Acquisition

A high-resolution CBCT scan (Figure 1) (voxel size: 0.25 mm; 120 kVp; 7 mA; FOV:
16 cm diameter, 4 cm height, and the total scanning time was 26.9 s) of a fully dentate
maxilla was acquired to serve as the foundational dataset for generating a detailed 3D
finite element model. The acquired volumetric data were exported in the standard Digital
Imaging and Communications in Medicine (DICOM) format for further processing.

Figure 1. High-resolution CBCT scan of a fully dentate maxilla.

2.2.2. Segmentation and 3D Reconstruction

Segmentation and initial 3D reconstruction were performed using Mimics Research
software 21.0 (Materialise NV, Leuven, Belgium) (Figure 2). The maxillary compact and
cancellous bone compartments were delineated using threshold-based segmentation. Ad-
ditionally, the anterior teeth within the defined region were digitally segmented to permit
independent simulation of rotational displacement in later analytical stages. The derived
surface models underwent processing in Geomagic Design X v2022 software (3D Systems,
Rock Hill, SC, USA) for surface smoothing and refinement to enhance geometric fidelity.
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Figure 2. Segmentation and 3D reconstruction of individual anterior teeth.

2.2.3. Component Design and Reverse Engineering

The refined model of the maxillary bone and anterior teeth constituted the primary
anatomical structure for the study. To complete the virtual assembly, necessary orthodontic
components were designed digitally. All individual components were then prepared for
final assembly within a computer-aided design environment.

2.2.4. Anterior Segment Model Assembly in SolidWorks

The complete 3D finite element assembly was constructed using SolidWorks software
2016 (SolidWorks Corp., Dassault Systemes, Waltham, MA, USA). The assembly consisted
of models for anterior maxillary teeth, brackets, a stainless steel archwire, and titanium
miniscrews. The teeth were modeled with a surrounding periodontal ligament of constant
0.25 mm thickness [46]. The cortical bone was modeled with a thickness ranging from
1 mm at the alveolar crest to 2 mm at the apical region [47].

The appliance components were designed based on catalog specifications. MBT
prescription brackets (0.022 x 0.028-inch) were positioned on the facial axis of each clinical
crown. A 0.019 x 0.025-inch stainless steel archwire was modeled. Titanium miniscrews (Ti-
6Al-4V, 1.4 x 6 mm) were modeled for insertion at 30°, 60°, 90°, and 120° angles. Boolean
subtraction operations were performed to simulate the osteotomy for implant placement
and to ensure correct alignment of all components within the bone.

2.3. Finite Element Analysis (FEA)

A three-dimensional FEA was done using ANSYS Transient Structural 2022 R2 soft-
ware (ANSYS Inc., Canonsburg, PA, USA) to simulate the biomechanical effects of upper
anterior teeth intrusion. The analysis comprised three sequential phases.

2.3.1. Pre-Processing and Meshing

The volumetric mesh was generated using 10-node tetrahedral elements (SOLID187).
To ensure computational accuracy in regions of interest, a fine mesh with an approximate
element size of 0.2 mm was applied to the teeth, PDL, and maxillary bone. The material
properties (Table 1) and interface conditions were defined to replicate clinical behavior.
The PDL-tooth interface was modeled as nonlinear viscoelastic to capture its elastic and
plastic deformation during movement. The miniscrew-to-bone interfaces for titanium were
modeled as rigid, simulating stable osseointegrated anchorage. Bracket-to-archwire contact
was defined as frictional with a coefficient of 0.3. All other interfaces, including hooks,
were modeled as perfectly bonded.
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Table 1. Material properties and interface conditions applied to the finite element model.
Material Modulus of Elasticity (GPa) Poisson’s Ratio
Compact bone [48] 13.7 0.30
Cancellous bone [49] 0.142 0.3
Miniscrew (Ti-6Al-4V:titanium-
6%aluminium-4%vanadium) [50] 113.8 0.31
0.019 x 0.025” stainless steel wire [51] 193.0 0.29
Periodontal ligament (PDL) [52] 0.07 0.45
Gingiva (soft tissue) [49] 0.0001 04
Preadjusted bracket (MBT slot 0.022”) [51] 197.0 0.29
NiTi closed coli spring [53] 48 0.3

2.3.2. Load Application and Boundary Conditions

For the simulation of upper anterior teeth intrusion, a bilateral titanium miniscrew
anchorage system was modeled. The anterior maxillary segment was fully constrained
in all directions to simulate clinical anchorage. Titanium miniscrews were positioned
bilaterally between the lateral incisor and canine (Figure 3), and four distinct insertion
angulations were evaluated: 30°, 60°, 90°, and 120°. In each configuration, forces were
applied perpendicular to the archwire. The bone-miniscrew interface was defined as a
frictional contact to replicate primary clinical stability, using a friction coefficient of 0.2
based on prior orthodontic finite element studies [54-56]. This formulation permitted
limited relative displacement while preventing unrealistic interpenetration, thus better
representing mechanical interlocking under initial loading. In each model, intrusion forces
were applied perpendicular to the archwire to assess biomechanical response across the
four angulations.

Geometry Geometry

90° 120°

Figure 3. 3D assembly model with bilateral miniscrews placed at different insertion angle between
the lateral incisor and canine.
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2.3.3. Post-Processing and Outcome Measures

The post-processing phase evaluated the biomechanical response to orthodontic load-
ing to comparatively assess the effects of miniscrew insertion angulation (30°, 60°, 90°,
and 120°). For each model, the following primary outcome measures were extracted: Von
Mises stress distribution within the titanium miniscrew; principal (compressive and tensile)
stresses within the alveolar bone to identify regions at risk of remodeling; shear stress
within the PDL as an indicator of potential tissue response; and the total deformation
and three-dimensional (X, Y, Z) displacements of the miniscrew, PDL, dentin, and bone to
quantify intrusive movement and anchorage stability.

2.4. Data Analysis

The extracted outcome measures were analyzed to determine the influence of inser-
tion angulation on stress distribution and displacement patterns. The analysis specifically
focused on: (1) stress concentration within the miniscrew body and at the bone-implant
interface, (2) the propagation of stress to the periodontal ligament, and (3) the resulting
magnitude and direction (intrusive vs. rotational) of anterior tooth displacement. Com-
parisons across angulation groups were performed to evaluate structural efficiency and
mechanical integrity.

2.5. Model Validation

This finite element model was validated by comparing its simulated tooth displace-
ment under intrusive loading with Mazhari et al. (2022) [57] which analyzed four different
full-arch intrusion protocols using temporary skeletal anchorage.

Despite differences in experimental design including treatment extent (full-arch versus
anterior segment intrusion), miniscrew configuration, and force application the present
model demonstrated comparable qualitative trends in PDL hydrostatic pressure. Specif-
ically, the central incisor exhibited the highest hydrostatic stress levels, followed by the
lateral incisor and canine, consistent with the relative stress hierarchy reported by Mazhari
et al. (2022) [57]. Their findings indicated that vertical intrusion was accompanied by
coupled sagittal and transverse displacement components, reflecting a three-dimensional
biomechanical response under intrusive loading.

A direct numerical comparison of displacement values is not appropriate due to sig-
nificant methodological variations. However, the agreement in the qualitative mechanical
behavior, specifically, the occurrence of intrusion with characteristic coupled movements
supports the validity of the present model in replicating clinically realistic biomechanical
responses. This approach of qualitative, pattern-based validation is well-accepted in finite
element analysis, particularly when an identical reference model is unavailable [51,58].

Quantitative validation was not feasible due to methodological differences in geometry,
material properties, loading conditions, and boundary constraints across published studies.
Accordingly, validation was limited to qualitative comparison of biomechanical trends
rather than direct numerical equivalence.

3. Results
3.1. Anterior Teeth Displacement

Displacement of the maxillary anterior teeth under a 90 g intrusive force delivered
by a miniscrew was quantified using three-dimensional superimposition. The pre-load
(blue) and post-load (green) digital models were compared to assess the movement of the
central incisor, lateral incisor, and canine (Figure 4). Labial micromotion of the loaded teeth
and an apical shift in the post-loaded structures were observed, confirming intrusive tooth
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movement. The directional displacement of the anterior teeth was assessed relative to the
defined anatomical axes:

e  X-axis: Distal (—)/Mesial (+);

e  Y-axis: Palatal (+)/Labial (—);

e  Z-axis: Intrusion (+)/Extrusion (—).

Angle 30° Angle 60° Angle 90° Angle 120°

A

A

A
n

Figure 4. Superimposition of pre-load (blue) and post-load (green) models showing displacement
vectors for intrusion at (A) 30°, (B) 60°, (C) 90°, and (D) 120° insertion angles.

The directional displacement of the anterior teeth was analyzed relative to a defined
anatomical coordinate system, while the mechanical stress states of the teeth, periodontal
ligament, and supporting bone were quantified under each loading condition. All tested
insertion angles achieved intrusive movement in the anterior teeth, with vertical crown
displacements of approximately 0.000101 mm for the central incisor and 0.000103 mm for
the lateral incisor. The canine showed distinct patterns depending on the angle: at 30°,
slight distal crown tipping and moderate intrusion; at 60°, maximum crown intrusion
and the greatest mesial root movement; at 120°, pronounced vertical loading with strong
mesial root displacement. Labial crown tipping and palatal root movement were consistent
across all teeth, most notably in the lateral incisor, while mesiodistal movements remained
negligible overall (Table 2 and Figure 5).

Table 2. Anatomical coordinate axes for displacement analysis (mm) under varied miniscrew insertion
angles (30°, 60°, 90°, 120°).

Axis Tooth Angle 30° Angle 60° Angle 90° Angle 120°
Central Crown Root Crown Root Crown Root Crown Root
incisal 0.00010495 0.0000852 0.00010702 0.000087345 0.00010091 0.000081219 0.00010327 0.000083577
Z-axis:
Intrus;on Lateral Crown Root Crown Root Crown Root Crown Root
(+)(/ E)x(trum)on incisal 0.00010627 0.000089813 0.00010713 0.000091042 0.00010273 0.000086652 0.00010519 0.000093834
—) (mm
Cani Crown Root Crown Root Crown Root Crown Root
anine
0.00011149 0.000089268 0.0001122 0.000090207 0.00011086 0.00008944 0.00011204 0.000090167
Central Crown Root Crown Root Crown Root Crown Root
incisal —0.000032287  0.0000052003  —0.000034256  0.0000045916  —0.000029136  0.0000052654  —0.000030524  0.0000049995
Y-axis: Palatal Crown Root Crown Root Crown Root Crown Root
(+)/Labial (—) ~Lateral
(mm) incisal —0.000038155  0.0000008434  —0.000037659  0.0000008322  —0.000035001  0.0000010447  —0.000035943  0.0000020801
Coni Crown Root Crown Root Crown Root Crown Root
anine
—0.000035638  0.0000079722  —0.000036166  0.0000085517  —0.000033755  0.0000083878  —0.000026916  0.0000086001
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Table 2. Cont.
Axis Tooth Angle 30° Angle 60° Angle 90° Angle 120°
Central Crown Root Crown Root Crown Root Crown Root
incisal 0.0000023676 ~ 0.0000099844  —0.0000011138 0.0000092737  0.0000019389 0.000010378 0.0000010253  0.0000098004
(X-)a/xis: Dislt(al) Lateral Crown Root Crown Root Crown Root Crown Root
—)/Mesial (+ o
(mm) incisal —0.0000025918  0.000012588 —0.0000054945  0.000012679 —0.0000034397  0.000012753 —0.0000040328  0.000011071
Coni Crown Root Crown Root Crown Root Crown Root
anine
—0.00001011 0.000015023 —0.000010554  0.000015308 —0.00001027 0.000015181 —0.000008551 0.000015236
Angle 30° Angle 60° Angle 90° Angle 120°
Z-axis
Crown Root Crown Root Crown Root Crown Root
Central
incisal
Crown Root Root
Lateral
incisal
w 4
Crown Root Root
Canine
Y-axis
Crown Root Crown Root Crown Crown
Central
incisal
Lateral
incisal
Root
Canine
X-axis
Crown Root Crown Root Crown Root
Central
incisal

Crown Root

Root

Root

Figure 5. Cont.

https://doi.org/10.3390/app16052408


https://doi.org/10.3390/app16052408

Appl. Sci. 2026, 16, 2408

90f23

Lateral

incisal

Canine

Figure 5. Anatomical coordinate axes for displacement analysis (mm) under varied miniscrew
insertion angles.

3.2. Periodontal Ligament (PDL) Analysis

Stress distribution within the PDL was notably influenced by the miniscrew inser-
tion angle, with a clear shift in the location of maximum stress as the angle increased
(Table 3, Figures 6-8). The central incisor consistently exhibited a maximum principal stress
(23.672 kPa) observed at the 90° angulation, while its Von Mises stress was also highest at
90° (27.058 kPa). In contrast, compressive stress within the central incisor PDL remained
comparatively low across all models, ranging from 0.57136 to 0.62794 kPa.

The lateral incisor PDL demonstrated the lowest Von Mises stress. The minimum Von
Mises stress value of 8.732 kPa was recorded at the 30° angulation. A distinct biomechanical
response was noted at the 120° angulation, where the lateral incisor exhibited its maximum
compressive stress of 1.8087 kPa, representing the highest compressive principal stress
measured in the anterior segment.
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Figure 6. Distribution of Von Mises and principal stress within the PDL of the maxillary central incisor
under different miniscrew insertion angles. Distribution of Von Mises stress (top row) and principal
stress (bottom row) within the PDL under orthodontic intrusive force at four different angles.
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Figure 7. Distribution of Von Mises and principal stress within the PDL of the maxillary lateral incisor

under different miniscrew insertion angle. Distribution of Von Mises stress (top row) and principal

stress (bottom row) within the PDL under orthodontic intrusive force at four different angles.
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Figure 8. Distribution of Von Mises and principal stress within the PDL of the maxillary canine under

different miniscrew insertion angles. Distribution of Von Mises stress (top row) and principal stress

(bottom row) within the PDL under orthodontic intrusive force at four different angles.

The canine PDL presented the most pronounced variance in mechanical response.

While typically demonstrating lower stress values, a substantial increase in Von Mises
stress to 34.091 kPa was calculated at the 120° angulation, constituting the highest overall
PDL stress recorded. At the same time, the canine exhibited the minimum principal stress
values across the study: the lowest tensile stress was 5.2127 kPa at 90°, and the lowest
compressive stress was 0.23966 kPa at the 120° angulation.
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Table 3. Von Mises and maximum principal stress (kPa) in the periodontal ligament (PDL) under 30°,
60°,90°, and 120° miniscrew insertion angles.

Tooth Angle 30° Angle 60° Angle 90°  Angle 120°
Central incisal 26.19 26.371 27.058 18.527
Von Mises stress ~ Lateral incisal 8.732 8.8682 8.8626 15.336
Canine 4.8599 5.6139 5.919 34.091
Central incisal 22.769 23.14 23.672 19.729
Principal stress Lateral incisal 7.6223 8.2702 8.4164 8.2694
(tensile)
Canine 5.342 5.2514 5.2127 17.01
Central incisal 0.62794 0.61943 0.62379 0.57136
Principal stress Lateral incisal 0.94823 0.7151 0.79578 1.8087
(compressive)
Canine 0.25857 0.28493 0.28896 0.23966

3.3. Bone Stress Analysis
3.3.1. Cortical Bone Stress Analysis

The cortical bone surrounding the central incisor demonstrated the greatest stress
magnitudes for all angulation tested (Table 4). This region consistently showed the maxi-
mum Von Mises stress, which reached its highest level at 111.3 kPa under 90° loading, and
the highest tensile principal stress, reaching 114.22 kPa. Compressive stresses in the central
incisor’s cortical bone were negligible by comparison. While the lateral incisor and canine
demonstrated significantly lower stress levels, their patterns varied with angulation. No-
tably, the canine’s Von Mises stress at the 30° insertion angle (89.449 kPa) was substantially
higher than at the other angles (15.974-17.438 kPa), indicating a unique stress concentration
for this specific configuration. These results confirm that the cortical bone near the central
incisor root is the primary load-bearing structure during anterior intrusion, regardless of
the miniscrew’s insertion angle.

Table 4. Von Mises and principal stress (kPa) in the cortical bone surrounding the anterior teeth
under intrusive orthodontic loading at 30°, 60°, 90°, and 120° insertion angles.

Stress Analysis Tooth Angle 30° Angle 60° Angle 90°  Angle 120°
Central incisal 105.64 110.89 111.3 101.05
Von Mises stress ~ Lateral incisal 24.754 23.825 23.757 23.325
Canine 89.449 17.438 15.974 16.867
Central incisal 108.66 114.16 114.22 103.45
Principal stress Lateral incisal 24.633 24.021 24.017 23.607
(tensile)
Canine 18.846 18.337 16.732 17.329
Central incisal 0.69761 0.41425 0.4452 0.44409
Principal stress Lateral incisal 1.0695 1.0356 1.3833 0.26262
(compressive)
Canine 0.20255 0.20255 0.14291 0.742

3.3.2. Cancellous Bone Stress Analysis

The stress within the cancellous bone showed a clear, angle-dependent pattern, with
the central incisor region consistently experiencing the highest levels (Table 5). Under 90°
loading, the central incisor’s cancellous bone demonstrated a Von Mises stress of 20.778 kPa
and a tensile stress of 21.042 kPa. The lateral incisor and canine exhibited significantly
lower stress magnitudes. Stress distribution was notably sensitive to the insertion angle.
The highest cancellous bone stress occurred at a 60° insertion, where the central incisor’s
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Von Mises stress reached 36.884 kPa. At the 120° angle, stress values generally decreased
for the central and lateral incisors but increased for the canine, which showed its highest
tensile stress (11.161 kPa) at this steep angulation. This indicates that the 60° configuration
places the greatest biomechanical demand on the cancellous bone, while a 120° angle shifts
a portion of the load distally toward the canine.

Table 5. Principal stress (KPa) and Von Mises stress (KPa) in the cancellous bone adjacent to the
anterior teeth under intrusive force applied at different miniscrew insertion angles.

Stress Analysis Tooth Angle 30° Angle 60° Angle 90°  Angle 120°
Central incisal 30.027 36.884 20.778 11.417
Von Mises stress Lateral incisal 23.585 23.458 6.3823 12.286
Canine 9.527 15.687 4.0614 7.8547
Central incisal 27.925 34.433 21.042 9.8548
Principal stress Lateral incisal 17.623 16.863 49611 10.279

(tensile)
Canine 5.3968 8.4328 3.9682 11.161
Central incisal 1.2837 2.1856 0.7965 5.0289
Principal stress Lateral incisal 0.53493 1.763 0.24075 1.6153
(compressive)

Canine 0.58285 0.5349 0.41394 0.48031

3.3.3. Peri-Implant Bone Analysis

At a 30° insertion angle, the cortical bone interface exhibited a maximum principal
stress of 17.701 kPa, indicating a notable concentration of tensile force at the bone-implant
contact zone. When the orthodontic loading angle was increased to 60°, the stress in
the cortical bone increased substantially to a maximum of 30.888 kPa, demonstrating a
significant localized tensile stress concentration. Under the same 60° loading, the adjacent
cancellous bone experienced a markedly lower stress level, with a maximum principal
stress of 0.74076 kPa (Table 6 and Figures 9 and 10).

Table 6. Maximum principal stress of peri-implant contact of cortical and cancellous bone with
different miniscrew insertion angles.

Type of Analysis Bone Type Angle 30° Angle 60° Angle 90° Angle 120°
Maximum principal stress of Cortical bone 17.701 30.888 13.148 9.2173
peri-implant contact (kPa)  Cancellous bone - 0.74076 2.298 1.0774

30°

60° 90° 120°

Figure 9. Finite element simulation illustrates the principal stress distribution on the peri-implant
cortical bone surrounding the titanium miniscrew anchorage under intrusive orthodontic loading.
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60° 90° 120°

Figure 10. Finite element simulation illustrating the principal stress distribution on the peri-implant
cancellous bone surrounding the titanium miniscrew anchorage under intrusive orthodontic loading.

Under a perpendicular 90° loading, the stress patterns were reduced. The cortical
bone showed a maximum principal stress of 13.1 kPa, reflecting a controlled tensile load
transfer. The cancellous bone, in contrast, demonstrated a mild tensile environment with a
maximum principal stress of 2.3 kPa. At the maximum tested angle of 120°, the cortical
bone interface experienced a maximum principal stress of 9.2173 kPa, while the cancellous
bone presented a comparatively minor mechanical load, with a maximum principal stress
of 1.0774 kPa (Table 6 and Figures 9 and 10).

3.4. Miniscrews Analysis

The titanium miniscrew, serving as anchorage between the roots of the maxillary
lateral incisor and canine, demonstrated exceptional mechanical stability under all tested
intrusive loading angles.

At a 30° insertion angle, the screw exhibited minimal deformation and stress, with
a directional deformation of 0.000065 mm, a total displacement of 0.0000748 mm, and a
maximum Von Mises stress of 3.006 kPa. These values indicate negligible movement and a
very low risk of mechanical failure (Table 7 and Figure 11).

This pattern of high stability persisted across the other loading conditions. Under
60° loading, the directional deformation was approximately 0.0000682 mm, with a to-
tal displacement of approximately 0.0000769 mm and a maximum Von Mises stress of
approximately 2.64 kPa. Similarly, at the 90° loading angle, the screw’s performance
was characterized by a directional deformation of approximately 0.0000672 mm, a total
displacement of approximately 0.0000755 mm, and a Von Mises stress of approximately
2.29 kPa. The 120° loading condition resulted in a slightly higher but still minimal direc-
tional deformation of approximately 0.0000701 mm, a total displacement of approximately
0.0000770 mm, and a maximum Von Mises stress of approximately 6.27 kPa (Table 7 and
Figure 11).

Table 7. Analysis of the titanium miniscrew with different miniscrew insertion angles.

Type of Analysis Angle 30° Angle 60° Angle 90° Angle 120°

Direction deformation (mm) 0.000065619  0.000068209  0.000067233  0.000070086

Total displacement (mm) 0.000074852  0.000076909  0.000075462  0.000077045
Maximum Von Mises stress (kPa) 3.0061 2.6415 2.286 6.2693
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Figure 11. Representative finite element analysis results showing direction deformation, total dis-
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placement and maximum Von Mises stress of titanium miniscrews.

In all scenarios, the recorded deformations were negligible, with total displacements
under 0.00008 mm, and the Von Mises stresses remained several orders of magnitude below
the yield strength of titanium. This confirms the screw’s role as a stable skeletal anchorage
unit, with negligible positional change and no risk of material failure under the applied
90 g intrusive force (Table 7 and Figure 11).

4. Discussion

Finite element analysis (FEA) was employed to provide a detailed and reproducible
assessment of orthodontic biomechanics under controlled conditions, thereby overcoming
the inherent ethical and practical constraints of in vivo studies [17]. This computational
approach effectively isolates the impact of miniscrew angulation by systematically ma-
nipulating the implant placement and force vector within identical, validated boundary
conditions, which mitigates the confounding patient-specific variability in bone density
and root anatomy present in clinical studies [59]. This methodological framework aligns
with contemporary, validated orthodontic FEA research [60].

Material properties were assigned per established orthodontic FEA standards. Teeth,
bone, and miniscrews were modeled as isotropic, linearly elastic solids, while the PDL was
assigned nonlinear viscoelastic properties to simulate its time-dependent response, enhanc-
ing physiological relevance for comparative analysis [61]. The bone-implant interface was
modeled as rigidly bonded to simulate primary mechanical stability under immediate or-
thodontic loading, a reliable assumption for stress transfer [62]. Contact interactions within
the appliance system were defined to reflect clinical force transmission. A refined mesh of
second-order tetrahedral elements was applied around the miniscrew neck, cortical bone,
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and PDL to capture steep stress gradients, a decisive strategy as insufficient refinement
can underestimate peak stresses [40]. Virtual implant placement was achieved via Boolean
subtraction across all test configurations [60].

The applied force magnitudes and directions reflected clinically accepted orthodontic
loading. Anterior intrusive forces of 90 g were applied perpendicular to the archwire to
simulate segmented intrusion mechanics. In multi-implant configurations, distributed
forces created complex, single-vector loading, which is clinically relevant as force direction
significantly affects stress propagation [63]. To ensure numerical stability and represent
structural support, the posterior maxilla was constrained in all directions as the boundary
condition, a simplified but widely accepted practice that does not distort comparative
results when applied consistently [64].

The present finite element results provide a detailed biomechanical comparison of
miniscrew-assisted anterior intrusion when the intrusive orthodontic load is applied with
a different miniscrew insertion angle (30°, 60°, 90°, and 120°). By integrating tooth dis-
placement (crown and root), PDL stress, alveolar bone stress (cortical and cancellous),
peri-implant bone principal stress, and miniscrew deformation, the study offers a multi-
tissue interpretation of how miniscrew angulation influences the intrusion of anterior teeth,
an approach consistent with contemporary orthodontic FEM methodology [65].

Intrusion was reliably achieved across 30-120° in terms of displacement direction.
Across all angles, the superimposition-based description (pre-load vs. post-load) indi-
cating apical shift plus labial micromotion suggests that intrusion was achieved with a
simultaneous labial component. This is biomechanically expected when the line of action
does not pass exactly through the anterior segment’s center of resistance. Even when the
intent is intrusion, axial (vertical) force vectors tend to generate coupled moments that
manifest as labial crown displacement and compensatory root movements. Quantitatively,
the anterior teeth exhibited minimal absolute displacement, with crown intrusion mea-
suring approximately 0.000101 mm for the central incisor and 0.000103 mm for the lateral
incisor, reflecting “initial” elastic deformation rather than clinical displacement, which is
typical for linear-elastic FEM simulations of orthodontic loading. These magnitudes should
be interpreted as comparative indicators (between angles and teeth) rather than literal
predictions of daily movement rates [65].

A consistent finding across 30°, 60°, 90°, and 120° was that crown intrusion along the
Z-axis remained within a narrow range among the anterior teeth, whereas the labiolingual
component (Y-axis) varied according to screw angulation and tooth type. This pattern
suggests that altering screw angulation primarily redistributes the non-vertical component,
influencing tipping tendencies, rather than substantially changing the magnitude of vertical
intrusion itself. Thus, screw angulation mainly modulates the side effects of the applied
load rather than determining whether intrusion occurs [66]. The crown-root displacement
asymmetry seen particularly in the lateral incisor (distal crown shift with mesial root shift
in several conditions) is characteristic of rotational movement about a resistance center
rather than bodily translation. Clinically, this matters because intrusion combined with
uncontrolled tipping may increase localized PDL stress and influence the risk profile for
adverse effects (e.g., external apical root resorption) when maintained over time [67].

The PDL analysis highlighted that tissue-level stress distribution is more sensitive to
angulation than the gross intrusion magnitude: At 30°, 60°, and 90°, the central incisor
consistently demonstrated the highest PDL Von Mises stress (26.000 kPa to 27.000 kPa)
and tensile principal stress (23 kPa), indicating that it acted as the primary stress-bearing
unit within the anterior segment under those loading vectors. At 120°, the pattern shifted
markedly: canine PDL Von Mises stress increased substantially (34.1 kPa), and lateral
incisor PDL stresses increased as well, while central incisor PDL stress decreased compared

https:/ /doi.org/10.3390/app16052408


https://doi.org/10.3390/app16052408

Appl. Sci. 2026, 16, 2408

16 of 23

with the 30-90° range. This redistribution implies that higher angulation may redirect force
transmission toward the canine unit and its supporting tissues, which is clinically relevant
because the canine region frequently becomes a key anchor/tooth movement mediator in
anterior biomechanics. Comparable findings, where altered force direction changes which
tooth/PDL regions experience peak stresses have been described in FEA studies evaluating
miniscrew-assisted anterior mechanics [68].

The magnitude of PDL stress observed in the present study falls within the commonly
reported orthodontic physiological range (approximately 20-260 kPa) [69,70], which is
generally associated with controlled tooth movement without pathological root resorption.
Excessive compressive stresses exceeding capillary blood pressure thresholds (~4.7 kPa)
may impair vascular perfusion [39]; however, localized peak stresses in finite element
models do not necessarily indicate sustained biological overload.

Bone stress results demonstrated two clinically important patterns. First, cortical bone
surrounding the central incisor consistently acted as the dominant stress concentration
region across all insertion angles, exhibiting high Von Mises and maximum tensile principal
stresses (101.0-111.0 kPa). This indicates that irrespective of insertion angle, load transfer
from the appliance was preferentially routed through the anterior cortical envelope in the
central incisor region. Second, cancellous bone stresses exhibited a nonlinear dependence
on insertion angle: cancellous stress around the central incisor peaked at 60° (Von Mises:
36.9 kPa) and decreased at 90°, with a further reduction at 120°. This behavior reflects the
sensitivity of trabecular bone to insertion angle—dependent load orientation and boundary
conditions, rather than a simple monotonic increase with increasing obliquity. Accordingly,
variations in insertion angle primarily altered how stresses were distributed within the
cancellous compartment rather than uniformly amplifying stress magnitude [10,63].

Among the evaluated insertion angles, the 60° configuration produced the highest
maximum principal stress at the peri-implant bone interface, indicating a more mechani-
cally demanding condition for the surrounding bone in this model. This elevated stress
level is likely attributable to increased bending moments and shear stress components
generated by oblique force transfer at this inclination, particularly near the cortical bone
region. This finding aligns with recent FEA evidence showing that insertion angle and force
direction interact strongly to determine cortical stress concentration around miniscrews,
and that certain angulations can amplify bone-interface stress even when overall screw
deformation remains minimal [65,71].

The finding that placing the microimplant at a 30-degree angle created more stress in
the bone than placing it at 90 degrees matches the results from Jasmine et al. (2012) [72]. In
a clinical setting, this higher stress could attract more cytokines, macrophages, and other
inflammatory substances to the area. This increased activity might raise the risk of the
microimplant becoming loose and failing. Most failures of dental implants are linked to
too much stress and strain at the point where the implant meets the bone, which causes
inflammation and can lead to bone loss around the miniscrews [73].

Despite angle-dependent changes at the interface, the miniscrew itself exhibited
negligible deformation and displacement across all cases (directional deformation:
0.000065-0.000070 mm; total displacement (0.000075-0.000077 mm) and very low Von
Mises stress (0.0023—-0.0063 kPa). This indicates that within the tested load magnitude
and boundary conditions, the miniscrew operated well within safe mechanical limits, and
the dominant biomechanical concern becomes interface stress distribution (bone response)
rather than screw material failure consistent with contemporary miniscrew FEA and related
biomechanical studies [74].

Although the study focuses on orthodontic tooth movement rather than implant
osseointegration, micromotion concepts remain useful to contextualize whether computed
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interface displacements are mechanically “small.” A recent systematic review assessing
tolerable micromotion emphasized that a single universal threshold is difficult to define
across models and conditions, but excessive micromotion is repeatedly associated with
impaired bone healing and fibrous encapsulation in many experimental contexts [75,76]. In
the models, displacements at the miniscrew were far below commonly discussed high-risk
magnitudes, supporting stable anchorage under the simulated conditions.

Intrusion was reliably achieved across 30-120° in terms of displacement direction.
120° shifted periodontal burden toward the canine, which may increase periodontal loading
demand in that unit and should be considered when planning force vectors for controlled
anterior intrusion. Among the tested configurations, the 60° insertion angle generated
the highest maximum principal stress at the peri-implant bone interface. This finding
indicates a more mechanically demanding bone-miniscrew interaction, likely resulting from
increased oblique load components and bending moments at the cortical bone entry region.
While such stress concentrations do not imply mechanical risk to the miniscrew itself, they
reflect enhanced load transfer and anchorage engagement under the given anatomical and
boundary conditions. Consequently, the 60° configuration may be considered mechanically
effective for force delivery, although its higher biological demand underscores the need for
cautious interpretation rather than designation as an optimal insertion angle.

It is important to clarify that the displacement values reported in this study (on the
order of ~0.0001 mm) represent the initial elastic deformation of the tooth—periodontal
ligament-bone complex under static, instantaneous loading, rather than true clinical or-
thodontic tooth movement. As in the majority of orthodontic finite element studies, the
applied force was modeled as a static load to evaluate the immediate mechanical response
of the system, not the time-dependent biological process of tooth movement. Under linear-
elastic material assumptions and static loading conditions, micrometer-scale displacements
reflect the immediate structural deformation occurring prior to periodontal ligament re-
modeling and alveolar bone adaptation. Displacement magnitudes of this order are widely
reported in comparable orthodontic FEA studies and are considered appropriate for rel-
ative biomechanical comparison. Accordingly, the displacement results in the present
study should be interpreted as comparative indicators of force transmission and stress
redistribution between different miniscrew insertion angles, rather than predictors of the
magnitude or rate of clinical tooth movement.

Consequently, clinicians are advised to avoid a 120° angulation in cases with pre-
existing canine periodontal concerns. In contrast, a 60° insertion angle demonstrated higher
peri-implant principal stress, reflecting enhanced load transfer and anchorage engagement
at the bone-miniscrew interface. While this mechanical behavior may be advantageous in
terms of stability and force transmission when adequate cortical bone thickness is present,
it also indicates a greater biological demand on the surrounding bone. Therefore, the 60°
angulation should be applied judiciously in regions with thin cortical bone, balancing its
mechanical effectiveness against potential biological limitations.

The findings from this study offer several key insights for orthodontists using
miniscrew-assisted mechanics for maxillary anterior intrusion. While all tested inser-
tion angles (30°, 60°, 90°, and 120°) successfully achieved intrusive displacement under a
90 g force, the biomechanical response of the PDL, alveolar bone, and peri-implant interface
varied significantly depending on the angulation. Clinically, this indicates that intrusion
efficiency is relatively stable across different angles, but the choice of angulation is a critical
tool for managing unwanted tipping and stress distribution. For instance, at 30°, 60°, and
90°, the central incisor serves as the primary stress-bearing unit; however, at 120°, the
stress burden shifts toward the canine. This shift suggests that steeper insertion angles
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may increase the risk of adverse responses, such as root resorption or attachment loss, in
patients with compromised canine periodontal support.

Furthermore, the cortical bone surrounding the central incisors remains the principal
load-bearing structure, but the stress within the cancellous bone and the peri-implant
interface peaks at a 60° insertion angle. This indicates that while a 60° angle may enhance
anchorage engagement and load transfer, it also imposes a higher biological demand on the
surrounding bone, requiring careful evaluation of cortical bone thickness and density before
application. In practice, 30-90° angulations provide a stable, centralized stress distribution
suitable for routine cases, whereas a 60° angle may be used to maximize anchorage in
dense bone. Conversely, a 120° angle should be used with caution to avoid overloading
the canines. Ultimately, clinicians must balance mechanical effectiveness with biological
tolerance, selecting the insertion angle that best protects the patient’s specific periodontal
and bone anatomy.

Despite the insights gained from this finite element analysis, several inherent lim-
itations must be considered. The PDL and bone tissues were modeled with idealized,
homogeneous, linear elastic properties; however, in vivo, these tissues exhibit anisotropy,
viscoelasticity, and nonlinear behavior that significantly alter stress—strain responses, par-
ticularly under long-term loading. Furthermore, the model was derived from the anatomy
of a single patient, which limits the generalizability of the results to individuals with vary-
ing bone densities and root morphologies. Boundary conditions were simplified by fully
constraining the maxillary bone to simulate anchorage, failing to capture the physiological
compliance of the craniofacial complex or the force distribution effects of adjacent teeth.
The assumption of a perfectly rigid miniscrew-bone interface also neglects the impact
of micro-motion, cortical bone perforation angles, and insertion torque variations. Addi-
tionally, while a 90 g intrusive force was applied in a quasi-static model, biological tooth
movement is a time-dependent process involving bone remodeling and PDL adaptation
that cannot be fully captured by linear static FEA. This focus on a single force magni-
tude and direction also overlooks the potential effects of asymmetrical loading. Because
finite element models only approximate biological processes, these findings regarding
root resorption risk and miniscrew stability must be validated with longitudinal clinical
studies. Future research should employ patient-specific, nonlinear viscoelastic models
and dynamic loading schemes to better incorporate biological thresholds and improve
predictive clinical accuracy.

5. Conclusions

Within the limitations of this three-dimensional finite element analysis, miniscrew
insertion angulation significantly influenced stress distribution within the periodontal
ligament, alveolar bone, and peri-implant interface during maxillary anterior intrusion,
while having a minimal effect on the magnitude of vertical intrusive displacement. All
tested angulations (30°, 60°, 90°, and 120°) produced effective intrusion under a 90 g force
and demonstrated excellent mechanical stability, with negligible miniscrew deformation
and stresses well below material failure thresholds.

Despite comparable intrusion efficiency, insertion angles markedly altered biome-
chanical stress patterns. A 90° angulation concentrated tensile stresses in the periodontal
ligament and cortical bone of the central incisor. A 120° angulation shifted stress toward
the canine, resulting in the highest periodontal ligament stress and increased canine root
displacement. Conversely, a 60° angulation resulted in the greatest stress concentration at
the peri-implant cortical interface and within the surrounding cancellous bone, reflecting an
increased biomechanical demand on the anchorage site, despite the miniscrew remaining
mechanically stable under the applied loading conditions.
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Clinically, these findings highlight that miniscrew angulation primarily governs stress
redistribution and potential side effects rather than intrusion effectiveness. Steep angula-
tions should be used cautiously in patients with compromised canine periodontal support,
while oblique angulations require sufficient cortical bone thickness to reduce peri-implant
stress. In the planning of anterior intrusion mechanics, finite element analysis maintains its
relevance as a key tool for the biomechanical optimization of miniscrews and the advance-
ment of evidence-based clinical strategies.
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