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INTRODUCTION
Orthodontic treatment relies heavily on stable anchorage to achieve 
precise tooth movement while minimising undesirable outcomes. 
Skeletal anchorage systems, particularly MIs, have become 
indispensable in modern orthodontics due to their versatility and 
ability to provide stable anchorage with minimal dependence on 
patient compliance​​ [1,2]. These devices are small, are implanted 
with a relatively simple surgical procedure, and increase the potential 
for better orthodontic results. Therefore, miniscrews not only free 
orthodontists from anchorage-demanding cases, but they also 
enable clinicians to have good control over tooth movement in three-
dimensions [3]. Among these, IZC MIs are recognised for their superior 
biomechanical properties, including optimal cortical bone thickness at 
the site of IZC, reduced risk of root damage, and capability to support 
complex tooth movements like en masse maxillary distalisation [4]​.

Despite their advantages, factors affecting the long-term stability 
and stress distribution around IZC screws remain areas of active 
investigation. Mechanical vibrations- either incidental or deliberate- 
are hypothesised to influence bone remodeling and stress patterns 
around orthodontic implants [5]. Understanding these effects is 
critical for improving MI stability and predicting their performance in 
clinical settings​. However, limited research has explored the direct 
impact of mechanical vibrations on bone-implant interactions, 
particularly at the IZC site.

Evaluating stress levels in bone and MI during orthodontic 
procedures presents significant clinical challenges, making it difficult 

to interpret the resulting stress patterns accurately. To overcome 
these limitations, researchers have increasingly relied on FEA, a 
powerful engineering tool that allows for precise simulation of stress 
and strain patterns in living structures. The Finite Element Method 
(FEM) enables non-invasive geometric modeling of complex 
structures, facilitating detailed stress and strain analysis [6,7]. FEA 
is an invaluable tool in this context, enabling detailed simulation 
and visualisation of biomechanical behaviour under controlled 
conditions. FEA has been extensively applied in orthodontic research 
to study stress distribution, displacement, and the impact of various 
factors on MI stability and efficacy​​ [8]. Its ability to model complex 
structures, such as the maxilla, and assess localised bone stress 
makes it ideal for investigating the dynamic effects of mechanical 
vibrations on IZC screws.

One key metric used in FEM studies is the Von Mises stress, which 
helps predict whether a material will deform or fracture under 
complex loading conditions. By analysing the stress distribution 
around MIs and bone, clinicians can optimise implant configuration 
and positioning, thereby reducing the risk of implant failure [9]​.

While previous research has investigated general stress patterns 
around MIs and IZCs [6,10], specific evaluations of stress distribution 
for IZC under mechanical vibration have not been conducted. This 
study employs FEA to analyse the stress distribution patterns 
in bone surrounding IZC MIs under mechanical vibration. By 
simulating in-vitro conditions, the research aims to identify critical 
factors influencing implant stability and to provide insights into 
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ABSTRACT
Introduction: Infrazygomatic Crest (IZC) Mini-Implants (MI) is 
widely used in orthodontics for stable anchorage. However, the 
impact of mechanical vibrations on bone stress distribution and 
implant stability remains poorly understood. The rationale for 
this study stems from the need to understand how combined 
mechanical stimuli affect the local biological environment, 
which is critical for ensuring the safe and effective use of IZC 
screws. The study seeks to offer insights into the potential 
implications of vibration-assisted accelerated orthodontics 
on skeletal anchorage stability. Finite Element Analysis (FEA) 
provides a valuable non-invasive tool to simulate and analyse 
these complex interactions.

Aim: To evaluate and compare the stress distribution and 
displacement in bone and adjacent teeth surrounding IZC screws 
under static orthodontic loading and under mechanical vibration.

Materials and Methods: An in-vitro FEA was conducted at 
a Saveetha Dental College, Chennai, from January to March 

2024. A digital 3D model of the maxilla with teeth and an 
infrazygomatic screw was developed using SolidWorks 2021, 
meshed in HyperMesh 14, and analysed in Abaqus 6.14. Stress 
and displacement values were compared under static load (250 
g) and vibratory conditions (30-120 Hz). No inferential statistical 
tests were applied, as this was a simulation-based study.

Results: Under static loading (250 g), minimal stress and 
displacement were observed. Modal analysis revealed natural 
frequencies beginning at 1048 Hz, ruling out resonance. 
Frequency response analysis showed a reduction in bone stress 
(0.43 MPa) and minor increases in tooth displacement compared 
to static conditions, suggesting safe vibratory effects.

Conclusion: Mechanical vibrations within safe frequency 
ranges do not induce resonance and may enhance tooth 
displacement without compromising structural stability. These 
findings provide insights for optimising IZC screw applications 
in orthodontics.
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optimising clinical outcomes. The findings are expected to enhance 
the understanding of IZC screw biomechanics, particularly under 
vibratory forces, and guide the development of more resilient 
anchorage systems for orthodontic applications.

The aim of this study was to investigate the effects of mechanical 
vibration on IZC MIs and the surrounding maxillary bone using 
FEA. The objectives were to evaluate stress distribution and 
displacement in cortical and trabecular bone and teeth under static 
and vibratory loads, and to assess the biomechanical implications 
of vibration-assisted force application for accelerating orthodontic 
tooth movement.

MATERIALS AND METHODS
This in-vitro experimental study employed FEM modelling to evaluate 
stress distribution and displacement around IZC MIs under static 
and vibratory loading conditions. The study was conducted at the 
Department of Orthodontics of Saveetha Dental College, Chennai, 
between January 2024 and March 2024. Ethical approval was not 
applicable as the research was simulation-based and did not involve 
human or animal subjects directly. Therefore, informed consent and 
IEC clearance were not required.

Since the study was computational, no biological subjects were 
involved, and hence conventional sample size calculation did not 
apply. However, the FEM model constructed contained 717125 
nodes and 2855901 elements, ensuring adequate granularity for 
simulation accuracy [Table/Fig-1]. Similar anatomical FEMs with 
comparable mesh density have been constructed in the literature: 
e.g., 1.9 M elements and 2.2 M nodes in an infrazygomatic 
miniscrew model [11] dental-periodontium models employing ~1 
M nodes and 5–6 M elements with convergence testing ; and jaw 
models with ~222 k nodes and ~1.5 M elements [12] confirming 
that our mesh of 2.85 M elements/717 k nodes provides similarly 
robust granularity.

Node and element details for model setup

Name No. of nodes No. of elements

Maxilla bone 335613 1584478

Teeth 239084 1102363

PDL 33702 66384

Bracket and wire 101476 74706

Screw 7250 27970

Total 717125 2855901

[Table/Fig-1]:	 Node and element for model set-up. 

The inclusion criterion for model development was the representation 
of an anatomically accurate adult maxillary segment, including the 
cortical and trabecular bone, maxillary teeth, orthodontic brackets, 
archwire, and an IZC screw placed between the first and second 
molars. The model was excluded if it lacked structural integrity or 
geometric realism for FEM analysis.

The 3D geometry was modeled using SolidWorks 2021, followed by 
meshing in HyperMesh 14, and finite element simulation in Abaqus 
6.14. Material properties were defined as isotropic, linearly elastic, 
and homogeneous, and assigned based on literature-derived values 
of Young’s modulus and Poisson’s ratio [13,14]. The boundary 
conditions fixed the base of the maxilla in all degrees of freedom. A 
static load of 250 grams was applied at the IZC implant head [1,15], 
followed by vibratory force simulation ranging from 30 to 120 Hz to 
replicate clinical vibratory device frequencies [16-19].

CAD model details are presented in [Table/Fig-2].Three types 
of analysis were performed: (1) Static load analysis to determine 
baseline stress and displacement [Table/Fig-3]; (2) Modal frequency 
analysis to extract the first 10 natural frequencies and assess 
resonance risk; and (3) frequency response analysis to compare 
stress-displacement outcomes under vibratory loading. All models 

were subjected to identical contact definitions and constraints 
[Table/Fig-4,5].

[Table/Fig-2]:	 CAD model details: a) Frontal view; b) ISO view; c) Right-side view; 
d) Left-side view; e) Occlusal view.

[Table/Fig-3]:	 Static load analysis: a) Stress; b) Displacement (X-axis (red arrow): 
represents the mesiodistal direction. Z-axis (blue arrow): represents the apico-
coronal direction. Y-axis (green arrow): represents the buccolingual or palato-labial 
direction.)

RESULTS
Displacement Comparison

Stress comparison

The FEM analysis was conducted to evaluate the comparative 
stress and displacement responses of the maxillary bone and teeth 
under static and vibratory loads. Initially, a static load analysis was 

Descriptive data analysis was used to compare maximum stress 
(MPa) and displacement (nm) across static and vibratory conditions. 
No inferential statistical tests were applied due to the deterministic 
nature of FEM. However, findings were interpreted using engineering 
thresholds for material deformation and implant stability.
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performed by applying a load of 250 grams at the implant head with 
fixed boundary conditions. The results showed minimal stress and 
displacement within the maxillary bone and teeth. The maximum 
stress observed in the maxillary bone was 0.74 MPa, while the 
displacement was negligible [Table/Fig-6,7]. Similarly, for the teeth, 
the stress (0.09 - 0.11 MPa) and displacement values remained 
low under static load conditions [Table/Fig-8]. This indicated that 
the applied static load had no significant impact on the system, 
suggesting structural stability under static conditions.

occurs when the applied frequency matches the natural frequency, 
the results conclusively indicated no risk of resonance within the 
given frequency range. The absence of resonance ensures the 
structural integrity of the maxillary bone and teeth under vibratory 
loads.

Further, a frequency response analysis was performed to evaluate 
the stress and displacement responses under vibratory conditions. 
The results revealed minor changes in displacement and stress 
when compared to the static load conditions. The maximum 
stress in the maxillary bone reduced slightly from 0.74 MPa to 0.43 
MPa, while in the teeth, stress values varied between 0.04 MPa to 
0.1281 MPa, depending on the location [Table/Fig-6]. Displacement 
increased under vibratory conditions, particularly in the teeth. In the 
Y-axis direction, the anterior and posterior teeth exhibited increased 
displacements of 171.3 nm and 114.2 nm, respectively, compared 
to static conditions [Table/Fig-9]. Similarly, the Z-axis displacement 
increased to -210 nm and -107.1 nm for anterior and posterior 
teeth, respectively [Table/Fig-10,11].

[Table/Fig-4]:	 Frequency response evaluation- Displacement Comparison: a) 
Static; b) Maximum frequency response (X-axis (red arrow): represents the mesi-
odistal direction. Z-axis (blue arrow): represents the apico-coronal direction. Y-axis 
(green arrow): represents the buccolingual or palato-labial direction.)

[Table/Fig-5]:	 Frequency response evaluation- stress comparison: a) Static; 
b) Maximum frequency response (X-axis (red arrow): represents the mesiodistal 
direction. Z-axis (blue arrow): represents the apico-coronal direction. Y-axis (green 
arrow): represents the buccolingual or palato-labial direction.)

Loading condition Stress (MPa)

Static load 0.74

Max frequency load 0.43

[Table/Fig-7]:	 Stress in maxillary bone under static and vibratory loading.

[Table/Fig-6]:	 Maxillary bone and teeth – stress result summary.

Loading condition Anterior teeth Posterior teeth

Static load 0.09 0.1145

Max frequency load 0.04 0.1281

[Table/Fig-8]:	 Stress distribution (MPa) in maxillary teeth under static and vibratory 
loading.

To investigate the system’s behaviour under vibratory loads, a modal 
frequency analysis was performed. The analysis aimed to identify the 
natural frequencies of the system and assess the risk of resonance 
under vibratory conditions. The first 10 natural frequencies of the 
system were extracted, with the lowest natural frequency observed 
at 1048 Hz. This value was significantly higher than the applied 
vibratory frequency range of 30 Hz to 120 Hz. Since resonance 

[Table/Fig-9]:	 Teeth - displacement result summary.

Loading condition Anterior teeth Posterior teeth

Static load 136.40 77.07

Max frequency load 171.30 114.20

[Table/Fig-10]:	 Displacement in Y-axis (nanomicrons) of the maxillary teeth under 
static and vibratory loading.

Loading condition Anterior teeth Posterior teeth

Static load -165.50 -70.21

Max frequency load -210.00 -107.10

[Table/Fig-11]:	 Displacement in the Z-axis (nanomicrons) of maxillary teeth under 
static and vibratory loading; X-axis shows no displacement in that direction.

In summary, the results demonstrate that the maxillary bone and 
teeth exhibit structural stability under both static and vibratory 
load conditions. The natural frequency analysis confirmed that the 
system’s frequencies are much higher than the applied vibratory 
range, eliminating the possibility of resonance. Furthermore, the 
frequency response analysis highlighted minimal stress changes 
and slight improvements in displacement under vibratory loads, 
suggesting that vibratory forces may positively influence tooth 
movement within safe limits. These findings provide valuable insights 
for clinical applications, particularly in dental implant stability and 
orthodontic treatments. However, patient-specific variations in bone 
stiffness could affect the results, and further investigations with real-
world stress data are recommended.

DISCUSSION
Implant stability can be compromised due to factors such as 
excessive loading, inflammation, cortical bone thickness, proximity 
to tooth roots, and the design of the screw. To better understand 
implant failure, it is essential to study failure rates and the associated 
risk factors.

The present study utilised FEM analysis to evaluate the mechanical 
behaviour of the maxillary bone and teeth under static and vibratory 
loads. The findings revealed that the applied static load of 250 
grams induced minimal stress and displacement, suggesting that 
the structural integrity of the maxilla and teeth remains unaffected 
by static conditions. These results align with previous studies 
demonstrating that low static forces applied to dental implants 
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and surrounding structures result in negligible stress propagation 
and deformation within cortical and cancellous bone regions 
[20,21] .

The modal frequency analysis performed in this study revealed 
that the natural frequency of the system begins at 1048 Hz, 
which is significantly higher than the applied vibratory frequency 
range of 30-120 Hz. This observation is critical as it eliminates 
the risk of resonance, a phenomenon where matching external 
and natural frequencies could amplify displacements and induce 
structural failure. Resonance avoidance is particularly important 
in dental implant systems, where vibratory forces are introduced 
during mastication or orthodontic treatments [22,23]. Prior to 
loading the implant, it is crucial to measure the primary stability. 
Resonance Frequency Analysis (RFA) is one of the most widely 
used methods for measuring implant stability because of its 
dependability and non-invasiveness [23]. Similar findings have 
been reported in literature, where natural frequencies of implant-
bone systems were found to exceed typical external load 
frequencies, ensuring system stability under functional loading 
conditions [5].

The frequency response analysis further highlighted that vibratory 
forces led to slight improvements in tooth displacement without 
significant changes in stress. Specifically, the displacement of the 
maxillary teeth increased in both the Y-axis and Z-axis directions 
compared to static loading conditions. These observations suggest 
that controlled vibratory loads could facilitate tooth movement, which 
is a principle often exploited in orthodontic therapies to accelerate 
tooth displacement and remodeling of periodontal structures [24]. 
The observed minimal stress changes under vibratory conditions 
are consistent with findings from earlier studies, where controlled 
vibratory forces improved tissue remodeling and reduced stress 
concentrations in the alveolar bone without compromising bone 
integrity [25,26].

This study demonstrates that vibratory forces applied within safe 
frequency ranges can enhance tooth displacement without inducing 
excessive stress in the maxillary bone and teeth. The absence of 
resonance ensures the system’s stability, making vibratory techniques 
a promising adjunct in orthodontic and implant treatments. Future 
research should focus on validating these numerical findings through 
in vivo studies and incorporating patient-specific models to optimise 
clinical outcomes.

Limitation(s)
The results also underscore the importance of patient-specific 
parameters, such as bone stiffness and density, which could 
influence the natural frequency and response to vibratory forces. 
Variability in these factors can alter the resonance behaviour and 
mechanical responses, emphasising the need for personalised 
treatment planning in clinical settings. Furthermore, the findings 
encourage further investigations using experimental validation and 
real-world stress data to refine FEM models for more accurate 
predictions.

CONCLUSION(S)
The findings of this FEA study indicate that the natural frequency of 
the maxillary assembly, including the IZC MI, is significantly higher 
than the applied vibratory frequency range (30-120 Hz), effectively 
ruling out the risk of resonance. Comparative analysis between 
static and vibratory loading conditions revealed no significant 
difference in stress distribution within the bone and surrounding 
structures, suggesting that the application of vibratory forces does 
not compromise implant or bone integrity. However, a noticeable 
improvement in tooth displacement was observed under vibratory 
loading, indicating a potential biomechanical advantage of using 
mechanical vibration to enhance orthodontic tooth movement 
within safe limits.
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