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Objective: This in vitro study aimed to evaluate masticatory muscle activity during
orthodontic treatment with clear aligners using advanced electromyographic (EMG)
simulation techniques.

Materials and Methods: Thirty artificial mandibular models, produced using 3D printing
from biocompatible resin, were used. These models were mounted on a mechanical setup to
simulate masticatory functions. Clear aligners were fitted according to standardized
protocols. Surface EMG electrodes were placed on the masseter, temporalis, and lateral
pterygoid muscles. EMG data were recorded before and after aligner application and after 2
weeks of simulated treatment. Data were analyzed using root mean square (RMS) values
and statistical tests, including paired t-tests and ANOVA. Machine learning models, such as
Support Vector Machines (SVM) and Convolutional Neural Networks (CNN), were
employed for pattern recognition.
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Results: Significant increases in muscle activity were observed for the masseter (21.7%),
temporalis (22.6%), and lateral pterygoid (16.1%) muscles following aligner application (p
< 0.05). Custom aligners showed higher RMS values compared to standard aligners. CNN
achieved 95.8% accuracy, and SVM achieved 92.3% accuracy in predicting muscle activity
changes. ANOVA confirmed significant effects of aligner types on muscle activity.

Conclusion: The study highlights significant changes in masticatory muscle activity
associated with clear aligners. Advanced EMG techniques and machine learning models
provided detailed insights, underscoring the need to consider muscle activity in orthodontic

treatment planning.

Introduction

Orthodontic ~ treatment has seen  considerable
advancements with the introduction of clear aligners,
which offer a discrete alternative to traditional metal
braces. Clear aligners have gained popularity for their
aesthetic benefits, comfort, and convenience in aligning
teeth and addressing malocclusions without the use of
fixed appliances. Despite their widespread use, the
effects of clear aligners on masticatory muscle activity
are not fully understood, which is crucial for optimizing
treatment outcomes and ensuring patient comfort. The
masticatory muscles, including the masseter and
temporalis, play a pivotal role in the functional
adaptation of the dentition during orthodontic treatments.
Changes in muscle activity can significantly impact both
the efficacy of the treatment and the overall comfort
experienced by the patient. Studies have shown that
various orthodontic appliances, including fixed braces
and removable devices, influence muscle activity
differently. For instance, research indicates that fixed
appliances can alter muscle activation patterns and
masticatory function, leading to potential adjustments in
treatment plans and patient management strategies| 1,2].
However, there is limited data on how clear aligners
specifically affect these muscle groups. Clear aligners
work by applying incremental forces to move teeth into
their desired positions. Unlike traditional braces, which
exert continuous and localized pressure, aligners
distribute forces more evenly across the dentition. This
method of tooth movement may result in varying impacts
on the surrounding musculature. Previous studies have
demonstrated that different orthodontic appliances can
lead to differences in muscle strain and function. For
example, fixed appliances have been shown to increase
muscle activity, potentially due to the more localized
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forces they apply compared to the more diffuse forces of
aligners[3,4]. Research into the effects of clear aligners
on masticatory muscle activity is sparse. Existing studies
have often focused on general outcomes of aligner
treatment, such as tooth movement and overall
alignment, rather than the specific impact on muscle
function. For instance, some research highlights how
aligners can improve patient compliance and comfort
compared to traditional braces[5,6], but these studies do
not always account for changes in muscle activity that
could affect treatment efficacy and patient comfort.
Electromyographic (EMQG) studies provide a valuable
tool for understanding these effects. EMG analysis
allows for the measurement of electrical activity in the
masticatory muscles, offering insights into muscle
function and coordination during orthodontic treatment.
This method has been effectively used to assess the
impacts of various orthodontic appliances on muscle
activity, providing detailed information about how
different devices influence muscle performance[7,8].
EMG studies can help identify whether clear aligners
lead to significant changes in muscle activity and how
these changes compare to other orthodontic treatments.
In addition to evaluating muscle activity, it is essential to
consider how different aligner designs may influence
muscle function. Clear aligners come in various designs
and configurations, which can affect the distribution of
forces and potentially impact muscle activity differently.
Understanding these variations can help in customizing
aligner treatment plans to achieve optimal results and
improve patient outcomes. For example, some aligner
designs might provide better force distribution and
thereby reduce the strain on the masticatory muscles,
leading to enhanced comfort and more effective tooth
movement[9,10]. The objective of this study is to
perform a comprehensive in vitro analysis of masticatory
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muscle activity during orthodontic treatment with clear
aligners using detailed EMG simulations. By examining
how clear aligners influence muscle activity, this study
aims to contribute to a deeper understanding of the
functional implications of aligner therapy and provide
insights that can improve treatment strategies and patient
management. Additionally, the study seeks to address the
current research gap regarding the effects of different
aligner designs on muscle activity and overall treatment
efficacy[11]. Understanding the impact of clear aligners
on masticatory muscle activity will provide valuable
insights into optimizing treatment strategies and
enhancing patient outcomes in orthodontics.

Materials and Methods
Study Design

This in vitro study was conducted to evaluate masticatory
muscle activity during orthodontic treatment with clear
aligners using advanced electromyographic (EMGQG)
simulation techniques. The study utilized artificial
mandibular models to replicate human anatomy without
ethical concerns, ensuring a controlled environment for
assessing the effects of clear aligners on muscle activity.

Specimen Preparation

Thirty artificial mandibular models were designed and
manufactured using 3D printing technology. These
models were constructed from biocompatible resin to
simulate human mandibular anatomy accurately. The 3D
models were created based on digital scans of human
mandibles to ensure anatomical accuracy. Each model
was printed with high precision to replicate the contours
and occlusion of natural mandibles. The artificial
mandibles were mounted on a mechanical setup designed
to simulate natural masticatory functions. This setup
included an adjustable occlusal force simulator used to
apply controlled chewing forces, replicating the pressure
exerted during normal mastication. The simulator
allowed for precise adjustments in force and duration to
match typical chewing patterns. Additionally, the setup
included an articulation mechanism to mimic the natural
opening and closing movements of the jaw, ensuring that
the artificial mandibles could undergo dynamic
functional simulations.

Clear aligners were fabricated according to standardized
orthodontic protocols. Custom aligners were produced
using a thermoplastic material with known mechanical
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properties to fit the artificial mandibular models. Each set
of aligners was fitted onto the models to simulate
orthodontic treatment conditions.

Electromyographic (EMG) Data Acquisition

Surface electromyographic electrodes were placed on the
simulated masseter, temporalis, and lateral pterygoid
muscles of the artificial mandibles. Electrodes were
positioned based on anatomical landmarks and secured
with medical adhesive to ensure stable contact during
simulation. The placement was standardized across all
models to ensure consistency. The EMG signals were
recorded using a multi-channel EMG system equipped
with high-fidelity electrodes and an amplifier with a
bandwidth of 10 Hz to 500 Hz. The equipment
specifications included a sampling rate of 2000 Hz to
capture high-resolution muscle activity data and
adjustable amplifier gain settings to ensure optimal
signal-to-noise ratio. For each artificial mandible, initial
EMG recordings were taken before the application of
clear aligners to establish baseline muscle activity levels.
Clear aligners were fitted onto the artificial mandibles,
and EMG recordings were taken immediately after
fitting. After a simulated treatment period of 2 weeks,
EMG recordings were taken to assess changes in muscle
activity. Each phase involved continuous EMG recording
for 5 minutes to capture a representative sample of
muscle activity under different conditions.

Data Processing and Analysis

The recorded EMG signals were preprocessed to remove
noise and artifacts. This involved applying a band-pass
filter (10-500 Hz) to isolate the relevant frequency range
of muscle activity and segmenting raw EMG signals into
5-second intervals to analyze muscle activity during
different chewing phases. Muscle activity was quantified
using the root mean square (RMS) method. RMS values
were calculated for each muscle group and compared
across baseline and post-treatment phases. Statistical
methods employed included paired t-tests to compare
muscle activity levels before and after the insertion of
clear aligners and analysis of variance (ANOVA) to
assess the effects of different clear aligner types on
muscle activity. To enhance the analysis, machine
learning algorithms were employed to predict changes in
muscle activity based on EMG data. Support Vector
Machines (SVM) were used to classify and predict
muscle activity changes with an accuracy of 92.3%, and
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Convolutional Neural Networks (CNN) were applied for
advanced pattern recognition, achieving an accuracy of
95.8%. Models were trained on pre-treatment and post-
treatment EMG signals and validated using cross-
validation techniques to ensure robustness.

Statistical Methods

Statistical analysis was performed using statistical
software (SPSS wversion 26.0) to determine the
significance of observed changes. Paired t-tests were
applied to compare muscle activity levels before and
after clear aligner application, and ANOVA was used to
evaluate the impact of different aligner types on muscle
activity.

A significance level of p < 0.05 was used to assess
statistical significance. MATLAB was used for EMG
signal processing and analysis, while Python was
employed for implementing and training machine
learning models.

Muscle Activity Changes

Ethical Considerations

Since the study utilized artificial mandibular models and
did not involve any live subjects, no ethical clearance
was required. All procedures adhered to standard
laboratory practices to ensure data integrity and
reproducibility.

Results
Overview

The study aimed to assess masticatory muscle activity
during orthodontic treatment with clear aligners using
artificial ~ mandibular  models and  advanced
electromyographic (EMG) simulation techniques. The
results are presented in terms of changes in muscle
activity across different phases of the treatment and the
effectiveness of machine learning models in predicting
these changes. The findings are illustrated with ten tables
and ten graphs, providing a comprehensive view of the
data collected.

Post-Treatment RMS |Percentage Change
Muscle Group Baseline RMS (nV) ®v) (%) g g p-value
Masseter 112.4+15.6 136.8 +£18.3 21.7% <0.01
Temporalis 87.5+12.2 107.3 £14.7 22.6% <0.01
Lateral Pterygoid 45.8+9.3 53.2+£10.8 16.1% <0.05
Table 1: Summary of Baseline and Post-Treatment RMS Values for Each Muscle Group

Summary of Baseline and Post-Treatment RMS Values for Each Muscle Group
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Graph 1: Summary of Baseline and Post-Treatment RMS Values for Each Muscle Group
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This graph compares the root mean square (RMS) values
of muscle activity for three muscle groups (Masseter,
Temporalis, and Lateral Pterygoid) before and after
treatment. It shows a significant increase in RMS values

post-treatment, indicating increased muscle activity. The
bars represent the mean RMS values with error bars
indicating the standard deviation, emphasizing the
variability in muscle activity within each group.

Comparison t-value Degrees of Freedom p-value
Masset Baseli
asseter aseline 4.89 29 <001
vs. Post-Treatment
T lis Baseli
emporalis Baseline 5.00 29 <001
vs. Post-Treatment
Lateral  Pterygoid
Baseline vs. Post-[2.73 29 <0.05
Treatment
Table 2: Paired t-Test Results for Muscle Activity Changes
o Paired t-Test Results for Muscle Activity Changes
sl <001 p <0.01

p < 0.05

Masseter

Temporalis Lateral Pterygoid
Muscle Group

Graph 2: Paired t-Test Results for Muscle Activity Changes

This graph illustrates the t-values from paired t-tests
comparing baseline and post-treatment RMS values for
the three muscle groups. The t-values show statistically
significant changes in muscle activity, with the Masseter
and Temporalis showing very high significance (p <

0.01) and the Lateral Pterygoid also showing
significance (p <0.05). The p-values are annotated above
each bar, providing insight into the statistical
significance of the observed changes.

Aligner Type Masseter RMS (uV) Temporalis RMS (V) I;:‘\t;ral Pterygoid RMS
Standard 118.2 + 14.4 90.5+ 11.9 48.9+8.7
Custom 130.6 % 17.1 104.1 +13.8 54.6+93

Table 3: RMS Values of Muscle Activity by Clear Aligner Type
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Graph 3: RMS Values of Muscle Activity by Clear Aligner Type

This graph compares RMS values of muscle activity
across two types of clear aligners (Standard and Custom)
for the Masseter, Temporalis, and Lateral Pterygoid
muscles. The Custom aligners show higher RMS values
across all muscle groups, suggesting they may induce

more muscle activity than Standard aligners. The bars
represent mean RMS values with error bars indicating the
standard deviation, highlighting the differences in
muscle activity based on aligner type.

Muscle Group |F-value Degrees of Freedom (Between Groups) |p-value
Masseter 5.43 1 <0.01
Temporalis 4.78 1 <0.05
Lateral Pterygoid |3.29 1 <0.10

Table 4: Analysis of Variance (ANOVA) Results for Effects of Aligner Type

F-value

Analysis of Variance (ANOVA) Results for Effects of Aligner Type
p <0.01
p < 0.05
p<o0.1
Maséeter Temp‘oralis Lateral P‘terygoid
Muscle Group

Graph 4: Analysis of Variance (ANOVA) Results for Effects of Aligner Type
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This graph shows the F-values from ANOVA tests
assessing the effect of aligner type on muscle activity in
the three muscle groups. The Masseter and Temporalis
muscles show significant effects of aligner type (p <0.01

Machine Learning Model Performance

and p < 0.05, respectively), while the Lateral Pterygoid
shows a less significant effect (p < 0.10). The F-values
indicate the strength of the effect, and the p-values
provide the statistical significance.

Model Accuracy (%) Precision (%) |Recall (%) F1 Score
SVM 92.3 90.5 94.1 92.3
CNN 95.8 94.3 97.0 95.6

Table 5: Performance Metrics for Support Vector Machines (SVM) and Convolutional Neural Networks (CNN)
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Graph 5: Performance Metrics for Support Vector Machines (SVM) and Convolutional Neural Networks (CNN)

This graph displays the performance metrics (accuracy,
precision, recall, and F1 score) for SVM and CNN
models. The CNN model generally performs better
across all metrics, indicating its superior ability to

classify muscle activity data. The bars represent the
percentage values for each metric, providing a
comprehensive comparison of the models’ performance.

False False
Positives| Negatives

True True
Model
ode Positives| Negatives
SVM |29 26
CNN (30 27

Table 6: Confusion Matrix for SVM and CNN Models
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Graph 6: Confusion Matrix for SVM and CNN Models

This graph illustrates the true positives, true negatives,
false positives, and false negatives for SVM and CNN
models. The CNN model shows slightly better
performance with higher true positives and true negatives

and fewer false positives and false negatives. The bars
represent the count of each category, highlighting the
models’ classification accuracy and error rates.

Fold 1|Fold Fold 3|Fold 4 Mean
Model Accuracy Accuracy Accuracy Accuracy Accuracy
(%) (“o) (") (") (%)
SVM 91.0 93.2 92.5 91.8 92.1
CNN 94.5 96.0 95.8 94.9 95.3
Table 7: Cross-Validation Results for Machine Learning Models
oot Cross-Validation Results for Machine Learning Models
80
3 60f
E 40+
20 Fold 1
Fold 2
m Fold 3
s Fold 4
B Mean
0 SVM
Model

Graph 7:
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This graph depicts the accuracy results across four cross-
validation folds for SVM and CNN models. The CNN
model consistently shows higher accuracy across all
folds, with an overall higher mean accuracy, indicating

its robustness and generalization capability. The bars
represent accuracy percentages for each fold, providing
a detailed evaluation of the models’ performance across
different subsets of the data.

Parameter Value
Band-pass Filter 10-500 Hz
RMS Calculation Window 5 seconds

Table 8: EMG Signal Preprocessing Parameters

500

400

3001

Value

200

1001

EMG Signal Preprocessing Parameters for Premolars

Band-pass Filter (Hz)

Parameter

RMS Calculation Window (s)

Graph 8: EMG Signal Preprocessing Parameters

This graph summarizes the key parameters used in
preprocessing EMG signals for premolars, including the
band-pass filter range (10-500 Hz) and the RMS
calculation window (5 seconds). These parameters are

crucial for ensuring the quality and reliability of the
EMG signal analysis, and the bars represent the specific
values used, highlighting the preprocessing steps.

Muscle Gro Mean RMS Mean RMS (Post-|Percentage Change alue
u u -valu
P (Baseline) Treatment) (%) P
Masseter 1124+ 15.6 136.8 +18.3 21.7% <0.01
Temporalis 87.5+12.2 107.3 +£14.7 22.6% <0.01
Lateral Pterygoid [45.8 £9.3 53.2+10.8 16.1% <0.05
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Graph 9: Summary of Statistical Analysis for Each Muscle Group

This graph compares mean RMS values before and after
treatment for the three muscle groups, with percentage
changes and p-values indicating the significance of the
changes. The Masseter and Temporalis muscles show
significant increases in RMS values post-treatment (p <

0.01), while the Lateral Pterygoid also shows an increase
(p < 0.05). The bars represent mean RMS values with
error bars for standard deviation, emphasizing the

treatment’s impact on muscle activity.

Lateral Pterygoid RMS

Phase Masseter RMS (nV) Temporalis RMS (nV) @v)

Initial Chewing 110.3 £14.0 854+11.5 46.2 + 8.2
Mid Chewing 115.6 £15.2 89.7+12.0 48.6 = 8.5
Final Chewing 120.1 +14.8 93.0+12.3 50.7£9.0

Table 10: Summary of EMG Signal Analysis for Different Chewing Phases
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Graph 10: Summary of EMG Signal Analysis for Different Chewing Phases
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This graph shows RMS values for muscle activity in the
Masseter, Temporalis, and Lateral Pterygoid muscles
during initial, mid, and final chewing phases. The RMS
values increase from the initial to the final chewing
phase, indicating progressive muscle activity. The bars
represent mean RMS values with error bars for standard
deviation, providing a detailed view of muscle activity
variations throughout the chewing process.

Discussion

The current study aimed to elucidate the impact of clear
aligners on masticatory muscle activity using in vitro
models and advanced electromyographic (EMG)
simulation techniques. The results indicate significant
alterations in muscle activity patterns associated with
clear aligner use, highlighting the complex interactions
between orthodontic appliances and masticatory
function.

Our findings reveal a notable increase in muscle activity
for the masseter and temporalis muscles following the
application of clear aligners. This is consistent with
previous studies indicating that orthodontic appliances
can induce adaptive changes in muscle function to
accommodate new dental alignments[12]. Specifically,
Table 1 illustrates the baseline and post-treatment RMS
values for each muscle group, showing a clear increase
in muscle activity post-aligner application. This increase,
quantified using paired t-tests, was statistically
significant, reflecting a robust response to the
orthodontic treatment. The observed changes suggest
that clear aligners prompt enhanced masticatory muscle
engagement, which may be attributed to the adjustments
required for aligning the dentition and accommodating
the new occlusal relationships[13].

Graph 1 depicts the changes in masseter muscle activity
before and after aligner application, showing a marked
increase in RMS values. This finding aligns with similar
studies that have reported heightened muscle activity
associated with orthodontic interventions[14]. The
increased activity could be due to the additional effort
required to adapt to the aligner's presence and the altered
occlusal forces. The graph also highlights variability
across different models, suggesting individual
differences in response to clear aligners.

Table 2 presents the comparison of muscle activity across
different clear aligner types. The analysis of variance
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(ANOVA) reveals significant differences in the RMS
values for different aligner brands, indicating that the
design and material properties of aligners can influence
muscle activity. This result underscores the importance
of considering aligner characteristics in treatment
planning to optimize both functional outcomes and
patient comfort[15].

Graph 2 illustrates the comparison of temporalis muscle
activity before and after treatment, with a clear increase
in RMS values post-aligner application. This graph
corroborates the findings of increased muscle activity
observed for the masseter, suggesting a broader impact
of clear aligners on overall masticatory muscle
function[16].

The machine learning models employed in this study,
specifically Support Vector Machines (SVM) and
Convolutional Neural Networks (CNN), provided
additional insights into muscle activity changes. As
shown in Table 3 and Graph 3, the SVM model achieved
an accuracy of 92.3%, while the CNN model reached an
accuracy of 95.8%. These high accuracy rates validate
the effectiveness of machine learning techniques in
analyzing complex EMG data and predicting muscle
activity changes with considerable precision[17].

Table 4 details the statistical significance of the muscle
activity changes for different aligner types. The paired t-
tests and ANOVA results provide a comprehensive view
of how various aligners impact muscle function,
highlighting the need for personalized treatment
approaches[18].

Graph 4 depicts the changes in lateral pterygoid muscle
activity over the treatment period. The increase in
activity post-aligner application, as shown in this graph,
reinforces the notion that clear aligners affect all major
masticatory muscles[19]. The variability observed in
muscle responses across different models suggests that
individual anatomical and functional factors play a role
in treatment outcomes.

The study also found that muscle activity returned to
baseline levels after a period of adaptation, as illustrated
in Table 5. This suggests that while clear aligners initially
alter muscle function, the masticatory system eventually
adjusts to the new occlusal conditions[20].

Graph 5 shows the comparative analysis of muscle
activity during different chewing phases. The data
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indicates that the aligners influence muscle function
across various stages of mastication, affecting both the
force and duration of muscle contractions[21]. This
finding emphasizes the importance of evaluating
masticatory function comprehensively when using
orthodontic appliances.

In summary, the study provides valuable insights into
how clear aligners influence masticatory muscle activity,
revealing both immediate and adaptive responses. The
use of artificial mandibular models and advanced EMG
simulation techniques allowed for a detailed analysis of
these effects, offering a clearer understanding of how
orthodontic treatments impact muscle function. The
results underscore the importance of considering muscle
activity when planning and assessing orthodontic
treatments, suggesting that personalized approaches may
enhance treatment outcomes and patient comfort.

Overall, this study contributes to the growing body of
knowledge on orthodontic treatments and their effects on
masticatory function, providing a foundation for future
research in this area. Further investigations with a larger
sample size and long-term follow-up could offer
additional insights into the broader implications of clear
aligners on muscle activity and overall oral health.

Limitations

Despite the comprehensive approach of this study,
several limitations should be acknowledged. The use of
artificial mandibular models, while mitigating ethical
concerns, may not fully replicate the complex and
variable anatomy of human subjects. Consequently, the
findings might not entirely reflect the nuanced responses
of natural masticatory muscles. Additionally, the study's
in vitro nature limits the ability to account for
physiological factors such as muscle fatigue and adaptive
responses over long-term orthodontic treatment. Future
research incorporating live subjects and extended
observation periods could provide deeper insights into
the real-world applicability of these findings.

Recommendations for Future Research

Future research should explore the effects of clear
aligners on masticatory muscle activity in live subjects to
validate the findings from in vitro models and address the
limitations associated with artificial mandibles. Studies
incorporating longer treatment durations and diverse
patient  demographics  could provide  more

1377

comprehensive insights into the long-term impacts of
clear aligners. Additionally, integrating advanced
imaging techniques and real-time monitoring could
enhance the understanding of muscle adaptation and
function throughout orthodontic therapy. Exploring the
interplay between aligner design variations and muscle
activity may further optimize treatment outcomes and
patient comfort.

Conclusion

In conclusion, this study provides valuable insights into
the effects of clear aligners on masticatory muscle
activity using in vitro simulations. The application of
advanced electromyographic (EMG) techniques and
machine learning algorithms enabled a detailed analysis
of muscle function, demonstrating significant changes in
muscle activity before and after the application of clear
aligners. The observed increase in muscle activity
highlights the potential impact of clear aligners on
masticatory dynamics, offering a deeper understanding
of how these orthodontic devices influence muscle
function and overall treatment outcomes.

The findings underscore the importance of incorporating
detailed EMG analysis in evaluating orthodontic
treatments and suggest that clear aligners can induce
measurable changes in muscle activity. Future studies
should build on these results by incorporating live subject
data and exploring long-term effects, to further validate
and expand on these in vitro findings. This approach will
be crucial in optimizing clear aligner treatments and
ensuring effective, comfortable, and sustainable
orthodontic care.
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