Journal of Chemical Health Risks

www.jchr.org

JCHR (2024) 14(4), 1380-1393 | ISSN:2251-6727

Investigating the Effects of Dynamic Load Variation on Orthodontic
Appliance Performance: An In-Depth Real-Time Study Using 3D-
Printed Models and Embedded Sensor Technology for Comprehensive
Performance Analysis

Dr. Lishoy W. Rodrigues', Dr. Prachi T. Khatri?, Dr. Neeraj E. Kolge’, Dr. Mugdha S. Raut®, Dr. Gaury A.
Vajarekar®, Dr. Akshata N. Pedamkar®, Dr. Tejas Y. Kadam’, Dr. Manas U Kasar®

'B.D.S.,, M.D.S., Ph.D. Scholar (Orthodontics), Fellow of World Federation of Orthodontics (USA), Fellow of
Comprehensive Cleft Care, Dip. in Forensic and Medical Jurisprudence, Dip. in Cyber Law, PGDHM. Assistant Professor
in the Department of Orthodontics and Dentofacial Orthopedics at Sinhgad Dental College and Hospital, Pune,
Mabharashtra, 411041, India.
2B.D.S., MGM Dental College & Hospital, Navi Mumbai, Maharashtra, 410209, India, Dental trainee at Dental Square,
Andheri, Mumbai 400069, India
3BDS, MDS, FWFO, FPFA, Assistant Professor, Department of Orthodontics & Dentofacial Orthopaedics, MGM Dental
College & Hospital, Navi Mumbai, Maharashtra, 410209. Ph.D. Scholar, Department of Orthodontics & Dentofacial
Orthopaedics, Government Dental College & Hospital, Nagpur. Honorary Dental Surgeon, Rotary Club of Bombay.
“D.M.D (University of Pennsylvania School of Dental Medicine) Philadelphia 19107, USA. B.D.S., M.D.S (Oral and
Maxillofacial Pathology) Ex-Assistant Professor Department of Oral Pathology and Microbiology Nair Hospital Dental
College Mumbai 400008, India.
B.D.S., M.D.S, (Orthodontics), Orthodontist and General Dentist at Dr. Vajarekar’s Multispecialty Dental Clinic and
Orthodontic Care Centre. Ghadi House, opp. Homi Bhabha Centre for Science Education, Sion Trombay road, near BARC
main gate, Mankhurd, Mumbai 400088, India.
°B.D.S., Sinhgad Dental College and Hospital, Pune, Maharashtra, 411041, India.
’B.D.S.,M.D.S., (Oral and Maxillofacial Surgery), Assistant Professor in the Department of Oral and Maxillofacial Surgery
at Sinhgad Dental College and Hospital, Pune, Maharashtra, 411041, India.
8B.D.S., Sinhgad Dental College and Hospital, Pune, Maharashtra, 411041, India.

(Received: 14 April 2024
ABSTRACT:

Revised: 1 May 2024 Accepted: 18 June 2024)

KEYWORDS Objective: This study aims to investigate the impact of dynamic load variations on the
Dynamic Load performance of orthodontic appliances through an in vitro approach, employing 3D-printed
Variation, models and embedded sensor technology for detailed performance analysis.

Orthodontic Methods: Precise 3D-printed models of orthodontic appliances were created to simulate
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clinical conditions. Dynamic loads ranging from 5 to 50 N (Newton) were applied to these
models using a custom-designed apparatus. Real-time performance was monitored with
embedded sensors, recording stress, strain, and deformation. Statistical analysis was
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performed using ANOVA and post-hoc Tukey’s test to assess significant differences in
appliance performance under varying load conditions.

Results: Dynamic loads resulted in significant variations in stress distribution and
deformation patterns across the orthodontic appliances. The mean stress recorded was 12.3
MPa (megapascals) under 5 N loads, increasing to 45.8 MPa under 50 N loads (p < 0.05).
Deformation varied from 0.15 mm to 1.02 mm, with the maximum deformation observed at
the highest load conditions. The performance and durability of the appliances were
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significantly affected by load variations, with a performance efficiency drop of 15% at the

highest load.

Conclusion: The study underscores the utility of integrating 3D printing and sensor
technology in orthodontic research. By simulating real-life conditions and assessing
appliance performance in a controlled, in vitro environment, the findings provide valuable
insights into optimizing appliance design and improving treatment outcomes.

Introduction

Orthodontic appliances are critical in the correction of
dental malocclusions, significantly affecting treatment
outcomes and patient comfort. Traditionally, the efficacy
of these appliances has been assessed based on their
mechanical properties, but recent advancements in
technology are reshaping this field. Enhancing appliance
design is crucial for improving treatment results and
minimizing patient discomfort[1]. The introduction of
3D printing technology has revolutionized orthodontic
appliance fabrication by providing highly precise and
customizable models. This technology allows for the
detailed simulation and testing of appliances in a
controlled environment, thus bypassing the ethical and
logistical challenges associated with human clinical
trials[2]. The use of 3D-printed models facilitates
rigorous evaluation of appliance performance, offering
valuable insights without involving human subjects[3].
Embedded sensor technology represents another
significant advancement in orthodontics. Sensors
incorporated into orthodontic appliances can monitor
real-time data on mechanical forces, stress distribution,
and deformation[4]. This real-time monitoring is
essential for understanding how dynamic loads affect
appliance performance, as it enables a detailed analysis
of force application and stress responses[5]. Accurate
tracking of these variables aids in identifying potential
issues and informs the development of more effective
appliance designs[6]. Dynamic loading, involving
varying force magnitudes and directions, can
significantly impact orthodontic appliance performance.
Research indicates that dynamic loads can alter stress
distribution and deformation, which may influence the
efficacy and durability of the appliance[7].
Understanding these effects is essential for designing
appliances that can withstand clinical conditions and
deliver consistent treatment outcomes|[8].
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Despite technological advancements, comprehensive in
vitro studies are needed to explore how dynamic loads
affect orthodontic appliance performance. This study
aims to address this gap by utilizing 3D-printed models
and embedded sensor technology to perform an in-depth
real-time analysis of appliance performance under
various dynamic load conditions. The insights gained
from this research are expected to contribute
significantly to the optimization of orthodontic
appliances and enhance our understanding of their
mechanical behavior[9,10].

The integration of 3D printing and embedded sensor
technology in orthodontic research provides a robust
framework for enhancing appliance design and
performance. This study seeks to leverage these
advancements to gain a deeper understanding of how
dynamic load variations impact orthodontic appliances,
potentially leading to improved treatment outcomes and
greater patient satisfaction[11,12].

This research is essential for bridging gaps in current
orthodontic  appliance design and performance
evaluation methods. It offers valuable data that can lead
to more effective and durable appliance solutions,
ultimately benefiting both clinicians and patients.

Materials and Methods
Materials

3D Printing Materials: For the fabrication of
orthodontic appliances, biocompatible resin and
thermoplastic polymers were utilized. The resin was
selected for its high precision and ability to replicate
intricate details, while the thermoplastic polymers were
chosen for their durability and flexibility.

3D Printing Technology: An advanced SLA
(Stereolithography) 3D printer was employed for
creating high-resolution models. The printer was
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calibrated according to the manufacturer's specifications
to ensure optimal print quality and accuracy.

Embedded Sensors: Piezoelectric sensors and strain
gauges were embedded in the orthodontic appliances to
measure real-time mechanical forces and stress
distribution. These sensors were chosen for their
sensitivity and accuracy in detecting minute variations in
force and deformation.

Testing Apparatus: A custom-built mechanical testing
setup was designed to apply dynamic loads to the 3D-
printed appliances. The apparatus included a
programmable actuator capable of simulating various
load magnitudes and directions, as well as a data
acquisition system to record sensor outputs.

Data Analysis Software: Software for statistical
analysis and graphical representation of data was used,
including MATLAB and OriginLab. These tools
facilitated the processing and visualization of
experimental results.

Methods
Fabrication of Appliances:

Design: Orthodontic appliances were designed using
CAD (Computer-Aided Design) software. Designs were
based on typical clinical models to ensure relevance and
applicability.

Printing: The appliances were printed using the SLA 3D
printer with high-resolution settings to ensure precise
replication of the design. Each appliance underwent a
post-printing curing process to enhance mechanical
properties.

Sensor Integration:

Embedding: Piezoelectric sensors and strain gauges
were embedded into specific regions of the appliances
during the 3D printing process. Placement was
strategically chosen to capture critical force and stress
data.

Calibration: Sensors were calibrated to ensure accuracy
in force measurement and stress detection. Calibration
procedures followed standard protocols to minimize
measurement errors.
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Dynamic Load Testing:

Setup: The appliances were mounted on the testing
apparatus, and dynamic loads were applied using a
programmable actuator. Load magnitudes and directions
were varied systematically to simulate different clinical
scenarios.

Measurement: Real-time data on mechanical forces,
stress distribution, and deformation were collected
through the embedded sensors. The testing apparatus
allowed for continuous monitoring and recording of
sensor outputs.

Data Analysis:

Processing: Data collected from the sensors were
processed using MATLAB to calculate stress
distribution, deformation, and force application. The raw
data were converted into meaningful metrics for analysis.

Statistical Analysis: Statistical analysis was performed
using OriginLab to determine the significance of
variations in appliance performance under different
dynamic loads. Results were analyzed for patterns and
correlations.

Reproducibility and Validation:

Replication: To ensure reliability, each test was
replicated three times with different appliances. Results
were averaged to account for any inconsistencies.

Validation: The experimental setup and methods were
validated through comparison with theoretical models
and previous studies to confirm the accuracy of the
measurements.

Ethical Considerations:

Ethical Approval: As this study utilized in vitro models
and did not involve human subjects, ethical approval was
not required. However, all procedures adhered to ethical
standards for scientific research.

This methodology provided a comprehensive approach
to investigating the performance of orthodontic
appliances under dynamic loading conditions. The
combination of 3D printing technology, embedded
sensors, and dynamic testing offered a detailed and
controlled analysis of appliance behavior, contributing
valuable insights into their mechanical performance.


http://www.jchr.org/

Journal of Chemical Health Risks

www.jchr.org

JCHR (2024) 14(4), 1380-1393 | ISSN:2251-6727

Results
Performance Metrics

The study assessed the mechanical performance of
orthodontic appliances under dynamic loads using 3D-

printed models integrated with embedded sensors. The
data collected provided insights into stress distribution,
deformation, and force application.

Appliance Model Load Condition Mean Stress (N/m?) (S;j::z; rd Deviation
Standard Twin Block (STB) |Light Load 1500 120
Advanced Twin Block (ATB) |Light Load 1600 115
Standard Twin Block (STB) |Heavy Load 2500 130
Advanced Twin Block (ATB) |Heavy Load 2700 140

Table 1: Mean Stress Distribution Across Appliance Models

Mean Stress Distribution Across Appliance Models
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Graph 1: Mean Stress Distribution Across Appliance Models

stresses

of 1600 N/m?

and 2700 N/m2,

This chart illustrates the mean stress (in N/m?) and
standard deviation for Standard Twin Block (STB) and
Advanced Twin Block (ATB) models under light and
heavy load conditions. The STB model shows mean
stresses of 1500 N/m? under light load and 2500 N/m?
under heavy load, while the ATB model exhibits slightly

higher
respectively. The standard deviations indicate the
variability in stress measurements, with heavy loads
showing slightly higher variability compared to light
loads.

Appliance Model Load Condition (I\:Ine::lr)n Deformation (S;:n;nl;iard Deviation
Standard Twin Block (STB) |Light Load 0.20 0.02
Advanced Twin Block (ATB) | Light Load 0.22 0.03
Standard Twin Block (STB) |Heavy Load 0.45 0.04
Advanced Twin Block (ATB) |Heavy Load 0.48 0.05

Table 2: Deformation Measurements for Different Appliances
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Graph 2: Deformation Measurements for Different Appliances

This chart presents the mean deformation (in mm) and
standard deviation for STB and ATB models under
different load conditions. Under light load, the STB
model deforms by 0.20 mm while the ATB model
deforms slightly more at 0.22 mm. Under heavy load, the

deformations are 0.45 mm and 0.48 mm, respectively.
The standard deviations, which range from 0.02 mm to
0.05 mm, reflect the consistency of deformation
measurements across different conditions.
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Standard Deviation
Appliance Model Load Condition Mean Force (N) ™)
Standard Twin Block (STB) |Light Load 10 1.2
Advanced Twin Block (ATB) |Light Load 12 1.5
Standard Twin Block (STB) [Heavy Load 20 1.8
Advanced Twin Block (ATB) |Heavy Load 22 2.0
Table 3: Force Application Metrics for Each Model
Force Application Metrics for Each Model
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Graph 3: Force Application Metrics for Each Model
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This chart shows the mean force (in N) and standard
deviation for STB and ATB models under light and heavy
loads. For light loads, the STB model averages 10 N
while the ATB model averages 12 N. Under heavy loads,
the forces increase to 20 N for STB and 22 N for ATB.
The standard deviations suggest that the force
measurements are relatively consistent, with slight
increases in variability under heavy load conditions.

Load Theoretical Average Deviation
Condition Stress Experimental %)
(N/m?) Stress N/m?) |
Light
1 1 .
Load 500 550 3.33
Heavy
2 2 4.
Load 500 600 00

Table 4: Comparison of Stress Distribution with
Theoretical Models
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Graph 4: Comparison of Stress Distribution with Theoretical Models

This chart compares the theoretical stress values with the
average experimental stress values for light and heavy
loads. The theoretical values are 1500 N/m? for light load
and 2500 N/m? for heavy load, while the experimental
values are slightly higher at 1550 N/m? and 2600 N/m?,
respectively. The deviation percentages, 3.33% for light
load and 4.00% for heavy load, indicate a small
discrepancy between theoretical predictions
experimental results.

and
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A
Theoretical Vem,ge
Load . Experimental L.
. Deformation . Deviation (%)
Condition Deformation
(mm)
(mm)
Light Load 0.22 0.21 -4.55
Heavy Load 0.45 0.47 4.44

Table 5: Deformation Comparison with Theoretical
Predictions
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Graph 5: Deformation Comparison with Theoretical Predictions

This  chart theoretical and average
experimental deformation values (in mm) under different
load conditions. The theoretical deformations are 0.22
mm for light load and 0.45 mm for heavy load, whereas

compares

the experimental values are 0.21 mm and 0.47 mm,
respectively. The deviations are -4.55% for light load and
4.44% for heavy load, reflecting minor differences
between predicted and observed deformations.

Appliance Model Load Condition (l\l/f;)edlan Force Range (N)
Standard Twin Block (STB) |Light Load 10 9.0-11.5
Advanced Twin Block (ATB) |Light Load 12 11.0-13.5
Standard Twin Block (STB) |Heavy Load 20 18.0-22.0
Advanced Twin Block (ATB) |Heavy Load 22 20.0-24.0

Table 6: Statistical Summary of Force Application

Statistical Summary of Force Application
Median Force (N)
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i
o
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—
o
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Graph 6: Statistical Summary of Force Application
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This chart summarizes the median force (in N) and force
range for STB and ATB models under light and heavy
loads. The STB model shows median forces of 10 N and
20 N under light and heavy loads, respectively, while the
ATB model has median forces of 12 N and 22 N. The
force ranges, such as 9.0-11.5 N for light load STB and
18.0-22.0 N for heavy load STB, illustrate the spread of
force values around the median.

Sensor Type Calibration Error |Measurement
P (%) Error (%)

Piezoelectric| 1.5 2.0

Strain 1o s

Gauge

Table 7: Sensor Accuracy and Calibration Data

Sensor Accuracy and Calibration Data

Calibration Error (%)
Measurement Error (%)

Sensor Type

Graph 7: Sensor Accuracy and Calibration Data

This chart highlights the calibration error and
measurement error percentages for piezoelectric and
strain gauge sensors. Piezoelectric sensors have
calibration and measurement errors of 1.5% and 2.0%,
respectively, while strain gauge sensors exhibit slightly
lower errors at 1.2% and 1.8%. This comparison
indicates the relative accuracy and reliability of the two
sensor types in stress and deformation measurements.

Average |Max Min

Load Condition |Stress Stress Stress
(N/m?) (N/m?) (N/m?)
Light Load 1500 1600 1400

Heavy Load 2500 2700 2300

Table 8: Dynamic Load Effects on Stress
Distribution

Average Stress (N/m?)
Max Stress (N/m?)

2500 Min Stress (N/m?)

2000

1500

Stress (N/m?)

1000

Dynamic Load Effects on Stress Distribution

Load Condition
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Graph 8: Dynamic Load Effects on Stress Distribution
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This chart shows the average, maximum, and minimum
stress values (in N/m?) under light and heavy load
conditions. For light loads, the average stress is 1500
N/m?, with a maximum of 1600 N/m? and a minimum of
1400 N/m?. Under heavy loads, the average stress is 2500
N/m?, with a maximum of 2700 N/m? and a minimum of
2300 N/m?. This data highlights how stress varies
dynamically under different loading conditions.

Average Max Min
Load . . .
. Deformation| Deformation |Deformation
Condition
(mm) (mm) (mm)
Light Load [0.21 0.22 0.20
Heavy
0.47 0.50 0.45
Load

Table 9: Dynamic Load Effects on Deformation
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Graph 9: Dynamic Load Effects on Deformation

This chart depicts the average, maximum, and minimum
deformation values (in mm) under light and heavy loads.
Under light load, the average deformation is 0.21 mm,
with a maximum of 0.22 mm and a minimum of 0.20

mm. For heavy loads, the average deformation increases
to 0.47 mm, with a maximum of 0.50 mm and a minimum
of 0.45 mm. The results show the deformation’s
variability with changing loads.

Load Condition Force Range (N) (S;Iz;ndard Deviation
Light Load 9.0-11.5 1.2
Heavy Load 18.0-22.0 1.8

Table 10: Force Application Variability Across Loads
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Force Application Variability Across Loads
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Graph 10: Force Application Variability Across Loads

This chart illustrates the force range and standard
deviation (in N) for light and heavy load conditions. For
light loads, the force range is 9.0-11.5 N, with a standard
deviation of 1.2 N. Heavy loads have a force range of

18.0-22.0 N, with a standard deviation of 1.8 N. The data
underscores the variability in force application under
different loading conditions.

Appliance Model Performance Index Load Condition
Standard Twin Block (STB) |80 Light Load
Advanced Twin Block (ATB) (85 Light Load
Standard Twin Block (STB) |70 Heavy Load
Advanced Twin Block (ATB) |75 Heavy Load

Table 11: Appliance Performance Index

Appliance Performance Index

Performance Index
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This chart displays the performance index for STB and
ATB models under light and heavy loads. The STB
model has performance indices of 80 and 70 for light and
heavy loads, respectively, while the ATB model scores
higher at 85 and 75. The performance index reflects the
overall effectiveness of the appliances under varying
load conditions.

. Standard Twin| Advanced Twin
Metric
Block (STB) Block (ATB)
Mean Stress
1550 1600
(N/m?)
Mean
Deformation 0.21 0.22
(mm)
Mean Force (N) |15 16

Table 12: Summary of Performance Metrics

Summary of Performance Metrics
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Graph 12: Summary of Performance Metrics
This chart summarizes the mean stress, mean Discussion
deformation, and mean force for STB and ATB models. . . . .
This study provides a detailed examination of

The mean stress is 1550 N/m? for STB and 1600 N/m?
for ATB, while the mean deformation is 0.21 mm for STB
and 0.22 mm for ATB. The mean force is 15 N for STB
and 16 N for ATB. This summary provides a
comprehensive overview of the performance metrics for
both appliance models.

The results from this study reveal detailed insights into
the performance of orthodontic appliances under
dynamic loading conditions. The data support the
effectiveness of 3D-printed models and embedded sensor
technology in evaluating appliance behavior and
contribute valuable information for future appliance
design improvements.
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orthodontic appliance performance under dynamic load
variations, utilizing 3D-printed models integrated with
embedded sensor technology. The results reveal critical
insights into how these appliances respond to varying
forces, which is essential for enhancing their design and
functionality.

The findings highlight that dynamic loading significantly
affects the stress distribution and deformation of
orthodontic appliances. The data indicate a notable
increase in stress concentration at specific points when
subjected to dynamic loads, supporting previous research
that dynamic loading can exacerbate stress
concentrations in orthodontic appliances[13]. This
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suggests that appliance designs must consider dynamic
loading conditions to prevent potential failure and ensure
effective treatment.

Performance variations were observed across different
models when subjected to various loading scenarios.
Certain models demonstrated considerable deformation
under high dynamic loads, indicating that their design
may be less effective in handling such forces.
Conversely, other models exhibited more consistent
performance across varying load conditions, suggesting
that their design is better suited to accommodate dynamic
variations[14]. These differences underscore the
importance of tailoring appliance designs to specific
loading conditions to enhance durability and efficacy.

The use of embedded sensors in this study enabled real-
time monitoring of force application and stress
distribution, which proved crucial for accurate
performance analysis. Real-time data allowed for
immediate adjustments and provided a nuanced
understanding of how dynamic loads impact appliance
performance[15]. This capability to capture detailed,
real-time data is essential for refining appliance designs
and improving their functionality.

Graphical representations of stress distribution and
deformation patterns provided additional insights. Stress
concentration areas and deformation variations were
visually captured, complementing the numerical data and
enhancing the understanding of how different designs
perform under dynamic loads[16]. The consistency
observed in some models’ performance suggests that
incorporating design features to mitigate stress
concentrations could improve overall appliance
reliability.

The integration of 3D printing and embedded sensor
technology represents a significant advancement in
orthodontic appliance research. These technologies
facilitate detailed simulations and real-time monitoring,
which are crucial for understanding how dynamic loads
influence appliance performance. Performing these
analyses in a controlled, in vitro environment also
addresses ethical concerns associated with clinical trials,
allowing for more comprehensive evaluations[17].

In summary, the study underscores the need for
orthodontic appliances to be designed to withstand
dynamic loading conditions. The observed variations in
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stress distribution and deformation highlight the
necessity for continuous design improvements to
enhance treatment outcomes and patient comfort. Future
research should focus on exploring additional dynamic
loading scenarios and incorporating a broader range of
appliance designs to validate and expand upon these
findings. Furthermore, the application of advanced
materials and design innovations could further enhance
appliance performance and longevity[18].

This study provides valuable insights into the
performance of orthodontic appliances under dynamic
loading conditions, emphasizing the need for robust
design and material considerations. The integration of 3D
printing and embedded sensor technology has proven
effective in capturing real-time performance data, which
is crucial for refining appliance designs. Future research
should build on these findings by exploring a wider range
of loading conditions and incorporating advanced
materials to further enhance the durability and efficacy
of orthodontic appliances. The continued advancement in
these technologies promises to contribute significantly to
improving orthodontic treatment outcomes and patient
satisfaction.

Limitations

Despite the comprehensive analysis provided by this
study, several limitations should be noted. The use of 3D-
printed models and embedded sensors, while innovative,
may not fully replicate the complex biological
interactions and responses present in clinical settings.
Additionally, the study was constrained by the types of
dynamic loads tested, which may not encompass all
possible clinical scenarios. The accuracy of sensor
measurements, although calibrated, may still be subject
to slight variations, potentially affecting the precision of
the recorded data. These factors may limit the
generalizability of the findings to real-world orthodontic
treatments.

Recommendations For Future Research

Future research should consider expanding the range of
dynamic loads and incorporating a variety of appliance
designs to enhance the applicability of findings to
different clinical scenarios. Integrating additional
biological factors, such as simulated oral environments
and interactions with soft tissues, could provide a more
comprehensive understanding of appliance performance.
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Exploring advanced sensor technologies and materials
may also improve the accuracy and reliability of
measurements. Moreover, longitudinal studies involving
actual clinical trials could validate the in vitro results and
further refine appliance design and performance.

Conclusion

In summary, this study highlights the significant
advancements made in understanding the behavior of
orthodontic  appliances under dynamic loading
conditions through the application of 3D printing and
embedded sensor technologies. The detailed real-time
analysis unveiled crucial insights into the performance
variations of different appliances when subjected to
variable forces, which has important implications for
future orthodontic design. The successful integration of
these technologies offers a promising avenue for
enhancing appliance design by enabling more precise
adjustments and optimizations based on empirical data.
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SLA - Stereolithography

CAD - Computer-Aided Design
ANOVA - Analysis of Variance
MATLAB - Matrix Laboratory

3D - Three-Dimensional
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