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Abstract: Aim: Class II Division I malocclusion poses significant challenges in orthodontics.
The combination of a Herbst appliance and miniscrew anchorage emerged as a practical
solution to improve skeletal and dental outcomes. This study employed finite element
analysis to evaluate the biomechanical effects of a miniscrew-supported Herbst appliance
on mandibular advancement and dentition movement. Methods: High-definition CBCT
scans captured the maxilla and mandible’s detailed dental anatomy. The scans were stored
in DICOM format for seamless integration with Mimics software (Mimics Innovation Suite
research version 21.0, Materialise NV, Leuven, Belgium) for 3D reconstruction and model
refinement. The appliance, designed with a maxillary fixed palatal arch and mandibu-
lar acrylic splint connected by telescoping rods, incorporated titanium TADs and elastic
chains. STL models were optimized in Geomagic x Design for finite element analysis in
Abaqus, assigning validated mechanical properties for materials. Tetrahedral meshing
and realistic boundary conditions simulated biomechanical interactions. Tetrahedral C3D4
elements were used for meshing, ensuring a balance between computational efficiency
and detailed anatomical representation. Tetrahedral meshing and realistic boundary con-
ditions simulated biomechanical interactions. Dynamic simulations in CATIA evaluated
mandibular movement. FEA analyzed displacement across dentoalveolar structures along
the X, Y, and Z axes to assess treatment efficacy and biomechanical stability. Results: The
Z displacement analysis revealed that the incisal edges of the lower central, lateral, and
canines shifted lingually by 0.41, 0.4, and 0.47 mm, respectively. Additionally, the apices
of the lower central, lateral, and canines displaced backwards by 0.05 mm, 0.05 mm, and
0.07 mm, respectively. Conclusions: The appliance facilitated mandibular advancement,
bodily retracted the lower incisors, well-controlled the upper ones, and mesial-tipped the
upper posterior teeth. In contrast with traditional functional appliances, it caused the lower
anterior teeth to move backwards, while skeletal anchorage overcame some shortcomings
of nonsurgical treatments. This method might be a good treatment option for growing
skeletal Class II patients.
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1. Introduction
Class II Division I malocclusion management presents persistent challenges within or-

thodontics, often necessitating innovative solutions to achieve optimal outcomes [1]. Many
therapeutic appliances are available for treating patients with Class II malocclusion [2]. Re-
movable functional appliances (such as Twin Block, Frankel, Activator, and myofunctional
appliances) and fixed functional appliances (such as multibracket appliances combined
with elastics, Carriere Motion, Forsus, and the Mandibular Anterior Repositioning Appli-
ance (MARA)) are aimed at correcting the intermaxillary relationship and the overjet [3–6].
Fixed functional devices include Herbst appliances, which are noncompliance appliances
used for the correction of skeletal Class II malocclusions, first proposed by Emily Herbst
and developed by Hans Pancherz [7,8].

This device determines both skeletal and dental effects, including forward displace-
ment of the mandible, reduction in sagittal growth of the maxilla, forward displacement of
the mandibular arch, and distalization of the upper maxillary arch [8].

While skeletal results are favorable, dental effects such as palatal tipping of upper
incisors and labial flaring of lower ones, as well as uncontrolled movement of posterior
teeth, could reduce the mandibular growth response due to an excessive reduction in the
overjet [9]. Therefore, several modifications of the original design have been proposed.

The MTH (Manni Telescopic Herbst) appliance (American Orthodontics, Sheboygan,
WI) is particularly characterized by the presence of a lower acrylic splint, which prevents
the flaring of the lower incisors [10]. To prevent anchorage loss, some studies proposed
to combine Temporary Anchorage Devices (TADs) with functional appliances, reducing
unwanted dental effects [11–13].

In the orthodontics field, finite element analysis (FEA) was widely used for evalu-
ating the stress and deformation of complex structures. It is a useful tool for predicting
tissue responses through the observation of areas of stress created by force systems. This
non-invasive and accurate method provides detailed data on the physiological reactions
potentially occurring in tissues. In the specific case, finite element analysis can be suitable
for evaluating the effects of combining functional appliances and miniscrews to increase
control in orthodontic treatments [14].

It is known that miniscrews provide a stable anchorage system that enhances biome-
chanical improvements in tooth and skeletal movement and ensures more predictable
outcomes in complex orthodontic cases [15]. In this context, FEA plays a crucial role, offer-
ing detailed simulations of the mechanical interactions between the appliance, the screws,
and the craniofacial structure, thus informing safer and more effective treatment plans [16].
Some studies have highlighted the potential of using FEA to evaluate orthodontic devices’
material properties and biomechanical performance under various loading conditions.
These analyses aid in understanding the distribution of stresses and strains that affect the
appliance and the surrounding biological structures, ensuring that the devices are both
practical and minimally invasive [17,18].

Despite promising clinical results [10–13], no previous finite element analysis was
performed simulating the combination of an Acrylic Splint Herbst Appliance and skeletal
anchorage in both the upper and lower arch.

Therefore, this study aims to contribute to the growing evidence supporting advanced
anchorage and assessment techniques in orthodontics, where miniscrews and functional
appliances are used together, providing a comprehensive overview of the technologies’
potential benefits and applications in clinical practice.

Moreover, this design introduces a novel approach that integrates functional appli-
ances and miniscrews with elastic chains in both the arches. It leverages the precision of
finite element analysis (FEA) to evaluate the appliance’s effects on the skeletal structure.
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In particular, this research aims to assess the position of the upper and lower dentition,
especially the lower and upper incisors. Using FEA, the study quantifies the changes
induced by this appliance along the X, Y, and Z axes, providing a three-dimensional view of
the resulting orthodontic movements. Figure 1 provides a graphical abstract of this article.
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Figure 1. Schematic diagram of the main contents of the present study.

2. Materials and Methods
This study is a computational analysis conducted using archived Cone Beam Com-

puted Tomography (CBCT) data. Ethical approval was not required since no direct patient
involvement occurred and all data were anonymized before analysis. This approach aligns
with institutional and ethical guidelines for retrospective studies using previously recorded
imaging data.

To perform FEA analysis, the following procedure was applied.

2.1. Imaging

High-definition CBCT scans of a skeletal Class II patient with permanent dentition
were acquired to accurately capture the patient’s maxilla and mandible’s intricate bony and
dental anatomy. The scans were taken with a 0.25 mm slice thickness to optimize detail
resolution. The DICOM format was used for image storage, ensuring seamless integration
with 3D modeling software for further processing.
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2.2. Three-Dimensional Reconstruction and Model Preparation

The DICOM data were imported into Mimics software for precise 3D reconstruction
of dental and maxillofacial structures. The software used in this study includes Mimics
21 (Materialise, Leuven, Belgium), CATIA V5R21 (Dassault Systèmes, Vélizy-Villacoublay,
France), and Abaqus 2024 (Dassault Systèmes, Vélizy-Villacoublay, France). These software
packages were utilized for image processing, 3D modeling, and finite element analy-
sis, respectively.

A robust segmentation process enabled the isolation of individual anatomical fea-
tures, followed by advanced 3D reconstruction. Post-reconstruction refinements, such as
smoothing and defect correction, were conducted to enhance model fidelity.

2.3. Appliance Design

◦ The appliance comprises a maxillary fixed palatal arch connected by two telescoping
rods to a mandibular acrylic splint. The rods permit forward mandibular movement
along with a lower splint. The trans palatal arch is bonded onto the upper first
molars. A second trans palatal arch, not connected to the first one, is placed onto
two miniscrews inserted in the T-zone between the upper canine and the first upper
premolar teeth. The upper TADs were titanium, with a length of 11 mm and a diameter
of 2 mm (TAD for expanders, D2 L11 mm; Leone, Sesto Fiorentino, Italy). Bilateral
elastic chains (Memory Chain, 150/200 g for each side; American Orthodontics,
Sheboygan, Wis) connect the two palatal arches. The applied forces were derived
from established biomechanical studies and validated clinical protocols to ensure
physiologically relevant load distribution [10].

◦ In the mandible, auxiliary buttons were bonded on the buccal surface of the lower
cuspids, and two 1.4 mm × 8 mm TADs (Osstem, Seoul, Republic of Korea) were
placed bilaterally between the second premolar and first molar in the attached gingiva,
with an insertion angle of about 45◦. Elastic chains (Memory Chain, 150/200 g for each
side; American Orthodontics, Sheboygan, Wis) were applied between the buttons and
the lower miniscrews. The force provided by the elastic chains should be as parallel
as possible to the occlusal plane (horizontal, depending on the bone availability). This
protocol is defined as a Skeletal Therapy Manni Telescopic Herbst 4 TAD (STM4).
Figure 2 shows the appliance design from a lateral perspective at baseline.

2.4. Boundary Conditions

In this study, the boundary conditions were defined to replicate real-world mechanical
behavior as accurately as possible. The force was applied to the telescopic component,
inducing its controlled expansion. This predefined displacement from the closed to the
open position generated forces transmitted to the splints and subsequently to the teeth.
By implementing this approach in the computational model, we ensured that the force
application and system interactions closely mimicked clinical conditions. We will clarify
this methodology in the revised manuscript for improved transparency.

Figure 3 shows a lateral view of the appliance design after mandibular advancement.
Figure 4 depicts the boundary and loading conditions applied in the finite element

analysis (FEA) model to simulate the biomechanical behavior of the maxillary and mandibu-
lar structures under forces. The arrows represent the forces exerted from the applliace to
the mandible (forward movement).
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Figure 2. Lateral view of the appliance design before mandibular advancement.

The boundary conditions include fixed supports at key points of the model to sim-
ulate the constraints of the model. At the same time, the applied forces represent the
load exerted by the functional appliance. These conditions are crucial for accurately as-
sessing the stress distribution, strain, and displacement patterns during the mandibular
advancement simulation.

Figure 5 clearly illustrates the Periodontal Dental Ligament (PDL) and its distinct
mechanical properties compared to the teeth and the bone.

Friction coefficients and contact conditions between various components are defined
as follows:

• PDL with bone and PDL with tooth: a friction coefficient of 0.3 has been assigned to
both interfaces to simulate the interaction between the periodontal ligament (PDL)
with bone and tooth structures.

• Tooth with resin splint: similarly, a friction coefficient of 0.3 has been defined between
the tooth and the resin splint to represent their interaction accurately.

• TAD (Temporary Anchorage Device) with bone: a fully bonded contact has been
assumed between the TAD and bone, reflecting the osseointegration and stable an-
chorage typically observed in clinical scenarios.
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• Cortical and cancellous bone interface: a fully bonded contact has been considered
between cortical and cancellous bone layers, ensuring unified mechanical behavior
under loading conditions.

• Titanium components: to accurately simulate their interaction, a friction coefficient of
0.12 has been defined between the titanium components.
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2.5. Geometric Optimization in STL Format

The STL models generated from Mimics were further refined in Geomagic x Design to
prepare for finite element analysis. This step involved automated and manual correction
of open meshes, surface irregularities, and non-uniform edge profiles to achieve optimal
model integrity for meshing and simulation.

2.6. Finite Element Model Development

The optimized STL models were imported into Abaqus, where essential mechanical
properties were assigned based on validated data:

• Titanium: elastic modulus of 113,000 MPa; Poisson’s ratio of 0.33.
• 316L stainless steel: elastic modulus of 200,000 MPa; Poisson’s ratio of 0.3.
• Bone and dental structures: the elastic moduli are set at 2000 MPa and 20,000 MPa,

respectively, with a Poisson’s ratio of 0.3.



Oral 2025, 5, 27 7 of 15

• Periodontal ligament (PDL): represented with an elastic modulus of 0.5 MPa and a
Poisson’s ratio of 0.49 to simulate its biomechanical properties.
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Figure 5. Periodontal ligament conditions in the FEA simulation.

Material properties for each component used in the FE model can be seen in Table 1.
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Table 1. Material properties for each component used in the FE model.

Material Elastic Modulus (MPa) Poisson’s Ratio Reference

Titanium 113,000 0.33 [3]

316L stainless steel 200,000 0.3 [1,2]

Bone 2000 0.3 [1,2]

Tooth 20,000 0.3 [1,2]

Periodontal ligament (PDL) 0.5 0.49 [1,2]

2.7. Mesh Generation and Boundary Conditions

Meshing was performed using tetrahedral C3D4 elements, which balanced compu-
tational efficiency and detailed anatomical representation. Boundary conditions were
rigorously defined to simulate physiological constraints, including fixed points for anchor-
age and mobile interactions for dynamic analysis. Contact properties between the PDL
and bone, teeth, and orthodontic appliances were precisely modeled to replicate realistic
biomechanical interactions. Table 2 shows the number of nodes. Mesh convergence analysis
can be seen in Scheme 1.

Table 2. The number of nodes for each material.

Component Number of Elements Number of Nodes Type of Element

Teeth 53,704 141,630 Tetrahedral C3D4

Miniscrews 16,307 45,659 Tetrahedral C3D4

Mandible 98,537 261,987 Tetrahedral C3D4

Maxilla 79,618 206,193 Tetrahedral C3D4

PDL 8370 24,188 Tetrahedral C3D4

Splint 13,907 39,052 Tetrahedral C3D4

SS 316L 12,706 36,212 Tetrahedral C3D4
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2.8. Dynamic Simulation in CATIA

The refined 3D models were imported into CATIA’s DMU kinematic module for
kinematic analysis. Customized motion constraints were applied to simulate mandibular
advancements and related dental displacements, aligning with patient-specific treatment
protocols. This phase enabled the evaluation of mandibular response and stress transmis-
sion across dentoalveolar structures under controlled conditions.

2.9. Finite Element Analysis and Evaluation of Results

Advanced FEA simulations were conducted in Abaqus, focusing on analyzing stress
distribution, strain, and deformation patterns within the maxillary and mandibular com-
plexes under orthodontic forces. Displacement vectors were extracted and interpreted to
assess biomechanical stability, appliance efficacy, and potential areas of excessive stress, en-
suring precise insights for clinical implications and treatment optimization. Figures 6 and 7
show the lateral and frontal views of finite element analysis after mandibular advancement.
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FEA provided three-dimensional results with respect to displacement. The movement
along the X-axis indicates the amount of displacement to the left and right. The plus value
indicates the right movement and the minus value indicates the left movement. Movement
along the Y-axis represents vertical displacement (upward and downward). The plus
sign indicates upward movement and the minus sign indicates downward movement.
Meanwhile, movement along the Z-axis reflects the anterior–posterior displacement of the
teeth. A plus sign indicates a forward movement and a minus sign indicates a backward
movement. The following skeletal points were considered in the analysis: Pogonion (Pog),
Menton (Me), Point B, and Point A. For dental evaluation, the following points were
considered: the incisors’ incisal edge, the crown center of the posterior teeth, and the apex
of the upper and lower central incisors, lateral incisors, canines, first and second premolars,
and first and second molars.

3. Results
The resulting displacements of the considered structures along the X, Y, and Z axes are

reported in Tables 3–5. In particular, displacements of skeletal points are reported in Table 1.
On the Z plane, forces from the appliance caused the mandible to move forward. The most
significant forward mandibular movement occurred at Point B, which was 10.18 millimeters
(mm), followed by chin prominence (the Pogonion), which was 10.11 millimeters (mm),
and the Menton, which also moved forward 8.25 mm. On the contrary, Point A moved
0.22 mm backwards. The mandible did not move in the X displacement, identifying
no lateral movements. Finally, Y displacement identifies the downward rotation of the
mandible: Point B, Pogonion, and Menton were moved downward −0.32, −0.52, and
−0.67 mm, respectively.

Table 3. Skeletal displacement.

X Displacement Y Displacement Z Displacement

Pogonion 0 −0.52 10.11

Menton 0 −0.67 8.25

A 0 −0.04 −0.22

B 0 −0.32 10.18

Table 4. Displacement of mandibular dentition.

Incisal
Edge/Occlusal Apical

X Displacement Y Displacement Z Displacement X Displacement Y Displacement Z Displacement

Central incisor 0.012516 0.086041 −0.416935 −0.000444 0.017823 −0.054445

Lateral incisor −0.022780 0.119059 −0.457540 0.000187 0.009773 −0.050505

Canine −0.015069 0.143825 −0.471170 0.000303 0.011076 −0.075545

First premolar −0.012634 0.065466 0.659029 0.000103 0.013930 0.059213

Second premolar 0.009862 0.177320 0.554165 0.000390 0.009061 0.030745

First molar 0.006544 0.078013 0.212875 −0.001413 0.006485 0.044349

Second molar −0.001394 0.154285 0.461081 0.001402 0.013069 0.036939

Displacements of lower and upper dental points are reported in Tables 4 and 5,
respectively.

Z displacement showed that the incisal edge of the lower central, lateral, and canines
moved lingually 0.41, 0.45, and 0.47 mm, respectively. On the contrary, the crown center
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of the lower first, the second premolar, and the first and second molar moved forward
0.65, 0.55, 021, and 0.46 mm, respectively. The apex of the lower central lateral and canines
moved backward 0.05, 0.05, and 0.07 mm, respectively. The upper central, lateral, and
canine incisal edges moved palatally 0.05, 0.06, and 0.08 mm, respectively. On the other
hand, the apex of these teeth was moved labially 0.07, 0.05, and 0.05 mm, respectively.

Table 5. Displacement of maxillary dentition.

Incisal
Edge/Occlusal Apical

X Displacement Y Displacement Z Displacement X Displacement Y Displacement Z Displacement

Central incisor 0.001952 −0.012080 −0.051145 −0.001623 0.023435 0.073035

Lateral incisor −0.002819 −0.017835 −0.065240 0.000991 0.002900 0.059653

Canine 0.001726 −0.012340 −0.084375 −0.000114 0.015689 0.055951

First premolar 0.002972 −0.015370 0.030957 0.000086 0.001712 −0.073715

Second premolar 0.002888 −0.016625 0.062654 −0.000579 0.008996 −0.063850

First molar 0.002126 −0.015065 0.032363 0.001781 0.017695 −0.051695

Second molar −0.001768 −0.013635 0.068918 0.002304 0.007594 −0.064980

4. Discussion
Finite element analysis (FEA) plays a crucial role in investigating orthodontic biome-

chanics and tooth movement. Several studies have utilized FEA to evaluate 3D orthodontic
force measurements and assess lingual orthodontic systems. It serves as a fundamental
assessment tool for studying growth modulation, myofunctional therapy, and analyzing
various mechanical aspects involved in orthodontic treatment planning [19–22]. With the
advancement of computing technology, there is a growing preference for virtual analysis
and tools that cater to the evaluation of mechanical properties in hard and soft facial tis-
sues, osteosynthesis materials, implant components, and various biological and synthetic
bone substitutes. These tools offer a more accurate, reproducible, safe, and cost-effective
approach, regardless of the complexity of the materials. Finite element analysis (FEA) effec-
tively meets this demand by enabling the generation of models that provide insights into
the biological responses of bone to biomechanical changes. Additionally, FEA allows the
simulation of numerous complementary components to assess their impact on the tested
subject and the adjacent anatomical structures [23]. Functional appliances, stimulating
mandibular advancement, have been used for over a century to treat Class II malocclusion.
The Herbst appliance is effective and efficient in treating Class II Division I malocclusions
resulting from mandibular deficiency, as it does not depend on patient compliance [7,8,24].
Research indicates that the Manni Telescopic Herbst (MTH) can help manage the dental
side effects associated with the Herbst appliance by combining lower and upper TADs
with elastomeric chains. In particular it reduces buccal flaring of lower incisors and palatal
tipping of the upper ones, preserving the overjet needed for a proper skeletal advancement.
Additionally, the lower splint better control both the occlusal plane (limiting the clockwise
rotation of the mandible) and the inclination of the lower incisors [10,11].

In this study, the displacement of the mandible and movement of lower and upper
dentition were investigated by FEA in a fixed functional appliance for a Class II Division I
malocclusion. This study showed that the mandible was moved forward, the clockwise
rotation of the lower jaw was limited, while the lower incisors were retracted. The lower
and upper dentition movements were negligible in X displacement and Y displacement.
This study emphasizes that the incisal edge of the lower incisors was moved lingually. At
the same time, the apex of the lower incisors was moved in a backward position, which
shows that the lower incisors were moved bodily in a backward position. On the contrary,
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in most functional appliances, the lower anterior teeth move forward [7,25,26]. However, in
this appliance, not only did the lower anterior teeth not move forward, but they were also
moved backwards, with great anchorage control. This study also showed that the incisal
edge and the apex of the upper incisors were almost stable, confirming proper control also
in the upper arch. Looking at the posterior teeth, the crown and apex of the lower first
and second premolars and first and second molars moved slightly forward, resulting in
a bodily movement. On the other hand, the crown of the upper posterior teeth moved
mesially, while the apex of the posterior segment was displaced distally. This indicates a
mild tipping movement of the upper posterior teeth.

As highlighted in this article, incorporating skeletal anchorage can address the limita-
tions of traditional nonsurgical treatments for Class II Division I patients. In these patients,
the malocclusion is usually managed through dental camouflage techniques such as procli-
nation of the lower incisors, retroclination of the upper incisors, and clockwise rotation of
the occlusal and mandibular planes. All these dental compensations seem to be reduced
when combining an MTH Herbst appliance and skeletal anchorage in both the upper and
lower arch. Therefore, the STM4 protocol could be a viable alternative for correcting skeletal
Class II malocclusion, reducing dental compensations and increasing the skeletal outcome,
as observed in clinical practice [27]. Other FEA studies analyzing mandibular advancement
devices without skeletal anchorage have observed a greater distribution of stress across
all teeth, leading to forward movement of the mandibular teeth and periodontal ligament
while shifting the maxillary teeth and periodontal ligament backwards [28]. On the other
hand, when the appliance is combined with skeletal anchorage, a greater skeletal correction
in growing children with minimal alterations in the inclination of the lower incisors was
observed [29].

Implants, mini-implants (or miniscrews), and miniplates have been proposed as an-
chorage devices to enhance orthodontic biomechanics. Miniplates offer absolute anchorage
because they are anchored outside the alveolar bone, supported by dense trabecular struc-
tures and thick cortical bone. However, they are more invasive. On the contrary, miniscrews,
despite having certain limitations, particularly when subjected to multiple forces or high-
force magnitudes, and despite their placement being dependent on bone availability, are
widely used and can be easily managed by orthodontists.

4.1. Limitations

The reliability of the present model may have been affected by certain methodological
limitations, including the use of a single subject’s CT scan, variations in material properties,
and the discrepancy between anatomic modeling and the realistic behavior of peri-oral
muscles and soft tissue, as their activation was not considered. To overcome these limita-
tions, future studies should incorporate different force levels and diverse craniofacial forms
and growth patterns, utilizing a larger sample size with age-specific material properties.
This would provide a more comprehensive understanding of the biomechanical behavior
of skeletally anchored FFAs.

Furthermore, advancements in imaging systems and post-processing software could
facilitate the direct segmentation of the TMJ region, articular disc, and surrounding mus-
cles, significantly improving the model’s anatomical accuracy and overall quality. These
improvements would ultimately enhance the credibility and clinical applicability of the
obtained results.

4.2. Future Directions

• Further research should incorporate multi-subject cohorts with diverse craniofacial
morphologies.
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• Advanced imaging techniques should be integrated to enable direct segmentation of
the TMJ, articular disc, and associated soft tissues for greater anatomical precision.

• Prospective clinical studies are necessary to substantiate the biomechanical insights
provided by this computational model.

4.3. Clinical Relevance

The clinical relevance of this study lies in its evaluation of a Manni Telescopic Herbst
Appliance with skeletal anchorage in both the arches as a valuable treatment option for
Class II Division I malocclusion. By combining miniscrews and elastic chains, this approach
may minimize dentoalveolar compensations in both the arches and may better control the
vertical dimension. The consequent result is greater mandibular advancement and proper
vertical control. Unlike conventional orthodontic camouflage, which can lead to undesirable
incisor proclination and clockwise rotation of the occlusal plane, this method enhances
treatment outcomes, precision, and stability. Consequently, it provides orthodontists with
a reliable and biomechanically efficient alternative, one that is particularly beneficial for
growing patients requiring comprehensive skeletal correction.

5. Conclusions
This study highlights the effectiveness of a Herbst appliance with skeletal anchorage

in treating Class II Division I malocclusion. The findings reveal that an MTH Herbst
Appliance with four miniscrews and elastic chains (STM4), distinct from classic Class
II devices, successfully advanced the mandible, controlled the vertical dimension, and
reduced dentoalveolar compensations. The appliance retracted the lower incisors, while
the upper incisors demonstrated good stability. These biomechanical effects suggest that
the appliance offers a precise and efficient solution for managing Class II malocclusion
without the drawbacks of conventional dental camouflage, particularly proclination of the
lower incisors. Therefore, incorporation of skeletal anchorage addresses the limitations of
traditional treatments, making this approach a promising one for growing patients.
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