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ABSTRACT 

This research explores how titanium (Ti6Al4V) mini-implants (MIs) respond mechanically to different 

orthodontic forces using finite element analysis (FEA), with the goal of assessing their durability and functional 

performance under conditions mimicking clinical use. Applying forces within an optimal range is crucial for 

ensuring implant stability and protecting surrounding bone tissue. A standard MI (12 mm length, 2 mm diameter) 

was simulated in FEA. The mandible was reconstructed in three dimensions from CT scans using SpaceClaim 

2023.1 and meshed with 10-node tetrahedral elements in ANSYS Workbench. Material characteristics were taken 

from the literature, and the implant–bone interface was modeled with nonlinear frictional contact. Forces of 2 N 

and 10 N were applied at a 30° angle to replicate typical clinical loading. The analysis focused on implant 

displacement, stress distribution (von Mises), strain levels, fatigue life, and safety margins. When loaded with 2 

N, the implant showed minimal movement (0.0328 mm) and could withstand approximately 445,000 cycles with 

a safety factor of 4.84. Increasing the force to 10 N drastically reduced fatigue life to 1,546 cycles, while stress 

and strain concentrations rose sharply (6.468 × 10⁵ MPa), indicating a higher probability of implant failure and 

bone damage. These results identify the threshold at which excessive force jeopardizes MI stability and peri-

implant bone integrity. The findings emphasize that maintaining orthodontic forces near 2 N is critical for 

prolonging MI lifespan and safeguarding bone. Forces beyond this optimal range, such as 10 N, significantly 

compromise implant durability and increase failure risk, highlighting the importance of careful force management 

in orthodontic treatments. This study offers practical insights to improve MI performance and clinical outcomes. 
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Introduction 

Orthodontic mini-implants (MIs) have become widely adopted as temporary anchorage devices (TADs) because 

they provide dependable support for various tooth movements. However, their clinical reliability is still limited 

by failure rates reported between 5% and 30%, which are influenced by insertion site, individual patient factors, 

and the magnitude or direction of applied forces [1–4]. Most failures are linked to inadequate primary stability, a 

critical factor that ensures the implant maintains firm mechanical engagement with surrounding bone under 

orthodontic loading [5, 6]. Cortical bone thickness at the implantation site plays a major role in this stability, with 

studies suggesting higher success rates in thicker bone areas such as the anterior palate compared to buccal or 

interradicular regions [7]. Yet, the effect of varying cortical bone thickness on MI performance, particularly under 

different force levels, remains poorly understood. Insufficient cortical support can generate localized stress 
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concentrations, trigger microfractures, and ultimately cause implant loosening, undermining treatment 

effectiveness [8, 9]. 

The distribution of mechanical stress during orthodontic treatment is heavily influenced by cortical bone 

characteristics. While thin cortical layers are known to experience higher stress under loading, the consequences 

for MI stability and bone adaptation have not been fully clarified [8]. Optimizing implant design, insertion angle, 

and site selection is therefore essential to achieve reliable mechanical stability [10–12]. Recent technological 

advances—including finite element analysis (FEA), 3D digital simulations, and innovative material designs—

allow clinicians and researchers to better predict stress patterns and customize treatment strategies [13–18]. For 

example, studies have demonstrated that inserting implants at an oblique angle can lower stress concentrations in 

cortical bone, potentially reducing failure risk [4, 19]. Moreover, the use of titanium alloys with mechanical 

properties closer to natural bone minimizes stress shielding, further supporting long-term implant stability [20, 

21]. 

Despite these advancements, few studies have systematically investigated how cortical bone thickness interacts 

with applied orthodontic forces to affect MI stability. This study addresses that gap by analyzing stress distribution 

and mechanical behavior of MIs across varying cortical thicknesses using FEA. The findings aim to guide 

clinicians in selecting optimal implant sites and force levels to enhance both the durability of MIs and the health 

of surrounding bone. 

Materials and Methods 

Geometric modeling 

A commercially available titanium (Ti6Al4V) MI (Jeil Medical Corporation, Seoul, South Korea), measuring 12 

mm in length and 2.0 mm in diameter, was digitally modeled for finite element analysis (FEM) (Figure 1a). High-

resolution computed tomography (CT) scans of the mandible (DEXIS, Biberach, Germany) were obtained and 

processed to capture accurate anatomical geometry (Figure 1b). Using SpaceClaim 2023.1, three-dimensional 

solid models of the mandible and MI were reconstructed and assembled into a comprehensive FEM model (Figure 

1c), allowing precise simulation of implant–bone interactions under orthodontic loading. 

Figure 1. Overview of the finite element modeling process for an orthodontic mini-implant (MI) and surrounding 

bone structures: (a) A commercially available titanium MI with a 2 mm diameter was digitally modeled using the 

finite element method; (b) Mandibular geometry obtained from CT scans and converted to STL format; (c) The 

assembled 3D model discretized into finite elements (left) with a detailed view of the MI region and adjacent 

anchorage area (right). 

Simulation setup 

The MI was positioned in the interproximal region between the premolar and molar. The complete model was 

imported into ANSYS 2021 (ANSYS, Inc., Canonsburg, PA, USA) for finite element analysis and discretized 

using automatic 10-node tetrahedral elements. All components, including bone, teeth, the periodontal ligament, 

and the MI, were treated as linear elastic, isotropic, and homogeneous materials. Material properties were assigned 

based on previously published data (Table 1). The tooth–periodontal ligament interface was assumed to be 

perfectly bonded, while the MI–bone interface was modeled with frictionless contact (friction coefficient = 0). 

 

Table 1. The material properties utilized in the finite element analysis were modeled based on specific 

characteristics to ensure accuracy and realism [22] 

Material/Component Elastic Modulus (MPa) Poisson’s Ratio 

Bracket 380,000 0.19 

Mini-Implant 110,000 200,000 0.3 

Tooth 84,100 0.2 

PDL 68.9 0.45 

Cortical bone 17,000 0.3 

Spongy bone 350 0.25 

 

Orthodontic loading was simulated by applying forces of 2 N and 10 N at a 30° inclination from the vertical (Y) 

axis. These forces were transmitted from the MI toward the molar through the connector tube, closely replicating 
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the biomechanical conditions of molar intrusion supported by skeletal anchorage. This oblique force application 

mirrors clinical load distribution during orthodontic procedures and enables a realistic evaluation of stress and 

strain patterns within the periodontal ligament, alveolar bone, and adjacent tissues. 

FEA model specifications 

Table 2 summarizes the key parameters used in the finite element analysis (FEA) for this study, providing a 

detailed overview of the modeling setup. Each parameter listed in the table corresponds to specific aspects of the 

FEA model, as briefly described below: 

 

Table 2. Finite element analysis model parameters 

FEA Parameter Property 

Property discretization 

(nodes/elements) 
356,422/229,672 

Element 10 node tetrahedron 

Software ANSYS Workbench 19.2, Canonsburg, PA, USA 

Material model Isotropic, homogeneous, linear 

Contact model Friction (nonlinear, friction coefficient = 0 between mini-implant and bones), bonded (linear) 

Loading Oblique (0.1–10 N) (30°, 45°, 60°) 

Mini-implant type Threaded, diameter: 2.0 mm, 12.0 mm length 

Boundary conditions 100% osseointegration 

 

1. Discretization (nodes/elements): This parameter reflects the total number of nodes and elements 

incorporated in the finite element model. A higher density of nodes and elements allows for a more 

precise representation of the geometry and the interactions within the model. 

2. Element type: This refers to the specific finite elements employed, which in this study are 10-node 

tetrahedral elements. These elements subdivide the geometry and enable calculation of the structural 

response under applied loads. 

3. Software: The computational platform used to run the simulations is ANSYS. 

4. Material properties: The model assumes isotropic, homogeneous, and linear material behavior, meaning 

the material characteristics remain consistent in all directions and positions, and deformation responds 

linearly to applied loads. 

5. Contact modeling: Interactions between different components are simulated using nonlinear frictional 

contact for the MI–bone interface, while other contacts, such as between teeth and periodontal ligament, 

are considered perfectly bonded. 

6. Loading conditions: Orthodontic forces were applied obliquely, with magnitudes of 2 N and 10 N, 

replicating real-world clinical scenarios. 

7. MI specifications: The characteristics of the mini-implants, including dimensions and thread design, are 

defined here. 

8. Boundary conditions: Full osseointegration is assumed, indicating that the MI is completely anchored to 

the bone, with no relative motion at the interface. 

Results and Discussion 

A structural static analysis was conducted under the assumption of an undamped system and uniform material 

properties. Stiffness was modeled using the linear, isotropic material characteristics. Results for the 2 N loading 

condition are described below. The MI was inserted 7 mm into the bone, positioned perpendicular to the cortical 

and cancellous surfaces (90°), and subjected to a 30° inclined orthodontic force relative to the vertical axis (Y). 

Key findings: Displacement, von mises stress, and strain 

Finite element analysis (FEA) revealed detailed insights into the MI’s mechanical response under applied 

orthodontic loads, focusing on total displacement, von Mises stress, and equivalent strain. The displacement 

results (Figure 2a) indicated a maximum movement of 0.032799 mm at the free end of the MI, consistent with 
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the expectation that bending forces produce the largest deflection at unconstrained regions, while the threaded 

portion remains anchored. Von Mises stress distribution (Figure 2b) showed a peak stress of 99.237 MPa 

localized in the threaded section, aligning with common failure zones observed clinically. Equivalent strain 

analysis (Figure 2c) revealed a maximum strain of 0.00090338, also concentrated in the threaded area. The 

concurrence of high stress and strain in this region underscores its vulnerability to fatigue and potential failure 

under repeated loading. 

The practical relevance of these simulations is confirmed in Figure 2d, which displays a fractured MI occurring 

precisely at the location predicted by the FEA to experience the highest stress. This agreement between 

computational predictions and physical failure validates the model and confirms the accuracy of the stress and 

strain distributions obtained from the analysis. 

 

 
 

a b 

  

c d 

Figure 2. Mechanical response of the mini-implant under a 2 N load applied at a 30° angle: (a) Overall 

displacement; (b) von Mises stress distribution; (c) Equivalent strain mapping; (d) Physical fracture of the MI 

upon removal, occurring precisely at the location predicted by the FEA as the highest stress concentration. 

Safety assessment of the MI: Safety factors, margins, and stress ratios 

The calculated safety factors for the MI are illustrated in Figure 3a. The lowest safety factor, 4.8369, occurs at 

the node experiencing the highest stress, indicating that the implant safely meets structural strength requirements 

under a 2 N orthodontic load. This factor represents the ratio of the material’s yield strength to the von Mises 

stress at the critical point. For this study, the yield strength of the titanium MI was experimentally determined to 

be 480 MPa. 

The corresponding safety margin is presented in Figure 3b, with a minimum value of 3.8369, further confirming 

that the MI remains well within safe operational limits. Figure 3c depicts the stress ratio, defined as the calculated 

stress divided by the material’s yield strength. The maximum stress ratio is 0.20674, located at the node with the 
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peak von Mises stress, highlighting that the MI operates far below its material limits under the applied 2 N loading 

condition. 

 
 

a b 

 
c 

Figure 3. Evaluation of mini-implant safety under a 2 N load: (a) Safety factor distribution (σc/σMax); (b) 

Corresponding safety margin ((σc/σMax) − 1); (c) Stress ratio (σMax/σc) 

Fatigue performance of the mini-implant at 2 N: Predicted lifespan and failure risk 

Fatigue behavior of the MI was analyzed under a symmetric alternating loading pattern, using the ASME elliptical 

approach [23]. Lifespan predictions were based on von Mises equivalent stress, applying a scale factor of 1. The 

analysis indicates that the implant can endure approximately 444,500 cycles without experiencing fatigue damage 

under a 2 N orthodontic load. Examination of Figures 4a–c shows that the lowest predicted fatigue life is 

concentrated in a very small region, while most of the implant material demonstrates a considerably longer fatigue 

life of about 1,000,000 cycles. The highest local factor, 2,250, corresponds to the node where fatigue life is 

minimal, representing roughly 2.5 times the surrounding material’s value. Fatigue safety factors, illustrated in 

Figure 4c, show a minimum value of 0.86863 at the most stressed node, highlighting the region most prone to 

fatigue-related failure. 
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Figure 4. Outcomes for mini-implant endurance under a 2 N force: (a) Endurance; (b) Failure; (c) Fatigue 

safety factors 

Fatigue behavior of the MI under a 10 N orthodontic load: Life span, safety margins, and failure assessment 

The operating duration of the mini-implant under safe fatigue conditions for a 10 N orthodontic force is illustrated 

in Figure 5a. The results indicate that the MI can function without failure for 1,546 cycles, which is 287.48 times 

shorter than under a 2 N load. Therefore, a 10 N force significantly reduces the defect-free lifespan of the MI 

compared to a 2 N load. The failure pattern is depicted in Figure 5b, where the maximum value of 6.468 × 10⁵ at 

the node with the lowest fatigue life is 6.468 × 10² times higher than in the rest of the implant. The corresponding 

fatigue safety factors are shown in Figure 5c, with the lowest safety factor of 0.17704 occurring at the node 

experiencing the highest stress. 
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Figure 5. Mini-implant performance results under a 10 N force: (a) Endurance; (b) Failure; (c) Fatigue safety 

factors 

When subjected to a 10 N load (Table 3), the mini-implant exhibits a markedly reduced lifespan, a greater extent 

of material affected, and lower fatigue safety margins compared to the 2 N scenario, indicating a higher risk of 

structural failure. These findings emphasize the critical role of applying controlled forces in orthodontic 

procedures to maximize implant longevity. 

Table 3. Comparison of 2 N and 10 N force effects on the mini-implant 

Parameter 2 N Force 10 N Force 

Endurance (operating cycles) 4.445 × 105 cycles 1546 cycles (287.48 times lower) 

Volume of material affected Small volume of material Larger volume of material 

Minimum fatigue safety factor 
0.86863 (located at most stressed 

node) 
0.17704 (located at most stressed node) 

Maximum stress concentration 
2250 MPa (2.5× higher than the rest 

of the material) 

6.468 × 105 MPa (646.8× higher than the rest 

of the material) 

The deformation tolerance of orthodontic mini-implants (MIs) is a key factor in maintaining their functional 

performance and longevity during treatment, making it essential to understand the variables that influence these 

limits for optimized clinical use. 

Applying a 2 N force to orthodontic MIs plays a crucial role in treatment outcomes, as it directly affects the 

implant’s stability and efficiency in facilitating tooth movement. Studies indicate that a 2 N loading force falls 

within the clinically acceptable range for immediate loading, which is vital for effective anchorage during 

orthodontic procedures [4]. Clinically, this force range is frequently applied in procedures such as canine 

retraction, where recommended forces generally range from 1.5 N to 2.5 N [24]. The biomechanical impact of a 

2 N force on MIs has been extensively studied, and evidence supports that this level is safe for immediate loading. 

Finite element analyses (FEA) show that stress distribution around MIs is strongly influenced by both the 
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magnitude of applied forces and the properties of the surrounding bone [25]. Although MIs can tolerate immediate 

loading, excessive forces may lead to complications, including displacement or implant failure [26]. 

FEA is a powerful computational tool for predicting structural behavior under various loading conditions, yet its 

accuracy relies heavily on the assumptions within the model. Assuming 100% osseointegration simplifies 

simulations but overlooks biological variability, which can result in inaccurate predictions of stress distribution, 

load transfer, and potential failure patterns in implants [27]. 

Displacement, stress, strain, and safety factor analysis in mini-implants 

Displacement analysis shows a maximum total displacement of 0.032799 mm at the MI’s end, indicating a 

localized area of high stress concentration. This measurement helps evaluate the extent of bending and 

deformation experienced by the implant during orthodontic loading. 

Von Mises stress analysis identified a peak stress of 99.237 MPa in the threaded region, pointing to a critical area 

that could represent the MI’s failure point. These findings underscore the importance of optimizing design and 

manufacturing techniques to enhance the implant’s resilience to such stress levels and reduce failure risk. 

Regarding equivalent linear strains, the highest measured strain of 0.00090338 MPa in the threaded region 

provides a quantitative assessment of material deformation, which can inform improvements in MI design and 

material selection to enhance stability. 

Safety factor interpretation shows that the minimum value meets established strength requirements, indicating the 

MI possesses sufficient mechanical integrity to withstand orthodontic forces, thereby minimizing the risk of 

deformation or fracture. 

The stress ratio—defined as the ratio of applied stress to the material’s yield strength—offers insight into how 

close the MI operates to its structural limits. The maximum stress ratio, occurring at nodes with the highest 

equivalent stress, highlights critical points for evaluating the implant’s stability and overall structural safety. 

The fatigue evaluation indicated that failure occurs at a specific node of the mini-implant (MI), where the 

minimum fatigue life was observed, highlighting a potential structural weak point that could guide future 

improvements in design and manufacturing. The estimated lifespan of roughly 4.445 × 10⁵ cycles reflects the MI’s 

reliability and stability under repeated loading. The analysis also shows that the MI becomes considerably more 

vulnerable under higher loads, suggesting that excessive orthodontic forces may need to be limited to prevent 

structural damage. The concentration of failure at this node, combined with the reduction in fatigue safety factors, 

underscores a significant decrease in device reliability under increased loading conditions. 

These findings stress the importance of tailoring orthodontic forces to the mechanical capabilities of each MI to 

prevent damage and ensure treatment safety. Nienkemper et al. highlighted that the duration of applied loading 

critically influences MI displacement, indicating that mechanical behavior is affected not only by the force 

magnitude but also by how long it is applied [26]. Studies suggest that MIs are designed to tolerate certain force 

thresholds, with optimal loads typically recommended around 3.75–4.5 N [25]. 

Future research directions 

The current results provide a basis for future investigations into the mechanical performance of MIs and the 

development of strategies or technologies to enhance their stability and clinical effectiveness. Such research could 

involve additional computational simulations or experimental tests to validate and expand on these findings. 

Study limitations and suggestions for future work 

(i) Single implant length (12 mm): This study only assessed MIs of 12 mm in length; future studies should examine 

a broader range of lengths to better understand how length affects mechanical performance. 

(ii) Simplified bone models: Bone was modeled as linear, elastic, and isotropic, which does not fully capture the 

complex, heterogeneous nature of cortical and cancellous bone. 

(iii) Use of only titanium MIs (Ti6Al4V): No comparison with other materials, such as 316L stainless steel, was 

performed, limiting insights into how material choice might impact long-term performance and clinical outcomes. 

(iv) Idealized insertion and loading conditions: The study assumed perfect MI insertion and full osseointegration 

(100%), whereas clinical conditions vary, and incomplete osseointegration could affect implant behavior and 

stability. 

Conclusion 
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The findings of this study demonstrate that keeping orthodontic forces near 2 N is essential for maintaining the 

mechanical integrity and long-term function of mini-implants (MIs) in clinical practice. Under this load, finite 

element analysis predicts that MIs can withstand about 445,000 cycles, with stress and strain levels staying safely 

within the limits of both cortical and cancellous bone. Conversely, a 10 N force dramatically shortens the implant’s 

lifespan to roughly 1,546 cycles and generates much higher stress and strain, increasing the likelihood of implant 

failure and potential damage to the surrounding cortical bone. 

These observations highlight the importance of carefully managing applied forces during orthodontic treatment 

to enhance MI durability and protect peri-implant bone, allowing clinicians to optimize treatment outcomes while 

minimizing risks. 
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