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INTRODUCTION

The condition that a tooth can not erupt due to malposition or lack of space is called impaction.1 Among the 
impacted teeth, maxillary canines are the second most frequently impacted lesions following the third molar,2 and 
the incidence of impacted maxillary canine teeth was reported as 0.92%-2.2% in the literature.3-5 Approximately 
two-thirds of the reported impacted teeth were in the palatal position, while one-third of them were in the labial 
alveolar region.6,7

An examination of the literature revealed that lasso wire, threaded pins, gold chains, bands-brackets, eyelets, or 
attachments have been used in various orthodontic treatment approaches for orthodontic eruption of impacted 
teeth.8 Ballista and Kilroy springs are also used for the traction of the impacted canines.9,10
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Main Points
• The von Mises stress values of impacted canines were greater in the Kilroy model.
• The distribution of von Mises stress values of the first premolar tooth was similar in both models.
• Different stress values occurred in the different spring designs.

Objective: This study evaluated the stress distribution and displacement on impacted maxillary canines and their adjacent teeth of 
orthodontic forced eruption using Ballista and Kilroy springs by finite element model (FEM) analysis.

Methods: Two different FEMs applying the same force level on an impacted canine tooth (Model 1: Ballista spring, Model 2: Kilroy 
spring) were conducted using FEM analysis and the principal stresses, von Mises stresses, and displacements were evaluated.

Results: Von Mises values at the cusp tip of impacted canines were measured as 0.009896 N/mm² in the Ballista model and 0.015334 
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showed the highest value (0.003642 N/mm²) at the buccal tip of the first premolar, while in the Kilroy model, the highest measurement 
(0.002989 N/mm²) was shown at the incisal edge of the lateral tooth. 

Conclusion: Von Mises stress values were higher in the Kilroy model at the cusp tip and apical part of the impacted tooth than that in 
the Ballista model. The highest von Mises stress values were concentrated on the buccal root apex of the first premolar in both models. 
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Applied orthodontic forces during the forced eruption of 
impacted canines create stress areas in supporting tissues and 
may cause varying degrees of damage to periodontal tissues. 
Therefore, it is extremely important to maintain the applied 
forces within physiological limits to avoid side effects on the 
impacted teeth, surrounding periodontal tissues, and adjacent 
teeth.11,12 Temporary anchorage devices can be used to manage 
the successful orthodontic traction of impacted canines with 
minimal side effects.13

The Ballista spring was introduced by Jacoby9 in 1979, and the 
Kilroy spring was invented by Bowman and Carano10 in 2003. 
Ballista and Kilroy springs were reported that they deliver light 
and continuous force on impacted canines due to being twisted 
on their long axes. Both of these springs were introduced to have 
no harm on adjacent teeth while the canine was in orthodontic 
traction,9,10 therefore it was aimed to compare these two springs 
in this study.

The finite element model (FEM) can be used to simulate 
force-dependent stress distributions in different orthodontic 
treatment approaches as an effective and non-invasive method.14 
Since this analysis is conducted in a virtual environment, it 
can be reproduced as many times as desired under identical 
conditions. The standardization of fixed variables provides 
reliability and makes the analysis valuable.15

In this study it was aimed to perform a three-dimensional (3D) 
simulation, which could not be conducted in clinical studies or 
animal experiments, and to elucidate the stress distribution of 
eruption of palatally impacted teeth. The null hypothesis of the 
study was that there was no significant difference in the force 
distribution between the Ballista and Kilroy springs.

METHODS

This study was approved by the Istanbul Medipol University 
Clinical Research Ethics Committee with the decision number 
10840098-604.01.01-E.8437. Ballista spring can be made from 
0.014, 0.016, or 0.018 inch round stainless steel (SS) wire. It is 
twisted on its long axis and this bending accumulates its energy. 
The anchorage part of the wire enters the first or second molar 
tube and is tied to prevent rotation. Its horizontal part enters 
the slot of the premolar bracket and can rotate so that the hinge 
axis is formed. The last part of the spring facing the canine tooth 
is bent vertically down, when the wire is attached to the tooth 
with a ligature or elastomeric thread, it transmits the energy, 
that is received from the horizontal part, to the canine and acts 
like a Ballista.9

The Kilroy Spring slides on a rectangular archwire over the region 
of the impacted canine and gives a constant force. Bending of 
the spring can be performed using 0.014 inch or 0.016 inch SS 
arch wires. The configuration looks like “Kilroy Was Here” graffiti. 
The vertical loop of Kilroy Spring is perpendicular to occlusal 
plane when the spring is passive. The spring is activated when 
a SS ligature is passed through the helix at the end of the 

vertical loop of the spring and attached to the button on the 
impacted tooth. The spring gets the support from the archwire 
and contacts the adjacent teeth with the lateral extensions of 
the spring.10

Two different FEM models were prepared with Kilroy and Ballista 
springs to apply 60 g of force to a unilateral palatally impacted 
maxillary canine tooth. The stress distribution was evaluated by 
finite element analysis.

The models were defined as follows; first model: a Ballista 
spring (0.016 inch SS) model was formed by applying 60-g 
force, the second model: a Kilroy spring (0.016 inch SS) model 
was formed applying 60-g force. A preliminary archive study 
was previously conducted (Istanbul Medipol University, Ethic 
Committee number 10840098-604.01.01-E.3649) to determine 
a realistic localization of the impacted canines. The archive of 
Istanbul Medipol University Faculty of Dentistry was searched, 
and 67 cone-beam computed tomography (CBCT) images of 
impacted maxillary canine cases were examined. In this study, 
the impacted maxillary canines (N=50) were evaluated by the 
method of Dağsuyu et al.16 and root resorption of adjacent teeth 
was not examined based on the study of Silva et al.17 1- In sagittal 
plane: Impacted canine angulation to the occlusal plane, canine 
cusp tip and apex distances to the occlusal plane, 2-Coronal 
plane: Maxillary impacted canine angulation to the midline 
and lateral incisor; 3-Axial plane: Maxillary impacted canine 
cusp tip and apex distances to the midline were measured.16 
Subsequently, an average position was determined. Because 
of the measurements, the left maxillary canine (no 2.3) was 
accepted to be used in the FEM analysis as the impacted tooth.

To create the geometric model of the upper jaw, tomography 
image of a fully edentulous adult patient was used. The image was 
scanned in CBCT (ILUMA, Orthocad, CBCT, 3M Imtec, Oklahoma, 
USA). Then the volumetric data were reconstructed with a 
section thickness of 0.2 mm. The sections obtained because of 
the reconstruction were exported in DICOM 3.0 format. Exported 
sections were imported into 3D-Doctor (Able Software Corp., 
MA, USA) software. U-shaped, medium-width, and medium-
length alveolar arch shape was chosen for use in this study. 
During modeling, the width of the alveolar crest was taken as 6 
mm and the height as 25 mm based on a previous study.18 After 
the decomposition process, a 3D model was obtained with the 
"3d Complex Render" method and the bone tissue was modeled 
in this way. Through these software programs, the cortical 
bone, spongy bone, teeth, and periodontal ligament (PDL) 
were reflected in the model to show their true morphology. 
The thickness of the PDL was modeled as 0.25 mm 
homogenously. After the models were created geometrically 
with VRMesh software, they were transferred to Algor Fempro 
(Algor Inc., USA) software in Standart Tessellation Format (STL) 
for analysis, and thus maxilla and dental building materials were 
introduced to the software. Material values (modulus of elasticity 
and Poissson’s ratio)   describing their physical properties were 
given to each structure that make up the models. In this study, 
the moduli of elasticity and Poisson ratios were similar to those 
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in the previous literature.19,20 The teeth scanned in the x, y, and 
z axes were combined in Rhinoceros software (Rhinoceros 4.0, 
3670 Woodland Park Ave N, Seattle, WA, USA). After merging, 
the morphology of the teeth was arranged according to the 
Wheeler atlas. PDL and Lamina Dura tissues were modeled in the 
parts of the teeth that remained in the bone. The position of the 
impacted canine (2.3) was modeled according to the position 
that determined in a preliminary study. Models were made in 
Rhinoceros software, were placed in the correct coordinates in 
3D space and the modeling process was completed. Kilroy and 
Ballista springs, on the other hand, were manually modeled in 
3D software for appropriate sizes.

In the rigid body properties are assumed to be linear, elastic, 
homogeneous and isotropic in the program. For Algor software, 
models were filled with mesh. In the meshing process, the 
models were formed from elements with 8 nodes (brick type). 
In the FEM analysis, the smallest unit was divided into shapes 
called “elements”, which are expressed as simple geometric 
models and serve to maintain a constant distance between the 
nodes to which they are connected.21 By dividing the models, 
a finite number of elements are connected to one another at 
certain points, and these points are called nodes. In the models, 
displacements are associated with displacements in each 
element.22 The final model contained 169283 nodes and 714629 
elements for Kilroy spring, 168705 nodes and 713286 elements 
for Ballista spring. In the modeling phase, the maxillary arch 
block was formed with 0.016 x 0.022 inch SS archwire in a 0.018 
slot Roth bracket system, and the arch wire and bracket system 
was combined with a 1.0-inch SS trans palatal arch (TPA) that 
was used as an anchorage unit. After the introduction of the 
material properties to the system, force was applied and analysis 
was performed. The force vectors were applied on the button of 
the impacted canine in two dimensions due to the properties 
of the Ballista and Kilroy springs. The canine tooth was modeled 
based on a preliminary study and the mucosa was not present in 
the model. The exposed surface of the canine was disto-palatal 
portion of the canine crown and the button was placed in the 
middle of this surface. The force was applied from the bottom 
up toward the tip of the spring that terminates toward the 
impacted tooth.

Principal stresses, von Mises stresses, and displacements in three 
directions of space were determined by FEM analysis. Principal 
stresses were used for fragile materials (bone, teeth, etc.), and 
von Mises values were used for retractable materials (screws, 
restorations, etc.). In this study, von Mises stress values were 
formed at the reference point cusp tips, incisal edges and apices 
of all teeth, including the impacted tooth, and the condensation 
regions were examined in Ballista and Kilroy models (Figures 1a, 
b). Total displacement and displacement values in the X, Y, and Z 
directions were determined in the measurements of the Ballista 
and Kilroy spring models (Figures 2, 3). X direction displacement: 
the plus value indicates the buccal displacement for posterior 
teeth, and the distal displacement for anterior teeth. Y direction 

displacement: the plus value indicates the distal displacement 
for posterior teeth, and palatal displacement for anterior teeth. 
Z direction displacement: the plus value indicates the intrusion, 
and the minus value indicates the extrusion movement.

The values that obtained in the FEM analysis were the result of 
mathematical calculations without variance; therefore, statistical 
analyses could not be performed due to the nature of the study.

RESULTS

When the displacement of adjacent teeth was evaluated, in the 
Ballista model, the maximum total displacement was 0.001228 
mm in the palatal cusp tip of the first premolar tooth, while in 
the Kilroy model, it was 0.001247 mm in the incisal edge of the 
lateral tooth.

In the Ballista model, the first premolar buccal cusp tip moved 
most buccally, while in the Kilroy model, the most buccal 
movement was in the lateral tooth. In all the cusp tips of first 
premolars moved palatally in Kilroy model whereas in Ballista 
model the cusp tips of the first premolars moved buccally 
(Figures 2, 3).

In the Ballista model, the palatal cusp tip of the first premolar 
was the most mesially displaced. In the Kilroy model, the incisal 
edge of the lateral tooth was mesially displaced. In the Ballista 
model, the lateral tooth was more distally displaced (0.000614 
mm) than that in the Kilroy model. The lateral tooth in the Kilroy 
model was mesially displaced by 0.000441 mm (Figures 2b, 3b).

Figure 1. a) Von Mises Stress Values of Ballista Model, b) von Mises Stress 
Values of Kilroy Model

a

b
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In the Kilroy model, the lateral tooth was intruded (0.000037 
mm), while it was extruded in the Ballista model (0.00002 mm). 
The extrusion was observed at the palatal tip of the first premolar 
tooth in Kilroy. An intrusion was observed at the first premolar 
tooth. In both models, the extrusion of the central tooth and 
intrusion at the buccal tip of the premolar tooth were observed 
(Table 1), (Figures 2c and 3c).

Apical displacement of adjacent teeth to the impacted canine 
showed that the greatest total displacement for Ballista was at 
the palatal tip of the first premolar, whereas for Kilroy, it was at 
the lateral tooth. While the lateral tooth was displaced 0.000409 
mm in Kilroy, the palatal root apex of the first premolar tooth 
was displaced 0.000495 mm in Ballista.

In the Kilroy model, the apex of the lateral tooth was distally 
displaced (-0.000351 mm), while in the Ballista model, the palatal 
apex of the first premolar tooth buccal displaced (-0.000319 

mm). The apex of the central and lateral teeth moved buccally 
in both models except for the lateral tooth in the Ballista model. 
while the apex of the first premolar tooth in the Ballista model 
showed buccal displacement, the apex of the first premolar 
tooth in the Kilroy model showed palatal displacement (Figures 
2a and 3a).

In both models, the greatest displacement was observed at the 
buccal apex of the first premolar tooth, the value was 0.000365 
mm distally in the Ballista model and 0.000125 mm distally in the 
Kilroy model. In the Ballista model, the lateral tooth apex moved 
0.000198 mm mesially, while in the Kilroy model, the apex of the 
lateral tooth moved 0.000065 mm palatally (Figures 2b and 3b).

In the Ballista model, the maximum extrusion was 0.0003 mm in 
the first premolar palatal apex, whereas in the Kilroy model, the 
maximum extrusion was 0.0002 mm in the lateral tooth apex. 
An apical intrusion of the central tooth was observed in both 
models. The intrusion was observed in the lateral tooth apex 
in the Ballista model, and extrusion was observed in the lateral 
tooth apex in the Kilroy model (Figures 2c and 3c). Extrusion was 
observed in the apex of the first premolar in the Ballista model, 
and an intrusion was observed in the apex of the first premolar 
in the Kilroy model (Table 1).

When the von Mises stress values on the incisal and cusp tips 
were compared, the von Mises values were found to be highest 
in different teeth of the two models (Figures 1a, b) In Ballista 
model, the highest value was measured at 0.003642 N/mm² at 
the buccal cusp tip of the first premolar tooth, while in the Kilroy 
model, the highest value was measured at the lateral tooth 
incisal edge of 0.002989 N/mm² (Table 2).

Considering the findings of the impacted canine teeth (Figures 
4a, b), the von Mises values were measured as 0.009896 N/mm² 
at the cusp tip and 0.000164 N/mm² at the apex in the Ballista 
model (Table 3). These values were 0.015334 N/mm² at the 
cusp tip and 0.000205 N/mm² at the apex in the Kilroy model  
(Table 3).

Considering von Mises values at the apical, the highest value 
was measured in the same tooth in both spring designs with the 
value of 0.023371 N/mm² at the buccal apex of the first premolar 
in Ballista and 0.009941 N/mm² at the Kilroy model.

DISCUSSION

Techniques for orthodontic eruption of impacted canines 
remain a controversial issue.1 During the orthodontic eruption 
of the impacted tooth, various force changes occur in both the 
impacted tooth and the adjacent teeth or their periodontal 
structures.23-25

Although there were some FEM studies related to the eruption 
of the impacted canine in the literature, no studies examined 
the stress and displacement values caused by Ballista and Kilroy 
springs in adjacent teeth and surrounding tissues.26 Han et al.27 
stated that 0.3-0.4 Newton amount of orthodontic force was 

Figure 2. a) Displacement of X-Direction Values of Ballista Model, b) 
Displacement of Y-Direction Values of Ballista Model, c) Displacement of 
Z-Direction Values of Ballista Model

a

b

c
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needed for extrusion. Bishara2 stated that this force should be 
a maximum of 60 g. Nagendraprasad et al.28 reported that the 
pressure values that affected the tooth and surrounding tissues 
showed minimal differences depending on the angle of the 
impacted tooth in the maxilla when 50 g, 70 g, and 100 g of force 
were applied, however, the spring design was not mentioned in 
their study.

Although there was an increase in movement of the impacted 
teeth when the amount of force increased, a certain value of 
increase might cause an opposite effect by increasing the tensile 
pressure in the surrounding tissues. Some studies have reported 
that pressures higher than 16 kPa (0.016 mPa), which is equal 
to human systolic pressure, might cause soft tissue necrosis and 
hyalinization in periodontal ligaments.29-31 Thus, this study was 
designed with a sustaining force of 60 g in accordance with the 
previous literature.2,26,27
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In orthodontic forced eruption, to apply a continuous, light 
and controlled force on palatally impacted canines results in 
effective tooth movement and may prevent side effects on both 
the impacted tooth and adjacent teeth. Despite the presence 
of the same force loading, use of different mechanics creates 
biomechanical differences. Yadav et al.23 found that the Kilroy 
spring showed the most consistent force than that of elastic 
chain and steel ligature, therefore in this study it was aimed to 
compare two different kinds of springs.

FEM analysis is often preferred to investigate the force and stress 
distribution during the eruption of impacted canines because of 
its advantages, such as simplicity of application, high speed, and 
repeatability.26,28,31-33

The properties of the materials and textures were the most 
important factors that affected the stress distribution in FEM 
studies, and the modulus of elasticity of the springs, bone and 
Poisson ratio was critical distinguishing features.34 The evaluated 
structures were assumed to be homogeneous, isotropic, and 
linearly elastic, and models were made based on this concept. 
In practical use, it is not possible for any 3D structure or material 
to be completely homogeneous and isotropic,34 unlike clinical 
conditions, which must be treated with caution. The outcomes 
in clinical conditions may differ depending on the age, bone 
thickness, quality and complexity of the malocclusion of the 
patient.35

Figure 4. a) von Mises Stress Values at the Impacted Canine of Ballista 
Model, b) von Mises Stress Values at the Impacted Canine of Kilroy Model 

a

b

Table 2. Von Mises stress of the incisal edges and cusp tips, and the apices of the adjacent teeth (N/mm²)

Von Mises stress of the incisal edges and  
cusp tips (N/mm²)

Model 1 Ballista Model 2 Kilroy

Central 0.000731 0.000591

Lateral 0.000665 0.002989

1. Premolar Buccal 0.003642 0.002563

1. Premolar Palatal 0.002411 0.000670

Von Mises stress of the apices (N/mm²)

Central 0.004382 0.004652

Lateral 0.00441 0.008243

1. Premolar Buccal 0.023371 0.009941

1. Premolar Palatal 0.017724 0.005327

Table 3. Ballista and Kilroy models total displacement and von Mises stress at the impacted canine

Cusp Tips Apex

Ballista Model

Total displacement (mm) 0.000015 0.00000939

X-direction displacement (mm) 0.0000071 -0.00000345

Y-direction displacement (mm) -0.0000013 -0.00000178

Z-direction displacement (mm) -0.000013 -0.00000855

von Mises (N/mm²) 0.009896 0.000164

Kilroy Model

Total displacement (mm) 0.000017 0.000014

X-direction displacement (mm) 0.00000647 -0.000003

Y-direction displacement (mm) -0.000015 -0.00000664

Z-direction displacement (mm) -0.00000497 -0.000012

von Mises (N/mm²) 0.015334 0.000205
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In this study, 2 simulated models were formed, and the amount 
of movement of the maxillary teeth in three directions of space 
and von Mises stress values at adjacent teeth (tooth numbers 
21, 22 and 24) and those of the impacted canine were measured. 
The measured values were similar to the tooth displacement 
amounts and forces that were reported in previous studies.26,28,30

Although the applied forces in the literature were 0.5-2.5 N, 
Zeno et al.26 also applied 1 N (100 g) forces in their study, and the 
lowest stresses were observed under vertical forces. They also 
found that the average stress value in the impacted canine tooth 
was 6.41 kPa buccal, 5.97 kPa vertical, and 6.64 kPa distal.25 In this 
study, the values at impacted canines were measured as 15.334 
kPa in the Kilroy model and 9.89 kPa in the Ballista model, which 
were higher than those in Zeno et al.26 and the authors of this 
study thought that spring designs of Kilroy and Ballista models 
might be the cause of this difference. Zeno et al.26 applied 100 
g/F in their study, and although the force was 60 g in this study, 
the higher von Mises values at the tip of the impacted canine 
tooth cusp were higher. This can be attributed to the technical 
sensitivity in the model design and spring design, therefore 
controlled studies are needed in this regard. Also, the resultant 
stresses in the study were an average of a sample of impacted 
canines of varying severity, which could explain the difference 
compared to the current study as the impacted canine model 
used was possibly of higher severity and therefore resulted in 
higher stress.

In this study, 0.0002 mm extrusion was observed in the apex of 
the lateral tooth in the Kilroy model and 0.000084 mm intrusion 
in the lateral tooth in the Ballista model. Sezici et al.31 measured 
more extrusion (0.0885 mm) in the lateral tooth in the Kilroy 
spring model. The lower displacement of the apex of the lateral 
tooth in the palatal direction in the Kilroy group showed that the 
final torque requirement of the impacted tooth was clinically 
less important when a Kilroy spring was used.

Apical extrusion at the incisal edge of the lateral tooth in the 
Kilroy model was measured as 0.001247 in this study, whereas 
Sezici et al.31 measured the total value as 0.19324 mm. This 
difference can be attributed to the model design and the 
difference in the FEM method. Sezici et al.31 reported that the 
Kilroy spring design caused a more mesial displacement in the 
lateral teeth than the Niti coil spring design. The authors also 
reported buccal movement in the lateral and premolar teeth.31 
When the X-direction displacement was examined, the mesial 
movement was the largest in the lateral tooth in Kilroy. 

In this study, the von Mises stress value of the incisal edge of 
the lateral tooth was 0.002989 MPa, while the total value for the 
lateral tooth was 0.00529 MPa in a similar study.31 The value for 
the premolar tooth in this study (0.002563 MPa) was lower than 
that in the previous report (0.00641 MPa).31

In this study, the two spring designs showed higher von Mises 
values in different teeth. In the Ballista model, the highest value 
was measured at the buccal tip of the first premolar tooth, while 

in the Kilroy model, the highest value was measured at the 
incisal edge of the lateral tooth and the values were compatible 
with the literature.31

The displacement value of the tip of the impacted canine was 
close to the reported value of Nagendraprasad et al.28 in this 
study the highest stress value was recorded around the impacted 
canine in Kilroy model like a previous report,31 in which the same 
kind of spring was used.

When the position of the impacted tooth changed in three 
directions of space, the movement patterns occurring in the 
mesial, buccal, and occlusal plane directions, were compatible 
with the literature.28 In this study, the most displacement was 
detected at the incisal edge of tooth number 2.2 in the Kilroy 
model and at the palatal cusp tip of tooth number 2.4 in the 
Ballista model.

Shastri et al.36 used a model of erupting impacted canine teeth 
with a modified K-9 spring to eliminate side effects in adjacent 
teeth. For this purpose, the authors applied a buccal crown 
torque to the posterior teeth and stated that they also protected 
periodontal health by reducing the tipping of the teeth.35 In 
this study the greater buccal movement was seen in tooth 2.2 
in Kilroy model, theoretically it can be thought that a need for 
palatal crown torque may arise when Kilroy springs are used.

In this study, the von Mises stress value measured in the 
impacted canine of the Ballista model was also compatible with 
the literature.26,30 Comparing the Kilroy model and the Niti coil, 
Sezici et al.31 reported that the von Mises stress values in the 
impacted canine tooth in the Kilroy models (60 g) were very 
similar to the results observed in this study.

The differences in the number of nodes, model designs, and 
forces used in FEM studies can explain the differences between 
the previous reports in the literature.26,29,31

When evaluating the possible shortcomings of this study, the 
limitations of the FEM compared with clinical methods should 
be discussed first. Meanwhile, performing such mechanical 
studies under clinical conditions also poses serious difficulties 
due to patient-related variables.

Another possible limitation of this study was that the canine 
teeth were analyzed assuming that they were in a fixed position 
in all 3 planes and all models. When the position of the impacted 
canine becomes horizontal, the required force changes, and 
accordingly, the location and degree of stress on the tooth 
and surrounding tissues can vary, therefore more studies are 
required on this issue.

CONCLUSION

The null hypothesis was rejected. The von Mises stress values 
were higher in the Kilroy model at the cusp tip and the apical 
part of the impacted tooth than in the Ballista model. The von 
Mises values of lateral tooth measured in the Kilroy spring model 
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were higher than those of the Ballista model. The highest von 
Mises stress values were concentrated in the buccal root apex of 
the first premolar tooth in both models, and the Ballista model 
had higher stress values than that of the Kilroy model. 
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