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Abstract

Objective: Orthodontic force simulation of tooth provides important guidance

for clinical orthodontic treatment. However, previous studies did not involve the

simulation of orthodontic force of archwire applied to full dentition. This study

aimed to develop a method to simulate orthodontic force of tooth produced by

loading a continuous archwire to full dentition using finite element method.

Method: A three‐dimensional tooth‐periodontal ligament‐bone complex

model of mandible was reconstructed from computed tomography images,

and models of brackets and archwire were built. The simulation was completed

through two steps. First, node displacements of archwire before and after load-

ing were estimated through moving virtual brackets to drive archwire deforma-

tion. Second, the obtained node displacements were loaded to implement the

loading of archwire, and orthodontic force was calculated. An orthodontic force

tester (OFT) was used to measure orthodontic force in vitro for the validation.

Results: After the simulation convergence, archwire was successfully loaded

to brackets, and orthodontic force of teeth was obtained. Compared with the

measured orthodontic force using the OFT, the absolute difference of the sim-

ulation results ranged from 0.5 to 22.7 cN for force component and ranged

from 2.2 to 80.0 cN•mm for moment component, respectively. The relative dif-

ference of the simulation results ranged from 2.5% to 11.0% for force compo-

nent, and ranged from 0.6% to 14.7% for moment component, respectively.

Conclusions: The developed orthodontic force simulation method based on

virtual bracket displacement can be used to simulate orthodontic force pro-

vided by the archwire applied to full dentition.

KEYWORDS

appliance loading, continuous archwire, finite element method, full dentition, orthodontic force,
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1 | INTRODUCTION

In orthodontic treatment, teeth are moved by orthodontic force provided by appliances installed on the dentition. The
orthodontic force would determine the movement pattern and speed of teeth,1-3 thus directly affect the outcome of
orthodontic treatment. Therefore, the estimation of orthodontic force after appliance loading is of great importance
for treatment planning, appliance design and optimization, and treatment prediction.
© 2019 John Wiley & Sons, Ltd.wileyonlinelibrary.com/journal/cnm 1 of 14

m
ons L

icense

https://orcid.org/0000-0002-0075-7949
mailto:zy.xia@siat.ac.cn
https://doi.org/10.1002/cnm.3189
https://doi.org/10.1002/cnm.3189
http://wileyonlinelibrary.com/journal/cnm
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcnm.3189&domain=pdf&date_stamp=2019-03-03


Highlight

Simulation of orthodontic force produced by a continuous archwire applied to full dentition provides an
important guidance for clinical orthodontic treatment. However, it is challenging and has not been addressed
previously. This study proposed a two‐step simulation method to address this issue. Using the method, the
orthodontic force produced by the loaded archwire can be estimated.
The clinical orthodontic force applied to teeth is provided by an appliance which is difficult to measure. This
study implemented the simulation of clinical cases involving the appliance loading, thus would benefit the
clinical orthodontic treatment.
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Orthodontic force can be estimated through in vivo experiment,4 in vitro experiment,5 and theoretical calculation.6

There are few works on orthodontic force measurement in vivo. Friedrich et al7 used a purpose‐developed device to
measure the 3D force and torque released by the archwire‐bracket system in orthodontic treatment in vivo. Duyck et al8

proposed a method to measure three‐dimensional (3D) force on oral implant in vitro and in vivo. Monitoring orthodon-
tic force in vivo is attractive; however, it is very difficult to be implemented in clinical cases.

Lots of works on in vitro force measurement have been reported. These works can be categorized into three classes.
The first class of measurement systems measured the frictional force between bracket and archwire or the activation
force on teeth produced by specific functional appliances. Frank et al9 designed an apparatus to measure the frictional
force between the bracket and archwire of the canine‐retraction case. Fathimani et al10 developed a computer‐
controlled friction measuring system and implemented the accurate measurement of 3D frictional force and moment
during sliding mechanics. Chen et al11 built an instrument to measure the force and moment on teeth released by an
orthodontic T‐loop spring. Baccetti et al12 used an experimental model to measure the forces applied on the canine
bracket released by the bracket‐archwire system during the alignment period to compare the forces released by the dif-
ferent ligature method. The second‐class measurement system involved all teeth of a dentition and could measure the
force on one or a few teeth released by general appliance. Montasser et al13 developed an orthodontic measurement and
simulation system containing a resin dental model and electronics measurement devices to study the effect of the
archwire diameter on tooth alignment with a different bracket‐archwire combination. Mittala et al14 proposed a mea-
surement method involving dental models and load cells to measure 3D forces and moments on teeth released by the
archwire. Compared with the previous two classes of measurement systems, the third class implemented the simulta-
neous measurement of force on all teeth. Badawi et al15 designed a promising system to accurately measure the six
degrees of freedom of orthodontic forces applied on all teeth by fixed appliances. The designed system was successfully
used to study orthodontic force on full dentition with an archwire in several treatment scenarios.16-20 These in vitro
measurement systems provide useful tools for the clinical estimation of orthodontic force. However, it is time‐
consuming and costly to physically produce the oral treatment condition in vitro for accurate measurement.

Compared with the measurement method in vitro, theoretical calculation represented by finite element method
(FEM) with the advantages of controllable experimental conditions, low cost, and short experimental cycle is more
and more popular in recent decades.21-24 Various methods for orthodontic force simulation which applied external force
loads to teeth or appliances can be found in literature. Liao et al1 applied distally directed tipping and bodily forces to
human maxillary to investigate optimal orthodontic force. Ammar et al25 loaded forces with various magnitudes and
directions to the mandibular left canine to study the stress in PDL and bone. Kamble et al26 applied orthodontic forces
in various directions to the tooth axis at the bracket level to investigate stress distribution in the roots of maxillary cen-
tral incisors. Jeon et al27 applied force at the center of the buccal crown surface of maxillary first molar to study the alve-
olar bone loss. Because the clinical orthodontic force applied to teeth is provided by an appliance which is difficult to be
measured, these studies cannot implement the simulation of clinical cases involving the appliance loading. Methods on
the simulation of orthodontic force produced by the activated orthodontic appliance have also been studied. Kojima
et al6 activated an uprighting spring with a helical loop for the tipping of the left second molar. Kim et al28 applied
retraction force to the power arm to study the optimal conditions for parallel translation of maxillary anterior teeth.
Kojima et al29 applied constant force to the brackets of canine and first molar to simulate the retraction of a maxillary
canine and the movement of the anchor teeth by sliding mechanics.

The above research made it possible to estimate the orthodontic force of a specific clinical case in vitro, thus greatly
promoted the progression of evidence‐based orthodontics. However, they mainly addressed the simulation of
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orthodontic force provided by some specific kinds of functional appliances which were activated by directly loading
force or displacements to the appliances. In orthodontic treatment, leveling and aligning are generally the first phase
of treatment which is important to the outcome of the treatment. In this phase, the orthodontic force was applied by
loading a continuous archwire to full dentition to initially level and align the teeth.30 The simulation of the loading
in this phase is challenging due to the following two reasons: (1) it is difficult to analytically calculate the constant dis-
placement loads to move the archwire segment into corresponding bracket slots; (2) the archwire might slide along the
bracket slots during the loading procedure, and displacements of archwire within a short segment might be different.
Thus, the above methods6,28,29 which directly applied force or displacement loads to appliance are inapplicable for
the simulation of orthodontic force provided by archwire loading on full dentition during the leveling and aligning
phase. In Canales et al's work,31 a method was proposed to simulate the procedure of inserting a session of archwire
into four brackets. However, the study only implemented the loading of the archwire segment to one bracket and can-
not be used to simulate the loading of a continuous archwire to full dentition.

To our best knowledge, no method for the simulation of orthodontic force of full dentition during the leveling and
aligning phase has been reported. Therefore, this study developed a method to simulate the loading of a continuous
archwire to full dentition and the orthodontic force of tooth after the archwire loading using FEM. Being different from
previous studies which implemented archwire loading by directly applying known force or displacement to appliance,
the method implements archwire loading through free deformation of archwire, thus can be used to simulate orthodon-
tic force of full dentition during the leveling and aligning phase. An orthodontic force tester (OFT)14,32 was applied to
measure orthodontic force in vitro to validate the simulation method.
brary on [05/03
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2.1 | Materials

A 3D mandibular TPBC model of one subject under orthodontic treatment was reconstructed from cone‐beam com-
puted tomography (CBCT) images.33 The treatment of the subject was in the final stage of leveling and aligning with
small displacements of tooth movement. In the reconstructed TPBC model, the thickness of PDL is set to be
0.25 mm.28 The model of the archwire with a cross section of 0.016 × 0.016 inch and models of brackets with slots of
0.022 inch were established. The archwire model was designed based on the shape of the planned dentition. The orig-
inal dentition and planned dentition are shown in Figure 1, and the planned displacement of each tooth is presented in
Table 1 (teeth from the left second molar to the right second molar were numbered according to the FDI dental num-
bering system for adult teeth). The brackets were modeled from scanned data using ATOS Triple Scan (GOM, Ger-
many). The ligature of brackets was a stainless wire with a diameter of 0.01 inch and was modeled based on previous
studies.34-36 This study was reviewed and approved by the Institutional Review Board of Shenzhen Institutes of
FIGURE 1 Planned and original

dentition
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TABLE 1 Planned displacement of each tooth

Displacement, mm

Tooth x y z Vector sum

Left second molar (37) 0 −0.10 0 0.10

Left first molar (36) 0 0 −0.10 0.10

Left second premolar (35) 0 0.10 0.10 0.14

Left first premolar (34) 0 0.50 −0.10 0.51

Left canine (33) 0 0.10 0.10 0.14

Left lateral incisor (32) 0 0 0.30 0.30

Left central incisor (31) 0 0 −0.50 0.50

Right central incisor (41) 0 −0.10 0.05 0.11

Right lateral incisor (42) 0 −0.05 0.10 0.11

Right canine (43) 0 0.90 −0.50 1.03

Right first premolar (44) 0 −0.20 0 0.20

Right second premolar (45) 0 0 −0.20 0.20

Right first molar (46) 0 −0.10 0 0.10

Right second molar (47) 0 −0.10 0 0.10
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Advanced Technology, Chinese Academy of Sciences (approved number: SIAT‐IRB‐140315‐H0050). Written informed
consent of the subject was obtained.

The models of archwire‐brackets‐TPBC were imported into finite element (FE) software ANSYS Workbench15.0
(Ansys, Canonsburg, PA), and the corresponding FE models (see Figure 2) were generated after meshing using 20‐node
solid element SOLID186 (archwire) and tetrahedral structural solid element SOLID187 (others). A convergence test37

was applied to estimate the effect of various mesh densities on discretization approximation to validate the accuracy
of the FE model. The number of node and element of the FE model was presented in Table 2.

Brackets and archwire were assumed as isotropic and homogeneous materials. The PDLs were assumed to be bilinear
elastic.36,38 As indicated in previous studies,6,39,40 the material parameter change in alveolar bone and tooth was
unlikely to decisively influence the initial tooth mobility as the elasticity parameters of bone and tooth were much
higher than those of PDL. Thus, the teeth and alveolar bone were assumed as isotropic and homogeneous materials
FIGURE 2 Finite element model of archwire, brackets, and tooth‐periodontal ligament‐bone complex. A, The complete model; B, detailed

view of the model
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TABLE 2 The material properties used in the finite element model of archwire, brackets, and TPBC

Model Young's Modulus, MPa Poisson' Ratio Number of Node Number of Element

Teeth 2.00 × 104 0.30 189 690 109 743

PDL Bilinear (E1 = 0.05, E2 = 0.20, ε12 = 7%) 0.30 116 906 57 709

Bone 3.45 × 102 0.30 47 817 27 928

Bracket 2.00 × 105 0.30 519 469 293 894

Archwire 1.89 × 105 0.30 941 160 200 556
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without discriminating internal tissues (enamel, pulp, and dentin for teeth, and cancellous and for bones). Material
properties including Young's modulus and Poisson's ratio were determined based on previous studies28,41,42 (Table 2).
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2.2 | Method for the simulation of orthodontic force

2.2.1 | Overview

As the archwire was designed based on the shape of the planned dentition, it does not match the brackets on the orig-
inal dentition. In the clinical loading of the archwire, the archwire is deformed manually to match and be inserted into
the bracket slots. The deformation of the archwire is generally irregular, and the displacement of each segment or unit
of the archwire induced by the deformation is difficult to be calculated explicitly. In addition, the displacement of each
segment or unit of the archwire may change with the sliding between archwire and brackets during the loading of the
archwire. As a result, the simulation of the archwire loading is challenging.

This study developed a two‐step method to address this challenge based on FEM. In the first step, virtual brackets
were introduced to estimate the node displacements of the archwire before and after loading. In this step, displacement
loads of virtual brackets from the position on the planned dentition to that on the original dentition were applied to
drive the archwire deformation (Figure 3A). The corresponding node displacements of the archwire before and after
deformation were then calculated (Figure 3B). In the second step, the node displacements of the archwire calculated
in the first step were loaded to the archwire (Figure 3C). The archwire would be deformed and inserted into the bracket
slots on the original dentition, and the orthodontic force can be obtained (Figure 3D).
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2.2.2 | Calculation of the node displacements of archwire before and after loading based
on moving virtual brackets

In order to calculate the node displacements of archwire before and after loading, virtual bracket models were intro-
duced to drive archwire deformation. The virtual brackets have the same geometry with the real bracket models shown
in Figure 4 (bracket models on the original dentition were named real brackets hereafter), but the corresponding posi-
tion was located on the planned dentition. The archwire matches well with the slots of the virtual brackets because it
was designed based on the shape of the planned dentition.

The simulation of this step involved models of ligature, archwire, and virtual brackets. The contact between ligature
and virtual bracket was set to be bonded. The contact between archwire and virtual brackets and the contact between
archwire and ligature were set to be frictionless to allow free deformation of the archwire along the bracket slots. Dis-
placement loads were applied to virtual brackets. Let PP = (PP37, PP36, …, PP46, PP47) denote the position of virtual
brackets and PO = (PO37, PO36, …, PO46, PO47) denote the position of real brackets. Virtual brackets were moved from
PP to PO (Figure 4) to deform the archwire. The displacement load applied to the nth virtual bracket was Dn = POn − PPn
(n = 37, 36, …, 46, 47), which meant moving the virtual bracket from the position on the planned dentition to that on the
original dentition. The magnitude of the displacement load vector D = (D37, D36, …, D46, D47) was the same with the
planned displacement of tooth (presented in Table 1), but the directions were opposite.
m
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FIGURE 4 Real brackets, virtual brackets, and archwire

FIGURE 3 Procedure of simulation of the orthodontic force of archwire applied to full dentition using virtual bracket displacement

method. A, Displacements were applied to the virtual brackets to deform the archwire; B, archwire before and after deformation

(deformation was magnified 2.5 times for display); C, finite element model of archwire‐bracket‐TPBC before archwire loading (there was a

geometrical mismatch between archwire and brackets on the original dentition); and D, simulation results after archwire loading (there was

no geometrical mismatch between archwire and brackets on the original dentition)
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2.2.3 | Simulation of orthodontic force of teeth by loading the node displacements of
archwire

The simulation of this step involved models of ligature, archwire, real brackets, and the TPBC models (see Figure 2).
The bone surfaces near temporomandibular joints were set be fixed to constrain all degrees of freedom of these surfaces.
The contact between ligature and bracket, contact between bracket and tooth, contact between tooth and PDL, and con-
tact between PDL and bone were set to be bonded, respectively. The contact between the archwire and the brackets was
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set to be frictional contact, and the friction coefficient was chosen to be 0.15 based on previous in vitro experimental
data.43-45

In the simulation of the last step presented in the previous subsection, node displacements of archwire were
obtained. In this step, the obtained node displacements were used as displacement loads and applied to archwire to acti-
vate archwire deformation and produce force to brackets. The above procedure was implemented by two substeps. First,
the contact elements between the archwire and brackets were deactivated using birth and death FE method such that
there was no interaction force between the archwire and brackets, and the node displacements of the archwire were
loaded to insert the archwire into the bracket slots without model interaction. Second, the contact elements between
the archwire and brackets were activated, and the node displacements applied to archwire were deleted. The springback
of archwire would occur, and the springback force would be transmitted to brackets. Hence, the orthodontic force of the
tooth can be then obtained. In this study, the orthodontic force was defined as the force system including force and
moment applied to teeth by brackets. To calculate the orthodontic force, a local Cartesian coordinate system of axes
{x, y, z} was established for each tooth (see Figure 5). The origin of each local coordinate system was located at the center
of base plane of the bracket, and the x, y, and z axes corresponded to lingual‐buccal, mesial‐distal, and extrusion‐
intrusion directions of the tooth, respectively. The orthodontic force was calculated from the stress acting on the tooth
surface contacted with bracket.46
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2.3 | Validation

In order to validate the developed simulation method, an OFT14,32 was used to measure orthodontic force in vitro. Com-
pared with the system designed by Badawi et al,15 the applied OFT can only simultaneously measure the six degrees of
freedom of orthodontic forces on two teeth and needs multiple identical dentoforms to complete the force measurement
of all teeth of a dentition. The experimental setup for the orthodontic force estimation using the OFT was shown in
Figure 6. The OFT applies two force sensors (Multiaxis force/torque Nano17; ATI Industrial Automation, Apex, NC)
FIGURE 5 Local Cartesian coordinate

system on a tooth
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FIGURE 6 Experimental setup for the orthodontic force estimation. A, The orthodontic force tester; B, detailed view of the sensors and

dentoform
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to measure the three force and three moment components applied to two target teeth simultaneously. The maximum
force range of the sensors was 20 N with a 0.025 N resolution, and the maximum moment range was 100 N•mm with
a 0.003 N•mm resolution.

To estimate the orthodontic force of all the 14 teeth, seven identical custom‐made dentoforms were printed using a
3D printer, and the orthodontic force on two teeth was simultaneously measured in one dentoform. The following set-
tings were conducted to keep the test condition being consistent with the FE model: (1) the dentoforms were printed
from the 3D model used in the simulation (the alveolar bone base of the dentoforms was fabricated to be flat for easy
fixing); (2) brackets of the same type and manufacturer with the ones used in the scanning and modeling of the FE
model were used; (3) attachments restricting the position of brackets were created on each crown of the dentoforms
to accurately locate the bracket at the position of the FE model; and (4) an automatically bended archwire by a robot47,48

based on the designed archwire model was used to minimize bending variation.
During the estimation of the orthodontic force of each pair teeth using the OFT, brackets were attached to the crowns

of the dentoform. A local coordinate system was established for each target tooth according to the definition in the FE
model (see Figure 5). The dentoform was fixed to a platform. After aligning axes of each sensor of the OFT to the local
coordinate system of the target tooth, the target tooth was attached to the corresponding sensor with an epoxy adhesive
to hold their positions and orientations. Then, target teeth were separated from the dentoform. The sensors were cali-
brated to obtain force and moment on the target teeth. Finally, the archwire was secured to brackets with a 0.01‐inch
stainless steel ligature wire, and force and moments on the teeth produced by archwire loading can be read from the
sensors. To account for variability, the wire was removed after testing of each pair of teeth and was re‐secured and
ligated. Then, the force and moments on the teeth were retested. This procedure was performed seven times for the test
of each pair teeth.
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3.1 | Simulation results of archwire deformation

The simulation results of the archwire deformation in the first step are shown in Figure 7. The node displacements of
the archwire are presented by a color map. The maximum node displacement of the archwire was 1.1006 mm which
occurred near the bracket on the right canine (the displacement of the corresponding virtual bracket was 1.03 mm).
The deformation and corresponding node displacements of the archwire changed continuously. The results showed
that, even for the segment within each bracket's slot, the node displacements were different.
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FIGURE 7 Archwire deformation in the first step (deformation was magnified 2.5 times for display)
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3.2 | Simulation results of orthodontic force

The orthodontic force of the 14 teeth provided by archwire loading was calculated and is shown in Figure 8 (direction
and amplitude). The maximum force on teeth was 362.4 cN and occurred at the right central incisor. The force applied
on anterior teeth was larger than that on posterior teeth. The tooth with a larger displacement of the planned movement
did not always obtain a larger orthodontic force.

The stress of the TPBC was obtained and was shown in Figure 9. The stress in the anterior teeth was larger than that
in the posterior teeth. The stress in the PDLs near the alveolar ridge was larger than that in other regions. Figure 10
presents the comparison of orthodontic force obtained using the simulation method and OFT. Compared with the
orthodontic force obtained by OFT, the absolute difference of the simulation results ranged from 0.5 to 22.7 cN for force
component and ranged from 2.2 to 80.0 cN•mm for moment component, respectively. The relative difference of the sim-
ulation results ranged from 2.5% to 11.0% for force component and ranged from 0.6% to 14.7% for moment component,
respectively.
y.w
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4 | DISCUSSION

In previous studies, several methods6,28,29 for the simulation of orthodontic force provided by appliance loading have
been reported. These methods implemented the simulation of appliance loading by applying constant force or displace-
ment loads to the appliance to activate the appliance and were mainly employed to simulate orthodontic force induced
FIGURE 8 Orthodontic force of teeth obtained using the simulation method. A, The direction of the orthodontic force; B, the amplitude of

the orthodontic force
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FIGURE 9 The stress of the TPBC. A,

Stress in teeth; B, stress in PDL; and C,

stress in bone

10 of 14 ZHOU ET AL.

 20407947, 2019, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

.3189 by C
ochraneC

hina, W
iley O

nline L
ibrary on [05/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
by specific functional appliances including uprighting spring, power arm, and appliance in sliding mechanics and so on.
There was also work trying to simulate the orthodontic force provided by the general archwire.31 However, this work
only involved the loading of the archwire section on partial teeth, and the loading of the archwire section was also
implemented by applying constant displacement loads to a segment of the archwire.

The major contribution of this study was the development of a new method for the simulation of orthodontic force
provided by continuous archwire free deformation. In orthodontic treatment, the leveling and aligning are generally
completed by loading continuous archwire to full dentition. The simulation of the archwire loading to full dentition
is challenging. First, the archwire deformation before and after loading is irregular and cannot be described explicitly.
It is difficult to analytically calculate the constant displacement loads to move the archwire segment into corresponding
bracket slots. Secondly, the archwire might slide along the bracket slots during the loading procedure, and the node dis-
placements of archwire within a short segment might be different (as shown in the results of Subsection 3.1). Thus, pre-
vious methods which directly applied loads to appliance are inapplicable for the simulation of orthodontic force
m
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FIGURE 10 The comparison of orthodontic force obtained using the simulation method and orthodontic force tester. A, Force component;

B, moment component
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provided by archwire loading on full dentition. This study developed a new method to address this challenge. Instead of
directly applying constant displacement loads to archwire segments, it first calculates the node displacements of
archwire before and after loading by simulating the archwire free deformation procedure using virtual brackets, then
loads the node displacements to the archwire to simulate the orthodontic force of teeth.

The simulation results using the developed method provided both amplitude and direction reference of the force that
the archwire would apply to teeth after loading. Based on the reference, orthodontists could optimize the design of the
archwire according to a specific case such that the designed archwire would supply proper orthodontic force to teeth
after loading. In clinical orthodontics, a medium force was regraded to fall within the range of 6 to 10 ounces (170 to
283 cN).49 According to the simulation results, the force applied to the left central incisor, right central incisor, right
lateral incisor, right canine, and right second premolar exceeded the range of the medium force. The orthodontists
might need to optimize the archwire to reduce this force magnitude. Figure 11 shows the comparison of simulated ini-
tial teeth movement and planned tooth movement direction. Most of the teeth would move as planned after the
archwire loading. However, the movement direction of the crowns of the left second premolar, the left canine, and
the right second molar was in the opposite direction of planned. The left second premolar, right second molar, and left
canine were expected to have a buccal or labial movement, but these teeth would have a lingual crown tipping move-
ment after the appliance loading. Thus, the archwire designed based on the shape of the planned dentition needs to be
optimized to supply a proper force driving teeth move toward the planned direction.

The limitations of the presented FE model mainly include the material property setting of bone and PDL, the friction
coefficient of archwire, and the ligation of bracket. The heterogeneous and anisotropic material property of PDL and
bone should be considered. The frictional coefficient between the bracket and the archwire directly affects sliding fric-
tion mechanical properties, thus is an important factor in the simulation of orthodontic force.42,50,51 A frictional coeffi-
cient of 0.15 was chosen in this study according to previous in vitro experimental data. The effect of a different frictional
coefficient on the orthodontic force should be further studied in future. What is more, the simulation for the ligating of
FIGURE 11 The direction comparison of planned tooth movement and simulated initial tooth movement (the planned tooth movement

direction was presented by yellow arrows with bigger size, the simulated initial tooth movement was presented by color arrows with smaller

size, different colors from blue to red denote initial movement amplitudes from small to large)
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brackets is also an important factor to affect the results of orthodontic force.52 In this study, a stainless steel cylinder
with a diameter of 0.01 in is fixed on the bracket to simply simulate the ligation which ignores a possible gap between
the archwire and the bracket in buccal‐lingual direction. More flexible methods of ligation should be investigated in the
future.
 https://onlinelibrary.w
iley.com

/doi/10.1002/cnm
.3189 by
5 | CONCLUSION

Simulation of orthodontic force provided by loading continuous archwire to full dentition is of great importance for clin-
ical orthodontic treatment. However, no proper method has been developed to address this issue. This study proposed a
two‐step method to simulate the loading procedure of a continuous archwire to full dentition and the orthodontic force
of teeth applying the FEM. Using the proposed method, a continuous archwire designed according to the planned den-
tition was loaded to the original dentition successfully. The orthodontic force of the teeth was calculated, and the stress
of the TPBC was also obtained.
 C
ochraneC

hina, W
iley O
CONFLICT OF INTEREST STATEMENT

We declare that there is no conflict of interest related to this paper.
nline L
ibrary on [05/03/2023]. See the T

erm
s a
ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation of China (No. 61601452), the Guangdong Natural
Science Funds for Distinguished Young Scholar (No. 2015A030306020), the Shenzhen High‐level Oversea Talent Pro-
gram (Peacock Plan) (No. KQCX20130628112914284), the Youth Innovation Promotion Association, Chinese Academy
of Sciences (No. 2015301), and the Shenzhen Research Project (No. JCYJ20170818162801483, No.
GJHS20160331185913023, No. GJHS20170314154158554).
nd C
onditions (https://on
ORCID

Zeyang Xia https://orcid.org/0000-0002-0075-7949
linelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
REFERENCES

1. Liao Z, Chen J, Li W, Darendeliler M, Swain M, Li Q. Biomechanical investigation into the role of the periodontal ligament in optimising
orthodontic force: a finite element case study. Arch Oral Biol. 2016;66:98‐107. https://doi.org/10.1016/j.archoralbio.2016.02.012

2. Cattaneo P, Dalstra M, Melsen B. Moment‐to‐force ratio, center of rotation, and force level: a finite element study predicting their inter-
dependency for simulated orthodontic loading regimens. Am J Orthod Dentofacial Orthop. 2008;133(5):681‐689.

3. Kojima Y, Kawamura J, Fukui H. Finite element analysis of the effect of force directions on tooth movement in extraction space closure
with miniscrew sliding mechanics. Am J Orthod Dentofacial Orthop. 2012;142(4):501‐508.

4. Cronau M, Ihlow D, Kubein‐Meesenburg D, Fanghänel J, Dathe H, Nägerl H. Biomechanical features of the periodontium: an experimen-
tal pilot study in vivo. Am J Orthod Dentofacial Orthop. 2006;129(5)599):e13‐e21.

5. Krishnan M, Kalathil S, Abraham K. Comparative evaluation of frictional forces in active and passive self‐ligating brackets with various
archwire alloys. Am J Orthod Dentofacial Orthop. 2009;136(5):675‐682.

6. Kojima Y, Mizuno T, Fukui H. A numerical simulation of tooth movement produced by molar uprighting spring. Am J Orthod Dentofacial
Orthop. 2007;132(5):630‐638.

7. Friedrich D, Rosarius N, Rau G, Diedrich P. Measuring system for in vivo recording of force systems in orthodontic treatment—concept
and analysis of accuracy. J Biomech. 1999;32(1):81‐85.

8. Duyck J, Van Oosterwyck H, De Cooman M, Puers R, Vander Sloten J, Naert I. Three‐dimensional force measurements on oral implants:
a methodological study. J Oral Rehabil. 2000;27(9):744‐753.

9. Frank CA, Nikolai RJ. A comparative study of frictional resistances between orthodontic bracket and arch wire. Am J Orthod.
1980;78(6):593‐609.

10. Fathimani M, Melenka GW, Romanyk DL, et al. Development of a standardized testing system for orthodontic sliding mechanics. Prog
Orthod. 2015;16(1):14.

11. Chen J, Markham DL, Katona TR. Effects of T‐loop geometry on its forces and moments. Angle Orthod. 2000;70(1):48‐51.
m
ons L

icense

https://orcid.org/0000-0002-0075-7949
https://doi.org/10.1016/j.archoralbio.2016.02.012


ZHOU ET AL. 13 of 14

 20407947, 2019, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

.3189 by C
ochraneC

hina, W
iley O

nline L
ibrary on [05/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
12. Baccetti T, Franchi L, Camporesi M, Defraia E, Barbato E. Forces produced by different nonconventional bracket or ligature systems dur-
ing alignment of apically displaced teeth. Angle Orthod. 2009;79(3):533‐539.

13. Montasser MA, Keilig L, Bourauel C. Archwire diameter effect on tooth alignment with different bracket‐archwire combinations. Am J
Orthod Dentofacial Orthop. 2016;149(1):76‐83.

14. Mittala N, Xia Z, Chen J, Stewartd KT, Liu SS. Three‐dimensional quantification of pretorqued nickel‐titanium wires in edgewise and
prescription brackets. Angle Orthod. 2013;83(3):484‐490.

15. Badawi HM, Toogood RW, Carey JP, Heo G, Major PW. Three‐dimensional orthodontic force measurements. Am J Orthod Dentofacial
Orthop. 2009;136(4):518‐528.

16. Fok J, Toogood RW, Badawi H, Carey JP, Major PW. Analysis of maxillary arch force/couple systems for a simulated high canine mal-
occlusion: Part 1. Passive ligation. Angle Orthod. 2011;81(6):953‐959.

17. Fok J, Toogood RW, Badawi H, Carey JP, Major PW. Analysis of maxillary arch force/couple systems for a simulated high canine mal-
occlusion: Part 2. Elastic ligation. Angle Orthod. 2011;81(6):960‐965.

18. Major PW, Toogood RW, Badawi HM, Carey JP, Seru S. Effect of wire size on maxillary arch force/couple systems for a simulated high
canine malocclusion. J Orthod. 2014;41(4):285‐291.

19. Lee D, Heo G, El‐Bialy T, Carey JP, Major PW, Romanyk DL. Initial forces experienced by the anterior and posterior teeth during dental‐
anchored or skeletal‐anchored en masse retraction in vitro. Angle Orthod. 2016;87(4):549‐555.

20. Owen B, Gullion G, Heo G, Carey JP, Major PW, Romanyk DL. Measurement of forces and moments around the maxillary arch for
treatment of a simulated lingual incisor and high canine malocclusion using straight and mushroom archwires in fixed lingual
appliances. Eur J Orthod. 2017;39(6):665‐672.

21. Qian Y, Liu Z, Fan Y. Numerical simulation of canine bodily movement. Int J Numer Methods Biomed Eng. 2010;26(2):157‐163. https://
doi.org/10.1002/cnm.1179

22. Zhang Z, Chen J, Li E, Li W, Swain M, Li Q. Topological design of all‐ceramic dental bridges for enhancing fracture resistance. Int J
Numer Methods Biomed Eng. 2016;32(6):e02749.

23. Zhang D, Han X, Zhang Z, et al. Identification of dynamic load for prosthetic structures. Int J Numer Methods Biomed Eng. 2017;33(12):12.
https://doi.org/10.1002/cnm.2889

24. Cheng Y, Lin D, Jiang C, Lin Y. Dental implant customization using numerical optimization design and 3‐dimensional printing fabrica-
tion of zirconia ceramic. Int J Numer Methods Biomed Eng. 2017;33(5). https://doi.org/10.1002/cnm.2820

25. Ammar H, Ngan P, Crout R, Mucino V, Mukdadi O. Three‐dimensional modeling and finite element analysis in treatment planning for
orthodontic tooth movement. Am J Orthod Dentofacial Orthop. 2011;139(1):59‐71. https://doi.org/10.1016/j.ajodo.2010.09.020

26. Kamble R, Lohkare S, Hararey P, Mundada R. Stress distribution pattern in a root of maxillary central incisor having various root mor-
phologies: a finite element study. Angle Orthod. 2012;82(5):799‐805. https://doi.org/10.2319/083111‐560.1

27. Jeon P, Turley P, Ting K. Three‐dimensional finite element analysis of stress in the periodontal ligament of the maxillary first molar with
simulated bone loss. Am J Orthod Dentofacial Orthop. 2001;119(5):498‐504. https://doi.org/10.1067/mod.2001.112999

28. Kim T, Suh J, Kim N, Lee M. Optimum conditions for parallel translation of maxillary anterior teeth under retraction force determined
with the finite element method. Am J Orthod Dentofacial Orthop. 2010;137(5):639‐647. https://doi.org/10.1016/j.ajodo.2008.05.016

29. Kojima Y, Fukui H. Numerical simulation of canine retraction by sliding mechanics. Am J Orthod Dentofacial Orthop.
2005;127(5):542‐551.

30. Shroff B, Lindauer S. Leveling and aligning: challenges and solutions. Semin Orthod. 2001;7(1):16‐25.

31. Canales C, Larson M, Dan G, Sheats R, Stevens C, Ko C. A novel biomechanical model assessing continuous orthodontic archwire acti-
vation. Am J Orthod Dentofacial Orthop. 2013;143(2):281‐290. https://doi.org/10.1016/j.ajodo.2012.06.019

32. Chen J. Apparatus and method for measuring orthodontic force applied by an orthodontic appliance (US Patient No.6120287). 2000;USA.

33. Gan Y, Xia Z, Xiong J, Zhao Q, Hu Y, Zhang J. Toward accurate tooth segmentation from computed tomography images using a hybrid
level set model. Med Phys. 2015;42(1):14‐27. https://doi.org/10.1118/1.4901521

34. Huang Y, Keilig L, Rahimi A, et al. Numeric modeling of torque capabilities of self‐ligating and conventional brackets. Am J Orthod
Dentofacial Orthop. 2009;136(5):638‐643.

35. Papageorgiou SN, Sifakakis I, Keilig L, et al. Torque differences according to tooth morphology and bracket placement: a finite element
study. Eur J Orthod. 2017;39(4):411‐418.

36. Papageorgiou SN, Keilig L, Hasan I, Jäger A, Bourauel C. Effect of material variation on the biomechanical behaviour of orthodontic fixed
appliances: a finite element analysis. Eur J Orthod. 2016;38(3):300‐307.

37. Li W, Swain WV, Li Q, Steven GP. Towards automated 3D finite element modeling of direct fiber reinforced composite dental bridge. J
Biomed Mater Res Part B. 2005;74(1):520‐528.

38. Kettenbeil AK, Reimann S, Reichert C, Keilig L, Jäger A, Bourauel C. Numerical simulation and biomechanical analysis of an orthodon-
tically treated periodontally damaged dentition. J Orofac Orthop. 2013;74(6):480‐493.

39. Vollmer D, Bourauel C, Maier K, Jäger A. Determination of the centre of resistance in an upper human canine and idealized tooth model.
Eur J Orthod. 1999;21(6):633‐648.
m
ons L

icense

https://doi.org/10.1002/cnm.1179
https://doi.org/10.1002/cnm.1179
https://doi.org/10.1002/cnm.2889
https://doi.org/10.1002/cnm.2820
https://doi.org/10.1016/j.ajodo.2010.09.020
https://doi.org/10.2319/083111-560.1
https://doi.org/10.1067/mod.2001.112999
https://doi.org/10.1016/j.ajodo.2008.05.016
https://doi.org/10.1016/j.ajodo.2012.06.019
https://doi.org/10.1118/1.4901521


14 of 14 ZHOU ET AL.

 20407947, 2019, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

.3189 by C
ochraneC

hina, W
iley O

nline L
ibrary on [05/03/2023]. See the
40. Barone S, Paoli A, Razionale AV, Savignano R. Computational design and engineering of polymeric orthodontic aligners. Int J Numer
Methods Biomed Eng. 2017;33(8)e2839). https://doi.org/10.1002/cnm.2839

41. Kumar A, Ghafoor H, Khanam A. A comparison of three‐dimensional stress distribution and displacement of naso‐maxillary complex on
application of forces using quad‐helix and nickel titanium palatal expander 2 (NPE2): a FEM study. Prog Orthod. 2016;17(1):17. https://
doi.org/10.1186/s40510‐016‐0131‐3

42. Kusy RP, Dilley GJ, Whitley JQ. Mechanical properties of stainless steel orthodontic archwires. Clin Mater. 1988;3(1):41‐59.

43. Kusy RP, Whitley JQ. Friction between different wire‐bracket configurations and materials. Semin Orthod. 1997;3(3):166‐177.

44. Kusy RP, Schafer DL. Effect of salivary viscosity on frictional coefficients of orthodontic archwire/bracket couples. J Mater Sci Mater Med.
1995;6(7):390‐395.

45. Jakati S, Vijayvargia S, Gogineni R. Friction between pre‐adjusted edgewise stainless steel brackets and orthodontic wires—an in‐vitro
study. Int J Recent Scientific Res. 2017;8(3):15961‐15968.

46. Ferčec J, Glišić B, Šćepan I, et al. Determination of stresses and forces on the orthodontic system by using numerical simulation of the
finite elements method. Acta Physica Polonica A. 2012;122(4):659‐665.

47. Deng H, Xia Z, Weng S, Gan Y, Xiong J, Ou Y, Zhang J. Motion planning and control of a robotic system for orthodontic archwire
bending. 2015 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Sept 28 ‐ Oct 2, 2015. Hamburg, Germany.
3729‐3734.

48. Xia Z, Deng H, Weng S, Gan Y, Xiong J, Wang H. Development of a robotic system for orthodontic archwire bending. 2016 IEEE
International Conference on Robotics and Automation (ICRA) Stockholm, Sweden, May 16‐21, 2016.

49. Langlade M. Optimization of orthodontic elastics. GAC International 2000.

50. Tominaga J, Ozaki H, Chiang P, et al. Effect of bracket slot and archwire dimensions on anterior tooth movement during space closure in
sliding mechanics: a 3‐dimensional finite element study. Am J Orthod Dentofacial Orthop. 2014;146(2):166‐174.

51. Kojima Y, Fukui H, Miyajima K. The effects of friction and flexural rigidity of the archwire on canine movement in sliding mechanics: a
numerical simulation with a 3‐dimensional finite element method. Am J Orthod Dentofacial Orthop. 2006;130(3)275):e1‐e10.

52. Montasser M, Keilig L, El‐Bialy T, Reimann S, Jäger A, Bourauel C. Effect of archwire cross‐section changes on force levels during com-
plex tooth alignment with conventional and self‐ligating brackets. Am J Orthod Dentofacial Orthop. 2015;147(4):S101‐S108.
 T
erm

s and C
onditions (https://online
How to cite this article: Zhou X, Gan Y, Zhao Q, Xiong J, Xia Z. Simulation of orthodontic force of archwire
applied to full dentition using virtual bracket displacement method. Int J Numer Meth Biomed Engng. 2019;35:
e3189. https://doi.org/10.1002/cnm.3189
library.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/cnm.2839
https://doi.org/10.1186/s40510-016-0131-3
https://doi.org/10.1186/s40510-016-0131-3
https://doi.org/10.1002/cnm.3189

