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A B S T R A C T

Objectives: Magnets have many advantages in orthodontics, and our previous studies confirmed their therapeutic
potential through 3D-data analysis. The aim of this study was to compare tooth movements, including rotation,
obtained via magnetic and elastic forces in crowded cases in vitro.
Methods: Typodont models mimicking a crowded case were prepared. In the magnetic force-driven orthodontics
(MG) group, Nd-Fe-B magnets were attached to the labial surfaces from UR4 to UL4 for attracting force, and to UR6
and UL6 for repulsing force. For the elastic force-driven orthodontic (EL) group, brackets were placed on labial
surfaces from UR2 to UL2 with power-chain elastics. A NiTi archwire was used in both groups. The models were 3D
scanned before and after tooth movement and exported as STL files. The pre- and post-movement STL files were
superimposed. The 3D coordinates of the measurement points of the crown and root apex were obtained, and tooth
displacement, 3D movements (X, Y, and Z-axis), and rotation (yaw, pitch, and roll) were calculated. Two-tailed
Student's t-test was performed for comparison of the results between MG and EL groups (n ¼ 3).
Results: Overall, both groups indicated similar movement and rotation to achieve the planned arch form. In the
crown movement and rotation, no significant differences were observed between MG and EL groups. However, in
the root movement, there was a significant difference between MG and EL groups in X and Z axis for the canines.
Conclusions: Magnetic force-driven orthodontics demonstrated comparable results to elastics with less tipping
movement, suggesting a potential future orthodontic modality.
Clinical significance: This in vitro study showed the potential of magnetic force for orthodontic application. The
magnetic force-driven orthodontics might provide less tipping tooth movement compared to conventional
methods, such as power chains, and could be a future technique for comprehensive orthodontic treatment.
1. Introduction

Magnets have a wide range of clinical applications in orthodontics.
In addition to being utilized to generate movement, such as intrusion
[1], extrusion [2, 3] or expansion [4], magnets are also applied in a
variety of functional appliances [5]. This is because there are many
advantages to the application of magnets over traditional orthodontic
appliances. For example, conventional orthodontic appliances,
including powerchains and elastics, generate a force that decreases
over time. Magnets, by comparison, can provide a continuous force
throughout treatment [6, 7, 8, 9]. In addition, it is possible t magnetic
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forces can be maintained through mucosa and bone. Since magnets
generate a force that is inversely proportional to the square of the dis-
tance between them, the force can be predicted by measuring the dis-
tance between the magnets [8, 9, 10, 11, 12].

Magnetic forces have been utilized in orthodontics since the 1970s.
The first report of the utilization of magnetic force to move teeth was
designed by Kawata and Takeda in 1977 [13]. They explained an
application of Co–Cr–Fe magnet brackets placed to the anterior teeth
to close the interdental spaces [6, 9, 14]. Before this, their utilization
was limited in orthodontics due to the lack of availability of small
magnets [14] until the development of rare-earth magnets, for
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instance, Sm–Co and Nd-Fe-B in the 1970s. These are valuable tools
because unlike others, rare-earth magnets have high magnetic satu-
ration, coercivity (resistance to demagnetization), and energy [9, 14,
15] even in small sizes. It is less expensive to produce Nd-Fe-B mag-
nets than Sm–Co magnets. In addition, Nd-Fe-B magnets are the most
widespread rare rare-earth magnet in use today [1, 6, 14, 16]. Nd-Fe-B
magnets have been used in the oral cavity, as recognized by various
studies and clinical case reports [1, 2, 5, 6, 8, 12, 17]. However, the
3D movement and rotations of teeth by magnetic force have not been
fully elucidated.

Our previous studies using 3D analysis validated the use of magnetic-
force-driven orthodontics, using attraction and repulsion forces in an ex
vivo setting [18]. It was demonstrated that bigger movements occurred by
attraction force over repulsion force, generating a greater maximum speed
within 50 min of the force application. The attraction force also created
other undesirable movements, including rotation and tipping, phenomena
not observed in the model with the repulsion force [19]. We also reported
that investigation of the effect of the magnet position on the tipping and
bodily toothmovement in an ex vivo setting [19]. It was demonstrated that
increasing the amount of bodily tooth movement and decreasing unde-
sirable tooth rotation and tipping could occur bymodifying the position of
the magnets. However, the study had limitations due to the use of typo-
dont models which included only two teeth. Further studies using clinical
case-mimicking typodont models are necessary to assess magnetic force
driven orthodontic treatment compared to the conventional orthodontic
appliances.

Elastics have been commonly used in orthodontic treatment. Qodcieh
et al. concluded that 50% of elastic-force degradation occurred in the first
four to 5 h of placement [20]. Several other studies also reported the
large initial decrease in the force generated by elastics in orthodontics
treatment [20, 21, 22, 23, 24, 25], potentially requiring the orthodontist
to change a treatment plan to include higher forces than deemed
necessary [23]. To reconcile this dilemma, one study suggested that
patients be instructed to change elastics twice daily to minimize relaxa-
tion [24]. Others have suggested that elastics that generate a higher force
than needed be used and that these elastics should be pre-stretched
before use to prevent higher forces in the first few hours of application
[25]. Another confounding factor of elastic use are oral activities (i.e.
chewing, speaking, etc.) and variation in oral environments (i.e. tem-
perature, pH balance, etc.). However, elastics still occupy a major role in
orthodontic treatment.

Because magnets generate forces that are both easy to calculate and
are not impacted by confounding factors nor a degradation of elasticity,
magnets could be an alternative modality in orthodontics. Therefore, it is
important to know whether the magnetic force can create the same or-
thodontic results as those generated by elastic force. This study aimed to
examine the possibility of magnets replacing elastics in orthodontic
treatment by comparing the tooth movement between magnets and
elastics. We hypothesized that magnetic force can generate tooth
movement similar to that of elastic force.
Figure 1. Typodont model used in this study. (A) too
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2. Materials and methods

2.1. Preparation of experimental typodont model

Tooth models of anterior teeth were designed using Meshmixer CAD
software (Autodesk, San Rafael, CA, USA), Figure 1A. The typodont
frame was also designed using the same CAD software (Figure 1B). The
designs of both the tooth models and the typodont frame were exported
as STL files and, a digital-light-processing 3D printer (MiiCraft 125,
MiiCraft, Hsinchu, Taiwan) with 3D printing material (Next Dent Model
2.0, Next Dent BV, Soesterberg, Netherland) were used to fabricate the
models. A moderate crowding case with maxillary right canine to
maxillary left canine was placed using paraffin wax (Paraffin wax, GC,
Tokyo, Japan, solidification point 59.3 �C) in the typodont model for this
ex vivo experiment (Figure 1C).

2.2. Tooth movement by magnets and elastics

Orthodontic setting for the magnetic force-driven orthodontic group
(MG group) and the elastic force-driven orthodontic group (EL group) are
shown in Figure 2.

For MG group, a 0.012-inch Ni–Ti archwire (Sentalloy, TOMY IN-
TERNATIONAL, Tokyo, Japan) was applied to manage the tooth move-
ment and create the ideal arch form. The Ni-plated cylindrical Nd-Fe-B
magnets (N52, NeoMag, Chiba, Japan, 2.0 mm diameter x 5.0 mm length,
surface magnetic flux density 0.41 T, adsorption power 22.0 kPa, density
7.5 g/cm3) were attached to create magnetic force using autopolymeriz-
ing acrylic resin (Pattern Resin, GC, Tokyo, Japan) (Figure 2A). Attraction
forcewas set onUR4 toUL4, and repulsing forceswas set onUR6 andUL6.
UR1 and UL1 were stabilized by two magnets attached (Figure 2B).

For EL group, brackets (Aria Low-Profile Brackets, Ortho Dentaurum,
Tokyo, Japan) were placed on all tooth surfaces with powerchain elastics
(Prochain medium force M space, Dentsply Sirona, Tokyo, Japan) and a
0.016 � .022-inch Ni–Ti archwire was applied from UR6 to UL6
(Figure 2C). The orthodontic settings were performed by the same
experienced orthodontist.

Before tooth movement, 3D scanning of the typodont models was
performed using a desktop 3D scanner (Ortho Insight 3D, Motion View,
Chattanooga, TN, USA). Then, for tooth movement initiation in the
typodont models, the models were immersed at 55 �C for 30 min in a 3.0-
litter thermostatic water bath (BHS-1, Ningbo Yinzhou Joan Lab Equip-
ment, Zhejiang, China). After finishing immersing for 30 min, the models
were placed in an iced-water at 5 �C for 30 min to stabilize the tooth
movement. After stabilization, the models were dried and then scanned
in the same way as the scans performed before tooth movement.

2.3. 3D analysis of the tooth movement and rotation

The scanned data of the typodont model was loaded to 3D software
(Ortho Insight 3D Scan software, Motion View, Chattanooga, TN, USA)
th models, (B) typodont, (C) crowding case used.



Figure 2. Orthodontics force setting on crowding typodont model. (A) Magnets force setting on the typodont, (B) Blue map of magnets setting, (C) Elastic
force setting.
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and converted into STL files. Superimposition of the pre-movement STL
files on that of the post-movement was performed using 3D data analysis
software (GOM inspect 2019, GOM, Braunschweig, Germany) with a
best-fit algorithm. The 3D coordinates of the middle of the incisal edge
(measurement point-I) and root apex (measurement point-R) on the tooth
models were obtained (Figure 3A).

The amount of movement of the tooth crown (AC, measurement
point-I, Figure 3A) in the X, Y and Z-axis was calculated using the
following Eq. (1).

AC ðXÞ¼ I ðXÞPost � I ðXÞPre

AC ðYÞ¼ I ðYÞPost � I ðYÞPre (1)

AC ðZÞ¼ I ðZÞPost � I ðZÞPre
The amount of movement of the root apex (AR, measurement point-R,

Figure 3A) in the X, Y and Z axeswas calculated using the following Eq. (2).
Figure 3. Measurement points and direction on tooth crown and root. (
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AR ðXÞ¼R ðXÞPost � R ðXÞPre
AR ðYÞ¼RðYÞPost � R ðYÞPre (2)

AR ðZÞ¼R ðZÞPost � R ðZÞPre
For the calculations of 3D rotation, yaw, pitch, and roll (Figure 3B),

the same method from our previous published study [18, 19] was used.

2.3.1. Color displacement map
A color displacement map was used by 3D data inspection software to

quantify the tooth movement and direction before and after tooth-
movement. The average displacement of each tooth was calculated and
the difference between MG group and EL group was compared.

2.3.2. Statistical analysis
All experiments were repeated three times (n¼ 3) by the same trained

examiners. For statistical processing of the results of crown-and-root
A) Movement on X, Y and Z axis. (B) Rotation, Yaw, Pitch and Roll.



Figure 4. Post-movement typodont models. (A) Magnetic force-driven group, (B) Elastic force-driven group.
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movement and crown rotation, two-tailed Student's t-test was used (α ¼
0.05, SPSS ver. 24, IBM, Armonk, NY, USA).

3. Results

3.1. Overview of typodont models of both MG and EL groups

After immersing for 30 min in a hot water bath, tooth movements
occurred, and the crowding arch was aligned in both MG group and EL
group (Figure 4).
3.2. Displacement in color map

Color displacement map showed that lateral incisors were predomi-
nantly in the orange-red range on labial view and in the light-blue range
on palatal view indicatingmovement toward labial in bothMG group and
EL group. In contrast, canines indicated movement toward lingual
(Figure 5). The central incisors were fixed as anchors and color
displacement was not observed. The average crown displacement of
lateral incisors was 0.60� 0.38 mm for EL group and 0.54� 0.16 mm for
MG group. The average of canines was 0.47 � 0.14 mm and 0.49 � 0.11
mm, respectively. The average root displacement of lateral incisors was
0.09 � 0.07 mm for EL group and 0.11 � 0.09 mm for MG group, 0.18 �
0.14 mm and 0.37 � 0.16 mm on canines, respectively. There was no
significant difference between MG group and EL group.
Figure 5. The color displacement map between pre- and post-tooth movement. A: M
indicates no displacement. The red indicates the outward displacement. The blue in
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3.3. Moving distance of the crown and root in X, Y and Z-axis

The distance traveled by the crown and root in the X, Y, and Z-axis are
shown in Table 1 and Figure 6. The lateral incisors-crown moved
markedly to the labial direction to the correct position in the arch as
expected. No significant difference was observed between MG group and
EL group in all directions (p > 0.05). For the canines, the distal and
palatal movements were observed in both MG group and EL group. In the
MG group, significant intrusion of 0.722 mm along the axial plane was
observed over the EL group (p < 0.01).

For the lateral incisor roots, a slight mesial movement (X-axis, 0.2–0.4
mm), palatal movement (Y-axis, 1.0–1.4 mm), and extrusion (Z-axis,
0.87–0.99 mm) were observed for both MG group and EL group. No
significant difference was found between MG group and EL group (p >

0.05). For the canine roots, MG group had little mesial movement while
EL group indicated significantly larger movement (X-axis, 0.7 mm, p <

0.05). MG group indicated significantly larger intrusion (Y-axis, 0.9mm)
than EL group (p < 0.05).

For the central incisors, both MG and EL group indicated only slight
movement of the crown (-0.044–0.159) and root (-0.15–0.085), and
there was no significant difference between MG and EL group.

3.4. Tooth rotation

The tooth rotations calculated using the 3D coordinates of the crown
portion are shown in Table 1. A labial inclination and mesial inclination
agnetic force-driven group, B: Elastic force-driven group. The green (zero point)
dicates the inward displacement.



Table 1. Amount of movement on X, Y and Z axis, and degree of rotation, Yaw, Pitch and Roll.

X axis Y axis Z axis

CROWN Magnet Elastic STAT Magnet Elastic STAT Magnet Elastic STAT

Lateral Incisor 0.178 � 0.140 0.119 � 0.464 NS -2.921 � 0.329 -3.09 � 0.863 NS 0.123 � 0.266 0.282 � 0.244 NS

Canine 0.775 � 0.139 0.978 � 0.129 NS 2.233 � 0.239 1.944 � 0.372 NS -0.722 � 0.406 0.111 � 0.302 *

ROOT Magnet Elastic Magnet Elastic Magnet Elastic

Lateral Incisor -0.205 � 0.483 -0.456 � 0.351 NS 1.431 � 0.222 1.075 � 0.291 NS 0.786 � 0.474 0.977 � 0.457 NS

Canine -0.199 � 0.286 -0.747 � 0.366 * 0.054 � 0.351 -0.567 � 0.265 NS -0.933 � 0.386 -0.285 � 0.257 *

Rotation Yaw Pitch Roll

Magnet Elastic STAT Magnet Elastic STAT Magnet Elastic STAT

Lateral Incisor -11.820 � 1.718 -12.018 � 3.572 NS 4.887 � 3.367 8.640 � 4.223 NS 0.830 � 0.814 1.634 � 1.132 NS

Canine 4.474 � 1.14 5.387 � 1.115 NS -6.014 � 2.323 -6.426 � 4.069 NS 1.055 � 0.789 1.062 � 0.477 NS

* indicates significant differences between the magnet and elastic groups (p < 0.05).
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were observed in the lateral incisors, while opposite inclinations were
observed in the canines. No significant difference was observed between
MG group and EL group in all rotation parameters (p > 0.05).

For the central incisors, there was no significant difference between
MG and EL group on Yaw, Pitch and Roll.

4. Discussion

In order for tooth movement to occur in orthodontic treatment, an
adequate magnitude of force is necessary for initiation of a local in-
flammatory response, allowing for remodeling of the structure sup-
porting the tooth, including the alveolar bone [26]. The level of ideal
force for tooth movement in orthodontic treatment is controversial and
has not yet been fully elucidated [27], as it is a consequence of mul-
tiple biological responses to orthodontic force. While small and inter-
mittent force are not enough for tooth movement, excessive great force
might cause root resorption, an undesired result [28, 29, 30]. There-
fore, it is important to predict the appropriate orthodontic force
needed to avoid applying excessive force while concurrently providing
adequate force.

In the conventional fixed appliances, a loss of orthodontic force must
be considered because of the friction between brackets and wires as well
as that between appliances and teeth. Thus, it is difficult to calculate the
ideal orthodontic force one should apply to a given patient's dentition. In
addition, it has been a common finding that elastics lose their initial
ability to apply force once they are placed in the mouth and exposed to an
environment that provides both mechanical and chemical strain [25].
However, even with modern technologies, it is currently impossible to
Figure 6. Comparison of 3D movement and direction of tooth crown and ro
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accurately calculate the decline of initial force elicited by elastics due to
the inability of clinicians to predict these variables.

In contrast, the force applied by separated magnets increases
inversely to the second power of the distance as a consequence of the
force–distance relationship being hyperbolic [8, 9, 10, 12]. Thus, the
magnitude of force can be calculated by measuring the distance between
magnets. In this study, we have used an archwire to manage the ortho-
dontic movement and to create the ideal arch form in MG group in the
same way as EL group. The wire also played a critical task in guiding the
direction of magnetic force.

Magnets, especially rare earth magnets, do not show any material
fatigue, which often occurs with elastics in conventional orthodontic
mechanics [12]. However, it is said that rare-earth magnets might
get corroded easily in the oral cavity. Saliva causes corrosion and a
loss of magnetic force [1, 14, 16, 31], but coating rare-earth magnets
with stainless steel or titanium can prevent this [16, 31]. Recently, a
new coating techniques have been produced, such as those involving
Ni–Al composite and multilayer titanium nitride ceramic. In addi-
tion, some magnets, such as Fe–Pt magnets, are tolerant to said
corrosion [32].

In our previous ex vivo study, attractive magnets generated a force
that, when applied to the center of the maxillary central incisor to
close 2 mm of interdental space, caused them tipping movements [18].
Moreover, in our other study, we assessed crown and root apex
movement and rotation with two different settings of the magnet
position, one at the center of the crown and the other in the cervical
area [19]. Our present 3D data analysis on the comparison of the
tooth movement between magnetic force-driven and conventional
ot by magnet and elastic orthodontic force. A: Lateral incisor. B: Canine.
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elastics provided valuable information for the upcoming advancement
of magnetic force-driven orthodontics. There were no significant dif-
ferences between MG group and EL group in the crown movement and
rotation except the movement of the tooth in an axial direction. The
height of the attached appliances might cause a difference in the tooth
axial direction. In the movement of the root apex of the canines, the
EL group moved significantly more mesially than the MG group
despite the distal movement of the crowns. This indicates that canines
of the EL group moved in a tipping-like movement whereas the MG
group had bodily movement. Our results suggested that the tooth
movement of magnetic force-driven could minimize unwanted in-
cidents of tipping. In addition, the utilization of magnets, as opposed
to elastics, limits the issue of patient compliance since magnets do not
need to be replaced regularly.

The use of a typodont model in an ex vivo study is the limitation of this
study. One problem to the ex vivo situation is the lack of interaction of
oral fluids on the magnet, which may cause corrosion. Besides, tooth
movement in vivo is muchmore complicated due to the dynamic nature of
the oral cavity and periodontium, and paraffin wax cannot adequately
simulate the biology. Despite the limitations, this study is the first to look
at a potential of magnetic-force driven orthodontics compared to the
elastic force-driven orthodontic for the case of moderate crowding in ex
vivo using 3D digital analysis. Our results will lead further investigations
to apply the use of magnets in vivo.

5. Conclusion

There were no significant differences in the translational movement
of the crowns and root apices, and tooth rotation between the magnetic
force-driven treatment and those with the elastics. In addition, magnetic
force-driven treatment may prevent unwanted tipping and root move-
ments. Magnetic force-driven orthodontics may be a future technique for
comprehensive orthodontic treatment.

Declarations

Author contribution statement

Yoshiki Ishida, John Da Silva, Jacob Emge: Analyzed and interpreted
the data; Wrote the paper.

Yukinori Kuwajima, Kaho Ogawa: Conceived and designed the ex-
periments; Performed the experiments; Contributed reagents, materials,
analysis tools or data.

Cliff Lee: Contributed reagents, materials, analysis tools or data;
Wrote the paper.

Shigemi Ishikawa-Nagai: Conceived and designed the experiments;
Wrote the paper.
Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.
Data availability statement

Data will be made available on request.
Declaration of interests statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.
6

References

[1] H.S. Hwang, K.H. Lee, Intrusion of overerupted molars by corticotomy and magnets,
Am J Orthod Dentofacial Orthop 120 (2) (2001) 209–216.

[2] J.P. Sandler, An attractive solution to unerupted teeth, Am J Orthod Dentofacial
Orthop 100 (6) (1991) 489–493.

[3] C. Mehl, S. Wolfart, M. Kern, Orthodontic extrusion with magnets: a case report,
Quintessence Int 39 (5) (2008) 371–379.

[4] M.A. Darendeliler, C. Strahm, J.P. Joho, Light maxillary expansion forces with the
magnetic expansion device. A preliminary investigation, Eur J Orthod 16 (6) (1994)
479–490.

[5] A. Phelan, N.E. Tarraf, P. Taylor, R. H€onscheid, D. Drescher, T. Baccetti,
M.A. Darendeliler, Skeletal and dental outcomes of a new magnetic functional
appliance, the Sydney Magnoglide, in Class II correction, Am J Orthod Dentofacial
Orthop 141 (6) (2012) 759–772.

[6] M. Prasad, M. Manoj-Kumar, S. Gowri-Sankar, N. Chaitanya, G. Vivek-Reddy,
N. Venkatesh, Clinical evaluation of neodymium-iron-boron (Ne2Fe14B) rare earth
magnets in the treatment of mid line diastemas, J Clin Exp Dent 8 (2) (2016)
e164–e171.

[7] M. Muller, The use of magnets in orthodontics: an alternative means to produce
tooth movement, Eur J Orthod 6 (4) (1984) 247–253.

[8] T.T.Y. Huang, S. Elekdag-Turk, O. Dalci, M. Almuzian, E.I. Karadeniz, C. Gonzales,
P. Petocz, T. Turk, M.A. Darendeliler, The extent of root resorption and tooth
movement following the application of ascending and descending magnetic forces:
a prospective split mouth, microcomputed-tomography study, Eur J Orthod 39 (5)
(2017) 547–553.

[9] M.A. Darendeliler, A. Darendeliler, M. Mandurino, Clinical application of magnets
in orthodontics and biological implications: a review, Eur J Orthod 19 (4) (1997)
431–442.

[10] M. Mussard, J.-L. Le Mou€el, J.-P. Poirier, On some early attempts to determine the
variation of the magnetic force with distance, Comptes Rendus Geoscience 345 (5)
(2013) 225–229.

[11] B.W. Darvell, B.H. Gilding, The relationship between the force and separation of
miniature magnets used in dentistry, Dent Mater 34 (6) (2018) e89–e106.

[12] L. Bondemark, J. Kurol, A.L. Hallonsten, J.O. Andreasen, Attractive magnets for
orthodontic extrusion of crown-root fractured teeth, Am J Orthod Dentofacial
Orthop 112 (2) (1997) 187–193.

[13] T. Kawata, S. Takeda, New orthodontic appliance by means of magnetic bracket,
Journal of Dental Research 56 (1977) A189.

[14] V. Bhat, K. Shenoy, P. Premkumar, Magnets in dentistry 1 (1) (2013) 73–79.
[15] A.L. Robinson, Powerful new magnet material found, Science 223 (4639) (1984)

920–922.
[16] M.A. Riley, A.D. Walmsley, I.R. Harris, Magnets in prosthetic dentistry, J Prosthet

Dent 86 (2) (2001) 137–142.
[17] N. Zhao, J. Feng, Z. Hu, R. Chen, G. Shen, Effects of a novel magnetic orthopedic

appliance (MOA-III) on the dentofacial complex in mild to moderate skeletal class
III children, Head & face medicine 11 (2015) 34.

[18] Y. Kuwajima, Y. Ishida, C. Lee, H. Mayama, K. Satoh, S. Ishikawa-Nagai, 3D digital
analysis of magnetic force-driven orthodontic tooth movement, Heliyon 5 (11)
(2019), e02861.

[19] Y. Ishida, Y. Kuwajima, C. Lee, K. Ogawa, J.D. Da Silva, S. Ishikawa-Nagai, Effect of
magnet position on tipping and bodily tooth movement in magnetic force-driven
orthodontics, Materials (Basel) 13 (16) (2020) 3588.

[20] S.M.A. Qodcieh, S.N. Al-Khateeb, Z.W. Jaradat, E.S.J. Abu Alhaija, Force
degradation of orthodontic latex elastics: an in-vivo study, Am J Orthod Dentofacial
Orthop 151 (3) (2017) 507–512.

[21] E. Braga, G. Souza, P. Barretto, C. Ferraz, M. Pithon, Experimental evaluation of
strength degradation of orthodontic chain elastics immersed in hot beverages,
Journal of Indian Orthodontic Society 53 (4) (2019) 244–248.

[22] J.P. Ferriter, C.E. Meyers Jr., L. Lorton, The effect of hydrogen ion concentration on
the force-degradation rate of orthodontic polyurethane chain elastics, Am J Orthod
Dentofacial Orthop 98 (5) (1990) 404–410.

[23] M.L. Kersey, K.E. Glover, G. Heo, D. Raboud, P.W. Major, A comparison of dynamic
and static testing of latex and nonlatex orthodontic elastics, Angle Orthod 73 (2)
(2003) 181–186.

[24] C. Gioka, S. Zinelis, T. Eliades, G. Eliades, Orthodontic latex elastics: a force
relaxation study, Angle Orthod 76 (3) (2006) 475–479.

[25] T. Wang, G. Zhou, X. Tan, Y. Dong, Evaluation of force degradation characteristics
of orthodontic latex elastics in vitro and in vivo, Angle Orthod 77 (4) (2007)
688–693.

[26] E.K.M. Chan, M.A. Darendeliler, P. Petocz, A.S. Jones, A new method for volumetric
measurement of orthodontically induced root resorption craters, Eur J Oral Sci 112
(2) (2004) 134–139.

[27] Y. Ren, J.C. Maltha, M.A. Van 't Hof, A.M. Kuijpers-Jagtman, Optimum force
magnitude for orthodontic tooth movement: a mathematic model, Am J Orthod
Dentofacial Orthop 125 (1) (2004) 71–77.

[28] D.A. Harris, A.S. Jones, M.A. Darendeliler, Physical properties of root cementum:
part 8. Volumetric analysis of root resorption craters after application of controlled
intrusive light and heavy orthodontic forces: a microcomputed tomography scan
study, Am J Orthod Dentofacial Orthop 130 (5) (2006) 639–647.

[29] L.J. Barbagallo, A.S. Jones, P. Petocz, M.A. Darendeliler, Physical properties of root
cementum: Part 10. Comparison of the effects of invisible removable thermoplastic
appliances with light and heavy orthodontic forces on premolar cementum. A
microcomputed-tomography study, Am J Orthod Dentofacial Orthop 133 (2)
(2008) 218–227.

http://refhub.elsevier.com/S2405-8440(21)01610-8/sref1
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref1
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref1
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref2
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref2
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref2
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref3
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref3
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref3
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref4
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref4
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref4
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref4
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref5
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref5
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref5
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref5
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref5
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref5
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref6
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref6
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref6
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref6
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref6
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref7
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref7
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref7
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref8
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref8
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref8
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref8
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref8
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref8
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref9
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref9
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref9
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref9
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref10
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref10
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref10
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref10
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref10
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref11
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref11
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref11
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref12
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref12
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref12
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref12
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref13
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref13
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref14
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref14
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref15
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref15
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref15
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref16
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref16
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref16
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref17
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref17
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref17
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref17
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref18
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref18
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref18
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref19
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref19
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref19
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref20
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref20
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref20
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref20
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref21
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref21
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref21
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref21
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref22
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref22
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref22
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref22
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref23
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref23
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref23
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref23
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref24
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref24
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref24
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref25
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref25
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref25
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref25
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref26
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref26
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref26
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref26
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref27
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref27
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref27
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref27
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref28
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref28
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref28
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref28
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref28
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref29
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref29
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref29
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref29
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref29
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref29


Y. Ishida et al. Heliyon 7 (2021) e07507
[30] A. Paetyangkul, T. Türk, S. Elekda�g-Türk, A.S. Jones, P. Petocz, L.L. Cheng,
M.A. Darendeliler, Physical properties of root cementum: Part 16. Comparisons of
root resorption and resorption craters after the application of light and heavy
continuous and controlled orthodontic forces for 4, 8, and 12 weeks, Am J Orthod
Dentofacial Orthop 139 (3) (2011) e279–e284.
7

[31] A. Kitsugi, O. Okuno, T. Nakano, H. Hamanaka, T. Kuroda, The corrosion
behavior of Nd2Fe14B and SmCo5 magnets, Dent Mater J 11 (2) (1992)
119–129.

[32] E.Y.L. Yiu, D.T.S. Fang, F.C.S. Chu, T.W. Chow, Corrosion resistance of iron-
platinum magnets, J Dent 32 (6) (2004) 423–429.

http://refhub.elsevier.com/S2405-8440(21)01610-8/sref30
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref30
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref30
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref30
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref30
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref30
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref30
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref31
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref31
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref31
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref31
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref32
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref32
http://refhub.elsevier.com/S2405-8440(21)01610-8/sref32

	3D digital analysis of tooth movement with magnets and elastics in vitro
	1. Introduction
	2. Materials and methods
	2.1. Preparation of experimental typodont model
	2.2. Tooth movement by magnets and elastics
	2.3. 3D analysis of the tooth movement and rotation
	2.3.1. Color displacement map
	2.3.2. Statistical analysis


	3. Results
	3.1. Overview of typodont models of both MG and EL groups
	3.2. Displacement in color map
	3.3. Moving distance of the crown and root in X, Y and Z-axis
	3.4. Tooth rotation

	4. Discussion
	5. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


