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Abstract: The purpose of this study is to quantitatively evaluate orthodontic treatment. The forces and 

moments applied to the teeth during treatment are rarely measured. Therefore, dentists must rely on their 

own skills, experience, and senses to perform treatment, which may not be sufficient for some patients. 

To solve this problem, devices have been developed to measure the forces and moments generated in the 

teeth. However, there are disadvantages, such as the limitation of the direction in which the forces and 

moments can be measured and the fact that they do not consider the movement of the teeth during 

treatment. Therefore, we have developed a device that can measure forces and moments in all axes, 

reproducing the movement of the teeth during treatment. The developed device consists of two teeth 

model, a force sensor, and a stepping motor. Considering that the teeth move during treatment, this 

device was incorporated a motor to control the angle of the teeth. A force sensor is used to measure the 

forces and moments in the three axes applied to the teeth. This device can reproduce the treatment of 

abnormally tilted teeth until teeth return to normal position. Quantitative evaluation was performed using 

the device. A comparative study was conducted between the case of treatment with stainless steel wires 

and the case of treatment with nickel titanium wires. The result showed that nickel titanium wire has 

many advantages compare the conventional stainless-steel wires. The advantages are agreed with the 

dentist's rule of thumb, and the experimental results suggest that this device was able to make a 

quantitative evaluation of orthodontic treatment. 

 

Keywords: Force and moment measurement device; Movement of teeth; Orthodontic treatment 

 

I. INTRODUCTION 

 

he demand for orthodontic treatment has been 

increasing. This treatment is performed the forces 

and moments generated by the attachment of orthodontic 

brackets and wires to the teeth. Fig.1 shows an example 

of the wire/bracket system which is used for actual 

orthodontic treatment and its simulating instruments. 

The greater the degree of bending of the wire, the greater 

the force and moment applied to tooth. Movement of 

tooth during orthodontic treatment is a phenomenon 

caused not only by a biological factor but also by a 

mechanical factor. Based on the optimization of both of 

two factors, the dentist modifies the shape of the wire 

and the orientation of the brackets. 

However, the current orthodontic treatment relies on 

the orthodontist's experience and sensation because there 

is no understanding of how much force or moment is 
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applied to the teeth. Therefore, dentists must rely on own 

skills and there is a risk of prolonged treatment due to 

under-loading or damage to the teeth due to over-loading. 

In previous studies, there are analysis methods using 

the finite element method is performed as a quantitative 

evaluation of orthodontic treatment [1]-[5]. However, 

although it is possible to analyze force and moment for 

the dentition to move as ideal, it is difficult to judge 

whether to treat because of the habit of dentists. Also, 

devices that can quantitatively evaluate orthodontic 

treatment have been developed [6]-[15]. However, the 

devices have various disadvantages, such as the inability 

to measure moments, poor measurement accuracy, and 

the use of the teeth model that are larger than normal 

teeth. In addition, it is necessary to measure while 

moving the teeth model because the teeth move during 

treatment, but the previous studies can only measure 

with the teeth model stationary. Therefore, the 

quantitative evaluation of orthodontic treatment by 

previous studies is insufficient. 

The purpose of this study is to develop a device that 

can move the teeth model and measure the applied forces 

and moments in the three axes applied to the teeth. Also, 

it is to evaluate quantitatively the orthodontic treatment. 

In this paper, a quantitative evaluation of a treatment in 

which abnormally tilted teeth were returned to their 

normal position was conducted. A comparative study 

was carried out with two different wires. 

 

II. MEASUREMENT MODEL 

 

In this paper, a quantitative evaluation of orthodontic 

treatment was carried out by reproducing the treatment 

of tilted tooth. The angle of the bracket was varied to 

measure the forces and moments generated from the wire 

to the teeth. The measurement experiment was carried 

out by rotating the left tooth. Fig. 2 shows the situation 

when the bracket angle was changed and returned to the 

normal position. The force and moment applied by the 

orthodontic treatment is measured with a force sensor.  

In the treatment of this case, the moment on the left tooth 

is considered to apply in the direction of the curing of the 

tooth inclination. However, the right tooth may be 

applied with a corresponding moment. Therefore, the 

dentists must take great care to ensure that the right tooth 

does not fall during this treatment. 

 

III. MEASUREMENT DEVICE 

 

A. Mechanism of Device 

Fig. 3 shows the developed device to measure 

orthodontic force and moment. This device consists of 

two 6-axis force sensors (Nippon Liniax Co. Ltd. 

TFSA12-10), a stepping motor (Oriental Motor Co. Ltd. 

PKP243D23A2-SG36), and the teeth model. The teeth 

model is made by 3D printer. Therefore, it can be 

replaced, and treatment with various orthodontic 

appliances can be reproduced with the device alone. A 

sensor can measure forces and moments in three axes on 

a tooth. The accuracy of the force measurement is 1.29 % 

(± 0.04 N) and the accuracy of the moment measurement 

Fig. 1 Moment generated by orthodontic treatment 

(The wire and brackets, and teeth model) 

Fig. 2 The teeth model with rotation 
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is 8.96 % (± 0.17 Nmm). And considering the fact that 

the teeth move during treatment, the left tooth can be 

easily controlled in angle by a motor. Fig. 4 shows the 

internal structure of the tooth model on the left. 

 

 

 

 

B. Principle of Measurement 

 Fig. 5 shows the calculation model of the device. The 

force and moment of the three axes applied to the tooth 

model are calculated from equations (1) and (2). 

Equation (1) shows the relation between the forces 

applied to the tooth and measured by the sensor (𝑭𝒕𝒐𝒐𝒕𝒉: 

the forces generated to the tooth model,  𝑭𝒔𝒆𝒏𝒔𝒐𝒓 : the 

forces measured by the sensor). Equation (2) shows the 

relation between the moments applied to the tooth and 

measured by the sensor (𝑴𝒕𝒐𝒐𝒕𝒉: the moments generated 

to the tooth model, 𝑴𝒔𝒆𝒏𝒔𝒐𝒓: the moments measured by 

the sensor, 𝒓: length between the bracket and sensor). 

The tooth model is assumed to be a rigid body. 

 

𝑭𝒕𝒐𝒐𝒕𝒉 = 𝑭𝒔𝒆𝒏𝒔𝒐𝒓 (1) 

 

𝑴𝒕𝒐𝒐𝒕𝒉 = 𝑴𝒔𝒆𝒏𝒔𝒐𝒓 − |𝒓 × 𝑭𝒔𝒆𝒏𝒔𝒐𝒓| (2) 

 

IV. METHODS OF EXPERRIMENT 

  

 The brackets were rotated by 5 degrees from -30 

degrees to 0 degrees and the moment applied to the teeth 

was measured with each rotation (Fig. 6). In order to 

compare the effect of different types of wire, two types 

of wire were used: Ni-Ti wire (Tomy International Co. 

Ltd. L&H TITAN Arch Wires) and SS wire (Dentsply 

Sirona Co. Ltd. NUBRYTE Stainless Arch Wires) (Fig. 

7). The Ni-Ti wire is made of a nickel-titanium alloy. It 

is soft and has shape memory and super elasticity. 

Because of its softness, it can be attached to the tooth 

flexibly. However, the forces and moments applied to the 

teeth are small. On the other hand, SS wire is made of 

stainless steel and is hard.  It can be applied a large force 

and moment.  However, due to its stiffness, it is difficult 

to attach on heavily tilted teeth in the early stages of 

treatment. To consider the temperature dependence of 

the wire, the experiment was carried out at 37.5°C, the 

same temperature as the oral environment. The distance 

between the teeth was set at 10 mm. The cross-sectional 

shape of the wire was rectangular, 0.016 × 0.022 inch. 

The wires were attached from the left to right brackets.  

Fig. 5 The calculation model for measuring  

force and moment 

Fig. 3 The orthodontic force and moment  

measuring device 

Fig. 4 The internal structure of the left tooth 

Fig. 6 The teeth model during the experiment 
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V. RESULTS 

 

  Fig.8 shows the average values of five moments for 

each angle. (a) shows the value of the moment applied to 

the left tooth and (b) shows the value of the moment 

applied to the right tooth.  The vertical axis of the graph 

represents the moment, the horizontal axis represents the 

angle and the bars represent the standard deviation. The 

green lines show the values for Ni-Ti wire and the blue 

lines show the values for SS wire. Counterclockwise is 

positive and clockwise is negative. From the graph in (a), 

it can be seen that the moment applied to the left tooth 

decreases with decreasing angle, both for the Ni-Ti wire 

and for the SS wire. SS wire has a large value of moment, 

but from around -15 degrees the moment applys in the 

opposite direction. From the graph in (b),  it can be seen 

that the moment on the right tooth is larger for treatment 

with SS wire than with Ni-Ti wire. Also, the moment on 

the right tooth changes from a decrease to an increase 

around -15 degrees in the treatment with SS wire.  

 

 

 

VI. DISCUSSION 

 

The fact that the moment decreased as the angle 

decreased can be attributed to the reduced deflection of 

the wire and the reduced force generated on the bracket. 

It can be concluded from Fig. 8 that Ni-Ti wire is the 

appropriate wire for this treatment. SS wire can apply a 

large moment to the left tooth in the early stage of 

treatment, but from the middle of treatment, the moment 

is applied in the opposite direction to the proper direction. 

Therefore, orthodontic treatment with SS wire is likely 

to make it worse. In addition, the right tooth is applied to 

a larger moment than the Ni-Ti wire and as treatment 

progresses, the moment may increase, so the right tooth 

(the normal inclined tooth) may fall. This is because 

when the wire is attached to -30 degrees tooth, it deforms 

plastically beyond its elastic range. Though the Ni-Ti 

wire has a small moment on the tooth, due to its super 

elasticity and shape memory, it can be used without 

plastic deformation. This means that there is less risk of 

the moment applying in the wrong direction. The 

moment applied to the right tooth is also small, so there 

is lower risk of the tooth in its normal position collapsing 

in the treatment with Ni-Ti wire. 

This suggests that Ni-Ti wire is an appropriate choice 

for the treatment of teeth with a large inclination. This 

agrees with the dentist's rule of thumb. 

 

VII. CONCLUSION 

 

Current orthodontic treatment does not measure the 

forces and moments generated in the teeth and does not 

provide sufficient quantitative evaluation. Therefore, we 

have developed a device capable of measuring forces and 

moments. The developed device can reproduce tooth 

Fig. 7 The two types of wire 

(a) Ni-Ti wire (b) SS wire 

(a) The moment of the left tooth 

(b) The moment of the right tooth 

Fig. 8 The relationship of angle and moment 
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movements that have not been considered before. To 

demonstrate the usefulness of this device, an orthodontic 

treatment to correct the inclination of the teeth was 

reproduced and quantitatively evaluated. Two different 

types of wires were used in the measurement 

experiments and the results were compared. The results 

showed that the Ni-Ti wire was numerically appropriate 

treatment of teeth with a large inclination. The advantage 

is agreed with the dentist's rule of thumb. Therefore, the 

results suggest that this device was able to make a 

quantitative evaluation. 

In the future, this device will be used to quantitatively 

evaluate various orthodontic treatments. The dentists 

will be able to choose a treatment method theoretically 

based on the measured values, not on own experience. 

The orthodontic treatment can be carried out more 

efficiently by the development of the device. 

 

 

 

REFERENCES 

 
[1] L. Knop, L. G. Gandini Jr, R. L. Shintcovsk, M. R. Gandini., 

“Scientific use of the finite element method in Orthodontics,” 

Dental Press J. Orthod, Vol.20, No.2, 2015. 

[2] C. Holberg, P. Winterhalder, I. Rudzki-Janson, A. Wichelhaus, 

“Finite element analysis of mono- and bicortical mini-implant 
stability,” The European Journal of Orthodontics , pp.550-556, 

2013. 

[3] R. T.  Rudolf, J. J.  Ferčec, “FORCE MEASUREMENTS ON 

TEETH USING FIXED ORTHODONTIC SYSTEMS,” 

Vojnotehnički glasnik, 2013. 

[4]  M. Yamamoto, H. Murakami., Y. Kojima., Y. Ito., “Stress 

Analysis of Molar All-Ceramics Crown Using the Three-

Dimetional Finite Element Method,” Japan Prosthodontic 
Society 45, pp.622-631, 2001. 

[5] T. Hirata, T. Ishikawa, A. Shiba, H. Tsukasaki, T. Tacikawa, 

“Stress Analyses on the Castable Ceramics Crown by the 

Three-Dimensional Finite Element Method,” Japan 

Prosthodontic Society 46, pp.501-510, 2002. 

[6]  B. G. Lapatki, J. Bartholomeyczik, P. Ruther, I. E. Jonas, O. 

Paul “Smart bracket for multi-dimentional force and moment 

measurement,” Journal of Dental Research, vol.86-1, pp.73-78, 
2007. 

[7]  Y. Shi, C. Ren, W. Hao, M. Zhang, Y. Bai, Z. Wang, “An 

Ultra-Thin Piezoresistive Stress Sensor for Measurement of 

Tooth Orthodontic Force in Invisible Aligners” IEEE Sensors 

Journal, Vol.12, Issue: 5, , pp.1090 – 1097, 2012. 

[8]  N. Yoshida, Y. Koga, A. Saimoto, T. Ishimatsu, Y. Yamada, 

K. Kobayashi, N. Yoshida, “Development of a magnetic 
sensing device for tooth displacement under orthodontic 

forces,”  IEEE Transactions  Biomedical Engineering, Vol.48, 

Issue: 3, pp.354-360, 2001. 

[9]  B. Kuo, K. Takakuda, H. Miyairi, “Development of an 

orthodontic simulator for measurement of orthodontic forces,” 
Journal of Medical and Dental Sciences, vol.48-1, pp.15-21, 

2001. 

[10]  H. M. Badawi, R. W. Toogood, J. P. R. Carey, G. Heo, P. W. 

Major, “Three-dimensional orthodontic force measurements,” 

American Journal of Orthodontics and Dentofacial 

Orthopedics, vol.136-4, pp.518-528, 2009. 

[11] A. Archambaulta, T. W. Major, J. P. Carey, G. Heo, H. 

Badawi, P. W. Major, “A comparison of torque expression 

between stainless steel, titanium molybdenum alloy, and 
copper nickel titanium wires in metallic self-ligating brackets,” 

The Angle Orthodontist, , Vol. 80, No. 5, pp. 884-889, 2010. 

[12] Y. Midorikawa, H. Takemura, H. Mizoguchi, K. Soga, M. 

Kamimura, K. Suga, W. J.  Lai, Z. Kanno, M. Uo,“Six-Axis 

Orthodontic Force and Moment sensing system for Dentists 
Technique Training,”  Conference of the IEEE Engineering in 

Medicine and Biology Society, 2016. 

[13] K. Shimoda, H. Takemura, Y. Obara, M. Shigeta, K. Soga, K. 

Suga, W. J. Lai, S. Kim, Z. Kanno, M. Uo, “Development of 

6-axis orthodontic force and moment sensing device for 

decreasing accident of orthodontic treatment,” Conference of the 

IEEE Engineering in Medicine and Biology Society, pp. 1797-
1800, 2018. 

[14] W. J. Lai, Y. Midorikawa, Z. Kanno, H. Takemura, K. Suga, K. 

Soga, T. Ono, M. Uo, “A new orthodontic force system for 
moment control utilizing the flexibility of common wires: 

Evaluation of the effect of contractile force and hook length.”, 

Journal of the Formosan Medical Association, 117(1), pp.71–79, 
Jan. 2018. 

[15] K. Shimoda, S. Tsuichihara, H. Takemura, K. Soga, K. Suga, W. 

J. Lai, S. Kim, Z. Kanno, M. Uo, “Orthodontic Force and 

Moment Sensing Device: Influence of Deflection of Wire and 

Tooth’s Orientation”, IEEE International Conference on 
Systems, Man and Cybernetics (SMC), pp. 4337-4340, 2019. 


