
INTRODUCTION

Until recently, orthodontic treatment has generally 
required the patient to wear a fixed appliance for a 
long period of time to improve malocclusion. However, 
some patients have tended to avoid these devices 
because of their poor esthetics. In recent years, as 
demand for orthodontic treatment among adult patients 
has increased1,2), the number of patients requesting 
orthodontic appliances with better esthetics has 
increased, and various types of appliances have been 
developed as a result. Among these devices, aligner-type 
orthodontic appliances (referred to as aligners), which 
are made from transparent thermoplastic materials, 
have rapidly become popular in recent years because 
of their comparatively high esthetic quality3). In 
orthodontic treatment using aligners, tooth movement 
comprises several stages from the start of treatment to 
completion; the patient wears an aligner molded into 
the desired position after movement during each stage, 
and the orthodontic force is thus applied to the teeth 
sequentially4,5). Because these aligners are removable 
by the patient, they are reported to have advantages 
over fixed appliances, such as improved comfort during 
treatment6), better oral hygiene, and reduced periodontal 
disease7) and root resorption8,9).

Conversely, orthodontic treatment using aligners 
has been reported to be inefficient in specific tooth 
movement and lacking in predictive feasibility10-13).  
Quantitative evaluation of the magnitude and 
distribution of the orthodontic force produced by aligners 
in individual patients is essential to clarify the causes of 
these problems. However, few studies have measured the 
orthodontic force characteristics of aligners. In previous 

reports, the orthodontic forces produced by aligners were 
measured using small force sensors, thin-film pressure 
sensors, and 3D force-and-moment sensors, and the 
effects of the thickness and the materials of the aligners 
on the orthodontic forces produced were verified14-17). 
However, previous methods of measuring the orthodontic 
forces have required modification of the models and of 
the aligners themselves, which raises questions about 
the reproducibility and accuracy of these measurements, 
and the results also cannot be captured visually. In 
addition, in previous reports, only the teeth to which 
the orthodontic force was to be applied were measured, 
meaning that the portions without sensors were not 
measured, and thus the effect of the orthodontic force on 
the entire dentition could not be evaluated. Even for the 
teeth with sensors, the measured pressure is actually 
an average value per unit sensor area, which makes it 
impossible to measure the high-resolution orthodontic 
force distribution.

Therefore, we used the photoelasticity of the aligner 
material to accurately measure the orthodontic force of 
aligners. To measure the photoelasticity of the material, 
we used a near infrared 2D birefringence measurement 
system. This equipment operates on the principle that 
when stress is applied to a transparent specimen onto 
which light has been projected, an optical retardation 
(hereafter referred to as retardation) is generated 
because of the birefringence derived from transparent 
polyethylene terephthalate (PET), which is a primary 
material of aligners, and this retardation is expected 
to be proportional to the applied stress18). This system 
can measure and visually evaluate the strength and 
distribution of the orthodontic forces acting on the 
entire dentition or on a single tooth surface without any 
undesirable processing of the aligner or the model.

The purposes of this study were: (1) to verify 
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Fig. 1 Stress-optic law in photoelastic experiments.

Fig. 2 Optical setup of the near infrared 2D birefringence measurement system.

whether the orthodontic force characteristics of the 
aligner material can be derived from photoelasticity 
using a near infrared 2D birefringence measurement 
system, and (2) to establish the basis for visualization of 
orthodontic forces.

MATERIALS AND METHODS

Principles of near infrared 2D birefringence measurement
Photoelasticity is a phenomenon by which a transparent 
elastic material temporarily exhibits both optical 
anisotropy and birefringence when an external 
force is applied to induce stress in that material18-20). 
Birefringence refers to a state in which the stressed 
material has two different indices of refraction (n1, n2) 
depending on the light’s polarization (the direction of 
light vibration). In transparent materials such as glass 
and plastic, the value of the refractive index changes 
according to the amount of stress applied. This is called 
the stress optic law:

(n1−n2)=C(σ1−σ2)                                                        (1)
where (n1−n2) is the difference between the indices of 

refraction, C is the stress-optic coefficient of the specimen, 
and (σ1−σ2) is the difference between the principal stress. 
The stress-optic coefficient can be treated as a constant 
for each material. This law establishes that the difference 
in principal stress is proportional to the difference in the 
two refractive indices exhibited by the stressed material. 
For example, when light polarizations are incident on a 
birefringent material, the transmitted light has a phase 
shift between the polarizations because of the difference 
in the refractive indices (Fig. 1). The amount of this 
phase shift is called the retardation. If the stresses are 
constant throughout the thickness, the wave emerges 
with a retardation due to the refractive index difference 

given by equation (1):
R=C(σ1−σ2)d                                                              (2)
where R is the retardation, and d is the specimen 

thickness19).
Birefringence even occurs in transparent materials 

that are not inherently birefringent when stress or strain 
is applied, and the amount of retardation that occurs 
can be measured and then converted into a proportional 
stress. The near infrared 2D birefringence measurement 
system (WPA-200-NIR, Photonic Lattice, Miyagi, Japan) 
used in this study can investigate the internal strain and 
molecular orientation of a specimen, along with the stress 
distribution when stress is applied to the specimen. We 
can quantify such a stress by measuring the retardation 
of the transmitted light via the proportional relationship 
above. The optical setup of this system is illustrated 
in Fig. 2. The optical system consists of a light source, 
circular polarizer, wavelength filter, lens, imaging 
sensor, and camera. The near-infrared light emitted from 
the light source passes through the circular polarizer to 
become polarized light (Fig. 2A) and enters the loaded 
specimen (Fig. 2B). Because of the birefringence of 
the specimen, the incident light splits into two beams 
with different phase velocities in the specimen and 
passes through the specimen (Fig. 2C). Each light has 
a phase difference, and by passing this phase difference 
through a wavelength filter, only the isochromatic lines 
indicating the principal stress difference can be observed 
(Fig. 2D). These two isochromatic lines are combined by 
a polarizer and recorded by a camera (Fig. 2E). At this 
time, a color map is created according to the retardation 
obtained from the linearly polarized light component.

Verification of the proposed method using 2D birefringence 
measurement
The near infrared 2D birefringence measurement 
system is a device used to measure the retardation of 
light when an external force is applied to a transparent 
elastic material. Our study represents the first attempt 
to measure the properties of the aligner material 
using this equipment. Firstly, we verified whether 
it is possible to estimate the orthodontic force from 
the retardation measured when stress is generated 
in the aligner material. In the proposed method, the 
thermoplastic material was subjected to a pressurized 
molding force, which is the force used when the aligner 
was fabricated, and photoelasticity and mechanical 
properties were then measured. The force estimated by 
the birefringence measurement was compared with the 
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Fig. 3 Preparation of specimens.
 (A) Dental model of an adult male; (B) trapezoidal 

column used to simulate the four anterior 
maxillary teeth; (C) trapezoidal column placed in 
a pressurized molding machine (Erkopress); (D) 
Erkodur 0.8 mm plate after pressurized molding; 
(E) cutout from the lingual side of a pressurized 
Erkodur 0.8 mm trapezoid; (F) specimen cut 
from the lingual side parallel to the direction of 
application of the molding force (red arrow).

Fig. 4 Near infrared 2D birefringence measurement 
system (WPA-200-NIR).

Fig. 5 Jig used for retardation measurements.
 (A) Top view, showing the gap where the specimen 

is fixed; the displacement is defined using screws; 
(B) bottom view, where holes have been drilled 
to allow light to pass through; (C) the jig position 
is defined and the specimen is placed in the 2D 
birefringence measurement system.

actual mechanical properties. We adopted the commonly 
used tensile test for measuring the above-mentioned 
mechanical properties, which verifies the orthodontic 
force estimation by photoelasticity.

Specimen preparation
Specimens were prepared using a thermoplastic material, 
Erkodur (Erkodent Erich Kopp, Pfalzgrafenweiler, 
Germany), with a thickness of 0.8 mm. Erkodur is 
composed of glycol-modified PET. A trapezoidal pillar 
(20 mm high, 2 mm on the upper side, 16 mm on the 
lower side, and 40 mm deep) was made from hard 
plaster to simulate the four anterior maxillary teeth 
and the alveolar region of a dental model of an adult 
male (Fig. 3A, B), referring to a previous report21). 
This simplification is to make specimens with uniform 
thickness and to avoid the complex morphology of real 
dental models. The trapezoidal pillar was inserted 
into a pressure molding machine (Erkopress ci motion, 
Erkodent Erich Kopp) (Fig. 3C), and the thermoplastic 
material was then molded under pressure (Fig. 3D). The 
pressure-molding process was achieved by heating the 
material at 160°C for 45 s and cooling for 45 s under 
conditions recommended by the manufacturer. Next, the 
surface corresponding to the lingual side of the model 
was cut from the molded thermoplastic material with 
the cutter (Fig. 3E), and the cut material was then cut 
into strips 20.0 mm in length and 1.0 mm in width for 
use as measurement specimens (Fig. 3F). At this time, if 
the thermoplastic material was stretched on the model 
by application of a molding force that was not applied 
uniformly from the top to the bottom of the model, 
there was a concern that a slight difference in thickness 
would occur in different areas. Therefore, the specimens 
were cut out in a direction parallel to the direction of 
application of the molding force to prevent variations in 

the thickness.

Photoelasticity measurement
We measured the retardation with respect to the 
displacement for seven specimens (n=7) using the near 
infrared 2D birefringence measurement system (Fig. 
4). We fabricated a fixing jig (Fig. 5) to apply specific 
displacement to the specimen. The specimen was fixed 
to the jig and pulled in the tensile direction at increasing 
intervals of 5 µm. The measured values were then 
acquired using birefringence analysis software (WPA-
View Ver. 2.4.8.7, Photonic Lattice).

Measurement of mechanical properties
A tensile test was performed (n=7) using a dynamic 
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Fig. 6 Results of the photoelasticity measurement (n=7).
 The relationship between the retardation and 

the displacement remains linear over the entire 
displacement range.

Fig. 7 Mechanical measurement results showing load 
versus displacement (n=7).

 The graph is nonlinear for displacements of up 
to 30 µm, but it becomes linear at displacements 
above 30 µm.

Fig. 8 Mechanical measurement results for displacements 
of more than 30 µm (n=7).

 The relationship between the retardation and 
the displacement remains linear over the entire 
displacement range.

mechanical analyzer (DMS6100, Hitachi High-Tech 
Science, Tokyo, Japan), and the load was measured 
with respect to the displacement. The applied load was 
gradually changed from 98 to 5,000 mN with a stress 
rate of 100 mN/min.

Optical retardation mapping
Given that the distribution of orthodontic force can be 
converted from the retardation map, we visualized the 2D 
retardation distribution when stress was applied to the 
specimen (i.e., when a specified amount of displacement 
was applied). Birefringence analysis software was used 
to perform the mapping process.

Statistical analysis
When statistical tests were performed, the significance 
level was set at α=0.05 (for both sides), and p<0.05 was 
considered to be significant. SPSS Statistics 26 software 
(IBM, Armonk, NY, USA) was used to perform the 
statistical analysis.

RESULTS

Photoelastic properties by 2D birefringence measurement
Figure 6 shows the photoelastic properties measured 
with the near infrared 2D birefringence measurement 
system. The vertical axis represents the retardation and 
the horizontal axis represents the displacement. When 
the amount of displacement increased by 5 µm, the 
retardation increased almost constantly and showed a 
linear proportional relationship.

Mechanical properties of pressure-molded thermoplastic 
materials (tensile tests)
Figure 7 shows the measured mechanical properties 
of the thermoplastic materials after the pressurized 
molding. The vertical axis represents the load and the 
horizontal axis represents the displacement. The graph 
remains nonlinear for displacements up to 30 µm, but 
becomes linear at displacements above 30 µm. Therefore, 
we decided to extract the data recorded at displacements 
of more than 30 µm, which showed linearity. The graph 

produced after this data extraction process showed a 
linear elastic response, as illustrated in Fig. 8.

Relationship between applied load and retardation
Using the above results, we formulated two relationships 
with the common displacement: the relationship 
between the displacement and the retardation from 
the birefringence measurement, and the relationship 
between the displacement and the load of the tensile test. 
Based on these relationships, the conversion formula 
was introduced to translate the measured retardation 
into the applied load. The valid displacement range of 
the conversion formula was 0 to 100 µm, which is limited 
by the range of the birefringence measurement.

Pearson’s correlation coefficient between the 
displacement and the retardation ranged from 0.997 
to 1.000, and the two factors showed a strong positive 
correlation.

This regression equation is expressed as follows 
using the regression coefficient a1 and the intercept c1:

Retardation (nm)=a1×displacement (µm)+c1         (1)
The regression coefficients of the displacement 

with respect to the retardation ranged from 6.234 to 
7.322; both of these values were statistically significant, 
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Fig. 9 Results of photoelasticity and mechanical 
measurements.

 The retardation and load showed a strong 
relationship with respect to the displacement.

Table 1 Slopes of the regression equation for photoelasticity and mechanical properties measurement data

Slope of regression equation

Test number (1) Physical properties test (2) Photoelasticity test

1 4.739 4.741

2 4.686 4.688

3 4.758 4.756

4 4.626 4.627

5 5.027 5.026

6 5.062 5.062

7 4.912 4.913

resulting in a1=6.610±0.375SD. The intercept of the 
regression equation was in the range from −61.4 to 
−104.0, and c1=−76.4±13.5SD.

In the mechanical property measurement, Pearson’s 
correlation coefficient of the displacement and the load 
showed a value ranging from 0.999 to 1.000, and the two 
parameters showed a strong positive correlation.

This regression equation is expressed as follows 
using the regression coefficient a2 and the intercept c2:

Load (cN)=a2×displacement (µm)+c2                      (2)
The regression coefficients of the displacement with 

respect to the load ranged from 4.626 to 5.062; both of 
these values were statistically significant, resulting 
in a2=4.830±0.171SD. The intercept of the regression 
equation was within the range from −1.22 to 8.11, and 
c2=4.20±2.92SD.

Therefore, the following relational equation between 
retardation and load can be obtained from equations (1) 
and (2):

Retardation (nm)=(a1/a2)×load (cN)+(c1−(a1/a2)×c2) (3)
The coefficient (a1/a2) expressed using the 

relational equation above over the seven specimen was 
1.369±0.077SD, and the coefficient of variation (SD/
average value) was 5.6%, which was quite a small value. 
In addition, there were no cases of rejection when the 
Smirnov-Grubbs rejection test was performed, and it 
was thus confirmed that the seven tests in this study 
showed stable results.

Finally, the constants in the relational equation 
were determined as follows:

Retardation (nm)=1.401×load (cN)−85.852           (4)
Figure 9 shows the load–displacement curve from 

the mechanical and photoelasticity measurements using 
equation (4). The curve measured by photoelasticity tests 
via equation (4) was identical to the true curve obtained 
by the mechanical tests.

Sample size (power analysis)
From the results of this study, the sample size required 
to perform the equivalence test to confirm the hypothesis 
that the results from the photoelasticity and mechanical 
measurements do not differ was obtained as shown 
below.

The numerical results of the photoelasticity and 
mechanical measurements are presented in Table 1.

Equivalence in this case means that (1) the slope of 
the regression equation of the load and the displacement 
in the mechanical measurement, and (2) the slope of the 
regression equation of the load and the displacement 
for the conversion result obtained by converting 
the retardation into the load in the photoelasticity 
measurement, are equivalent.

Next, a practical definition is provided under the 
following conditions that demonstrates that the slopes 
of regression equations (1) and (2) presented above are 
equivalent.
Equivalent definition:

“The case where the ratio of (1) to (2) has a value of 
between 0.999 and 1.001 is equivalent.”

The number of samples required to confirm the 
equivalence based on the definition above (i.e., the 
number of combinations of the two measurements) was 
calculated as shown below.

When the significance level α=0.05 and the 
power=0.9 are adopted as the calculation conditions, 
a required sample size of four was obtained. In other 
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Fig. 10 Correlation between the photoelastic stress 
analysis (vertical axis: retardation) and the 
mechanical properties (horizontal axis: load).

 The results show the correlation between the 
retardation and the load for each 5 µm increase 
in the displacement (maximum: 50 µm). Pearson’s 
correlation coefficient r=0.989 and p<0.001, 
indicating a strong positive correlation.

Fig. 11 Visualization of the optical retardation distribution.
 The magnitude of the retardation for each displacement is shown in color maps. Higher 

retardation is indicated by a darker red shade, and lower retardation is indicated by a darker 
blue shade.

words, in the case of a power of 0.9, if the accuracy of the 
test is ensured, then the sample size requirements can 
be satisfied by performing four sets of tests.

Therefore, the number of tests performed in 
this study (seven tests) was sufficient to confirm the 
equivalence.

Correlation coefficient of load and retardation
The overall relationship between the load and the 
retardation obtained for all the seven specimens was 

r=0.989, the significance probability was <0.001 in terms 
of Pearson’s correlation coefficient, and a strong positive 
correlation was observed (Fig. 10).

Optical retardation mapping
Figure 11 shows the results of mapping of the two-
dimensional retardation distribution when stress was 
applied to the specimen.

The magnitude of the retardation observed for 
each displacement is shown in a color graph, where the 
horizontal axis is displacement. Higher retardation is 
indicated by a darker red color, and lower retardation is 
indicated by a darker blue color. As can be seen, as the 
displacement increases, the color of the sample turns 
from blue to red, and the retardation increases can be 
visually confirmed.

DISCUSSION

If the orthodontic force exerted by an orthodontic 
appliance can be measured, then the relationship 
between tooth movement and the orthodontic force can 
be clarified in greater detail. However, to date, it has 
not been possible to accurately measure the orthodontic 
force with aligners because of the complex shape and 
the material of the appliance. Furthermore, a method to 
measure the actual orthodontic force in each individual 
living body has not yet been developed for use by other 
methods. In this study, we have proposed a method 
to measure the force of a transparent aligner-type 
orthodontic appliance and have confirmed the accuracy 
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of this method.
Photoelastic stress analysis was used in this study for 

transparent specimens. In recent years, the application 
of photoelastic stress analysis has become increasingly 
widespread in studies of oral biomechanics22-27). In  
addition, the near infrared 2D birefringence 
measurement system employed in this study is believed 
to be useful for measuring the orthodontic force of 
aligners because it is simple, nondestructive, and offers 
the feature of real-time measurement. However, no 
previous studies have measured the orthodontic force of 
aligners via photoelasticity. Therefore, we measured the 
actual mechanical properties of the aligner materials to 
validate the effectiveness of our force estimation method 
using photoelasticity.

The results of this validation showed a strong 
relationship between the retardation and the load for the 
specified displacement. Furthermore, the equivalence 
test showed that the equivalence was valid, and a strong 
positive correlation (r=0.989) was observed in Pearson’s 
correlation coefficient. Therefore, the retardation values 
measured using the near infrared 2D birefringence 
measurement system also reflected the mechanical 
properties of the aligner materials, and they were shown 
to be useful for measurement of the orthodontic forces 
generated by the aligner materials.

We confirmed that the retardation increased 
linearly in tandem with increasing displacement. This 
indicates that the displacement and the retardation are 
proportional to each other. Non-zero initial retardation 
without displacement (0 µm) in the displacement–
retardation curve (Fig. 6) was due to the inherent 
material birefringence and the internal stress generated 
by molding.

In the tensile test, the curve shows nonlinearity 
up to a displacement of 30 µm, which is caused by an 
unintentional deflection when the specimen is mounted 
on the apparatus, and the tensile force is applied 
accurately after the deflection has been eliminated.

In both measurements, when the displacement 
increased, slight variations were observed in both the 
retardation value and the load amount for each specimen. 
These variations might be caused by the reproducibility  
of the pressure molding, such as local thickness 
differences of the material and subtle differences in 
temperature during heating.

The Erkodur plate (glycol-modified PET), which is 
formed as an aligner after pressurization, is stretched 
during processing, and it is thus assumed that its 
thickness slightly varies. Because the calculation 
from retardation to stress is affected by the specimen 
thickness, it will be necessary to consider the variations 
in thickness that occur in different parts of the aligner, 
and which part of the aligner should be measured 
in future work; we are currently conducting further 
research into this issue.

The amount of retardation for each amount of 
displacement was shown on a color map, providing 
a visual understanding of how the color distribution 
varied as the mechanical tensile stress was applied. 

Visualization of the orthodontic force of the aligner will 
enable instantaneous comparison of the magnitude and 
distribution of this force, and it is expected to enable 
prediction of the clinical response required to various 
tooth movements.

CONCLUSION

To provide appropriate aligner treatment to orthodontic 
patients, it is necessary to understand the characteristics 
of the orthodontic forces that are generated by aligners. 
In this study, we proposed the application of a 2D 
birefringence measurement method to measure the 
orthodontic forces generated by the aligner materials. 
This method enables simple and rapid measurement 
and provides a visual understanding of the orthodontic 
force without requiring any modification of the aligner 
or the model itself. Therefore, the proposed method will 
enable quantitative measurement of the influence on the 
orthodontic force of the material characteristics of the 
aligner, the edge shape, the material fatigue caused by 
attachment and removal of the device, and the temporal 
changes in the material.
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