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ABSTRACT 

 

Effects of prestretch on stress relaxation and 
permanent deformation of orthodontic 

synthetic elastomeric chains 
 

Jee Hae Chang 
 
 

Department of Dentistry 

The Graduate School, Yonsei University 

(Directed by Professor Hyung Seog Yu, D.D.S.,M.S.,Ph.D) 
 

 

 

The purpose of this study was to investigate an appropriate degree of prestretch for 

orthodontic synthetic elastomeric chains focusing on time-dependent viscoelastic 

properties.     

Orthodontic synthetic elastomeric chains of two brands (Ormco, Dentsply) were 

prestretched to 0 (control), 50, 100, 150, and 200% of the original length in one and three 
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cycles, and the hysteresis areas of the obtained stress-strain curves were determined. 

Acrylic plates were employed to maintain constant strain during the experiment. A total of 

180 samples were classified into nine groups according to brand, and their stresses and 

permanent deformations were measured immediately after prestretch (0 h), after 1 h and 24 

h, and after 1, 2, 3, 4, 5, 6, 7, and 8 weeks. The relationship between stress relaxation and 

permanent deformation was investigated for various degrees of prestretch, and the 

estimated stress resulting from tooth movement was calculated. 

The degree of prestretch and the stress relaxation ratio exhibited a strong negative 

correlation, whereas no correlation was found between the degree of prestretch and the 

average normalized permanent strain. The maximal estimated stress was observed when 

prestretch was performed in three cycles to 200% of the original length.  

Although prestretch benefited residual stress, it did not exhibit negative effects such 

as permanent deformation. The maximal estimated stress was observed at the maximal 

prestretch, but the difference between prestretch and control groups decreased with time. 

In general, higher residual stresses were observed for product B (Dentsply) than for product 

A (Ormco), but this difference was not clinically significant. 

 

 

 

Keywords: orthodontic synthetic elastomeric chain, prestretch, stress relaxation, 

permanent deformation, viscoelasticity
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Ⅰ. Introduction 

 

Orthodontic synthetic elastomeric chains are widely used for tooth movement, closing 

diastema, rotation control, midline correction and closing space on orthodontic treatment 

(Hershey HG et al., 1975; Stevenson JS et al., 1994; Wong AK, 1976; De Genova DC et 

al., 1985). They are low cost, readily available, do not require patient co-operation for their 
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use, and are easy to use in clinical practice. However, there are disadvantage such as force 

decay, deformation and color change (Andreasen GF et al., 1970). 

Orthodontic synthetic elastomeric chains comprise polyurethane-based amorphous 

polymers and exhibit time-dependent viscoelastic behavior. Therefore, in these materials, 

the change of viscoelastic properties with time and environment (Halimi A et al., 2012) 

does not allow stress to be modeled by general strain or strain rate functions and depends 

on deformation history. In addition, physicochemical changes caused by alterations of 

internal molecular structure at the time of elongation result in permanent deformation when 

stress is removed (Andreasen GF et al., 1970). 

The force decay of orthodontic synthetic elastomeric chains has been extensively 

investigated.  Brantley WA et al. (1979) suggested the application of as much as four times 

the desired constant load at insertion, which, however, may result in excessive patient 

discomfort (Wong AK, 1976). Moreover, some studies have recommended prestretching 

orthodontic synthetic elastomeric chains before use; however, research in this direction is 

still scarce. Chang HF (1987) suggested 100% prestretching in clinical applications to 

reduce the initial force. Von Fraunhofer JA et al. (1992) observed that 10-s prestretching to 

100% of the original length had little effect on load relaxation; however, no other prestretch 

conditions were described in the above work. Prestretching conditions described by 

Stevenson JS et al. (1994), Brantley WA et al. (1979) and Kim KH et al. (2005) are difficult 

to apply in clinical trials, since the corresponding maximum prestretching periods equal 

100 days, 3 weeks, and 4 weeks, respectively. 
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Thus, there is a need to develop a prestretch method enabling the clinical applications 

of orthodontic synthetic elastomeric chains. Herein, in order for the developed method to 

be applicable on the chair side, we decided to utilize a short-time length extension. 

Moreover, we tried to predict the change in stress due to the clinical movement of teeth. 

In view of the above, this study aimed to determine an appropriate degree of prestretch 

for orthodontic synthetic elastomeric chains, focusing on their time-dependent viscoelastic 

properties. Specifically, our objectives were to determine the relationship of the degree of 

prestretch to stress relaxtion, and to permanent deformation, and to evaluate the estimated 

stress resulting from tooth movement. 
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Ⅱ. Materials & Method 

 

1. Specimen preparation 
 

A closed-type clear Generation II Power Chain (product A; Ormco Corporation, 

Orange, CA, USA) and an S space (3.0 mm) medium-force Pro-chain (product B; Dentsply 

Sirona K.K., Tokyo, Japan) were used as orthodontic synthetic elastomeric chains (Figure 

1A). The above materials were chosen in view of the fact that product A has been 

extensively characterized, in contrast to product B. The glass transition temperatures (Tg) 

of products A and B were determined (DSC 200, Netzsch GmbH & Co., Germany) as –

33.2 and –31.4 °C, respectively. Each specimen was comprised of nine units. After 

prestretch, in consideration of terminal effects, which is the effect that the monomer units 

near the ends of the polymer chain are different from those in the chain, the inner circular 

rims of seven units were measured excluding the outer unit (Figure 1B). To maintain 

constant strain during the experimental period, 7 × 12 cm acrylic plates were fabricated 

(Figure 1C).  

 

2. Degree of prestretch 
 

Prestretch was performed to achieve length increases of 0 (control), 50, 100, 150, and 

200% of the original value for one and three repeated cycles using a universal testing 

machine (UTM; 5942, Instron, Norwood, MA, USA) and Bluehill 2 software (Instron, 
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Norwood, MA, USA). The rate of load, end rate of unload, and holding duration were set 

to 1800 mm/min, 1700 mm/min, and 5 s (0.0833 min), respectively. The adopted sample 

classification scheme is shown in Figure 2. A total of 180 samples were divided into 9 

groups according to brand (A1–A9 and B1–B9). 

Stress-strain curves were obtained for each group by operating the UTM according to 

the value set by the Bluehill 2 program. A1 and B1 samples were not subjected to any 

prestretch and were used as controls. The hysteresis area (N mm/mm3) enclosed by loading 

 
 
Figure 1 (A) Orthodontic synthetic elastomeric chains used in the present study: product A (above) and 

product B (below). (B) Photograph of control vs. permanent deformation (above), with the measured length 

indicated by an arrow (below). (C) Fabricated acrylic plate. (D) Distance measurement for constant strain. 

(E) Storage in artificial saliva. (F) Storage in an incubator at 37 °C. (G) Measurement of stress using a 

universal testing machine. (H) Distance measurement utilizing a digital Vernier caliper. (I) Observation using 

the Micro Hi Scope system. 
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and unloading curves was integrated and listed in order of magnitude. Figure 3 shows the 

total area sum over each product’s stress-strain curve, referring to the energy lost upon 

prestretching. 

 

3. Temporal evaluation 
 

The length at 1.96 N (200 gram-force (gf), 1gf = 0.0098N) was measured for each 

group and applied to a pre-fabricated acrylic plate, as shown in Figure 1C. The above value 

was chosen in view of the fact that a force of 200 gf was applied to teeth using a force 

gauge after prestretch in a previous clinical trial. During the experiment, specimens were 

preserved in a sealed container filled with artificial saliva (composition previously reported 

by Leung VWH et al.,1991) (Figure 1E) and stored in an incubator at 37 °C (Lab 

 
Figure 2 Classification table of the degree of prestretch (product A [Ormco, Orange, CA, USA]: A1–A9; 

product B [Dentsply Sirona K.K, Tokyo, Japan]: B1–B9) 
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Companion SI-600R Benchtop Shaker, GMI Inc., Ramsey, MN, USA) (Figure 1F). For 8 

weeks, a constant strain was maintained by the acrylic plate, and stress and permanent 

deformation were recorded at the time points of 1 h, 24 h, and 1, 2, 3, 4, 5, 6, 7, and 8 weeks. 

Ten of each group were measured by connecting the jig to the UTM (Figure 1G), and 

average values excluding the maximum and minimum were obtained. To reduce the error 

of permanent deformation measurement, the elastomeric chains were covered with a 

transparent acrylic plate when a digital Vernier caliper (CD-15APX, Mitutoyo, Kawasaki, 

Japan) was used, as shown in Figure 1H. During the experiment, specimens were observed 

using the Micro Hi Scope system (KH-1000, Hirox, Tokyo, Japan) at the same point every 

week (Figure 1I). 

 
 
Figure 3 Bar graph illustrating the degree of prestretch according to the total area sum over each product’s 

stress-strain curve. (see Figure 2 for definition of A1-A9, B1-B9)  
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Table 1 Representative parameter values calculated in the present study.

Variable Object Representative 
value Equation Eq.

No Description index

Independent 
variable 

Degree of 
prestretch 

Hysteresis of stress 
strain curve (HX) = (σl ( ) − σu ( )) (1) σlx(s) : loading curve of stress strain curve 

σux(s) : unloading curve of stress strain cure 
Figure 

3 

Dependent 
variable 

Stress 
relaxation 

normalized stress 
(fX( )) ( ) = σ ( )σ₀  (2) σx( ) : stress recorded at time  of relaxation. 

σ₀x : initial stress. 
Figure 

6 
area under the stress 
relaxation curve (SX) = ( )  (3) lower and upper limits of integration : a and

b.  

average of normalized 
stress (fX(c)) ( ) = 1− ( )  (4) stress ratio corresponding to c existing

between the interval [a, b]  

area under the stress 
relaxation curve (SX) = ( ) = ( ) · ( − ) (5)

When the lower limit of integration taken as
a=0, and in the special case as completely
elastic material (fX(c)=1), SX

0=b (SX
0: the

rectangular area under the stress relaxation
curve of the completely elastic material in
which no stress relaxation occurs at all.) 

 

stress relaxation ratio 
(RX) = 1 − = 1 − (c) (6) 0 < RX < 1, closer to 0 means closer to the

completely elastic material. 

Figure 
7A, 

Table 2

Permanent 
deformation 

Permanent 
deformation strain 

(ℇperx( )) 
ℇ ( ) = ℓ ( ) − ℓ₀ℓ₀  (7)

ℓperx( ) : length of the orthodontic synthetic
elastomeric chain recorded at time  due to
permanent deformation.  ℓ0x : original length measured immediately
after prestretch 

 

average of permanent 
strain (ℇperx(c)) ℇ ( ) = 1− ℇ ( ) (8) strain corresponding to c existing between the

interval [a, b] 
Figure 

7D 

total strain (ℇtotal) ℇtotal = ℇel + ℇde + ℇper (9)
ℇel : instantaneous elastic strain 
ℇde : delayed elastic strain 
ℇper : permanent deformation strain 

Figure 
7D 

normalized permanent 
strain (gX( )) ( ) = ℇ ( )ℇ  (10) permanent deformation strain ratio Figure 

6B 

average of normalized 
permanent strain 

(gX(c)) 
( ) = 1− ( )  (11) strain ratio corresponding to c existing

between the interval [a, b] 

Figure 
7B, 

Table 2

 

Estimated 
stress 

resulting 
from tooth 
movement 

amount of calibrated 
tooth movement(mm) 

according to each 
group of X(YX(t)) 

( ) = ΔℓΔℓ ( ) · 0.25  (12)
the amount of tooth movement(Y1) was
Y1=0.25t in the control group, assuming that
the rate of tooth movement was 1 mm/4 weeks

 

calibrated strain 
(uX(t)) ( ) = ( )Δℓ  (13) according to the definition of strain  

elastic recovery level 
ratio (ωX(t)) 

( ) = (Δℓ − ℓ ) − ( )(Δℓ − ℓ )= 1 − ( )1 − ( ) 
(14)

assumed that the recorded permanent
deformation strain does not change despite
the movement of the teeth 

 

estimated stress 
( X( )) ( )= σ ( ) · ( ) (15)

assumed that the stress strain curve of the
reduction of elastic recovery due to tooth
movement is regarded as a straight line in a
small section 

Figure 
8A 

elastic restoring stress 
( X(c)) ( ) = 1− ( )  (16)

the average of the estimated stress 
stress corresponding to c existing between the
interval [a, b] 

Figure 
8 

average of recorded 
stress (σX(c)) σ ( ) = 1− σ ( )  (17)

the average of the recorded stress 
stress corresponding to c existing between the
interval [a, b] 

Figure 
8 
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4. Calculation of representative values 
 

To determine the relationship of the degree of prestretch to stress relaxation, and to 

permanent deformation, and to evaluate the estimated stress resulting from tooth movement, 

representative values were calculated as shown in Table 1. 

 

The degree of prestretch as an independent variable was calculated by the hysteresis 

of the stress strain curve (HX). 

 = ( ( ) − ( ))  (1) 

 

σlX(s) was the loading curve of stress strain curve, and σuX(s) was the unloading curve 

of stress strain cure. 

Dependent variables were calculated in several steps.  

Stress relaxation curves had been normalized as follows: 

 ( ) = ( )₀  (2) 

 

σx( ) was the stress recorded at time  and σ₀x was the initial stress. The parameter fX( ) 

represented the normalized stress during relaxation.  

As Bellido GG et al. (2009) mentioned that the area under the curve (SX) was the 

simplest and most sensitive estimator of the changes in the shape of a stress relaxation 

curve, this method was also used in the present study. The equation for obtaining the area 
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under the continuous stress relaxation curve was as follows. The lower and upper limits of 

integration were a and b. 

 = ( )  (3) 

 

By using the average value theorem, if fX( ) is continuous over [a, b], then 

 ( ) = 1− ( )  (4) 

 

fX(c) was the stress ratio corresponding to c existing between the interval [a, b] in the 

normalized stress relaxation curves and was defined as the average of normalized stress 

(fX(c)) in the present study. Combining Eq.(2) and Eq.(3) was as follows. 

 = ( ) = ( ) · ( − ) (5) 

 

When the lower limit of integration taken as a=0, and in the special case as completely 

elastic material (fX(c)=1), Eq.(4) is simply SX
0=b. (SX

0 indicates the rectangular area under 

the stress relaxation curve of the completely elastic material in which no stress relaxation 

occurs at all.) 

The stress relaxation ratio (RX) can be express as follows. 

 = 1 − = − = − ( ) · = 1 − (c) (6) 

 

Therefore, the stress relaxation ratio (RX) can be obtained by taking the average of 

normalized stress (fX(c)) from the interval [0, b] and subtracting it from 1. This value exists 
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between 0 < RX < 1 and closer to 0 means closer to the completely elastic material. 

Correlation between this value and the degree of prestretch was obtained. 

Permanent deformation strain (ℇperx( )) had been obtained by the following expression: 
 ℇ ( ) = ℓ ( ) − ℓ₀ℓ₀  (7)  ℓperx( ) indicates the length of the orthodontic synthetic elastomeric chain recorded at 

time  due to permanent deformation. ℓ0x was the original length measured immediately 

after prestretch.  

The average of permanent strain (ℇperx(c)) was calculated as follows by using the same 

method mentioned previously. 

 ℇ ( ) = 1− ℇ ( )  (8) 

 

To evaluate the relationship between the degree of prestretch and permanent 

deformation, representative values of permanent deformation curves have been calculated 

by mathematical method, which was defined as the average of the normalized permanent 

strain (gX( )) in the present study. 

Since the specimen was subjected to a sustained total strain (ℇtotal) during the 

experiment period, a part of the chain structure of the elastic deformation was converted 

into a permanent deformation structure. 

 ℇtotal = ℇel + ℇde + ℇper (9) 
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ℇel = instantaneous elastic strain 

ℇde = delayed elastic strain 

ℇper = permanent deformation strain 

 

Therefor the permanent deformation strain ratio, named the normalized permanent 

strain (gX( )) was calculated as follows: 

 ( ) = ℇ ( )ℇ  (10) 

 

Normalized permanent strain (gX( )) was the ratio of the permanent strain to the 

sustained total strain at time .  

The average of normalized permanent strain (gX(c)) was calculated as follows by using 

the same method mentioned previously.  

 ( ) = 1− ( )  (11) 

 

Correlation between this value and the degree of prestretch was obtained. 

To evaluate the estimated stress reflecting the tooth movement, the elastic restoring 

stress ( X(c)) have been calculated by mathematical method. Assuming that the rate of tooth 

movement was 1mm/4weeks (Yee JA et al., 2009), the amount of tooth movement (Y1) was 

Y1=0.25t in the control group. In the present study, since the force was set to 1.96N (200gf) 

and the corresponding length was set, the amount of calibrated tooth movement based on 

the control group was applied to the formula as follows. 



１３ 
 

The amount of calibrated tooth movement (mm) according to each group of X (YX(t)): 

 ( ) = ΔℓΔℓ ( ) · 0.25  (12) 

 

If we let the calibrated strain (uX(t)) as: 

( ) = ( )Δℓ  (13) 

 

by substituting the Eq.(12), the elastic recovery level ratio (ωX(t)) resulting from tooth 

movement could be calculated as follows. Assumed that the recorded permanent 

deformation strain does not change despite the movement of the teeth, 

 

Figure 4 A schematic diagram of the length of orthodontic synthetic elastomeric chain.  
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( ) = (Δℓ − ℓ ) − ( )(Δℓ − ℓ )   

 = (1 − ℓΔℓ ) − ( )Δℓ(1 − ℓΔℓ )   

 = 1 − ( ) − ( )(1 − ( ))   

 = 1 − ( )1 − ( ) (14) 

 

When the stress strain curve of the reduction of elastic recovery due to tooth movement 

is regarded as a straight line in a small section, the estimated stress ( X( )) reflecting the 

tooth movement (1mm/4weeks) was calculated as follows. 

 ( )= ( ) · ( ) (15) 
 

The average of the estimated stress was calculated as follows by using the same 

method mentioned previously, which named the elastic restoring stress ( X(c)) in the 

present study. 

 ( ) = 1− ( )  (16) 

 

To compare with this value, the average of the recorded stresses was calculated as 

follows, which named the average of recorded stress (σX(c)) in the present study. 

 ( ) = 1− ( )  (17) 
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5. Statistical analysis 
 

All statistical analyses were performed using SPSS version 20.0 software (IBM 

Corporation, Armonk, NY, USA), and the relationship of the degree of prestretch to stress 

relaxation, and to permanent deformation were determined using Pearson correlation 

analysis.  
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Ⅲ. Results 

 

1. Correlation 
 

The result of the relationship of the degree of prestretch to stress relaxation, and to 

 
 
Figure 5 (A) Measured stress relaxation curves of product A. (B) Measured stress relaxation curves of 

product B. (C) Up to 24 hours of measured stress relaxation curves of product A. (D) Up to 24 hours of 

measured stress relaxation curves of product B. (E) Measured permanent deformation of product A. (F) 

Measured permanent deformation of product B. (see Figure 2 for definition of A1-A9, B1-B9)  
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permanent deformation for 8 weeks was as follows. The independent variable was the 

degree of prestretch and the dependent variable was the stress relaxation ratio (RX) and the 

average of normalized permanent strain (gX(c)), which was calculated as mentioned on 

Eq.(6) and Eq.(11) respectively. Figure 6 graphically illustrates the normalized stress 

relaxation (fX( ), Eq.(2)) and the normalized permanent strain (gX( ), Eq.(10)) for the 8-

week period. Figure 7 shows correlations between different parameters, and Table 2 

summarizes the results of Pearson correlation analysis. The degree of prestretch was 

strongly correlated with the stress relaxation ratio (RX) for both products (product A: 

 
 
Figure 6 (A) Normalized stress relaxation (fX( ), Eq.(2)) curves. (B) Normalized permanent strain (gX( ), 

Eq.(10)) curves. (see Figure 2 for definition of A1-A9, B1-B9) 
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correlation coefficient = –0.906, R2 = 0.821, P < 0.001; product B: correlation coefficient 

= –0.929, R2 = 0.864, P < 0.001), whereas no significant correlations were observed with 

the average normalized permanent strain (gX(c)), (product A: correlation coefficient = –

0.255, R2 = 0.065, P = 0.508; product B: correlation coefficient = –0.718, R2 = 0.516, P = 

0.029). A strong correlation with permanent deformation strain (ℇper) measured immediately 

after prestretch was observed for both products (product A: correlation coefficient = 0.974, 

R2 = 0.948, P < 0.001; product B: correlation coefficient = 0.949, R2 = 0.901, P < 0.001). 

Permanent deformation strain (ℇper) immediately after prestrtch was added to ℓ0 and 

 
 
Figure 7 (A) Scatter plot of stress relaxation ratio (RX) according to degree of prestretch (HX). (B) Scatter plot 

of average of normalized permanent strain (gX(c)) according to degree of prestretch (HX). (C) Scatter plot of 

permanent deformation strain (ℇper) a according to degree of prestretch (HX) immediately after prestretch. (D) 

Scatter plot of average of permanent strain (ℇperx(c)) according to sustained total strain (ℇtotalx).  
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calculated in ℓ0x in each group. Moreover, the average permanent strain (ℇperx(c), Eq. (8)) 

demonstrated a strong positive correlation with the sustained total strain (ℇtotalx) (product A: 

R2 = 0.988; product B: R2 = 0.993), as confirmed by the shape of the plot of normalized 

permanent strain (gX( )) superimposed in approximately the same form (Figure 6B). As a 

result, in both products, as the degree of prestretch increases, the stress relaxation ratio 

tends to decrease but the average of normalized permanent strain had no correlation. 

 

2. Regression analysis 
 

Based on these results of a correlation between the two variables, simple linear 

regression analysis was conducted, with the degree of prestretch as an independent variable 

and the permanent deformation strain (ℇper) immediately after prestretch, and the stress 

relaxation ratio (RX) as a dependent variable respectively, in order to describe the functional 

relationship of each product. For the average of normalized permanent strain (gX(c)), the 

regression analysis was not performed because no correlation was found. 

Table 2 Pearson correlation count 

Product A Stress relaxation ratio 
(RX) 

Average of normalized 
permanent strain (gX(c))

Permanent deformation 
strain (ℇper) 

Degree of prestretch 
Pearson correlation coefficient -.906*** -.255 .974*** 

p-value .000767 .508269 .000010 

Product B Stress relaxation ratio 
(RX) 

Average of normalized 
permanent strain (gX(c))

Permanent deformation 
strain (ℇper) 

Degree of prestretch 
Pearson correlation coefficient -.929*** -.718* .949*** 

p-value .000287 .029240 .000093 

*** p<.001, ** p<.01, * p<.05 
Product A : Ormco; Product B : Dentsply 
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The results of the simple linear regression model of each variable are shown in table 

3. As a result, the regression analysis model of the relation between the degree of prestretch 

and the permanent deformation strain (ℇper) immediately after prestretch was analyzed as 

R2=.948 and P=.000 on product A (Ormco), and as R2=.901 and P=.000 on product B 

(Dentsply), which indicates that it was statistically significant. The regression analysis 

model of the relation between the degree of prestretch and the stress relaxation ratio (RX) 

was analyzed as R2=.821 and P=.001 on product A (Ormco), and as R2=.864 and P=.000 

on product B (Dentsply), which indicates that it was statistically significant.  

Thus, by the degree of prestretch, both products have a positive correlation with the 

permanent deformation strain (ℇper) immediately after prestretch, and negative correlation 

with the stress relaxation ratio (RX). 

 

Table 3 Simple linear regression model 

 Dependent 
variable 

Independent 
variable B β t р VIP 

Product A 

Permanent 
deformation 
strain (ℇper) 

(constant) .010     
Degree of 
prestretch .006 .974 11.291*** .000 1.000 

R2=.948   adjusted R-squared =.941   F=127.494   p=.000 
Stress 

relaxation ratio 
(RX) 

(constant) .524     
Degree of 
prestretch -.030 -.906 -5.660** .001 1.000 

R2=.821   adjusted R-squared =.795   F=32.031   p=.001 

Product B 

Permanent 
deformation 
strain (ℇper) 

(constant) .011     
Degree of 
prestretch .005 .949 7.970*** .000 1.000 

R2=.901   adjusted R-squared =.887   F=63.513   p=.000 
Stress 

relaxation ratio 
(RX) 

(constant) .520     
Degree of 
prestretch -.038 -.929 -6.663*** .000 1.000 

R2=.864   adjusted R-squared =.844   F=44.396   p=.000 
***p<.001, **p<.01 
Product A : Ormco; Product B : Dentsply 
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3. Estimated value 
 

Figure 8A shows the estimated stress ( X( ), Eq. (15)) resulting from tooth movement 

(1 mm/4 weeks). For product A, the highest values at weeks 4 and 8 were both observed in 

group A9, equaling 1.19 N/mm² (114.23 gf) and 0.58 N/mm² (55.88 gf), respectively. For 

product B, the highest values at weeks 4 and 8 were both observed for group B9, equaling 

1.27 N/mm² (117.93 gf) and 0.64 N/mm² (59.78 gf), respectively.  

To examine the trends of elastic restoring stress and recorded stress, the average stress 

 
 
Figure 8 (A) Estimated stress ( X( ), Eq.(15)) resulting from tooth movement (1 mm/4 weeks). (B) The 

average of recorded stress (σX(c)) and the elastic restoring stress ( X(c)) for 8 weeks. (see Figure 2 for 

definition of A1-A9, B1-B9)  
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for the 8-week period was obtained using Eqs. (16) and (17), respectively, with the results 

shown in Figure 8B. In general, rising curves were observed on the average of recorded 

stress (σX(c)) and the elastic restoring stress ( X(c)), but it can be seen as the degree of 

prestretch increases, the gap between the two graphs also increases.  

Figure 9 shows the reduction of stress relaxation compared with the control group (%) 

on recorded value (A) and estimated value (B). Higher values were observed in A9 and B9, 

and on the estimated values, there were a tendency to decrease over time, showing that the 

effect of prestretch decrease over time as compared to the control group. 

 
 
Figure 9 (A) Reduction of stress relaxation compared with the control group (%) on recorded value. (B) 

Reduction of stress relaxation compared with the control group (%) on estimated value. (see Figure 2 for 

definition of A1-A9, B1-B9)  
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Figure 10 presents a representative three-dimensional graph for B9, enabling the 

comparison of recorded stress maintained under constant strain, with the estimated stress 

resulting from tooth movement.     

 
 
Figure 10 Three-dimensional plot for group B9. Hysteresis representing the degree of prestretch is shown 

as the area of the stress-strain curve (a). A decrease in stress (b) and an increase in permanent deformation 

(c) were observed with increasing time. The reduction of estimated stress resulting from tooth movement 

(arrow) is shown in (d). (see Figure 2 for definition of B9) 
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4. Micro Hi Scope system 
 

Photographs captured using the Micro Hi Scope system (original magnification ×50) 

immediately after prestretch (Figure 11) show that in contrast to product A, product B 

exhibited visible whitening in the thinnest chain joints in groups B7, B8, and B9. 

 

 

 

 
Figure 11 Micro Hi Scope system (KH-1000, Hirox, Tokyo, Japan) image captured immediately after 

prestretch (original magnification ×50). (see Figure 2 for definition of A1-A9, B1-B9)  
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Ⅳ. Discussion 

 

As shown in Figure 7A and Table 2, the degree of prestretch was negatively correlated 

with the stress relaxation ratio, i.e., the stress maintained under constant strain increased 

with increasing extent of prestretch. As shown in Figure 7C, the permanent deformation 

immediately after prestretch was positively correlated with the degree of prestretch, 

whereas no such correlation was observed when time condition was included. (Figure 7B). 

Permanent deformation was positively correlated only with the constant strain set at the 

beginning of the experiment (Figure 7D), in agreement with the results of Yagura D et al. 

(2013), who found that permanent deformation was proportional to the stretching extent. 

Therefore, orthodontic synthetic elastomeric chains with properties altered by prestretch 

did not increase permanent deformation at weeks 4 and 8 during proper orthodontic 

treatment. In other words, prestretch immediately before use can be used to provide the 

desired stress for orthodontic treatment. In addition, as shown in Figure 8A, the estimated 

stress resulting from tooth movement increased with increasing degree of prestretch. 

Although the difference between prestretch groups and non-prestretch (control) groups 

decreased with time, higher values were observed for the former in the last week of the 

experiment. Therefore, even if the amount of retained strain decreased upon tooth 

movement, prestretch-induced stress gain could still be achieved. 

Orthodontic synthetic elastomeric chains are polyurethane-based polymers with time-

dependent viscoelasticity and other environment-dependent properties. Because of this 
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property, stress relaxation and creep accompanied with time change are observed without 

following Hooke's law and Newton's viscosity law. The glass transition temperature (Tg) 

accounts for these properties. Product A (Ormco) and product B (Dentsply) used in the 

present study were measured at -33.2 ° C and -31.4 ° C, respectively. As a result, 

considerable segmental motion can be performed at room temperature, thus exhibiting 

 
Figure 12 Overall plot. (A) Plot of the hysteresis area enclosed by the stress-strain curve vs. the degree of 

prestretch. (B) Stress relaxation curves measured for 8 weeks and enlarged curves recorded at times of up to 

24 h. (C) Temporal dependence of normalized permanent strain (gX( ), Eq. (10)). (D) Temporal dependence 

of estimated stress ( x( ), Eq. (15)) resulting from tooth movement (1 mm/4 weeks). (E) Three-dimensional 

plot for group B9.  
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flexible properties. These polymer compounds vary in properties depending on the 

environment. Based on the results of previous studies on the property changes of elastomers 

upon exposure to moisture and heat (Stevenson JS et al., 1994; De Genova DC et al., 1985; 

Taloumis LJ et al., 1997; Huget EF et al., 1990), the specimens investigated herein were 

stored in artificial saliva (in an incubator at 37 °C) of a suitable composition (Leung VWH 

et al.,1991).  

The present study was conducted by measuring the strain corresponding to 200 gf after 

prestretch to understand the behavior of the elastic restoring stress after a certain period of 

time (assuming that a force gauge was applied to teeth). Based on the retraction force (100–

250 g) of teeth proposed by Storey EE et al. (1952) and Reitan K (1957), the initial force 

of all specimens was adjusted to 200 gf (1.96 N), which was also within this range. Notably, 

the current opinion on initial stress and stress relaxation is controversial. Thus, De Genova 

DC et al. (1985) reported that a high initial force resulted in a smaller force relaxation than 

a weak initial force, whereas the reverse was claimed by Lu TC et al. (1993). Herein, the 

prescribed initial stress was applied equally to all specimens to eliminate initial stress 

parameters and maintain experiment accuracy. 

The experimental time frame was chosen assuming a four-week visit period for 

general orthodontic treatment. Since some patients cannot attend these appointments, the 

experimental period for stress relaxation evaluation was set to eight weeks. 
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In general, the polymer compound moves along another line in the stress strain curve 

and is called hysteresis. When the stress is applied, uncoiling and chain slippage occur in 

the polymer chain, and cannot return to the original length even when the stress is removed. 

The area between the loading and unloading curves indicates the lost energy, and this area 

also varies with the degree of prestretch. Herein, the degree of prestretch was divided into 

groups according to length and cycles indicating the pulling length and frequency, which 

were general clinical guidelines.  

Stress relaxation, a characteristic of viscoelastic behavior, is observed with progressing 

time upon the application of a certain amount of strain. The results of this experiment of the 

magnitude of the recorded stress of the control were higher than that of the study of Young J 

et al. (1979), probably because of the use of other materials and different initial stress applied, 

whereas, it was similar to the experiment of Song HS et al. (1991). In another study of 

Kochenborger C et al. (2011) using the same material with the present study, the rate of 

reduction of force was less than that of the control in the present study. This might be because 

the initial stress was smaller than that of the present study and the experimental environment 

was different depending on the composition of the artificial saliva used. Although stress 

relaxation investigations have so far provided broadly variable results, this variability is 

thought to reflect the corresponding variance of experimental environments. However, in all 

of the above studies, the stress rapidly decreased at an early stage. 

When subjected to a load, elastomers deform and cannot completely return to their 

initial length even if the load is removed, with the difference between the initial and final 
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dimensions known as permanent deformation. Herein, we measured length changes every 

week, revealing that the degree of permanent deformation was less than that observed by 

Song HS et al. (1991), which was thought to reflect the differences in the utilized materials. 

The curved form of the graph reflecting the temporal evolution of normalized permanent 

strain (gX( )) was consistent with the results obtained by Yagura D et al. (2013). Herein, 

permanent deformation was found to be proportional to the stretching extent (Figure 7D). 

In addition, the highest percentage of permanent deformation was observed during the first 

week, which agreed with the decrease of the large early-stage permanent deformation with 

time. In contrast, immediately after prestretch, permanent deformation was correlated with 

the degree of prestretch. Thus, prestretch behavior affected elastomeric properties such as 

stress but did not affect the life expectancy for proper orthodontic treatment. In other words, 

the act of pulling the orthodontic synthetic elastomeric chain just before use can be 

employed to apply the desired stress for orthodontic treatment. 

According to a review by Baty DL et al. (1994), the residual stress of prestretch 

increased by only 5% in three weeks, suggesting that clinical benefit was suspected. Other 

studies reported that prestretch of orthodontic synthetic elastomeric chains before use 

reduced stress relaxation by 7–25% compared to the control group after 24 h (Young J et 

al., 1979). Moreover, some investigations reported the absence of clinically significant 

differences after three weeks when prestretch was performed (Brantley WA et al., 1979). 

Higher residual stresses were observed herein, e.g., for groups A9 and B9, prestretch 

reduced the recorded stress relaxation values by 42.98 and 44.27% at week 4, respectively, 
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with the corresponding decreases of estimated values resulting from tooth movement (1 

mm/4 weeks) equaling 31.09 and 31.92%, respectively. Figure 8B shows the average of 

recorded stress and the estimated stress (recorded as elastic restoring stress) for a time 

period of 8 weeks, revealing that the gap between the two graphs increased with increasing 

degree of prestretch. In other words, when the amount of strain decreased because of tooth 

movement, the prestretch-induced stress gain also decreased but remained higher than that 

in the control group. In determining the appropriate amount of prestretch, Wong AK (1976) 

emphasized that elastomeric materials need to be prestretched by one-third of their length 

to increase strength. Bishara SE et al. (1970) suggested that the prestretch distance should 

not exceed the subsequently used in-mouth stretch distance, since an increase of permanent 

deformation is observed otherwise. Herein, normalized permanent strain (gX( )) tended to 

be constant irrespective of the degree of prestretch, so that the maximum degree of 

prestretch demonstrated the highest stress value (Figure 12B, Figure 12D); however, in 

product B, as shown in Figure 11, visible whitening appeared from B7 to B9, and the elastic 

restoring stress ( X(c), Eq.(16), Figure 8B) tended to plateau from B7. Therefore, we 

recommend stretching to A9 (i.e., performed in three cycles with 200% of the original 

length) in the case of product A, and stretching to B7 (i.e., performed in three cycles with 

150% of original length) in the case of product B, just before use to apply an appropriate 

stress for tooth movement until next visit while avoiding excessive initial stress.  

Physical and chemical changes of synthetic elastomeric chains are caused by 

alterations of their internal molecular structure. Specifically, differences in physical 
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properties can be estimated by comparing the punched size and thickness of each product. 

Herein, the thicknesses of products A and B were both equal to 0.5 mm, and their length 

ratios were experimentally adjusted to be the same. However, because the thickness in the 

neck of the thinnest part of the product B chain was thinner than that of product A, we 

inferred that aging preferentially appeared in product B, even though it was pulled at the 

same length ratio. However, this difference was not clinically significant. 

Most of the studies have been applied prestretch for a long-term to change the material 

properties, making it impossible to apply in clinical practice. (Stevenson JS et al., 1994; 

Brantley WA et al., 1979; Kim KH et al., 2005). Herein, we compared the effects of short-

term stretching length and number of cycles on the behavior of synthetic elastomeric chains 

in various clinical applications on the chair side. 

The stress relaxation, which is characteristic of viscoelastic materials, is a 

phenomenon in which the internal stress decreases over time under a constant strain. 

However, when stress is applied to a tooth by using an orthodontic synthetic elastomeric 

chain, it cannot maintain the same strain as in the experimental conditions, since the tooth 

moves with time. For physiological tooth movement, the ability of the recovery of the 

orthodontic synthetic elastomeric chain is important. A number of attempts have been made 

to reflect physiological tooth movement in experimental designs of stress relaxation of 

orthodontic synthetic elastomeric chains. De Genova DC et al. (1985) and Boester CH et 

al. (1974) measured a length reduction of 0.5 mm per week, and Lim HC et al. (2011) 

observed 1- and 2-mm unloading points after four weeks. In the present study, stress was 
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measured after keeping the strain constant during the experiment. Since permanent 

deformation strain was recorded, the estimated stress ( X( ), Eq. (15)) resulting from 

orthodontic tooth movement (1 mm/4 weeks) (Yee JA et al., 2009) was calculated by 

excluding the ratio of calibrated tooth movement (Eq. (12)). Equation (11) reflects the 

calibrated tooth movement (mm), assuming a tooth movement of 1 mm per 4 weeks. 

Equation (14), showing that the reduction in elastic recovery strain is dependent on the 

extent of orthodontic tooth movement, was obtained by making several assumptions. First, 

it was assumed that the rate of tooth movement equaled 1 mm/4 weeks (Yee JA e al., 2009). 

Second, the recorded permanent deformation strain was assumed to not change despite the 

movement of the tooth. Third, the stress-strain curve was assumed to be linear in any given 

small section. For product A, the highest estimated stress values at weeks 4 and 8 were both 

observed for group A9 and equaled 1.19 N/mm² (114.23 gf) and 0.58 N/mm² (55.88 gf), 

respectively, whereas the corresponding maxima observed for product B (group B9) 

equaled 1.27 N/mm² (117.93 gf) and 0.64 N/mm² (59.78 gf), respectively. These values 

were slightly smaller than those obtained by De Genova DC et al. (1985) in view of the use 

of a thermal cycled environment in the latter case. Similarly, the above authors De Genova 

DC et al. (1985) used the same reasoning to explain why their experimental value exceeded 

that obtained by Hershey HG et al. (1975). Specifically, Hershey HG et al. (1975) reported 

that 50% of force was lost during the first day, and only 10% of the initial force was lost 

during the following 4 weeks. However, when simulating tooth movements of 0.25 and 0.5 

mm per week, initial force losses of 67 and 75% were obtained, respectively, which were 
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close to the estimated values determined herein. In the 1- and 2-mm unloading experiments 

performed by force decreased by ~10% when 1-mm unloading was performed, which was 

similar to the difference between the recorded and estimated values in the present study.  

The values of estimated stress resulting from tooth movement at week 4 were within 

the range of the tooth retraction force (100–250 g) proposed by Storey EE et al. (1952) and 

Reitan K (1957). Nevertheless, values outside of this range were obtained at week 8, 

significantly exceeding values obtained for the control group. The difference between 

prestretch and control groups decreased with time, i.e., although the effect of prestretch 

decreased with time, adequate stress was applied to the tooth by the orthodontic synthetic 

elastomer chain by week 4 after the general dental orthodontic visit. 

In the present study, it was necessary to measure at room temperature in air during 

measurement to use UTM. Therefore, there was a possibility of error due to difference of 

temperature and humidity environment. Errors due to repeated measurements should also 

be considered. 

As shown in Figure 8B, product B (Dentsply) tends to plateaued after the degree of 

B7, whereas product A (Ormco) seems to plateaued during A3 to A6 and finally in the 

ascent. As shown in Figure 11, product B (Dentsply) show visible whitening in B7, B8 and 

B9, whereas product A (Ormco) do not show up in the experimental design section group. 

Which means, in order to examine the maximum stress in product A (Ormco), it was 

necessary to set the larger range of the degree of prestretch as an independent variable in 

experimental design. 
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Future studies should divide prestretch into broader and more finer section, and the 

measurement environment should be considered in the same environment as the storage 

environment. 
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Ⅴ. conclusion 

 

1.  Although prestretch affected the change of elastomer properties and benefited residual 

stress, it was not accompanied by disadvantages such as permanent deformation, 

which would result in a loss of elastic recovery ability. 

2.  Despite the decrease of strain upon tooth movement, prestretch benefitted residual 

stress. 

3.  In general, higher residual stresses were observed for product B (Dentsply) than for 

product A (Ormco), but this difference was not clinically significant. 

4.  Prestretch of orthodontic synthetic elastomeric chains was concluded to be a necessary 

pre-requisite for maintaining the stress of physiological tooth movement. 
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국문요약 

 

교정용 체인형 합성 고무 탄성재의 prestretch에 따른  

응력완화와 영구변형 

 

장지혜 

연세대학교 대학원 치의학과 

(지도교수 : 유 형 석) 

 

이 연구의 목적은 교정용 체인형 합성 고무 탄성재의 시간 의존적인 점탄성 

성질에 기초하여 교정 치료에 적절한 prestretch 정도를 알아보기 위함이다.  

두 가지 종류의 교정용 체인형 합성 고무 탄성재((Ormco, Dentsply)를 

조사하였으며, Prestretch 정도의 구분은 교정용 체인형 합성 고무 탄성재의 원래 

길이의 0 % (대조군), 50 %, 100 %, 150 % 및 200 %로 prestretch 를 1 회 및 3 회 

실시하여 UTM (Universal testing machine)을 이용하여 각 prestretch 조건 당 

응력-변형률 곡선에서 이력현상에 의한 상승 곡선과 하강 곡선 사이의 면적으로 

구분하였다. 동일한 응력에 해당하는 길이를 측정 한 후에 실험 기간 동안에 일정한 

변형을 유지하기 위해 미리 제작된 아크릴 판에 해당 길이만큼 핀 사이의 간격을 

고정시켜 교정용 체인형 합성 고무 탄성재를 적용하고, 일정 온도를 유지한 인공 

타액에 8 주 동안 보관하였다. 총 180 개의 시료를 제조사 별로 10 개씩 9 개의 
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그룹으로 분류하고, prestretch 직후, 한 시간, 24 시간, 일주일 간격으로 8 주 동안의 

응력완화와 영구변형을 측정하였다. Prestretch 의 정도에 따른 응력 완화와 영구 

변형의 상관 관계를 구하고 치아 이동을 반영한 응력을 계산하여 분석하였다. 

Prestretch의 정도 (degree of prestretch)와 응력 완화율 (stress relaxation 

ratio)은 강한 음의 상관 관계를 보였다(product A: correlation coefficient = –0.906, 

R2 = 0.821, P < 0.001; product B: correlation coefficient = –0.929, R2 = 0.864, P 

< 0.001). Prestretch의 정도와 정규화된 영구 변형의 평균(average of the 

normalized permanent strain)은 상관관계를 보이지 않았다. 추정 응력(estimated 

stress)의 최대값은 원래 길이의 200%로 3회 당겼을 때 나타났다.  

Prestretch 행위로 인하여 잔류 응력 (residual stress)의 이득이 있었으며, 이는 

영구변형과 같은 단점을 증가시키지는 않았다. 추정 응력(estimated stress)의 값은 

최대 prestretch에서 가장 높았으나 시간이 지날수록 대조군과의 차이는 감소하였다. 

대체적으로 A사(Ormco)의 제품보다 B사(Dentsply)의 제품의 잔류 응력이 더 높았

으나 임상적으로 유의한 차이를 보이지는 않았다. 
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