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Invisible aligners are medical devices, which allow repositioning of teeth through a
treatment designed by the orthodontists. During this orthodontic treatment, patients
use several aligners each for a couple of weeks. The aligner will apply a system
of forces on the teeth to shift them to desired position. Since aligners exert forces
thanks to their particular shape, it is important that during lifetime’s service they do
not undergo significant deformations. This research aims to study the mechanical
behavior of invisible aligners made by polyethylene terephthalate-glycol (PET-G), which
is one of most used the plastic materials to produce such devices. In this study, cyclic
compression tests in atmospheric environment (∼25◦C) as well as in the presence of
saliva (to simulate intraoral environment) were performed. The mechanical behavior of
aligners with two different thicknesses (0.75 and 0.88 mm) was studied. In particular,
each aligner was subjected to 22500 load cycles from 0 to 50 N. The chosen number
of load cycles simulates the average load history to which an aligner is subjected during
its lifetime. The tests were performed on a testing machine, using a hard resin dental
cast properly fixed to the machine. Analysis of the results shows that the stiffness of
the aligners increases during the cyclic test. In particular, a gradual reduction of the
crosshead displacement was observed during the test, highlighting the occurrence
of cyclic hardening phenomena. It was also found that the aligners show a residual
strain recovery after removing the applied load. Moreover, in the analyzed range of
load rate, the aligners show a low tendency to accumulate residual strains as loading
cycles progress.

Keywords: compression cyclic loading, mechanical characterization, PET-G, invisible aligners, residual stress

INTRODUCTION

Polyethylene terephthalate-glycol (PET-G) is one of the most famous and used thermoplastic
materials in the world. In particular, it is widely used in many applications such as displays,
vending machine windows, food packaging, cosmetics and electronics. This material is an
amorphous copolymer of PET but, unlike this one, it is not able to undergo strain-induced
crystallization independently of the stretching rates and temperatures used during processing
(Dupaixa and Boyce, 2005; Elkholy et al., 2019). Due to the favorable combination of excellent
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esthetic characteristics, formability, high mechanical
strength, excellent flexibility and high impact resistance
(Sheridan et al., 1994; Sheridan and Armbruster, 1999; Oh and
Wang, 2007; Lloyd et al., 2001), this material has gained great
interest in the last decade in the medical device industry. In
fact, it is adopted for manufacturing orthodontic retainers,
temporomandibular joint splints, periodontal splints, and mouth
guards (Ryokawa et al., 2006; Fang et al., 2013; Ma et al., 2016).
At the same time, its excellent transparency makes PET-G
copolymer promising in manufacturing removable tooth aligners
for orthodontics (Ponitz, 1971; McNamara et al., 1985; Lindauer
and Shoff, 1998). Orthodontic aligners allow repositioning of
teeth through a treatment designed by the orthodontists. During
this orthodontic treatment, the patients wear several aligners,
each of them for about 2 weeks. Aligners are typically removed
only during eating and teeth brushing (Jeremiah et al., 2010). The
aligner will apply a system of forces on the teeth to shift them
to the desired position. As the teeth move, the forces applied
by the aligner decrease as a consequence of the shifting of the
teeth. Since aligners exert forces thanks to their particular shape,
it is important therefore that during lifetime’s service they do
not undergo significant deformations (Kesling, 1945; Nahoum,
1964; Ponitz, 1971; Pohl and Yoshii, 1994; Boyd et al., 2006).
Generally, a number of factors may contribute to affect the
deformation of the thermoplastic materials under loading. These
may include environmental conditions (i.e., temperature and
humidity), thickness of the aligner, time after elastic deformation
and forming procedures features (Landel and Nielsen, 1993;
Ryokawa et al., 2006).

Several studies have looked at the effect of different
environmental conditions on the mechanical behavior of
thermoplastic materials used for invisible aligners. These studies
have shown that the mechanical properties differ depending
on the environmental factors and that they are influenced by
molecular structure and orientation (Ryokawa et al., 2006). In
particular, under wet conditions, the water molecules are able to
penetrate into the polymer chain or to form hydrogen bonding
with the hydrogen end group thereby altering the free volume and
mobility of neighboring polymer chains. In addition, water in the
polymer matrix may attack the hard and soft-segment domains
(Scaffaro et al., 2008; Rajeesh et al., 2010; Xu and Muldowney,
2015; Kim et al., 2016). Moreover, since PET-G is a thermoplastic
material with highly viscoelastic properties, the stress induced by
initial deformation affects severely the co-polymer’s mechanical
properties (Tricca and Li, 2006). This phenomenon is known
as stress relaxation. In (Fang et al., 2013) the dynamic stress
relaxation of a variety of commercial orthodontic thermoplastic
materials was studied including PET-G and PET. It was observed
that hygrothermal environment can significantly accelerate the
stress relaxation of these materials. Moreover, the residual stress
within all materials decreases with time. In (Lombardo et al.,
2017) the relaxation behavior during a 24-h loading time was
evaluated during a three-point-bending test. It was observed that
PET-G specimens show stress relaxation value of 44% after the
first 8 h, reaching a value of 62% after a 24-h loading period.

Other experimental studies report results from tensile
tests or uniaxial and plane strain compression tests

conducted over a wide range of temperatures and strain
rates (Eliades and Bourauel, 2005; Kwon et al., 2008; Pascual
et al., 2010; Zhang et al., 2011; Elkholy et al., 2019).

Nowadays the literature is very poor of experimental data
on the cyclic deformation behavior of thermoplastic materials,
despite of this it is well known that the cyclic stress-strain
behavior of polymers is not the same as that of static loading.
The investigation of the cyclic deformation behavior is a very
important topic for a correct design of aligners made by these
materials. The cyclic deformation behavior was investigated
experimentally in Kizypow and Rimnac (2000) and in Ariyama
(1993, 1996), respectively, for the ultra-high-molecular-weight
polyethylene (UHMWPE) and for PET. In particular, regarding
PET polymer, also the effects of strain rate, number of cycles,
mean strain, and strain amplitude on the constitutive curves
were investigated.

Unfortunately, to date, the response of PET-G co-polymer
under cyclic loading has not been investigated.

Therefore, this study presents the experimental results of
compression cyclic tests performed on PET-G invisible aligners.
Each aligner was subjected to 22500 loading cycles ranging
from 0 to 50 N. The number of load cycles was chosen
to simulate the average load history to which an aligner is
subjected normally during its lifetime. In particular, aligners with
two different thicknesses (0.75 and 0.88 mm) were produced
and analyzed. The tests have been conducted in atmospheric
environment (∼25◦C) and in presence of artificial saliva to
simulate intraoral environment. The effects of thicknesses and
environmental conditions on the mechanical behavior of the
co-polymer have been analyzed. A better comprehension of
the mechanical behavior of the aligners at room temperature
and under simulated intraoral conditions will be helpful for a
better product design.

MATERIALS AND METHODS

Specimen Preparation
An intraoral scan (TRIOS-3Shape) was performed on a patient
with a moderate crowding of upper and lower incisors. This
scan has been used to generate a STL file, using the 3Shape
OrthoAnalyzer R© software (TRIOS-3Shape). Subsequently the
STL file was used to 3D print a resin cast (Daylight Hard Resin,
Photocentric Ltd.) by means of a Liquid Crystal HR2 3D printer
(Photocentric Ltd.).

The aligners specimens were produced from PET-G discs
with two different nominal thicknesses: 0.75 and 0.88 mm. In
particular the PET-G was a Ace R© Plastic produced by GAC
International. Its composition was as it follows: 95% copolyester
and 5% trade secret. Starting from these transparent disks the
aligners were thermoformed using the Essix R© SelectVac vacuum
machine. The Essix R© SelectVac vacuum machine used to fabricate
the invisible aligners of different thicknesses is shown in Figure 1.
Before testing, the aligners were stored at room temperature
(approximately 25◦C) and indoor humidity (ambient conditions)
for 24 h while saliva was added just a few minutes before
starting the test.
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FIGURE 1 | (A) Essix R© SelectVac vacuum machine used for fabricated the invisible aligners and (B) PET-G discs used and specimen produced.

Compression Cyclic Testing
The compression cyclic tests were performed by using a model
3344 single column universal testing machine produced by
Instron (Norwood, MA, United States) equipped with a 1 kN
loading cell. The loading machine is directly controlled by a PC
through the Instron Bluehill software which was programmed
in order to define the desired test procedure (e.g., features of
the cycle and number of the cycles). The hard resin dental casts
were gripped by flat face hydraulic jaws at a pressure of 10 MPa.
During assembling of the dental casts, particular attention was
paid to ensure that they were perfectly lined up one above the
other and perpendicular to the direction of application of the
load. The invisible aligner was placed on the upper dental cast and
then casts were put in occlusion obtaining the contact between
the upper and lower dental cast. For the case of tests in saliva
they were performed by impregnating a thin sponge with artificial
saliva. Sponge was preliminary cut in order to follow the shape
of the dental cast. In such a way it was possible to insert the
cast and the over imposed aligners inside the sponge. A thin
transparent film of cellulose hydrate was used to envelope the
entire system in order to preserve humidity of the system and
avoid fast evaporation.

Figure 2 illustrates the PET-G specimen undergoing to the
cyclic compression test. The tests were performed under load
control mode at constant cyclic load frequency f = 0.25 cycles/s.
The applied load history is schematized in Figure 3. Figure 3
shows that each loading cycle is constituted by four stages each
one lasting 1 s. In the first stage the load increases from 0
to 50 N. That maximum load is maintained for 1 s (stage 2)
and then the descending ramp starts down to 0 N (stage 3).
Finally, the sample is kept at 0 N for 1 s (stage four) and then a

new cycle starts. Compression cycles were repeated 22500 times,
distributed over 4 days in order to simulate also the non-loading
time corresponding to the phases when the aligner is not used.
The chosen number of load cycles simulates the average load
history to which an aligner is subjected normally during its
lifetime. The number of cycles and ramp duration was calculated
on the basis of the average number of daily dental contacts
during the swallowing act (1500 swallowing act) and the time of
swallowing act (1 s).

Samples with two different thicknesses (0.75 and 0.88 mm)
were tested in atmospheric environment (∼25◦C). Furthermore,
tests in presence of artificial saliva and at room temperature
were performed to understand better the mechanical behavior
of PET-G aligner within the oral environment. To this
scope, commercially available artificial saliva was used whose
composition is reported in Table 1.

Three samples for each test condition and for each thickness
were tested. Average values and standard deviations were
calculated for each analyzed point. The total energy and stiffness
were calculated to compare their behaviors. In particular, total
energy was determined by integrating the load-displacement
hysteresis loops while the stiffness was determined as the slope
of a linear regression fitting the loops.

RESULTS AND DISCUSSION

The evolution of the load–displacement hysteresis loops
(ratcheting displacement) for each specimen tested at both
atmospheric environment (∼25◦C) and at presence of artificial
saliva is shown in Figure 4. The data reported in the figure are
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FIGURE 2 | Setup for the cyclic compression testing.

referred to the first day of cyclic loading. Similar ratchetting
behavior can be found on other days.

In Figures 4A–D it is possible to observe that the two samples
tested at both atmospheric environment and with artificial saliva
follow analog trends. As it can be observed, the hysteresis loops of
two samples are shifted to the left (lower displacements) during
the cyclic compression testing. Furthermore, it is noted that,
for the sample of 0.75 mm thick (s0.75) tested at atmospheric
environment (Figure 4A), the hysteresis loops are almost non-
linear in shape during the entire cycling process. This behavior
is similar that observed in Shen et al. (2004) for the case of the
hardened epoxy resin Epon 826/Epi-Cure Curing Agent 9551.
While, for the s0.75 sample tested in presence of artificial saliva
the hysteresis loops exhibit, initially, some non-linear response,
but with the increase number of cycles (N) the hysteresis loops
become slimmer and more linear (Figure 4B). The 0.88 mm
thick samples (s0.88) tested with and without saliva display similar

FIGURE 3 | Load vs time history for the time specimen; cycles were repeated
22500 times.

behavior (Figures 4C,D). In fact, it can be observed that the
hysteresis loops in the high cycle region become slightly stiffer
while the corresponding irreversible work decreases.

Moreover, it was observed that the ratcheting displacement
reduction was greater in the first cycles than in the final ones. In
general, above the 1000 cycles the displacement reduction tends
to stabilize (Figure 4). The s0.75 sample both at atmospheric
environment and with artificial saliva displays in the low cycle
region (between 2 and 1000 cycles), a decrease in the ratcheting
displacement of about 20%. The same level of displacement
reduction was also observed for the s0.88 sample both with or
without artificial saliva.

In order to assess the viscoelastic nature and explain the
mechanical behavior of aligners tested at environmental ambient
and with artificial saliva, the stiffness and the viscoelastic
energy loss per cycle were determined. Figures 5 and 6 show,
respectively, the relative stiffness defined as the stiffness per
unit length multiplied by the resistant area, and the energy
as a function of the number of cycles (N). In particular, in

TABLE 1 | Chemical composition of artificial saliva.

Composition Content (%)

KCl 0.12

NaCl 0.085

MgCl2 0.005

CaCl2 × 2H2O 0.013

K2HP04 0.013

Sorbitol (70%) 4.3

E218 0.05

Xantnan Gum 0.1

Water Remaining
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FIGURE 4 | Evolution of the load–displacement loops for each sample tested under different environmental conditions. 0.75 mm sample tested (A) in atmospheric
environment (∼25◦C) and (B) in presence of artificial saliva. 0.88 mm sample tested (C) in atmospheric environment (∼25◦C) and (D) in presence of artificial saliva.
The serial number of the compression cycle (N) increases from right to left.

Figure 5 it can be noted an abrupt increase in stiffness in the
aligners in the low cycle region (during the first 1000 cycles),
after that the stiffness values remained almost constant. The
maximum stiffness value obtained was 400 N/mm. This trend
was observed for both the thicknesses, for both the testing
conditions and for all days of cyclic loading (Figure 5). A possible
interpretation of this stiffening effect could be connected with
molecular orientation and/or polymeric chain entanglement
(network) which takes place as the compression test progresses
(Schrauwen, 2003; Dupaixa and Boyce, 2005). In addition,
another effect that contributes to increase the stiffness of the
aligners can be connected with the stress generated during
cyclic mechanical compression. In fact, stresses in aligners tend
to accumulate during fatigue. As a consequence, stress level
rises throughout the test, making the aligners at the same time
stiffer and less viscoelastic. Finally, also the absorption of water
molecules through humidity in the air or immersion in water

may alter the behavior of the aligner during compression loading
(Ryokawa et al., 2006).

By comparing the behavior of s0.75 and s0.88 samples tested
in presence of artificial saliva with those tested at atmospheric
environment, two observations are possible. The first is that
during the compression loading the increase of stiffening of
samples tested in presence of saliva was higher with respect to the
same samples tested at atmospheric environment. The increase
of stiffness observed is, in fact, also due to the absorption of the
saliva (compare Figures 5A,B and Figures 5C,D). Such water
absorption can produce not only an expansion of the aligner
but it can contributes to a change in the molecular orientation
(Ryokawa et al., 2006). At the same time, the authors believed that
subsequent water molecules absorption or binding into material
makes the overall structure more rigid due to modification
(reduction) of the free volume. This phenomenon is particularly
evident at the beginning of the test in the first day of loading,
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FIGURE 5 | Relative stiffness vs. number of cycles for the two copolymer thicknesses: (A) 0.75 mm sample tested in atmospheric environment (∼25◦C), (B)
0.75 mm sample tested in presence of artificial saliva and at room temperature, (C) 0.88 mm sample tested in atmospheric environment (∼25◦C), and (D) 0.88 mm
sample tested in presence of artificial saliva and at room temperature.

when the level of saliva absorbed is poor, and tends to increase
along the test contributing to increase the stiffness.

A second observation can be done for the case of samples
tested in presence of saliva. In this case, in fact, a more marked
difference, in average, between the stiffening experienced at the
end of the previous test and that shown at the beginning of
the next one (Figures 5B,D) can be deduced if these data are
compared with those obtained in absence of saliva. This is due to a
stress relaxation effect during unloading time (time between two
subsequent days of testing). This indicates that a hygrothermal
environment, such as that connected with the presence of saliva,
can accelerate stress relaxation of aligners (Fang et al., 2013).
In other words, the aligners tested in presence of saliva display
higher capability to recover the local stress, after load removal,
with respect to samples tested at environmental ambient.

Moreover, as already evidenced by the hysteresis response
(Figure 4) of the aligners, the energy (irreversible work) decreases
as the cycles increase (Figure 6). This trend was observed for
the two thicknesses both in presence and without saliva even if,

for the case of s0.88 in presence of saliva higher data deviation
is observed that would require more consistent statistic to be
confirmed. The initial higher value of energy can be attributed
to the progressive accumulation of stress inside the material as
observed before. This effect is high in the initial parts of the
test and tends to stabilize while the loading cycles increase. As
a consequence, the accumulated energy tends to reduce. In the
non-exercise time between two subsequent days of testing, stress
recovery was observed and, as consequence, the amount of energy
dissipation is observed to increase again in the first cycles of a new
session of cyclic compression test.

To understand better the relative ratcheting displacement of
the aligners when the tests are conducted both at atmospheric
environment (∼25◦C) and with artificial saliva the maximum
displacement was calculated. Figure 7 shows the relationship
between the maximum displacement and the number of
cycles (N) for the two thicknesses tested under the same
conditions, throughout the 4 days. In close accordance with the
above presented results (Figure 5), the maximum displacement
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FIGURE 6 | Variation of hysteresis loop energy vs. number of cycles for the two copolymers thicknesses. 0.75 mm sample tested (A) in atmospheric environment
(∼25◦C) and (B) in presence of artificial saliva and at room temperature. 0.88 sample mm tested (C) in atmospheric environment (∼25◦C) and (D) 0.88 mm sample
tested in presence of artificial saliva and at room temperature.

decreases with increasing N (Figure 7). This trend was observed
for both the thicknesses, for both the testing conditions, and
throughout the 4 days. The displacement reduction is directly
related to the stiffening of aligners. In addition, it can be observed
that the displacement at the first cycle of a new test session is
always greater than that at the last cycle of the previous day
(Figures 7A–D) moreover, the displacement values (for the same
N) recorded during a test day are always lower than those of
the previous day (Figures 7A,B) if tests in absence of saliva
are considered. Hence, the data indicate that after load removal
(unloading time: time between 1 day and the next day) the
aligners recover a part of the displacement because of their
viscoelasticity. So, when the aligner is completely unloaded it can
recover from the loading cycle.

During cyclic compression loading in presence of artificial
saliva, aligners exhibit extensive recovery (Figures 7B,D). Indeed,
it may be observed that increased the displacement recovery
occurs, between 1 day and the next one, due to the stress
relaxation of aligners. At the same time, the hygrothermal

environment contributes to stress relaxation even during the
loading cycles within of the same day. As a result, only a small
amount of displacement reduction was observed with increase of
N for each day. Our results, therefore, indicate that samples tested
in presence of saliva undergo major deformations in the last days
of loading unlike of same tested at environmental ambient. Of
course, the residual stress win aligners tested with saliva decrease
with time (Figure 7B) and this confirms higher displacement
during the last days (Ryokawa et al., 2006).

Figure 8 depicts the displacement variation as a function of
fraction of compression test life (N/Nfinal) for the two copolymer
thicknesses tested under the same conditions. In particular, the
displacement variation along the different days was calculated as
the difference between the displacement value of the first cycle of
a new test session and that recorded at the end of the previous
test session. An increase of displacement variation indicates
an increase of deformation recovery. Therefore, it was found
that displacement recovery of s0.75 sample tested in ambient
environmental was greater in halfway of compression test life,
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FIGURE 7 | Relationship between maximum displacement and number of cycles of two sample: (A) 0.75 mm sample tested in atmospheric environment (∼25◦C),
(B) 0.75 sample tested in presence of artificial saliva and at room temperature, (C) 0.88 mm sample tested in atmospheric environment (∼25◦C), and (D) 0.88 mm
sample tested in presence of artificial saliva and at room temperature.

FIGURE 8 | Displacement variation among the different days for the two PET_G copolymer thickness: (A) sample of 0.75 mm thick tested in both atmospheric
environment (∼25◦C) and in presence of artificial saliva and (B) sample of 0.88 mm thick tested in both atmospheric environment (∼25◦C) and in presence of
artificial saliva. (N/Nfinal = fraction of compression test life).
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after which the polymer is not able to recover the displacement
due to the high level of accumulated stress (Figure 8A). While,
for s0.88 tested under the same conditions (Figure 8B), a constant
deformation recovery for each interval in which the load is
removed was observed, indicating that a greater thickness allows
a more uniform stress distribution, and consequently a slower
loss of viscoelastic nature. Finally as it was previously observed
the presence of saliva increases displacement recovery, expressing
a stress relaxation effect (Figures 8A,B) which is not reduced
during the test.

CONCLUSION

The compression behavior under cyclic loading of PET_G
invisible aligners was studied for two different thickness and two
different testing conditions: atmospheric environment (∼25◦C)
and in presence of artificial saliva. It was observed for the first day
of testing of the aligners in the four different configurations that
stiffening effects occur while cyclic loading progresses. It was also
observed that stiffening decreases during the non-loading time
between two successive sessions of test while stiffening effects
are observed again when a new set of cycles is applied to the
aligners. Moreover, a work dissipative effect is also observed
during cycling loading, this is more pronounced at the beginning
of the test while it tends to reduce and stabilize while the
test progresses. Also in this case, the time elapsed during two
subsequent sessions is observed to contribute to increase again
the work dissipative effect in the first cycles of the new session
of loadings. With reference to the comparison between the test
performed at atmospheric environment and those performed in
presence of saliva, it was observed that, in this last case, an higher
stress recovery is observed between two subsequent loading
sessions; moreover, the hygrothermal environment showed a
contribution to reduce the stress accumulation effect during the
test. In addition, with reference to the comparison between the
two thicknesses, it was observed a reduction in the capability
to recover accumulated stresses with the increasing of the total
number of applied cycles for the case of 0.75 mm. This effect
was not observed for the thicker aligner (0.88 mm) this being
an indication that larger thickness allows more even distribution
of accumulated stress and minor degradation of viscoelastic
properties. Tests have shown that aligners with 0.75 mm
thickness have a greater deformation than those with 0.88 mm
thickness, in presence of artificial saliva. This result is important
from a clinical point of view by taking into account that, in
the management of orthodontic treatment, the replacement of

the aligner occurs every 15 days. This research suggests that
the 0.75 mm thickness aligners should therefore be replaced
more quickly due to the modification of their initial rigidity and
therefore of the fitting on dental elements, while the 0.88 mm
thickness aligners can be used for a longer time.
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