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Effects of mechanical properties of thermoplastic materials on the initial

force of thermoplastic appliances
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ABSTRACT
Objective: To measure the forces delivered by thermoplastic appliances made from three
materials and investigate effects of mechanical properties, material thickness, and amount of
activation on orthodontic forces.
Materials and Methods: Three thermoplastic materials, Duran (Scheu Dental), Erkodur (Erkodent
Erich Kopp GmbH), and Hardcast (Scheu Dental), with two different thicknesses were selected.
Values of elastic modulus and hardness were obtained from nanoindentation measurements at
28uC. A custom-fabricated system with a force sensor was employed to obtain measurements of in
vitro force delivered by the thermoplastic appliances for 0.5-mm and 1.0-mm activation for bodily
tooth movement. Experimental results were subjected to several statistical analyses.
Results: Hardcast had significantly lower elastic modulus and hardness than Duran and Erkodur,
whose properties were not significantly different. Appliances fabricated from thicker material
(0.75 mm or 0.8 mm) always produced significantly greater force than those fabricated from thinner
material (0.4 mm or 0.5 mm). Appliances with 1.0-mm activation produced significantly lower force
than those with 0.5-mm activation, except for 0.4-mm thick Hardcast appliances. A strong
correlation was found between mechanical properties of the thermoplastic materials and force
produced by the appliances.
Conclusions: Orthodontic forces delivered by thermoplastic appliances depend on the material,
thickness, and amount of activation. Mechanical properties of the polymers obtained by
nanoindentation testing are predictive of force delivery by these appliances. (Angle Orthod.
2013;83:476–483.)

KEY WORDS: Thermoplastic appliances; Esthetic appliances; Orthodontic force; Nanoindentation
testing; Polymer mechanical properties

INTRODUCTION

Improved esthetic orthodontic appliances, espe-
cially for adult patients, are highly desirable to
alternative conventional fixed appliances. Various
esthetic brackets and wires have been developed
for clinical orthodontics.1,2 Recently, transparent
thermoplastic removable appliances have been intro-
duced, such as Invisalign, ClearSmile, and Clear
Aligner, which are used sequentially by patients and
are made from CAD/CAM technology or a stepwise
setup model.3–5 Jeremiah et al.6 investigated the
social perceptions of young adults wearing orthodon-
tic appliances and reported that such thermoplastic
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appliances tended to be more attractive than con-
ventional fixed appliances.

Recent clinical studies have investigated the treat-
ment results for thermoplastic appliances.7–10 Djeu et
al.7 compared results from the Invisalign and conven-
tional fixed appliances, using an objective grading
system (OGS), and found that cases treated with the
Invisalign appliance showed lower OGS passing rate
than cases treated with conventional fixed appliances.
Kuncio et al.8 investigated postretention dental chang-
es and reported that cases treated with thermoplastic
appliances relapsed more than those treated with
conventional fixed appliances. Baldwin et al.9 investi-
gated the teeth adjacent to premolar extraction spaces
during space closure with thermoplastic appliances
and reported that treatment with thermoplastic appli-
ances resulted in significant tipping of the teeth
adjacent to premolar extraction sites. Some patients
can be treated with thermoplastic appliances alone;
however, in many cases, these appliances must be
modified, or used with auxiliaries or fixed appliances.7,8

Thermoplastic appliances may be not recommended
for treatment of extraction cases, uprighting severely
tipped teeth, severe deep bites, and more extensive
anteroposterior corrections.7

Only a few studies have investigated the force
delivery properties of thermoplastic appliances.5,11–13

Barbagallo et al.5 investigated the force imparted by
thermoplastic appliances to maxillary first premolars in
vivo using a pressure film approach. A German
research group has quantitatively investigated the
force delivery properties of thermoplastic appliances
during tipping and intrusive forces, and reported the
effects from different materials and their thickness.11–13

In order to expand the clinical indications of thermo-
plastic appliances, it is important to understand the
relevance of the orthodontic forces from these appli-
ances, as well as the mechanical properties such as
hardness and elastic modulus of the materials used in
their fabrication. Little is presently known about the
orthodontic forces and mechanical properties of
thermoplastic materials. Only one recent study14

investigated the relevant force delivery properties
and mechanical properties of thermoplastic materials,
utilizing a three-point bending test and Vickers
hardness measurement. The purpose of this in vitro
study was to measure the forces delivered by
thermoplastic appliances made from three different
materials and to investigate the factors, such as the
mechanical properties (hardness and elastic modulus),
thickness of the thermoplastic materials, and amounts
of activation affecting the orthodontic forces produced
by the appliances. It was hypothesized that the
mechanical properties of the thermoplastic materials
affect the orthodontic forces.

MATERIALS AND METHODS

Materials

Three thermoplastic materials, Duran (Scheu Den-
tal, Iserlohn, Germany), Erkodur (Erkodent Erich Kopp
GmbH, Pfalzgrafenweiler, Germany), and Hardcast
(Scheu Dental), with two different thicknesses were
selected for this study (Table 1).

Nanoindentation Test

Approximately 1 cm2 specimens were carefully cut
from the thermoplastic materials, using a water-cooled
diamond-saw (Isomet 11-1280, Buehler, Lake Bluff,
Ill), and fixed on the specimen stage with adhesive
resin (Superbond Orthomite, Sun Medical, Shiga,
Japan). All nanoindentation testing (ENT-1100a, Elio-
nix, Tokyo, Japan) was carried out at 28uC with a peak
load of 10 mN using a Berkovich indenter.15–17 Each
test consisted of three parts: 10 seconds for loading to
the peak value, 1 second of holding at the peak load,
and 10 seconds for unloading. Ten indentations were
made for each material. Linear extrapolation methods
(ISO Standard 14577) were used for the unloading
curve between 95% and 70% of the maximum test
force to calculate the elastic modulus.18 The hardness
and elastic modulus were calculated using software
available with the nanoindentation apparatus.

Measurement of Orthodontic Force

The in vitro force-measuring system consisted of a
custom-made epoxy model with a small force sensor
(PS-20KC, Kyowa, Tokyo, Japan) embedded in the left
maxillary central incisor on the same level with the
labial surface (Figure 1) and a sensor interface (PCD-
300A, Kyowa), which was described in detail recent-
ly.19 An impression of the maxillary teeth was taken
using a silicone rubber impression material (Dent
Silicone V, Shofu, Kyoto, Japan) (Figure 2a). The
casts were poured immediately with a vacuum-
spatulated high-quality dental stone and allowed to
dry overnight (Figure 2b). This model was trimmed to a
height of 25 mm parallel to the occlusal plane, and two
identical dental plaster copies of the model were made
using a silicone rubber impression material (Duplicone,
Shofu). To make the setup model, the left maxillary

Table 1. Thermoplastic Materials Used in the Present Study

Materials

Thickness

Manufacturer

Thin Type,

mm

Thick Type,

mm

Duran 0.5 0.75 Scheu Dental

Erkodur 0.5 0.8 Erkodent Erich Kopp GmbH

Hardcast 0.4 0.8 Scheu Dental
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central incisor was dissected with a diamond disk
(Figure 2c). The amounts of activation (0.5 mm or
1.0 mm) for bodily movement were adjusted using the
silicone rubber impression material and spacers (small
pieces of the thermoplastic materials with 0.5-mm and
1.0-mm thickness) placed between labial surface of
the impression and dissected central incisor, attached
to the impression with glue (Figure 2d,e), and finally
fixed with high-quality dental stone (Figure 2f). Using a
pressure-molding machine (BIOSTAR, Scheu Dental),

10 thermoplastic appliances of three different materials
with two different thicknesses were carefully made
(Figure 2g,h). Measurements were carried out at room
temperature (25uC) in the dry condition after the
sensitivity of the sensor was calibrated (Figure 2i)
and repeated five times for each thermoplastic
appliance. The force was stable within 5 seconds,
and the average force between 10 and 20 seconds
was considered in this study.

Statistical Analysis

The experimental results were analyzed using SPSS
Statistics software (version 19.0J for Windows, IBM,
Armonk, NY). The mean hardness and elastic modulus
obtained from each thermoplastic appliance, along
with the standard deviation, were compared by one-
way analysis of variance (ANOVA), followed by the
Tukey-Kramer honestly significant difference (HSD)
test with a significance level of 5%. The forces
obtained from each thermoplastic material were
compared by one-way (materials) and two-way (ma-
terial thickness and amount of activation) ANOVA.
Post-hoc multiple comparisons were made by the
Tukey-Kramer HSD test, with a significance level of
5%. Additionally, Student’s t-test, with a significance
level of 5%, was used to examine two different
thicknesses and for two different activations for each
material. The relationships among mechanical proper-
ties (hardness, elastic modulus) and force for the
thermoplastic appliances were investigated by the
Pearson correlation coefficient test.

RESULTS

Representative loading-unloading curves for the
three thermoplastic materials are shown in Figure 3,
and the mean values of hardness and elastic modulus
with standard deviations are shown in Figure 4.
Based on the results of one-way ANOVA, significant

Figure 1. Custom-made epoxy model with small force sensor at left

maxillary central incisor: (a) frontal view; (b) occlusal view.

Figure 2. Fabrication of setup model and thermoplastic appliance for measuring orthodontic force. (a) Impression of maxillary teeth by silicone

rubber impression material. (b) Trimmed cast made from high-quality stone. (c) Left maxillary central incisor dissected with diamond disk. (d and

f) Adjusted activation (0.5 mm or 1.0 mm) using silicone rubber impression material and fixed with high-quality stone. (g and h) Thermoplastic

appliance made with pressure-molding machine. (i) Placement of thermoplastic appliance.
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differences in hardness (P 5 .0001) and elastic
modulus (P 5 .00001) were found among the three
specimens groups. Hardcast showed a significantly
lower mean hardness (0.099 GPa) and elastic
modulus (1.517 GPa) than the other two thermoplas-
tic materials (Duran: 0.165 GPa for hardness,
2.811 GPa for elastic modulus; Erkodur: 0.169 GPa
for hardness, 2.835 GPa for elastic modulus). There
were no significant differences in hardness and elastic
modulus for Duran and Erkodur.

Representative measurements of orthodontic force
obtained with the Duran thermoplastic appliances are
shown in Figure 5, and the mean forces and standard
deviations for the three thermoplastic appliances are
compared for three different materials, two different
thicknesses of the materials, and two different activa-
tions in Figures 6, 7, and 8, respectively. Hardcast
showed a significantly lower orthodontic force than the
other two thermoplastic materials (Duran and Erkodur)
in all conditions except an activation of 0.5 mm
(Figure 5). Two-way ANOVA showed that the material
thickness (P 5 .0001) and amount of activation

(P 5 .0001) were statistically significant factors. For
each of the three thermoplastic materials, appliances
fabricated from the thicker material showed signifi-
cantly greater orthodontic force than those fabricated
from the thinner material. Moreover, for all three
thermoplastic materials, appliances with the greater
amount of activation showed significantly lower ortho-
dontic force than those with the smaller amount of
activation, except for appliances made with the thinner
(0.4-mm thick) Hardcast material.

DISCUSSION

A previous systematic review article20 showed that
human studies dealing with the relation between force
magnitude and rate of tooth movement used various
initial forces (18–1500 cN) and that there is no
evidence-based force level for the optimal efficiency
in clinical orthodontics. In the present study, the
orthodontic force magnitudes produced by the ther-
moplastic appliances ranged from 0.18–2.91 N, which
are of a similar level to those reported in a study21 of
the in vitro force from nickel-titanium orthodontic wires
(0–4.1 N). On the other hand, a recent study10

investigating the initial force from thermoplastic appli-
ances reported a mean value of 5.1 N for an activation
of 0.5 mm, using the Erkodur material with 0.8-mm
thickness; this value is higher than that obtained
(2.91 N) in the present study for the same material.
However, it is difficult to compare these values
because our study attempted to investigate the force
exerted by supposedly bodily tooth movement, al-
though the mode of tooth movement in the referenced
study was tipping movement.

In the present study, Duran and Erkodur showed
similar mechanical properties, and Hardcast showed
significantly lower mean hardness and elastic modu-
lus. A strong correlation (P , .0001) was observed
between the hardness (r 5 0.654) and elastic modulus
(r 5 0.642) values for orthodontic force produced by

Figure 3. Representative loading-unloading curves for three

thermoplastic materials: Duran, continuous line; Erkodur, dashed

line; and Hardcast, dashed-dotted line.

Figure 4. Mean hardness and elastic modulus for thermoplastic appliances with standard deviations. Comparisons are presented for each

material. Left side, Duran; middle, Erkodur; and right side, Hardcast. * P , .05 by Tukey test. Hardcast showed significantly lower hardness and

elastic modulus than the other two thermoplastic materials.
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thermoplastic appliances fabricated from the three
materials, suggesting that nanoindentation testing is a
worthwhile method for evaluating materials used to
fabricate thermoplastic appliances and that the test
results may enable prediction of the resulting ortho-
dontic force.

In the present study, the thickness of the materials
had a highly significant influence on the forces
delivered by the thermoplastic appliances, and this
trend is in agreement with a recent finding from
another study.11 The two amounts of activation
(0.5 mm and 1.0 mm) for bodily tooth movement used
in the present study were in accordance with recent
publications on the Clear Aligner4 and ClearSmile5

materials.

In general, two types of thermoforming procedures
are employed for these materials—vacuum and high-
pressure—and it was previously found that high-
pressure thermoformed appliances deliver significantly
higher forces than those produced by vacuum forming
because of better fitting.12 In the present study, most

Figure 5. Representative results for measuring orthodontic force

obtained from Duran thermoplastic appliances: 0.5-mm thickness

and 0.5-mm activation, continuous line; 0.75-mm thickness and

0.5-mm activation, dashed line; 0.5-mm thickness and 1.0-mm

activation, dashed-dotted line; and 0.75-mm thickness and 1.0-mm

activation, double-dotted line.

Figure 6. Mean forces from thermoplastic appliances with standard deviations. Comparisons are presented for each material at two different

thicknesses. Left side shows results for activation of 0.5 mm; right side shows results for activation of 1.0 mm. Left bar, Duran; middle bar, Erkodur;

and right bar, Hardcast. * P , .05 by Tukey test. Hardcast showed significantly lower orthodontic force than the other two thermoplastic materials.
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appliances with greater amount of activation showed
significantly lower orthodontic force than those pro-
duced by the appliances with smaller amount of
activation, except for the appliances made by Hardcast
with 0.4-mm thickness. High-pressure thermoforming
was used for making all of the appliances in this study,
and it is plausible that some permanent deformation
occurred during the fabrication process. Otherwise, it
may be considered that permanent deformation was
introduced when the thermoplastic appliance was worn
on the custom-made epoxy model. This is an area for
further investigation.

Recent in vitro studies11–13 measuring the force
produced by thermoplastic appliances, as well as the
present study, have not simulated the effect of the
periodontal ligament that occurs in vivo. Moreover,
while Ryokawa et al.22 found that water sorption of the
thermoplastic materials increased with time in a
simulated intraoral environment, the extent of this
behavior is unknown for true in vivo conditions. In

addition, Vardimon et al.23 investigated in vivo von
Mises (IVM) strains during Invisalign treatment and
found that peak IVM strains developed on the first day
after intraoral placement and decreased on the second
day and maintained a plateau thereafter to the 15th
day; consequently, most tooth movement occurred
during the first 24 hours. Since degradation of the
polymer molecular structure by water sorption is well
known to occur in the oral environment, the actual
orthodontic forces delivered by the thermoplastic
appliances may clinically decrease with time.14,22,23

Further research is necessary to elucidate the changes
after clinical use of these thermoplastic appliances,
which involve degradation of the mechanical proper-
ties and alteration of their molecular structure. Studies
are in progress to obtain this information, utilizing
nanoindentation testing15–17 and differential scanning
calorimetry.24 Additional information about the struc-
ture of these thermoplastic polymers can be acquired
by Fourier transform infrared spectroscopy.

Figure 7. Mean forces from thermoplastic appliances with standard deviations. Comparisons are presented for each material at two different

thicknesses. Upper row shows results for 0.5-mm activation; lower row shows results for 1.0-mm activation (Table 1). * P , .05 by Student’s

t-test. Appliances fabricated from thicker materials delivered greater forces.
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CONCLUSIONS

Under the conditions of this study:

N The orthodontic force by thermoplastic appliances
has strong correlation with the hardness and elastic
modulus of the materials.

N The thickness of the materials had a highly signifi-
cant influence on the forces delivered by thermo-
plastic appliances, with appliances fabricated from
thicker materials delivering greater forces.

N The amount of activation also affected the forces
delivered by the thermoplastic appliances, with
appliances receiving greater activation generally
delivering lower forces. The one exception was the
0.4-mm thick Hardcast appliances.
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