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Post-gel shrinkage, elastic modulus, and stress generated by orthodontic
adhesives

Michael J. Rasmussen?®; Cameron Togrye®; Terry M. Trojan°; Daranee Tantbirojn®; Antheunis
Versluis®

ABSTRACT

Objectives: To measure post-gel shrinkage, elastic modulus, and flexural strength of orthodontic
adhesives and to predict shrinkage stress using finite element analysis (FEA).

Materials and Methods: The following 6 orthodontic adhesives were tested: Transbond XT (3M
Unitek, Monrovia, Calif), Transbond Plus Color Change (3M Unitek), Greengloo (Ormco, Brea,
Calif), Ortho Connect (GC America, Alsip, lll), Trulock (RMO, Denver, Colo), GoTo (Reliance,
Itasca, Ill). Post-gel shrinkage was measured using a biaxial strain gauge during light curing. Elastic
modulus and flexural strength were measured with a 4-point bending test. Analysis of variance and
Student-Newman-Keuls post hoc tests were used to compare the shrinkage, elastic modulus, and
flexural strengths among the materials (o = .05). Shrinkage stresses caused by the post-gel
shrinkage and elastic modulus values were calculated using a cross-sectional FEA of a metallic
bracket bonded to an incisor.

Results: Properties were highly different among the adhesives (P < .0001). Transbond XT (0.38 =
0.09 percent volumetric contraction) and GoTo (0.42 + 0.05 percent volumetric contraction) had
the lowest post-gel shrinkage; Transbond Plus Color Change had the highest (0.84 = 0.08 percent
volumetric contraction). OrthoConnect (6.8 = 0.6 gigapascals) had the lowest elastic modulus;
GoTo (28.3 = 3.1 gigapascals) had the highest. Trulock (64.1 + 8.2 megapascals) had the lowest
flexural strength; Greengloo (139.1 = 20.7 megapascals) had the highest. FEA showed that the
highest shrinkage stresses were generated with Transbond Plus Color Change and the lowest with
OrthoConnect.

Conclusions: Post-gel shrinkage of orthodontic adhesives was comparable with restorative
composites, which are known to create shrinkage stresses in restored teeth. FEA indicated that this
shrinkage creates stresses in the adhesive and in the enamel around the brackets. (Angle Orthod.
2020;90:278-284.)
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STRESS GENERATED BY ORTHODONTIC ADHESIVES

INTRODUCTION

The advent of resin-based composites not only
revolutionized the field of dentistry but also orthodontic
practice." With orthodontic composites (hereafter re-
ferred to as orthodontic adhesives because of the
existing nomenclature in the discipline), clinicians
could bond brackets directly to the tooth surface as
opposed to relying on a band around the full
circumference of the crown. However, this new,
precarious position of the bracket on the facial surface
came with its own problems. The bracket needed to be
able to withstand the forces incurred during orthodontic
treatment.? Thus, the propensity of brackets to “break,”
or lose their bond to the tooth and/or bracket base, is of
particular relevance to orthodontic practice.

Clinically, bonded orthodontic brackets are subjected
to masticatory loads as well as forces transferred by the
wire being used to reposition the teeth.? In addition, the
adhesive is subjected to internal stresses brought about
by contraction during the polymerization process of the
resin component.® Polymerization shrinkage of resin
composites is able to generate stress levels capable of
causing cuspal deflection of restored teeth and has
been associated with the failure of adhesive bonds.*
Polymerization of orthodontic adhesives may similarly
affect the stability of bracket bonding or could stress the
underlying enamel, but few studies considered poly-
merization shrinkage for orthodontic adhesives.>® It is
therefore important to understand shrinkage stresses
that may occur in an orthodontic bracket-adhesive-
enamel complex, as such stresses are in addition to
aforementioned functional stresses incurred during
orthodontic treatment and could further increase the
risk of enamel damage during bracket debonding.

The purpose of this study was to evaluate how much
orthodontic adhesives shrink during polymerization
and how much shrinkage stress is potentially generat-
ed when the adhesives are used to bond a bracket to a
tooth. Post-gel shrinkage was measured for six
orthodontic adhesives using a strain gauge method.
Shrinkage stresses do not only depend on the
shrinkage but also involve mechanical properties
(mainly elastic modulus), geometric factors, and the
load and constraint conditions. Four-point bending
tests were therefore carried out to determine the
necessary mechanical properties of the orthodontic
adhesives (elastic modulus and flexural strength),
whereas finite element analysis was used to incorpo-
rate all relevant material, shape, and constraint factors
for the calculation of stresses.

MATERIALS AND METHODS

The following six commonly used orthodontic
adhesives were tested: Transbond XT Light Cure
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(8M Unitek, Monrovia, Calif), Transbond Plus Color
Change (3M Unitek, St Paul, Minn), Greengloo
(Ormco, Brea, Calif), Ortho Connect 2-in-1 primer
and adhesive (GC America, Alsip, Ill), Trulock Light
Activated Adhesive Paste (RMO, Denver, Colo),
GoTo Adhesive Paste (Reliance, ltasca, lll). The
adhesives were selected by polling faculty clinicians
in the Orthodontic Department of the University of
Tennessee Health Science Center College of Den-
tistry.

Post-Gel Shrinkage Measurement

A biaxial strain gauge (CEA-06-032 WT-120; Micro
Measurements Group, Raleigh, NC) was used to
measure post-gel shrinkage.” Uncured adhesive spec-
imens (approximately 1 mm thick, 3 mm diameter)
were placed on the strain gauge (Figure 1A) and
pressed down over the embedded sensor to ensure
attachment. The strain gauge was integrated with a
quarter bridge module (CompactDAQ system, National
Instruments, Austin, Tex), which was connected to a
desktop computer. The specimen was light cured from
the top using an light emitting diode (LED) light source
(DemiUltra, Kerr, Orange, Calif) for 20 seconds. The
light tip was at about 3 mm distance from the strain
gauge surface. The irradiance of the light-curing unit
was 1234 mW/cm?. The strain output of the gauge was
acquired in real time during polymerization using a data
acquisition program custom written in LabView (Na-
tional Instruments). Strains were recorded for 10
minutes from the start of light curing. The value of the
averaged two strain directions at 10 minutes was the
linear post-gel shrinkage (o), which could be converted
to percent volumetric shrinkage using (3 oo — 3 o + o®) X
100%. The sample size was 10 per adhesive.

Elastic Modulus and Flexural Strength
Measurements

Bar-shaped specimens (2 mm X 2.5 mm X 25 mm)
were fabricated from the orthodontic adhesives using a
silicone mold. Specimens were light cured from the top
and bottom sides, each for a total of 160 seconds. The
specimens were smoothed using silicon carbide paper
and stored away from light at room temperature for 24
hours. Width (W) and height (H) of the specimens were
measured with a digital caliper at both ends and in the
middle of the bar. These dimensions were averaged for
each specimen. Elastic modulus and flexural strength
were determined with a four-point bending test, where
the distance between the two lower supports (L) was
20 mm and the distance between the upper supports
was 10 mm (Figure 1B). The bars were loaded in a
universal testing machine (Model 5567, Instron Corp.,
Norwood, Mass) at 0.5 mm/min until failure. The
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Figure 1. (A) Adhesive specimen placed on biaxial strain gauge and
cured from the top. (B) Four-point bending bar configuration and
dimensions.

applied load (F) and load at failure (F.,) were recorded
with a 1 kN loadcell. The bending displacement (d) at
the center of the bars was measured with a deflec-
tometer (Model 3540-004M-ST Deflection Gage, Epsi-
lon Technology Corp., Jackson, Wyo). Elastic modulus
was calculated from the amount of center bending
displacement using the following relationship: (11 F L3)/
(64 W H?® d). Flexural strength, which is the maximum
tensile strength found at the bottom of the bar
specimen during a bending test, was calculated from
(3 Foax L)/(4 W H?).2 The sample size was 10 per
adhesive.

Statistical Analysis

The experimental data were statistically analyzed
using one-way analysis of variance followed by
Student-Newman-Keuls post hoc test (significance
level .05), and correlations between properties were
tested using Pearson correlation.

Finite Element Analysis

For the calculation of shrinkage stresses, the
measured shrinkage and elastic modulus values
were applied in a finite element analysis of a
stainless-steel bracket bonded to a maxillary central
incisor. To create the finite element model, the cross-
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sectional outlines of an incisor and bracket were
traced and imported into a finite element program
(Marc/Mentat, MSC Software, Palo Alto, Calif). An
element mesh was created using plane strain
quadrilateral elements, with the bracket bonded to
the facial tooth surface via a 150 um thick adhesive
layer (Figure 2). The crown mesh was more refined
because all shrinkage stresses were confined to the
crown. Each tissue/material was assigned material
properties obtained from the literature®'® or provided
by the bracket manufacturer (Table 1). All materials
were assumed to be isotropic and the properties to
be homogeneous and linear elastic. Polymerization
shrinkage for each orthodontic adhesive was mod-
eled by inducing volume contraction corresponding to
the experimentally measured post-gel shrinkage.
Only in-plane shrinkage was allowed to avoid
artifacts from the thickness restraints posed by plane
strain conditions that would otherwise induce high
out-of-plane shrinkage stresses. The tooth model
was kept in place by fixing the bottom and lateral
bone edges. First (or maximum) principal stresses
were calculated and their distributions visualized
using a linear color scale. Principal stresses repre-
sent all stress components, including all shear
stresses; the first principal stress was the highest
value of the three principal stresses. The mean of the
20 highest adhesive and enamel stress values
(collected in all four integration points of adhesive
and enamel elements) were used to compare the
models. Using the mean of the 20 highest stress
values instead of the maximum stress value avoided
skewing the outcomes by singular stress peaks and
restricted the selection to enamel areas around the
brackets that experienced stresses.

RESULTS

Significant differences in post-gel shrinkage, elastic
modulus, and flexural strength were found among the
six orthodontic adhesives (P=.0001 for all properties).
Table 2 lists the results for post-gel shrinkage
expressed as percent volumetric contraction
(%volume), elastic modulus in gigapascals (GPa),
and flexural strength in megapascals (MPa).

Most shrinkage took place in the first minute, as can
be seen in Figure 3, which shows the mean shrinkage
strain curve for each orthodontic adhesive. Negative
strain values indicate shrinkage, and positive values
indicate expansion. Temperature increase as a result
of the exotherm reaction and irradiation caused an
initial expansion. The shrinkage curves were practically
level at 10 minutes. Post-gel shrinkage values at 10
minutes (Table 2) showed that Transbond XT (0.38 +
0.09 %volume) and GoTo (0.42 *+ 0.05 %volume) had
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Figure 2. Cross-sectional finite element model of incisor with
stainless steel bracket.

the lowest post-gel shrinkage values, whereas Trans-
bond Plus Color Change had the highest (0.84 = 0.08
Y%volume).

The elastic modulus of the tested adhesives ranged
from 3.4 = 0.3 GPa (OrthoConnect) to 14.2 = 1.6 GPa
(GoTo). Flexural strength ranged from 64.1 = 8.2 MPa
(Trulock) to 139.1 = 20.7 MPa (Greengloo) and did not
show the same ranking as elastic modulus. There was
no correlation among the three mechanical properties
(Pearson correlation coefficients ranged from —0.1965
to 0.0849).

Maximum stress levels (mean of top-20 first principal
stress values) in enamel and orthodontic adhesive
calculated in the finite element models are summarized
in Table 2, showing the highest stress levels with
Transbond Plus Color Change and the lowest with
OrthoConnect. Maximum stresses in the adhesive
were considerably lower than the flexural strength.
The stress table indicates a perfect correlation of the
maximum shrinkage stress levels between orthodontic
adhesives and enamel (coefficient of correlation
0.9977). The stress levels in enamel and orthodontic
adhesives showed a strong correlation with post-gel
shrinkage (correlation coefficients 0.7108 and 0.6678,
respectively) and with elastic modulus (correlation
coefficients 0.6130 and 0.6584, respectively). The
stress distributions are shown in Figure 4, where each
material (enamel, adhesive, and bracket) has its own
stress scale because stress values depend on elastic
modulus and the relevance of a stress value depends
on the strength of its material. Relatively uniform stress
distributions were found across the adhesive layer,
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Table 1. Material Properties Used in the Finite Element Analysis

Material Elastic Modulus (GPa®) Poisson’s Ratio
Enamel 84.1 0.30
Dentin 18.3 0.23
Periodontal ligament 0.05 0.45
Bone 13.7 0.33
Orthodontic adhesive see Table 2 0.30
Stainless steel (bracket) 197.0 0.27

@ GPa indicates gigapascals.

whereas prominent stress concentrations were seen in
the enamel at the bracket edges.

DISCUSSION

The results of this study confirmed substantial
polymerization shrinkage during curing of all tested
orthodontic adhesives and subsequent stress analysis
indicated that this polymerization shrinkage had the
potential of considerable residual stresses in the
adhesive layer and in the enamel surrounding a
bonded metallic bracket. In orthodontics, polymeriza-
tion shrinkage and shrinkage stress have received little
attention. Shrinkage values of orthodontic adhesive
resins were evaluated in a few studies.>®" The authors
in those studies pointed to high C-factors (which
assess shrinkage stress based on bonded/unbonded
surface ratio) of the thin adhesive layer between rigid
enamel and bracket to support their assumption that
bonding orthodontic brackets should have high shrink-
age stresses. However, the C-factor concept is
inadequate for predicting shrinkage stresses as it does
not take material properties, actual geometry, or
substrates into account and disregards stress distribu-
tions and concentrations. In the case of orthodontic
brackets, for example, the distance between bracket
and tooth surface is not fixed but is free to adapt and
settle (as if “floating”) during polymerization shrinkage.
The current study used finite element analysis to
calculate stresses in the tooth-bracket system, which
allowed us to take the material properties of adhesives
and substrates into account as well as the geometric
factors.

This study used the strain gauge method to measure
shrinkage. Strain curves recorded during polymeriza-
tion offered an insight into the different characteristics
of the adhesive materials. Steeper shrinkage curves,
such as for Transbond Plus Color Change, indicated a
faster reaction, which was associated with more post-
gel shrinkage because a faster cure allows less stress
relief. Note that curing lights with higher irradiance
could further increase polymerization rate and thus
post-gel shrinkage but, in this study, the same light
source and light tip position was used for all measure-
ments to maintain comparable outcomes. The shal-
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Table 2. Post-Gel Shrinkage, Elastic Modulus, and Flexural Strength (Mean =+ Standard Deviation) and Shrinkage Stresses of Tested

Orthodontic Adhesives?®

Post-Gel Shrinkage

Elastic Modulus  Flexural Strength

First Principal Stress
(Mean of Top 20 Stresses; MPa)

Orthodontic Adhesives (%ovolume) (GPa) (MPa) Enamel Adhesive
Ortho Connect (GC America, Alsip, Ill) 0.53 = 0.12°¢ 34 0.3 102.3 = 16.2°° 2.85 8.94
Trulock (RMO, Denver, Colo) 0.58 *= 0.10¢ 9.8 + 1.3° 64.1 = 8.22 9.56 28.06
Transbond XT (3M Unitek, Monrovia, Calif) 0.38 = 0.09° 11.1 £ 0.9° 114.1 = 10.2° 6.97 20.36
Transbond Plus Color Change (3M Unitek) 0.84 + 0.08° 11.3 = 1.1° 101.4 + 23.2°¢ 16.02 46.79
Greengloo (Ormco, Brea, Calif) 0.48 = 0.06°¢ 12.3 = 1.1¢ 139.1 = 20.7¢ 9.92 28.93
GoTo (Reliance, Itasca, Il 0.42 = 0.05%° 142 + 1.6° 86.3 = 19.1° 9.96 28.96

* Different superscript letters indicate significant difference among the adhesives within each property (analysis of variance and Student-
Newman-Keuls post hoc, o = .05). %volume indicates percent volumetric contraction; GPa, gigapascals; MPa, megapascals.

lower curves, such as Transbond XT and GoTo,
indicated slower polymerization and resulted in the
lowest post-gel shrinkage. The shrinkage values found
in this study were much lower than the values reported
in the studies mentioned previously because the strain
gauge measured only the portion of contraction that
caused stress (ie, post-gel shrinkage). Usually total
contraction® or constrained contraction® is reported as
the shrinkage value. However, not all of that contrac-
tion causes stress, as it was shown that only post-gel
shrinkage had a correlation with shrinkage stress-
es.'®'® The correlation between post-gel shrinkage and
shrinkage stress was reconfirmed in this study for
orthodontic brackets.

The current study also confirmed the correlation
between the elastic modulus and shrinkage stresses.
The elastic modulus of the orthodontic adhesives is an
essential factor in stress development, whereas
flexural strength gives stress values perspective (eg,
a high stress in a strong material can be less critical
than a low stress in a weak material) and has been
associated with bond strength.™ Both properties were

+500 1

expansion
. (0] ALY, . PR P pansion
£
g
% -500 4
=
©
o -1000 -
S Transbond XT
= goTo ‘
= 1500 —_ (reenglioo
b Trulock
o OrthoConnect
o -2000 A
7}
o
Q. 2500 A
Transbond Plus
-3000 T T T T T T

0 10 20 30 40 50 60
Time (seconds)

Figure 3. Mean strain curve for each of the six orthodontic adhesives
during the first 60 seconds after start of polymerization, showing
initial expansion (positive strains) followed by shrinkage (negative
strains).
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determined with four-point bending tests. The elastic
modulus values were substantially higher than some
reported in the literature. This study found an elastic
modulus of 11.1 GPa for Transbond XT, whereas 4.7
GPa'" and 8.3 GPa'* were reported in the literature. On
the other hand, a Food and Drug Administration
document listed 16.5 GPa manufacturer value for
Transbond XT (https://www.accessdata.fda.gov/cdrh_
docs/pdf16/K160782.pdf). A dedicated deflectometer
was used in this study that was more accurate for
measuring small displacements than the internal
extensometer of the testing machine. Flexural strength
does not involve measurement of the displacement,
and the 114.1 MPa found for Transbond XT in this
study was closer to literature values (152.7 MPa'" and
145.3 MPa'™) and the manufacturers 123.0 MPa.
Comparing the post-gel shrinkage with elastic modulus
and flexural strength showed that there was no
correlation among these properties. This observation
reemphasized that shrinkage stresses should never be
extrapolated from single properties (such as shrinkage)
because material properties are independent of each
other and stress is determined by a combination of
properties and conditions.

Ortho Connect

Transbond Plus

z

A -t

Tooth (enamel, dentin) 0 1 2 3 4 5

Orthodonticadhesive 0 10 20 30 40 50
Metallic bracket 0 2 4 6 8

First (or maximum)
principal stress (MPa)

Figure 4. Shrinkage stress distributions of the first (maximum)
principal stress generated by polymerization of two orthodontic
adhesives that represented the highest and lowest shrinkage stress
levels of the six materials evaluated.
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Using the experimentally determined properties of
the orthodontic adhesives and combining them with the
geometric configuration and bonding conditions of a
metallic orthodontic bracket in the finite element
analysis demonstrated the resulting stress distribu-
tions. Finite element analysis has become an important
tool in dental research because it allows the consid-
eration of experimentally determined properties within
a larger complex of properties and configurations for
determination of stress conditions. In this study, the
orthotropic property of enamel (ie, higher elastic
modulus in the direction of enamel rods) was disre-
garded, which may have slightly affected the stress
distributions in the enamel substrate close to the
bracket. In addition, a cross-sectional model was used
that could not account for geometrical variation out of
the plane because the employed plane strain condi-
tions assumes infinite tooth and bracket widths.
Nevertheless, the model can be considered a reason-
able representation of stress distributions in adhesives
and enamel at a bracket cross-section, allowing
several relevant observations about the nature and
consequences of shrinkage in orthodontic adhesives.

First, despite brackets “floating” over the tooth
surface, substantial polymerization shrinkage stresses
can develop in orthodontic adhesives, where the
highest values are found at the enamel and bracket
interfaces. Given the good clinical experience with
each of the six tested adhesives, the stresses were
obviously not high enough to break the bonds or
exceed the strength of the adhesive materials (com-
pare maximum stresses with the flexural strength
values). Yet, these shrinkage stresses are in addition
to any functional and masticatory stresses transmitted
through the bracket and therefore the presence of
shrinkage stresses is likely to increase the risk of
premature bracket debonding. This study tested the
post-gel shrinkage for specimens that were light cured
directly from above. Clinically, adhesives would be
partly covered by a bracket, which likely reduces the
polymerization rate and thus post-gel shrinkage. In
addition, polymerization shrinkage was only tested
immediately after curing. In resin composites, hygro-
scopic expansion was shown to counteract shrinkage
and thus reduces shrinkage stresses over time.*'®
Under clinical conditions, the same stress reduction
may happen in orthodontic adhesives.

Second, orthodontic adhesive shrinkage causes
stresses in the enamel around the periphery of a
bracket. This is the same area where many patients
develop white spot lesions after orthodontic treat-
ment.'®'” White spot lesions signify decreased calcifi-
cation of the enamel from cariogenic acid production.'®
The peripheral bracket areas are particularly suscep-
tible to bacterial plague accumulations because they
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are difficult to clean.”® Demineralized enamel is
structurally compromised and is more easily dam-
aged."® If such a compromised area is subjected to an
additional shrinkage stress, masticatory forces or the
force applied during bracket removal are more prone to
result in enamel fracture.

Last, it is notable that the post-gel shrinkage values
of the orthodontic adhesives were comparable with
those of restorative composites, which are widely
considered to be a serious issue for dental restora-
tions.*'® The clinical performance of an orthodontic
adhesive, however, cannot be characterized by single
properties. The current study can therefore not
recommend which of the six tested adhesives is best
for orthodontic use. Nevertheless, it seems highly
relevant for clinicians to be aware of the potential
stress state around brackets and how various
adhesives may affect the level of those stresses.
Such information can help in the material selection
and techniques to alleviate associated risks of
premature debonding or enamel damage during
bracket removal.

CONCLUSIONS

« Post-gel shrinkage, elastic modulus, and flexural
strength varied greatly among the tested orthodontic
adhesives.

- Finite element analysis revealed that the post-gel
shrinkage and elastic modulus of orthodontic adhe-
sives correlated with maximum shrinkage stresses in
the adhesive and enamel, where the highest enamel
stresses were located around the periphery of the
bracket.
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