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SUMMARY

BACKGROUND/OBJECTIVES: The purpose of this study was to compare the mechanical, structural, and aes-
thetic properties of two types of aesthetic coated nickel-titanium (NiTi) wires compared with comparable
regular NiTi wires in the as-received state and after clinical use.

MATERIALS/METHODS: Sixty one subjects were randomly assigned to four groups (N = 61), two groups of
coated wires and two groups of comparable, non-coated controls (n = 15/group). The period in the mouth
ranged from 4 to 12 weeks after insertion. In total, 121 wires (61 retrieved and 60 as-received) were used
in the study. The percentages of coating retention and loss were extrapolated from scans. A brief survey
of five questions with three choices was given to all patients. Differential scanning calorimetry (DSC) and
three-point bending tests were done on as-received and used wires.

RESULTS: The surface characterization by the percentage of resin remaining indicated that most wires in
both test groups lost a significant amount of coating. A patient survey indicated that this was a noticeable
feature for patients. DSC analysis of the wires indicated that the metallurgical properties of the coated
wires were not similar to the uncoated wires in the as-received condition. Three-point bending results
indicate a wide variation in test results with large standard deviations among all the groups.

LIMITATIONS: The extent of coating loss requires investigating, as do the biological properties of the
detached coating.

CONCLUSIONS: Both wires lost a significant amount of aesthetic coating after varying periods in the mouth.
The metallurgical testing of these findings may indicate that these wires perform differently in the mouth.

Introduction and polyphenylene, a self-reinforced polymer composite, is

The orthodontic profession is constantly seeking to improve
and optimize the aesthetics of orthodontic wires since the
introduction of aesthetic brackets. Nickel-titanium (NiTi)
wires since their introduction to orthodontics (Andreasen
and Hilleman, 1971) have been extensively researched
in vitro and are used as an initial levelling and aligning
archwire because of its properties of springback and
superelasticity (Burstone ef al., 1985; Miura et al., 1986;
Leu et al.,, 1990; Bishara et al., 1995; Bradley et al.,
1996; Biermann et al., 2007; Berzins and Roberts 2010).
Aesthetic wires are usually either coated NiTi wires or
composite wires of reinforced polymers. Shape memory
polymers have wide application in space technology and are
being used currently in medicine and industrial applications
(Jung and Cho, 2010; Hu et al., 2012). These wires have
enormous potential for clinical application in orthodontics,

close to being introduced to orthodontic practice (Burstone
etal.,2011; Goldberg et al.,2011). However, these wires are
still at the experimental stage. A fibre reinforced polymer
is in clinical use (BioMers Products, LLC, Jacksonville,
FL, USA) that is manufactured using a pultrusion process
with a photo-cured resin (Gopal ef al, 2005); however,
these wires may be more likely to crack during bending and
have been shown to deliver less consistent forces compared
with alloy wires (Chang, 2012). The coated wires, which
are currently available, either have an epoxy resin,
polytetraflouroethylene (Teflon; Neumann et al., 2002), or a
low reflectivity rhodium coating (lijima et al., 2012) applied
to the surface. Atomized Teflon particles are used to coat
the wire using clean compressed air as a transport medium,
which is then further heat treated in a chamber furnace
(Husmann et al., 2002). The rhodium coating is applied
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by using a plasma-immersion ion implantation technique
(Sridharan et al., 2004). The coated wires are found to
be routinely damaged from mastication and activation of
enzymes (Kusy, 1997). These wires have been shown to
deliver lower forces in loading and unloading (Elayyan
et al., 2010; Alavi and Hosseini, 2012; lijima et al., 2012;
Kaphoor and Sundareswaran, 2012). Poor colour stability
has also been reported (Silva et al., 2013) and up to 25 per
cent of the coating lost after 33 days in vivo (Elayyan et al.,
2008). The coating itself, the process of its application and
the fact that the NiTi component of the wire may be smaller
to accommodate the thickness of the coating (Kaphoor
and Sundareswaran, 2012), may account for these altered
properties. The studies mentioned above concentrated on
in vitro testing and comparison of these wires with the
uncoated version. Only one previous study has investigated
coated wires after clinical use (Elayyan et al., 2008).
Therefore, the purpose of this study was to investigate key
characteristics of four different types of Food and Drug
Administration approved and commercially available wires
in the as-received condition and after clinical use in the
mouth.

Materials and methods

Following approval from the Institutional Review Board at
Marquette University HR-2347, 61 subjects with written
informed consent were randomly allocated to four groups
of 0.016 x0.022 inches NiTi wires when that wire type was
indicated in treatment, two of which were coated and two
were non-coated controls of the same wire (manufacturer
personal communication; Table 1). Group H had 16 subjects.
American 022 Mini Masters Low Profile MBT (American
Orthodontics, Sheboygan, WI, USA) metal brackets were
selected for the study. The inclusion criteria included a
full complement of teeth with an age range between 9 and
20 years. Wires were only placed in the maxillary arch

Table 1 Wire groups. NiTi, nickel-titanium.
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only with conventional elastic ligation. In total, 32 females
and 29 males were included in the study. The wires were
placed in the patients’ mouth and left for a period from 4
to 12 weeks to accomplish the clinical goals of the wire.
After wire retrieval, the wires were washed under running
water, wiped with gauze soaked with Birex (Biotrol, Earth
City, MO, USA), and placed in a plastic bag with a number
and letter identifier. A survey, described below, was given to
the patient. The wires were then analysed in the following
manner.

Coating retention

The percentages of coating retention and loss were
extrapolated from scans (Epson Expression 1680, model
G780B, Nagano, Japan) of the wire. The clinically
retrieved aesthetic wires were scanned (n = 31) at 1200
dpi (4 x4 inches), 24-bit depth, and saved in TIF format
(Supplementary Figure 1). A light green background was
used to provide contrast between the white wire coating,
silver wire, and black shadow. The TIF images were
processed through Matlab (R2011b, The Mathworks, Inc.,
Natick, MA, USA) with imread to import the image and
csvwrite to save the image with three numerical values for
each pixel—red, green, and blue (RGB). A local application
was developed using Delphi (2010, Embarcadero, San
Francisco, CA, USA) to evaluate and tabulate the RGB
value for each pixel. Approximate RGB values for wire,
coating, and background were established by selecting a
point in the image and inspecting the respective RGB
values for that point. An evaluation percentage was
calculated with the percent of wire divided the sum of
percentages of wire and coating. For the final results, an
unused wire was processed as a control for each group.
Then, the percentage of wire, coating, and background and
the evaluation percentage were computed. The independent
t-test was used to compare the percentage in the D group to

Group Product Manufacturer Coating Condition
Coated  Non-coated  As-received  Clinically used

A Superelastic Titanium Memory Wire American Orthodontics v v

(AO), Sheboygan, WI, USA
B Superelastic Titanium Memory Wire AO v v
C EverWhite AO v v
D EverWhite AO v v
E Via Wires Superelastic NiTi Opal Orthodontics, v v

South Jordan, UT, USA
F Via Wires Superelastic NiTi Opal v v
G Via Wires Pearl Esthetic Superelastic NiTi Opal v v
H Via Wires Pearl Esthetic Superelastic NiTi Opal v v

All wires were 0.016 x0.022 inches dimension. n = 15 for all groups except group H (rn = 16).
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the percentage in the H group. The control values were not
included in the analysis.

Survey

A brief survey of five questions with three choices was
given to all patients in the study (Figure 1). These data
were analysed to determine the patient’s perspective on the
aesthetics and surface texture of the wire. The survey was
completed by the patient at the time of the wire retrieval.
Due to the low cell counts, the chi-square test was invalid
and the Fisher’s exact test was used instead for statistical
analysis.

Differential scanning calorimetry

In conventional differential scanning calorimetry (DSC;
Model 822e, Mettler-Toledo Inc., Columbus, OH, USA),
two small crucibles, one empty and the other with the mate-
rial to be tested, are heated at the same rate and the differ-
ences in thermal energy to the crucibles to maintain equal
heating are plotted as a function of temperature over the
scanning range to yield the DSC thermogram. Seven wires
from each group (n = 56) were evaluated whereby 5 mm sec-
tions from the midline area of the wire were cut using a low-
speed water-cooled diamond saw (Isomet, Buehler Ltd, Lake
Bluff, IL, USA) with care to avoid mechanical stress and
heating that could alter the structure of the wire. The wire
section was weighed to the nearest 0.01 mg, placed in an alu-
minium crucible, and sealed. The temperature of the cruci-
bles was scanned from —100 to +100°C with liquid nitrogen
as a coolant and nitrogen gas for purging, at 10°C per minute
for heating and cooling. With associated software, the areas
of the peaks were analysed and any changes in transitions,
crystallization, or structural transformation identified. The

PARTICIPANT SURVEY

1. The wire color was very close to the color of my teeth and I was very pleased with its
appearance.

Very pleased [] Pleased []

Disappointing []

2. The wire color changed from the time it was placed in my mouth to the time of its
removal. It became
Brighter []

Did not change [] Darker []

3. While brushing my teeth the wire as compared to the bracket or pad was.
Easier to keep clean [] The same [] Harder to keep clean []

4. The wire had a smooth texture when it was initially placed.
Agree |:| Not sure |:| Disagree |:|

5. The wire surface texture (smoothness or cracks) did not change during treatment and
looked the same at the time of wire removal.
Agree |:| Not sure |:| Disagree |:|

Figure 1 Patient survey.
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DSC plots were qualitatively and quantitatively evaluated
using the manufacturer’s software. A one-way analysis of
variance followed by Tukey’s honestly significant differ-
ence (HSD) test, if indicated, was performed on the thermal
property measurements. Statistical models were run only
for relevant comparisons (i.e. as-received versus clinically
used wires of a given brand and comparison of coated versus
non-coated).

Three-point bend test

A 20mm segment from the straight portion of the arch
form was sectioned from each wire (n = 121). Mechanical
testing was carried out based on American National
Standard/American Dental Association Specification No.
32 for Orthodontic Wires. A three-point bend test on a uni-
versal testing machine (Model 5500R, Instron, Norwood,
MA, USA) at 37+2°C using a deflection span of 14mm
and a crosshead speed of 2 mm/min. Activation—deactiva-
tion curves of each specimen were obtained during deflec-
tion to 3.1mm. Stiffness, flexural modulus, and force
values at 1, 2, and 3 mm were determined from each load-
ing and unloading curve. A one-way analysis of variance
followed by Tukey’s HSD test, if indicated, was performed
on the activation modulus, stiffness, deactivation modu-
lus, and stiffness, and force values at 1, 2, and 3mm. As
with the DSC data, statistical models were run only for rel-
evant comparisons (i.e. as-received versus clinically used
wires of a given brand and comparison of coated versus
non-coated).

Results
Coating retention

The D group (American Orthodontics EverWhite) had a
mean percentage loss of 44.31 per cent with a standard
deviation of 11.60 per cent (Table 2). The H group (Opal
Via Pearl) had a mean percentage loss of 26.44 per cent
with a standard deviation of 13.94 per cent. Using the
t-test, a test statistic of 3.87 (P < 0.0001) was calculated
indicating a significant difference between the D and H
groups.

Table 2 The percentage of the coating (mean values and
standard deviations) lost after retrieval from the mouth.

95% confidence
interval

Group % of coating lost Minimum Maximum

after clinical use

D* 44.31+11.60 37.89
H 26.44+13.94 19.01

50.73 2891 66.38
33.87 5.37 57.09

*EverWhite (D) lost significantly (P < 0.0001) more coating than Via
Pearl (H).
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Survey

All patients with wires placed were given the survey to
complete at the time of the wire removal (Figure 1). For
all questions, the hypothesis of an association between the
question response and the group (B, D, F, and H) was tested.
This would determine whether the group influenced the
patient’s response to the question. Due to the low cell counts,
the chi-square test was invalid and the Fisher’s exact test was
used instead. Two of the five questions showed significance
in answers to the groups. These two questions were on the
colour aesthetic change and the texture of the wire at the
time of wire removal (Supplementary Table 1). In question
2, about a third of the patients in both aesthetic groups felt
that the wire had darkened in appearance during the period it
was in the mouth. In question 5, nearly a half of the patients
in groups D and H felt that the wire had not changed in its
texture and looked the same at the time of the wire removal.

Differential scanning calorimetry

Statistical significance was found in many thermal proper-
ties between groups A and C, the American Orthodontics
NiTi non-coated wire and its coated equivalent wire in the
as-received state, as well as between groups E and G, the
Via wire and its coated equivalent in the as-received state.
The American Orthodontics EverWhite wire had a lower
austenitic finish temperature (20.6°C; Table 3 and Figure 2)
compared with the non-coated American Orthodontics ver-
sion (29.8°C). The difference in austenitic finish tempera-
tures in the Opal Via wires are less drastic (Table 3). The
aesthetic Pearl wire had an 4, of 15.4°C compared with
18.2°C for the non-coated wire (Figure 2). With regard to
whether clinical use altered the thermal properties of the
wires, no statistically significant (P > 0.05) differences were
observed between as-received and clinically used wires of
the same product (Table 3).
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Three-point bend test

Tables 4 and 5 display the bending values during activation
and deactivation, respectively, while Figure 3 shows typical
bending curves for all groups. Statistically significant differ-
ences in all activation and deactivation stiffnesses and forces
were found between group E and G, the Opal Via Wire non-
coated wire and its coated equivalent Opal Via Pearl wire
in the as-received state. The as-received coated and non-
coated American Orthodontics wires differed in deactiva-
tion force at 1 and 2mm as well as elastic recovery. None
of the uncoated NiTi wires displayed differences in bending
values, but the coated types showed statistically significant
differences in the as-received state and after clinical use in a
majority of stiffness and force parameters. Specifically, both
EverWhite and Via Pearl displayed greater activation and
deactivation stiffness after clinical use compared with the
as-received condition. Similarly, EverWhite’s activation and
deactivation force values were greater in the clinically used
wire for five of the six values, whereas that was the case for
two values for Via Pearl.

Discussion

Both wire types lost a significant amount of coating after use
in the areas of archwire engagement, but the Opal Via Pearl
wires showed better retention of the coating with a 26.44 per
cent loss versus 44.31 per cent for American Orthodontics
EverWhite. The American Orthodontics EverWhite wire and
Opal Via Pearl wire were used clinically for an average of
48 and 55 days, respectively. While the Opal Via Pearl wire
was used for an average of 7 days longer than the EverWhite
wire, it still maintained more coating than the EverWhite
type. In addition, some wires from both manufacturers
that were used for the longest period of time showed lower
than average coating loss, and conversely some wires that
were used for the shortest period of time showed higher

Table 3 Differential scanning calorimetry measured temperature and enthalpy changes (mean values and standard deviations) for phase

transformations during heating and cooling of archwires.

Group Heating Cooling

Heating onset, First peak Second peak Heating Change in Cooling Cooling Change in

°C temperature, °C temperature, °C  endset, °C enthalpy, J/g onset, °C endset, °C enthalpy, J/g
A -7.3+£0.7* 3.6£0.8 20.7+0.5* 29.8+1.8%* 4.6+£0.5* 27.5+2.0*% 8.8+0.9% 2.0+£0.5%
B —7.1+£1.4 3.6+£0.8 20.9+0.6 30.2+2.1 4.6+0.6 27.5+1.9 8.6+0.4 1.9+0.3
C -10.8+1.0* 25423 14.5+1.7* 20.6+2.2% 8.6+1.4* 18.5+2.2% 5.2+1.5% 2.5+0.4%*
D -10.8+1.3 2.6£2.2 143+1.4 19.9£1.5 9.0+£0.8 17.3+1.8 47+1.1 4.7+£04
E —6.2+0.6 3.5+£0.5 14.4+0.4%* 18.3+£0.6* 13.0£0.6* 15.3+0.7 4.940.3% 3.1+0.4
F —6.4+0.3 3.4+0.3 14.2+0.3 17.8+£0.5 13.1+£0.6 15.2+0.5 5.0+0.4 3.1+0.3
G -6.3+£0.7 1.7£0.9 12.5+£0.8* 15.4+0.8* 6.6+1.6% 12.7+1.1 2.8+1.1*% 2.7+£0.2
H ~7.4+0.5 0.9+0.8 12.0+1.0 148+1.2 9.0+1.4 11.6+1.1 2.2+0.7 2.4+0.2

No statistically significant (P > 0.05) differences in a given measure were observed between as-received and clinically used wires of the same product.
*Indicates a statistically significant (P < 0.05) difference between as-received wires from the same manufacturer [i.e. coated versus non-coated from
American Orthodontics (A versus C) or coated versus non-coated from Opal Orthodontics (E versus G)] for a given measure.
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Figure 2 Differential scanning calorimetry thermograms of the wires
tested.

than average coating loss. Therefore, it appears that time of
clinical use does not directly relate to the amount of coating
loss and that coating loss is due to some other mechanical
or chemical irritants and could be patient related. The loss
reported is higher than had been previously reported with a
loss of 25 per cent with a different wire type (Elayyan et al.,
2008). From visual observation of the wires after retrieval

T. G. BRADLEY ET AL.

from the mouth, the resin is primarily lost where it was
engaged in the bracket and the resin was less damaged in the
inter-bracket span (Supplementary Figure 1). This suggests
that the engagement of the wire in the bracket, where friction
and force systems on the wire are high caused the resin to be
peeled off. This is consistent with the findings as suggested
previously (Lim et al., 1994; Kusy 2002; Elayyan ef al.,
2008). This is an interesting finding for two reasons as it may
be expected to impact friction as the surface defects related
are at the edges of the brackets, which may impede the
archwire sliding. Secondly, these wires are more expensive
and marketed for improved aesthetics, yet from the survey it
was clear that about half of the patients were aware of colour
and texture change over time. Rosvall ef al. (2009) found that
patients are willing to pay more for improved aesthetics but
these results indicate that these wires may not be adequate to
address the aesthetic demands of patients.

There was a statistical difference in the DSC results
between both coated wires compared with the comparable
non-coated wire. This difference was more pronounced in
the EverWhite than the Opal Pearl wire, which indicates that
both may behave differently in the mouth than the uncoated
version, which is contrary to manufacturer claims. The
difference was less in the clinically retrieved wires, which
may be explained by the fact that a significant amount of the
coating was lost during the clinical trial. The EverWhite wire
had a lower austenitic finish temperature (20.6°C) compared
with the non-coated American Orthodontics version (29.8°C).
This large temperature difference indicates that the aesthetic
wire may be superelastic or force/stress dependent for phase
transformation and that the non-coated variant may be heat
activated or temperature dependent. This variance can cause
the wires to have differing forces and behaviours and can alter
their clinical use. This large of a difference in austenite finish
temperature would indicate that either the coating process
dramatically alters the wire or the coated and non-coated wire

Table 4 Bending values (mean values and standard deviations) during activation for wires.

Group Activation

Stiffness Modulus Force at Force at Force at

(g/mm) (GPa) I mm (g) 2mm (g) 3mm (g)
A 438+133 69.0+21.0 393+95 467+90 486107
B 413+101 65.1+15.9 361+£60 425453 421435
C 388+51* 61.2+8.1* 356+43%* 411+£49* 417+50%
D 614+171%* 96.9+£26.9* 4714+85% 517+£85* 507+81%*
E 460+142%* 72.5+£22.4%%* 375+61%* 401 +£80%* 411+£90%*
F 438+124 69.1£19.6 368+51 393+65 397+70
G 272+ 79%** 42.8+12.4%** 252+ 50%** 284+ 50%** 286+ 55%*
H 462+£92* 72.9+14.5% 341+55% 367+63* 357+68

*Indicates a statistically significant (P < 0.05) difference between as-received and clinically used wires of the same product for a given measure (i.e.

A versus B, C versus D, E versus F, and G versus H).

**Indicates a statistically significant (P < 0.05) difference between as-received wires from the same manufacturer [i.e. coated versus non-coated from
American Orthodontics (A versus C) or coated versus non-coated from Opal Orthodontics (E versus G)] for a given measure.
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Table 5 Bending (mean values and standard deviations) values during deactivation for wires.
Group Deactivation
Stiffness Modulus Force at Force at Force at Elastic
(g/mm) (GPa) 3mm (g) 2mm (g) I mm (g) recovery (%)
A 4044123 63.7+19.5 446+102 309+58* 291+43% 99.6+0.3*
B 359+60 56.6+9.4 379+28 271434 259437 99.5+0.4
C 344 +£45%* 54.3+7.0%* 374452 248 £33 %% 224427k ** 98.7+0.5%**
D 503+120%* 79.4+19.0%* 441466 297 £41%* 273 £40%* 98.140.5%*
E 403+100%* 63.5+15.8% 363+£80%* 230+£49* 215+44% 99.4+0.2
F 382+81 60.2+12.8 353+63 225+38 213+37 99.4+0.3
G 254 £ 7744k 40.0£11.7%%* 244 +49%* 170+28* 161+26* 99.1+0.3
H 377+106%* 59.5+16.7%* 305+£62 201+35 195+35 99.0+0.4

*Indicates a statistically significant (P < 0.05) difference between as-received wires from the same manufacturer [i.e. coated versus non-coated from
American Orthodontics (A versus C) or coated versus non-coated from Opal Orthodontics (E versus G)] for a given measure.
**Indicates a statistically significant (P < 0.05) difference between as-received and clinically used wires of the same product for a given measure (i.e.

A versus B, C versus D, E versus F, and G versus H).

products are not the same stock wire, despite claims to the
contrary. The difference in austenitic finish temperatures in the
Opal Via wires was less drastic. The aesthetic Pearl wire had an
A, of 15.4°C compared with 18.2°C for the non-coated wire.
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Figure 3 Bending profiles of the wires tested.

The lower A, of the coated wire may cause a slight difference
in force compared with the non-coated wire since the force
applied depends partially on the 4 and the deviation from the
ambient temperature. The coating itself rather than the process
of applying the coating seems to be the direct cause of these
differences in values in the heating and cooling portions of
the scan. There does not appear to be any significant thermal
differences between the non-coated and coated wires before
and after clinical use. These findings correlate with a previous
DSC study on uncoated archwires (Biermann et al., 2007).
Although not to a level of statistical significance, it may be
observed that the heating and cooling enthalpies of the coated
wires were generally greater in the clinically retrieved wires
compared with the as-received wires. This may be explained
by the fact that a significant amount of the coating was lost
during clinical use and the coating was no longer able to act as
an insulator for the heat transfer measurement involved.

The three-point bending test can be used to verify the pres-
ence of superelasticity, can differentiate between wires with
this property, and mimic the clinical deflection in the mouth
(Miura et al., 1986). In agreement with others (Kaphoor
and Sundareswaran, 2012), there was significant variation
between the coated and non-coated wires in the as-received
state with Opal’s Via Wires showing a large difference and to
a lesser extent the American Orthodontics’ wire and its coated
equivalent. This is in accordance with the thermal property
data, which showed differences in the coated and non-coated
wires, further bolstering the thought that either the coating
process affects the properties of the wires or different stock
wire is used for each product and it is not simply coating the
product the manufacturers already market (as per personal
communication). The interesting finding in this study, which
is in contrast to the one other clinical study (Elayyan ef al.,
2008) is that the as-received aesthetic wires often had sig-
nificantly lower stiffness and force values than the same wires
after clinical use. It appears that the coating in this instance
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had an effect on the force levels and as more of the coating
was lost the wire began to behave more like the non-coated
wires that had greater stiffness and force values as-received.
Overall, both the bending and thermal property data show the
clinical effects on the coated wires may be different than the
non-coated controls. The increased rate and extent of coating
loss may give rise to the necessity for investigating the bio-
logical properties of the detached fraction of coating.

Conclusions

1. Both wires lost a significant amount of aesthetic coating
after 4-12 weeks in the oral cavity, and improvements to
coating techniques or alternative wires must be explored
for better aesthetics.

2. Patient satisfaction with these wires declined signifi-
cantly as the coating was lost while in the mouth.

3. Some DSC parameters were different between as-
received coated and non-coated archwires, indicating a
difference in clinical behaviour is expected.

4. Coated wires were generally less stiff and produced lower
forces compared with their non-coated counterparts.

5. Aesthetic wires that were clinically retrieved showed
greater stiffness and force values compared with as-
received wires.

6. Non-coated wires were not affected by clinical exposure
since no differences in bending or thermal properties
between as-received and clinically retrieved wires were
observed.

Supplementary material

Supplementary material is available at European Journal of
Orthodontics online.
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