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Color stability of laboratory glass-fiber-reinforced 
plastics for esthetic orthodontic wires

Objective: In our previous study, glass-fiber-reinforced plastics (GFRPs) made 
from polycarbonate and glass fibers were prepared for esthetic orthodontic wires 
using pultrusion. These laboratory GFRP wires are more transparent than the 
commercially available nickel-titanium wire; however, an investigation of the 
color stability of GFRP during orthodontic treatment is needed. Accordingly, in 
the present study, the color stability of GFRP was assessed using colorimetry.
Methods: Preparation of GFRP esthetic round wires (diameter: 0.45 mm [0.018 
inch]) using pultrusion was described previously. Here, to investigate how the 
diameter of fiber reinforcement affects color stability, GFRPs were prepared 
by incorporating either 13-μm (GFRP-13) or 7-μm glass (GFRP-7) fibers. 
The color changes of GFRPs after 24 h, and following 1, 2, and 4 weeks of 
coffee immersion at 37oC, were measured by colorimetry. We evaluated the 
color stability of GFRPs by two evaluating units: the color difference (ΔE*) 
and National Bureau of Standards (NBS). Results: After immersion, both 
GFRPs showed almost no visible color change. According to the colorimetry 
measurements, the ΔE* values of GFRP-13 and GFRP-7 were 0.73−1.16, and 
0.62−1.10, respectively. In accordance with NBS units, both GFRPs showed 
“slight” color changes. As a result, there were no significant differences in the 
ΔE* values or NBS units for GFRP-13 or GFRP-7. Moreover, for both GFRPs, 
no significant differences were observed in any of the immersion periods.
Conclusions: Our findings suggest that the GFRPs will maintain high color 
stability during orthodontic treatment, and are an attractive prospect as esthetic 
orthodontic wires.
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INTRODUCTION

  Orthodontic wires are widely used as part of ortho-
dontic appliances throughout treatment. These wires 
are made from metal alloys such as stainless steel (SS), 
cobalt-chromium-nickel (Co-Cr-Ni), b-titanium (b-Ti), 
and nickel-titanium (Ni-Ti) alloys.1,2 The main advantage 
of using these metal alloys in orthodontic wires is their 
superior mechanical properties compared to other 
materials such as polymers and ceramics. However, 
one disadvantage of these metallic wires is the metal’s 
opaque appearance, which deters many patients from 
orthodontic treatment.3 To address this issue, many 
types of esthetic brackets have been developed for 
or thodontic appliances.4,5 These brackets have been 
made from alumina, zirconia, polycarbonates, and their 
composites.6

  Recently, polymer-coated alloy wires have been de-
veloped as esthetic orthodontic wires,3,7,8 whereby me tal 
alloys were coated with polymers such as epoxy resin 
and polyethylene. However, there is the potential for 
exfoliation of the coated layer when using these ma-
terials.7,8 For example, da Silva et al.7 investigated the 
coating stability of four esthetic coated archwires. The 
authors reported that these coated wires had low es-
thetic value because their coating lacked durability after 
oral exposure. These studies highlight the need for non-
metallic wires without a coated layer.
  The transparent or translucent appearance of glass-
fiber-reinforced plastic (GFRP) wires is considered 
attractive, and is more likely to be sustained during 
orthodontic treatment. GFRP has been used previously 
in the development of dental appliances such as 
crowns, bridges, frameworks for fixed partial dentures, 
and dental posts in both research and clinical expe-

riments.9 In our previous study, GFRPs composed of a 
polycarbonate matrix with glass-fiber reinforcement 
were fabricated for esthetic orthodontic wires using the 
pultrusion method.10 The GFRP wires had similar flexural 
properties to those of commercially available Ni-Ti wires. 
Furthermore, these wires were more transparent than the 
available Ni-Ti wires (Figure 1); however, investigations 
regarding the color stability of these GFRP wires during 
orthodontic treatment is needed.
  To date, numerous studies have focused on the color 
stability of esthetic orthodontic appliances such as bra-
ckets11-13 and ligatures.14,15 For example, Filho et al.12 
evaluated the color stability of esthetic brackets made 
from ceramic and polymeric materials after staining 
them in two solutions containing coffee and black tea. 
Likewise, Martins da Silva et al.14 assessed the color sta-
bility of esthetic elastomeric ligatures after exposure 
to the oral environment. Despite the well-known color 
stability of orthodontic appliances such as brackets and 
ligatures, the color stability of such esthetic orthodontic 
wires is poorly understood. Hence, esthetic orthodontic 
wires are only commercially available in a limited num-
ber of materials.16 It is also difficult to measure the color 
stability of esthetic orthodontic wires because of their 
shape and dimensions.17

  The purpose of this study was to prepare esthetic 
orthodontic wires from GFRP composed of glass fi ber 
and a polycarbonate matrix using a pultrusion me-
thod. Furthermore, the color stability of these GFRP 
esthetic wires was assessed by a devised colorimetric 
measurement method as described later.

MATERIALS AND METHODS

Preparation of the materials
  GFRP wires were fabricated using a pultrusion technique 
described in a previous study.10 A polycarbonate (H4000; 
Mitsubishi Engineering-Plastics Corp., Tokyo, Japan) 
was used as the thermoplastic matrix because of its 
low viscosity, which allowed us to fabricate GFRP wi-
res with diameters that were as small as those in the 
cu rrently available orthodontic wires. An E-glass fiber 
filament (Nittobo Co., Fukushima, Japan) was used as 
a unidirectional reinforcement for the polycarbonate 
matrix. To investigate how fiber diameter affects the 
pro perties of GFRP, we prepared GFRPs with two di-
fferent E-glass fiber diameters: 13 μm (GFRP-13) and 
7 μm (GFRP-7). The volume fraction of glass fiber in 
the GFRP was approximately 0.3. From the pultruded 
samples, we cut round GFRP wires, each with a diameter 
of 0.45 mm (0.018 inch) and a length of 36 cm.

Color stability evaluation
  The colorimetric measurement of the as-fabricated 

GFRP wire

Polycarbonate bracket

Figure 1. Photograph of esthetic glass-fiber-reinforced 
plastic (GFRP) orthodontic archwires. Laboratory GFRP 
archwires and commercially available polycarbonate 
brackets fixed to the teeth in a dental model.
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GFRP wires with such small diameters was impossible; 
samples with a total width of at least 3 mm are requ-
ired so that the color can be properly measured by colo-
rimetry, as described later. Accordingly, in the present 
study, a slight modification to the technique described 
by da Silva et al.16 was used to prepare a GFRP sample 
by tightly arranging seven wire segments (11 mm in 
length, 0.45 mm in diameter) by fixing both edges with 
commercially available flowable resin (FiltekTM Flow, 3M 
ESPE, Saint Paul, MN, USA), as shown in Figure 2A.
  GFRP samples were immersed for 4 weeks in 20 mL of 
coffee (NESCAFE Excella®; Nestlé Japan Ltd., Hyogo, 
Japan), which was used as a staining solution, in a Tef-
lon-sealed polystyrene bottle at 37oC, with the coffee 

solution refreshed weekly. After staining, the samples 
were washed with distilled water and dried with paper 
towels. Color changes after 24 h, and following 1, 2, 
and 4 weeks of immersion, were measured by a co-
lorimeter (ShadeEye NCC; Shofu Inc., Kyoto, Japan) 
using a shade tab (A3, SOLARE; GC Corp., Tokyo, 
Japan), as shown in Figure 2B. This device contains 
a pulsed xenon lamp as an optical light source and 
a three-component silicon photocell as the optical 
sensor.18 The colorimetric measurements were performed 
by contacting the measurement tip of the optical sensor 
to the GFRP sample using the shade tabs as a reference. 
The measurement values were obtained as the average 
of 10 samples (n = 10) with each sample measured three 
times.
  The color parameters were expressed using the Com-
mission Internationale de l’Eclairage (CIE) L*a*b* color 
space system,1,19 relative to an illuminant standard, 
D65. In this three-dimensional color space, the three 
axes are L*, a*, and b*. The L* value is a measure of the 
lightness of an object and is quantified on a scale such 
that a perfect black has an L* value of 0 and a perfect 
reflecting diffuser has an L* value of 100. The a* value is 
a measure of the redness (+a*) or greenness (−a*) of an 
object, while the b* value is a measure of the yellowness 
(+b*) or blueness (−b*) of an object.
  The color difference (ΔE*) before and after immersion 
was calculated according to the equation1:

     ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2  (1)

  Moreover, the ΔE* values were converted into National 
Bureau of Standards (NBS) units by the equation12,16:

     NBS units = ΔE* × 0.92   (2)

  These values are shown in Table 1.12,16

Statistical analysis
  We examined the experimental results using analyses 
of variance and Scheffe multiple comparison tests for 
examining differences among the means, with the 
significance level set at p = 0.05.

Figure 2. Experimental set-up for color-stability mea-
surement. A, The glass-fiber-reinforced plastic (GFRP) 
sample devised for colorimetric measurement. This sample 
was prepared by arranging seven wire segments. Flowable 
resin was used to fix the wire segments. B, Photograph 
of the sample and device set-up during measurement. 
The elastic tip of the instrument was in contact with the 
middle of the sample.
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Table 1. National Bureau of Standards (NBS) ratings

NBS unit Critical remarks of color differences

0.0–0.5 Trace Extremely slight change

0.5–1.5 Slight Slight change

1.5–3.0 Noticeable Perceivable

3.0–6.0 Appreciable Marked change

6.0–12.0 Much Extremely marked change

12.0 or more Very much Change to other color
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RESULTS

  Figure 3 shows photographs of the GFRP wires before 
and after 4 weeks of immersion in the coffee solution. 
After immersion, the GFRP wires showed almost no 
color change upon visual inspection. Table 2 shows the 
color differences reported using the ΔE* and NBS units 
for the GFRP wires after each immersion period. The ΔE* 
values at 24 h and 1, 2, and 4 weeks after immersion 
for GFRP-13 and GFRP-7 ranged from 0.73 to 1.16 and 
from 0.62 to 1.10, respectively. There were no significant 
differences in ΔE* among any of the measured values 
for either of the GFRP wires (p > 0.05). The NBS units at 
24 h and 1, 2, and 4 weeks after immersion for GFRP-
13 and GFRP-7 ranged from 0.67 to 1.06 and from 0.57 
to 1.01, respectively; our results showed that all of the 
samples exhibited color changes according to the NBS 
values, which ranged from 0.57 to 1.06. As shown in 
Table 1, the color change values after immersion for 24 
h and 1, 2, and 4 weeks were < 1.5 for both GFRPs, and 
only “slight” color changes were observed according to 
the NBS units. Furthermore, there were no significant 
differences in the color-change values for the GFRPs in 
any of the immersion periods (p > 0.05). 

DISCUSSION

  GFRP wires are much more esthetically pleasing than 
wires made from conventional orthodontic alloys be-
cause of their transparency. It is difficult for the naked 
human eye to discern the small-order color changes. 
Additionally, there are only a few experimental studies 
on the color stability of esthetic wires because of the 
small geometry (i.e., shape and dimension) of or-
thodontic wires and the currently available GFRP wires. 
Here, by applying the same methods as those used by 
other researchers,16 we devised a measurement method 
for determining the color stability of GFRP wires, i.e., 
colorimetric measurements were performed on GFRP 
samples prepared by arranging seven wire segments 
together (Figure 1A). Consequently, we were able to 
evaluate the color stability of GFRP wires according to 
two evaluation units (ΔE* and NBS).
  First, color differences were assessed by determining 
the ΔE* values of the GFRPs after immersion in coffee 
using the CIE Lab system. The advantage of this system 
is that color differences can be expressed in units that 
may be related to visual perception. There are numerous 
studies on the threshold levels for the color differences 
of orthodontic appliances that are visually perceptible 
or clinically acceptable, and these threshold levels 
have been assessed using various standards.12,13,15-17,20 
For example, Faltermeier et al.13 evaluated the color 
sta bility of four different polymer brackets after ex-
posure to ultraviolet light or food dyes for 74 h. The 
authors applied a threshold level of 3.3 for ΔE*, whi-
ch pertains to color differences that are visually per-
ceptible and clinically unacceptable. They reported that 
newly developed plastic brackets consisting of poly-
oxymethylene may have clinically unacceptable color 
stability in the long term. According to other researchers, 
a color change of 3.7 as measured by ΔE* has been 
suggested as clinically unacceptable.12,17 Moreover, 
Douglas et al.21 reported that the predicted value at 
which 50% of dentists could perceive a color difference 
was 2.6 ΔE* units. In any case, all of the experimental 
values obtained for the GFRPs in the present study were 
lower than 1.5 ΔE* units, ranging from 0.62 to 1.16 
(Table 2). Although evaluating the color changes of 

Figure 3. Photograph of the glass-fiber-reinforced plastic 
(GFRP) wires before and after immersion in the coffee 
solution for 4 weeks. A, GFRP-13 before immersion. B, 
GFRP-7 before immersion. C, GFRP-13 after immersion. 
D, GFRP-7 after immersion. As indicated by the white 
arrows, the flowable resin that was used to fix the GFRP 
wires showed discoloration after immersion, while the 
GFRP wires themselves showed no discoloration.
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Table 2. Color differences measured in ΔE* and NBS units after immersion in the coffee solution

24 Hours 1 Week 2 Weeks 4 Weeks

ΔE* NBS units ΔE* NBS units ΔE* NBS units ΔE* NBS units

GFRP-13 0.87 ± 0.57 0.80 ± 0.53 0.73 ± 0.49 0.67 ± 0.45 0.88 ± 0.49 0.81 ± 0.45 1.16 ± 0.66 1.06 ± 0.61

GFRP-7 1.10 ± 0.37 1.01 ± 0.34 0.98 ± 0.53 0.90 ± 0.49 0.97 ± 0.55 0.90 ± 0.51 0.62 ± 0.40 0.57 ± 0.36

ΔE* values were converted to National Bureau of Standards (NBS) units by the equation: NBS units = ΔE* × 0.92. For each glass-
fiber-reinforced plastic (GFRP), there were no significant differences in color change for any of the immersion periods (p > 0.05).
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orthodontic appliances according to ΔE* units has not 
yet been clearly defined, the relatively low ΔE* values 
for the present GFRPs suggest that discoloration will not 
occur during orthodontic treatment.
  In addition to using the ΔE* values, the degree of 
color differences in GFRPs were assessed in NBS units. 
According to the critical levels for color differences, 
both GFRPs underwent “slight” color changes after 4 
weeks of immersion in the coffee solution, with NBS 
units ranging from 0.57 to 1.06 (Table 1). Results 
obtained in NBS and ΔE* units indicated that both 
of the GFRPs fabricated in our laboratory showed 
high color stability. Conversely, it has been reported 
that commercially available GFRPs exhibit “extremely 
marked” (“much”) color changes, as measured in NBS 
units, after immersion in a coffee solution for 3 weeks 
at 37oC.16 The difference in color stability may be 
explained by differences in the matrix components of 
the GFRPs. In the present study, the GFRP orthodontic 
wires were fabricated using polycarbonate as the matrix 
and glass fiber as reinforcement via pultrusion. In 
contrast, commercially available GFRPs are typically 
composed of polymethylmethacrylate (PMMA) and glass 
fiber.22 Polycarbonates are generally recognized as low 
sorption materials23 and are widely used in orthodontic 
appliances such as esthetic brackets and clear retai-
ners.6,24 In particular, Hamanaka et al.23 reported that 
polycarbonates have low sorption compared with 
PMMA, although this research was focused on denture 
base resins. Additionally, in some articles pertaining 
to the color stability of brackets, polycarbonate-based 
brackets showed lower color changes among esthetic 
plastic brackets.17 There is also a known correlation 
between the color stability and water sorption of a 
resin.25,26 Therefore, it is thought that the lower sorption 
and color changes exhibited by our laboratory-fabricated 
GFRP compared with commercially available GFRPs are 
owed to the polycarbonate matrix resin, which keeps 
the water sorption suitably low for use in orthodontic 
wire materials. Furthermore, it is worth noting that the 
flowable resins that we used to prepare the samples 
showed visible discoloration despite the GFRP wires 
showing no discoloration during the immersion period 
(Figure 3). Flowable resins are typically composed of 
dimethacrylates such as bisphenol-A-glycidyl me-
thacrylate and triethylene glycol dimethacrylate 
(TEGDMA).27 It has been reported that materials con-
taining TEGDMA show higher discoloration values 
because of its hydrophilic property.28 It is therefore 
speculated that using polycarbonate as the matrix of 
our fabricated GFRP is advantageous because of its 
higher color stability compared to both TEGDMA and 
PMMA. However, further experiments are needed to 
investigate the relationship between color stability and 

surface roughness in the oral environment because color 
changes of intra-orally exposed polymeric materials may 
be an effect of changes in surface roughness, which are 
caused by the mechanical effects of brushing and eating 
solid food. 
  In conclusion, the GFRPs fabricated in our study may 
be satisfactory for clinical duration of orthodontic treat-
ment in terms of color stability and are thus expected to 
be attractive materials for esthetic orthodontic wires.

CONCLUSION

  This study investigated the color stability of esthetic 
GFRP wires composed of polycarbonate and glass fibers 
prepared by pultrusion and the following conclusions 
were drawn. 
  First, following immersion, the color differences 
indicated by the ΔE* values of both GFRP-13 and 
GFRP-7 were lower than the ΔE* value of 1.5. In accor-
dance with NBS units, both GFRPs showed “slight” 
color changes. This indicates that the color changes in 
the GFRPs were minimal during the 4 weeks of coffee 
immersion.
  Second, there were no significant differences in the 
ΔE* values or NBS units for either GFRP-13 or GFRP-7. 
Moreover, there were no significant differences for either 
of the GFRPs for any of the immersion periods.
  Within the limitations of this investigation, the results 
indicate that the esthetic properties of GFRPs may 
remain stable during orthodontic treatment. 
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