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A B S T R A C T   

Objective: To investigate the effect of tooth whitening on biomechanical properties of vacuum-formed retainers 
(VFRs). 
Methods: Using a split-mouth, randomised controlled trial design, thirty participants were randomly allocated to 
receive whitening on either the upper or the lower arch, using 10 % carbamide peroxide for two weeks. 
Biomechanical properties such as hardness, tensile strength, and surface roughness were assessed two weeks after 
whitening was completed. 
Results: Tensile strength of the whitening arch (mean ± SD: 40.93 ± 3.96 MPa) was significantly lower than that 
of the control (47.40 ± 5.03 MPa) (difference 6.47 MPa, 95 % CI 4.51 – 8.42, p < 0.001). Hardness and internal 
roughness of the whitening arch (VHN = 14.63 ± 2.29 N/mm2 and Ra = 1.33 ± 0.35 µm, respectively) were 
significantly greater than those of the control (12.22 ± 1.86 N/mm2 and 0.96 ± 0.29 µm, respectively) (dif-
ferences 2.41 N/mm2, 95 % CI 1.56 – 3.25, p < 0.001 and 0.37 µm, 95 % CI 0.23 – 0.51, p < 0.001, respectively). 
The whitening arch showed greater tooth colour change (ΔE = 6.00 ± 3.32) than the control (ΔE = 2.50 ± 1.70) 
(difference = 3.50, 95 % CI 2.43 – 4.56, p < 0.001). 
Conclusions: Based on this short-term study, marked tooth colour change was achieved by whitening with VFRs as 
the whitening trays, but this changed the VFRs’ biomechanical properties, including a decrease in tensile 
strength and an increase in hardness and internal roughness. 
Clinical significance: The application of carbamide peroxide in VFRs may compromise their mechanical properties.   

1. Introduction 

Orthodontic retainers are routinely used after orthodontic treatment 
to preserve the alignment of the teeth [1]. Vacuum formed retainers 
(VFRs) are the preferred removable retainers due to their advantages of 
aesthetics, cost-effectiveness, and patient acceptance [2,3]. VFRs can 
provide good retention while allowing for occlusal settlement [4], with a 
clinically satisfactory survival time [5]. 

Some patients try to use VFRs as whitening trays for tooth whitening 
during the supervised retention period [6,7]. About 90 % of the ortho-
dontists in the United States and over 99 % of the orthodontists in 
Colombia have reported that patients requested tooth whitening pro-
cedure following appliances removal [8]. Tooth whitening is often 

performed after braces are removed to improve dental aesthetics, and it 
is also a conservative treatment approach for enamel conditions asso-
ciated with discolouration and white spot lesions [9]. The antiseptic 
effect generated by the whitening ingredient carbamide peroxide can 
also provide improvement in plaque index and gingival index in younger 
patients with poor oral hygiene [10]. The most commonly used at-home 
whitening material is 10 % carbamide peroxide gel. With 10 % 
carbamide peroxide, the reservoirs, spacers, and scalloping are not 
necessary; any tray that fully covers the teeth can be used for bleaching 
[9]. It has been reported that patients often request a tooth whitening 
procedure following the removal of orthodontic appliances [6–9]. 

Despite widespread use, the use of VFRs as tooth whitening trays is 
still controversial. By doing so, patients can benefit from an immediate 
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start on tooth whitening, reducing time and cost for fabricating whit-
ening trays, and the use of VFRs will minimise the risk of dental relapse 
during the whitening phase. On the other hand, concerns have been 
raised as the peroxide-based whitening material may compromise the 
dimensional stability and longevity of the VFRs [2]. Some in vitro studies 
have reported that the exposure of VFRs material to hydrogen peroxide 
increased the material stiffness [11] and surface roughness [12]. To 
date, there is no direct clinical evidence about the use of VFRs as tooth 
whitening trays. 

The aims of this clinical trial were: (1) To investigate the effect of 10 
% carbamide peroxide on biomechanical properties of VFRs, and (2) To 
evaluate tooth colour change when using VFRs as the whitening trays. 

2. Materials and methods 

2.1. Ethics approval 

This research was approved by the University of Otago Human Ethics 
Committee (H22/030) and registered with the Australian New Zealand 
Clinical Trials Registry (ACTRN12622000644763). Written informed 
consent was obtained from each participant/parent before the study. 

2.2. Research design 

This study was a randomised, assessor-blinded, split-mouth clinical 
trial (Fig. 1), in which the primary investigator (C.J.) and biostatistician 
(A.G.) were blinded to the treatment assignment. The investigator (L.M.) 
who performed randomisation was not involved in the outcome mea-
surements nor statistical analyses. Participants were given randomly 
generated intervention allocations (see below for details) in sealed 
opaque envelopes to achieve allocation concealment. The study was 
performed between 3 May 2022 and 22 December 2022 in the Univer-
sity of Otago, Faculty of Dentistry Orthodontic Clinic, Dunedin, New 
Zealand. 

2.3. Participants 

Inclusion criteria: Patients who finished the fixed orthodontic 
treatment and had twelve vital anterior teeth from canine to canine with 
no direct or indirect restorations, no need for attachments or divots on 
the labial surfaces of the maxillary canines or incisors, no history of 
dentine hypersensitivity, and no history of tooth whitening during the 
previous three years. 

Exclusion criteria: patients who had caries or periodontal disease, 
severe internal tooth discolouration, such as fluorosis, tetracycline stain, 
or discoloured endodontically treated teeth. Participants who were 
smokers, pregnant, breastfeeding, with known allergic reactions to tooth 
whitening materials were also excluded. 

2.4. Sample size calculation 

In order to provide 80 % power to detect 0.8 standard deviation 
differences in outcomes (d = 0.8 being a “large” effect size) when using a 
paired t-test at the two-sided 0.05 level, without assuming anything 
about the size of the positive correlation between the treated and 
comparison retainers, and allowing for up to 10 % drop-out, missing, or 
unusable data, 30 participants were recruited [13]. 

2.5. Randomisation 

Allocations were produced using blockrand 1.5 in R 4.0.5 using 
blocks of 2 or 4, with equal probability, and with equal probability of 
bleaching upper and bleaching lower arch. The allocation slips were 
sealed in opaque envelopes; and participants only opened the envelopes 
after being recruited into the study. The allocation was not revealed to 
those involved in data analysis until all the data collection and statistical 
analyses were completed. Fifteen participants were randomly allocated 
to having their upper arch whitened and fifteen to having their lower 
arch whitened, with the opposite dental arch serving as the control arch 
in each case. 

Fig. 1. Flow diagram of study design.  

C. Jin et al.                                                                                                                                                                                                                                       



Journal of Dentistry 143 (2024) 104902

3

2.6. Vacuum formed retainers (VFRs) 

The VFRs were made from 0.78 mm Zendura (Zendura Dental, USA) 
using a Biostar VI vacuum forming machine (Scheu-Dental GmbH, 
Germany) following the manufacturer’s instructions. Each VFR was 
trimmed 2–3 mm extending over the gingival margin, and all occlusal 
surfaces were covered including the most distal tooth in the arch. 

2.7. Tooth whitening intervention 

Participants were asked to apply whitening gel containing 10 % 
carbamide peroxide (Pola Night, SDI Ltd., Bayswater, Australia) ac-
cording to the manufacturer instruction after oral hygiene procedures at 
night time. The VFRs were worn for eight hours daily overnight for 2 
weeks, followed by 2-week intervention-free follow-up. Patients were 
instructed to apply one drop of whitening gel at the buccal surfaces of 
each tooth inside the VFRs in the intervention arch (either maxillary 
arch or mandibular arch, depending on the treatment allocation); pa-
tients wore the VFRs without whitening gel in the opposite arch 
(control). 

All patients received a standard hygiene procedure at the debonding 
appointment, e.g. calculus or plaque, if any, was removed using an ul-
trasonic scaler; the buccal and labial surfaces of teeth were polished 
using prophylactic paste. 

All patients were instructed to brush teeth with a provided manual 
toothbrush (Slimsoft, Colgate, New York, US) and fluoridated toothpaste 
(Total Advanced Clean, Colgate, New York, US). Eating and drinking 
beverages were not allowed during VFRs wear. The VFRs were cleaned 
with a toothbrush under cold running water without using disinfectant. 

After the 2-week intervention, patients were instructed to continue 
wearing VFRs without any whitening gel 8 h daily overnight for another 
2-week intervention-free period as follow-up. At the end of the trial, new 
maxillary and mandibular VFRs were provided to patients for retention 
purposes. For ethical reasons and to encourage compliance, upon study 
completion, participants were provided with additional whitening ma-
terial to whiten the untreated arch. 

2.8. Outcome measurements 

The worn VFRs from both arches were retrieved from patients for the 
measurement of biomechanical properties, including tensile strength, 
hardness, and surface roughness. All the biomechanical tests were 
conducted at a room temperature of 25 ◦C. Each test was repeated three 
times and a mean value calculated. All tests were measured by a blinded 
dental investigator (C.J.). The primary outcome was the biomechanical 
properties of VFRs, while the secondary outcome was the change in 
tooth colour. 

2.9. Tensile strength 

The VFRs specimens were prepared according to the ISO standard 
ASTM D882–18 for tensile strength. The test was performed using a 
universal testing machine (Model 3367, Instron Co., Norwood, USA) 
with a loadcell of 1 kN. Maximum tensile load with a loading rate of 1.5 
mm/min was measured. All data were collected and analysed using 
Bluehill software (Instron Co., Norwood, USA). 

2.10. Hardness 

Hardness was evaluated using the instrumented indentation test with 
the Instron testing machine with a loadcell and the Vickers indenter. The 
indentation was made by applying a force of 10 N for 10 s. The di-
mensions of the indentation were measured with light microscope 
(Nikon SMZ800N, Tokyo, Japan). Vickers hardness was calculated with 
the following formula [14]: VHN = 1.8544F

d2 (N/mm2), where F is the force 

applied on the surface, and d is the mean diameter of the indentations. 

2.11. Surface roughness 

Surface roughness was measured using a profilometer (TopMap 
Micro.View optical surface profiler, Polytec GmbH, Germany) with a 
field of view of 782.08 µm by 578.61 µm. The mean surface roughness 
value (Ra) was calculated using the TMS 4.1 surface metrology software 
(Polytec GmbH, Germany). 

2.12. Tooth colour 

Tooth colour was evaluated using the spectrophotometer VITA 
EasyShade V (VITA Zahnfabrik, BadSa ̈ ckingen, Germany) and VITA 
Classical guide (VITA Zahnfabrik, BadSa ̈ckingen, Germany) at baseline 
(T0, just after debonding), after the two-week intervention (T1), and 
after the 2-week intervention-free follow-up (T2). The tooth colour was 
measured at the middle third of the labial surface of the anterior teeth at 
the same clinical environment setting. 

Tooth colour change (ΔE, representing the colour difference) was 
calculated according to the Commission Internationale de l’Eclairage 
(CIE) L*a*b* system, where the L*, a* and b* correspond to the lu-
minosity, the measurement along red-green axis, and the measure-
ment along yellow-blue axis respectively [15]: 

ΔE*=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL∗)
2
+ (Δa∗)

2
+ (Δb∗)22

√

The National Bureau of Standards (NBS) system was used to assess 
the magnitude of colour variation by using the equation [15]: NBS =
ΔE* × 0.92 

2.13. Statistical analysis 

Data were analysed using Stata 17.0 (StataCorp 2021). For each 
outcome, a linear mixed model was used due to the split mouth design, 
specifically with a random participant effect included to allow for the 
repeated measurements. Restricted (or residual) Maximum Likelihood 
(REML) was used to estimate fixed effects and variance components. 
Model diagnostics were performed including looking at histograms of 
the residuals, scatter plots of residuals against fitted values, and histo-
grams of best linear unbiased predictions (BLUPs) of random effects. 
Two-sided p-values less than 0.05 were considered statistically signifi-
cant and 95 % confidence intervals (95 % CI) are presented to assist with 
interpretation of possible clinical significance. Outcomes were not pre-
specified in the clinical trial registry entry and no adjustments were 
made for multiple comparisons given the exploratory nature of this 
study. 

3. Results 

3.1. Baseline characteristics 

Baseline characteristics of the participants (age, sex, and ethnicity) 
were similar for those allocated to whitening their upper and those 
allocated to whitening their lower arch (Table 1). All participants 
received the intended intervention and completed the trial. There were 
no discontinuation or dropout. No side-effects were observed 
throughout the trial. The statistical analysis was carried out by the 
original treatment assignments (i.e., according to intention to treat 
principles). 

3.2. Tensile strength 

The tensile strength (mean ± standard deviation) of VFRs in the 
whitened arch (40.93 ± 3.96 MPa) was significantly lower than that in 
the control arch (47.40 ± 5.03 MPa) (difference = 6.47 MPa, 95 % CI 
4.51 – 8.42, p < 0.001) (Fig. 2A). The tensile strength, maximum load, 
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and elastic modulus were summarised in Table 2. 

3.3. Hardness 

The hardness of VFRs in the whitened arch (14.63 ± 2.29 N/mm2) 
was significantly greater than that in the control arch (12.22 ± 1.86 N/ 
mm2) (difference = 2.41 N/mm2, 95 % CI 1.56 – 3.25, p < 0.001) 
(Fig. 2B). 

3.4. Surface roughness 

The internal surface roughness of VFRs in the whitened arch (1.33 ±
0.35 µm) was significantly higher than that in the control arch (0.96 ±
0.29 µm) (difference = 0.37 µm, 95 % CI 0.23 – 0.51, p < 0.001) (Fig. 2C 
and Fig. 3). No statistically significant difference was found in the 
external surface roughness of VFRs between the whitened arch (0.71 ±
0.36 µm) and the control arch (0.66 ± 0.34 µm) (difference = 0.05 µm, 
95 % CI − 0.12 – 0.22, p = 0.554). 

3.5. Tooth colour 

After the 2-week intervention (T0-T1), the whitened arch had a 
greater colour change (ΔE = 5.65 ± 3.31) than the control arch (ΔE =
3.21 ± 1.81) (difference = 2.44, 95 % CI 1.39 – 3.49, p < 0.001). After 
the 2-week intervention-free follow-up (T0-T2), the whitened arch still 
had a significantly greater colour change (ΔE = 6.00 ± 3.32) compared 
with the control arch (ΔE = 2.50 ± 1.70) (difference = 3.49, 95 % CI 
2.43 – 4.56, p < 0.001) (Fig. 2D). 

According to the National Bureau of Standards (NBS), (Table 3), a 
greater proportion of patients exhibited marked colour change (76 % =
33 % for marked change + 43 % extremely marked change) in the 
whitening arch compared with the control arch (30 % = 27 % for 
marked change + 3 % for extremely marked change). 

4. Discussion 

VFRs are commonly used for orthodontic retention [1–3]. A 

Table 1 
Baseline demographics of the participants.  

Demographics Overall (n =
30) 

Bleach upper (n 
= 15) 

Bleach lower (n 
= 15) 

Age  
Mean ± Standard 
deviation (Years) 

18.6 ± 6.4 17.8 ± 3.9 19.4 ± 8.3  

18+ years old (n,%) 8 (27 %) 3 (20 %) 5 (33 %)  
Under 18 years old (n, 
%) 

22 (73 %) 12 (80 %) 10 (67 %) 

Sex (n,%)  
Male 11 (37 %) 6 (40 %) 5 (33 %)  
Female 19 (63 %) 9 (60 %) 10 (67 %) 

Prioritised ethnicity (n,%)  
New Zealand European 27 (90 %) 13 (87 %) 14 (93 %)  
Asian 2 (7 %) 1 (7 %) 1 (7 %)  
Māori 1 (3 %) 1 (7 %) 0 (0 %)  

Fig. 2. Tensile strength (A), hardness (B), surface roughness (C) and tooth colour change (D) of the whitened and control arch (showing standard error bars).  
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significant number of patients use VFRs as whitening trays for tooth 
whitening after orthodontic treatment [6–8], however, the effect of 
whitening on the biomechanical properties of VFRs is still unclear. This 
study, to the best of our knowledge, is the first randomised controlled 
trial investigating the in vivo biomechanical changes of VFRs when being 
used as whitening trays. The findings of this study suggested that 
marked tooth colour change could be achieved by whitening with VFRs 
as whitening trays, but the tooth whitening procedure decreased VFRs’ 
tensile strength and increased hardness and internal roughness. 

VFRs are usually made from thermoplastic polymer materials, such 
as polyurethane (PU) and polyethylene terephthalate glycol (PETG) 
[16]. PU has been most commonly used to fabricate VFRs due to its 
superior mechanical properties, including abrasion resistance, wear 

resistance, and dimensional stability with higher temperature [17], 
hence the usage in the current study. 

Biomechanical properties of the thermoplastic polymer materials can 
be affected by a variety of factors, including moisture, temperature, 
intraoral aging process, and biological effect of plaque and enzymes 
[18]. For example, PU is sensitive to moisture resorption, which can lead 
to the degradation and swelling of the material, causing deterioration of 
the biomechanical properties [19,20]. Other biomechanical property 
changes such as surface roughness and colour stability can also be 
induced in the routine use of VFR by patients due to the cleaning 
methods or the chemical agents used by patients [15]. 

Carbamide peroxide can release hydrogen peroxide, which is the 
main ingredient for tooth whitening. The 10 % carbamide peroxide used 
in the present study is the standard at-home tooth whitening gel [9]. 
Free oxygen radicals released from hydrogen peroxide can result in an 
oxidation reaction of the thermoplastic materials accompanied by the 
aging process [21]. The tensile strength of VFRs significantly decreased 
after the whitening procedure in the current study. This is in agreement 
with the previous in vitro study on Zendura PU in the simulated oral 
environment [22]. The tensile strength of the PU after whitening in the 
current study was still higher than the PETG material after intraoral 
aging [23], therefore the impact on clinical retention effect of VFRs may 
be limited. 

A few in vitro studies reported that the use of hydrogen peroxide 

Table 2 
The mean tensile strength, elastic modulus, and maximum load in the whitening 
arches were significantly less than these in the control arches.   

Whitened arch 
(n = 30) 

Control arch 
(n = 30) 

Difference (95 % 
CI) p-value 

Tensile strength (MPa) 
Mean ± Standard 
deviation 

40.93 ± 3.96 47.40 ± 5.03 6.47 (4.51 – 8.42) p 
< 0.001 

Minimum – 
maximum 

32.42 – 47.20 33.88 – 
55.71  

95 % Confidence 
interval around mean 

39.29 – 42.57 45.76 – 
49.04  

Elastic modulus (MPa) 
Mean ± Standard 
deviation 

743.69 ±
160.08 

831.65 ±
131.86 

87.96 (23.04 – 
152.89) p = 0.008 

Minimum – 
maximum 

407.65 – 
978.35 

439.32 – 
1063.48  

95 % Confidence 
interval around mean 

692.28 – 
795.10 

780.24 – 
883.06  

Maximum load (N) 
Mean ± Standard 
deviation 

124.42 ±
12.03 

144.09 ±
15.30 

19.66 (13.72 – 
25.61) p < 0.001 

Minimum – 
maximum 

98.57 – 143.48 103.00 – 
169.36  

95 % Confidence 
interval around mean 

119.44 – 
129.40 

139.10 – 
149.07   

Fig. 3. A representative example of the internal and external surface roughness of the whitened and control arches.  

Table 3 
Tooth colour changes in the whitening and control arches based on the National 
Bureau of Standards (NBS).  

NBS Units Colour changes Whitened arch (n, 
%) 

Control arch (n, 
%) 

0.0–0.5 Extremely slight change 0 (0 %) 1 (3 %) 
0.5–1.5 Slight change 2 (7 %) 11 (37 %) 
1.5–3.0 Perceivable change 4 (13 %) 9 (30 %) 
3.0–6.0 Marked change 10 (33 %) 8 (27 %) 
6.0–12.0 Extremely marked 

change 
13 (43 %) 1 (3 %) 

> 12.0 Change to another colour 0 (0 %) 0 (0 %)  
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could compromise the flexibilities of VFRs and make it stiffer. Two 
studies reported a decrease in flexural modulus of the thermoplastic 
materials after being treated with hydrogen peroxide [11,24]. Other 
studies reported a reduction of force generated by three-point bending 
test [12], and less energy was required for fracture to propagate after 
immersion in hydrogen peroxide solution [25]. Only one study reported 
no significant change in flexural modulus after treated with hydrogen 
peroxide, which may be due to the difference in the thermoplastic 
polymer materials [17]. 

Hardness of the VFRs increased after the whitening process in the 
current study, which may be due to the alteration of crystal and amor-
phous structure of the thermoplastic material or the release of plasticiser 
[26]. An in vitro study reported a decrease in hardness of VFRs material 
after being treated with 15 % hydrogen peroxide [12]. This may be due 
to the different thermoplastic material used in that study: the in vitro 
study used PETG while PU was used in the current study. The increase in 
hardness of VFRs after whitening could lead to an increase in the wear 
resistance against occlusal force and a decrease in shear strength but 
could also increase the risk of microcracks and breakages [27,28]. It has 
been found that the material hardness is related with the delivery of 
forces of orthodontic aligners to produce tooth movements [29,30]. It is 
unclear whether this hardness change affect the clinical effectiveness of 
retention [31], suggesting a need for further trial to investigate the 
clinical significance. 

In the current study, internal surface roughness of the VFR was 
increased after whitening. This is in agreement with another in vitro 
study [12]. An increase of surface roughness more than 0.2 µm has been 
found to promote the biofilm formation on restorative materials [32, 
33], however, this may not be critical for VFRs because unlike restora-
tions that remains intraorally permanently, patients often remove VFRs 
to mechanically or chemically clean. 

Tooth colour was improved after whitening using VFRs as the 
whitening trays in the current study; and the colour change was similar 
with the studies in which the normal whitening trays were used [34,35]. 
This suggests that, from a tooth whitening effectiveness perspective, 
VFRs can provide similar effect as whitening trays. It is interesting to 
note that the control arch in the current study also showed slight colour 
change (ΔE = 2.50 ± 1.70). This tooth colour change post orthodontic 
treatment was observed in other studies [36–38]. For example, an in vivo 
split-mouth study found that the colour of natural teeth after the 
first-year retention showed changes of ΔE from 1.4 to 2.1 units [37]; 
another study reported a ΔE from 1.5 to 3.6 units one year after 
debonding [38]. The post debonding tooth colour change may be 
associated with the alteration of surface morphology, structure of the 
enamel, and increased convenience of tooth cleansing. Procedures such 
as acid etching or polishing residual adhesives could cause changes in 
the roughness of sound enamel causing scattering of light [39]. 
Furthermore, the remineralisation effect from saliva may also contribute 
to the colour change [36]. 

In the current study, the changes of biomechanical properties of 
VFRs were statistically significant. However, the clinical significance of 
these changes still requires further studies. The lifespan and survival 
time of the VFRs can be affected by multiple factors, such as patient 
factors and daily wear and tear. It has been reported that VFRs can 
experience perforation and cracks 6–18 months after insertion [40]. One 
study found that the median survival time of VFRs to be 105 days [5]. 
The biomechanical properties changes caused by whitening could affect 
the survival time of VFRs and this remains to be investigated. 

There are limitations of this study. The VFRs were made from only 
one type of thermoplastic material PU (Zendura). As the thermoplastic 
material varies significantly among different types and commercial 
brands, the results may not be generalised to other VFR materials. In 
addition, only one type of whitening agent (10 % carbamide peroxide – 
the most commonly used standard at-home whitening gel) was used in 
this study. It is possible for different thermoplastic material react 
differently with different concentrations of the whitening agent. 

Different types and concentrations of whitening materials, as well as 
different regimens of home whitening including wearing time and 
number of days, can affect the whitening outcome. The present study 
was specifically focused on assessing the impact of whitening on the 
biomechanical properties of VFRs. Future studies should explore the 
effect of different concentrations and regimens of whitening. It is also 
important to note that the present study did not assess inter-rater and 
intra-rater reliability; all measurements were performed by a single 
investigator who was blinded. We do not know that all participants 
followed instructions although they did not describe any departures 
from the study protocol when asked. Although the change of VFRs 
biomechanical properties was statistically significant, the clinical 
consequence of this changes on the survival or retention effectiveness is 
unknown. The results were based on a short term, and it is likely that 
some patients may re-use these VFRs for other cycles of whitening. The 
long-term effect of the biomechanical properties was not evaluated due 
to the feasibility of the study. Patients were followed up for four weeks, 
leaving the long -term effects on VFRs unknown. Since the typical sur-
vival times of VFRs are about 105 days [5], further studies with longer 
follow up would be recommended. Future study could also consider 
investigating the clinical retention effectiveness of VFRs after being used 
as tooth whitening trays. 

5. Conclusion 

Marked tooth colour change was achieved by using VFRs as tooth 
whitening trays. However, the whitening process affected the biome-
chanical properties of the VFRs, including a decrease in tensile strength 
and an increase in surface hardness and internal roughness. While sta-
tistically significant, it is still unclear whether these biomechanical 
changes will meaningfully affect the VFRs’ clinical effectiveness for 
retention. This requires further studies and long-term evaluation. 

CRediT authorship contribution statement 

Carrol Jin: Writing – review & editing, Writing – original draft, 
Methodology, Investigation, Funding acquisition, Formal analysis, Data 
curation. Andrew R. Gray: Formal analysis, Methodology, Software, 
Supervision, Writing – review & editing. Paul A. Brunton: Conceptu-
alization, Methodology, Supervision, Writing – review & editing. Mauro 
Farella: Writing – review & editing, Supervision, Methodology, Funding 
acquisition. Li Mei: Writing – review & editing, Supervision, Project 
administration, Methodology, Funding acquisition, Formal analysis, 
Data curation, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

The authors would like to thank Dr Kc Li for providing technical 
advice of the biomechanical measurements. The study was funded by 
the Sir John Walsh Research Institute DClinDent Research Grant 
(11967601QJD). Carrol Jin contributed to study design, data acquisi-
tion, analysis and interpretation, drafted and critically revised the 
manuscript. Mauro Farella contributed to study design, data interpre-
tation and critically revised the manuscript. Paul Brunton contributed to 
study design, data interpretation and critically revised the manuscript. 
Andrew Gray contributed to study design, statistical analyses and criti-
cally revised the manuscript. Li Mei contributed to conception, design, 
data analysis and interpretation, and critically revised the manuscript. 
All authors gave their final approval and agree to be accountable for all 
aspects of the work. 

C. Jin et al.                                                                                                                                                                                                                                       



Journal of Dentistry 143 (2024) 104902

7

References 

[1] P. Singh, S. Grammati, R. Kirschen, Orthodontic retention patterns in the United 
Kingdom, J. Orthod. 36 (2) (2009) 115–121. 

[2] E.J. Dogramaci, S.J. Littlewood, Removable orthodontic retainers: practical 
considerations, Br. Dent. J. 230 (11) (2021) 723–730. 

[3] G. Vagdouti, E. Karvouni, E. Bitsanis, D. Koletsi, Objective evaluation of 
compliance after orthodontic treatment using Hawley or vacuum-formed retainers: 
a 2-center randomized controlled trial over a 3-month period, Am. J. Orthod. 
Dentofacial Orthop. 156 (6) (2019) 717–726, e2. 

[4] H. Rowland, L. Hichens, A. Williams, D. Hills, N. Killingback, P. Ewings, S. Clark, A. 
J. Ireland, J.R. Sandy, The effectiveness of Hawley and vacuum-formed retainers: a 
single-center randomized controlled trial, Am. J. Orthod. Dentofacial Orthop. 132 
(6) (2007) 730–737. 

[5] C. Jin, F. Bennani, A. Gray, M. Farella, L. Mei, Survival analysis of orthodontic 
retainers, Eur. J. Orthod. 40 (5) (2018) 531–536. 

[6] J.J. Sheridan, P. Armbruster, Bleaching teeth during supervised retention, J. Clin. 
Orthod. 33 (6) (1999) 339–344. 

[7] M.J. Meade, D. Millett, Retention protocols and use of vacuum-formed retainers 
among specialist orthodontists, J. Orthod. 40 (4) (2013) 318–325. 

[8] M.F. Nino, S. Hernandez-Viana, F.A. Restrepo, J.E. Botero, The perception of tooth 
whitening practices during and after orthodontic treatment: a survey of 
orthodontists, J. Clin. Exp. Dent. 13 (6) (2021) e536–e541. 

[9] V.B. Haywood, R.J. Sword, Tray bleaching status and insights, J. Esthet. Restor. 
Dent. 33 (1) (2021) 27–38. 

[10] I. Sanz-Sanchez, J. Oteo-Calatayud, J. Serrano, C. Martin, D. Herrera, Changes in 
plaque and gingivitis levels after tooth bleaching: a systematic review, Int. J. Dent. 
Hyg. 17 (2) (2019) 117–129. 

[11] E. Wible, M. Agarwal, S. Altun, T. Ramir, G. Viana, C. Evans, H. Lukic, S. Megremis, 
P. Atsawasuwan, Long-term effects of various cleaning methods on polypropylene/ 
ethylene copolymer retainer material, Angle Orthod. 89 (3) (2019) 432–437. 

[12] N. Babanouri, N. Ahmadi, H.R. Pakshir, S. Ajami, R. Habibagahi, Influence of a 
bleaching agent on surface and mechanical properties of orthodontic thermoplastic 
retainer materials: an in vitro study, J. Orofac. Orthop. 83 (5) (2022) 332–338. 

[13] J. Cohen, Statistical Power Analysis for the Behavioral Sciences, 2nd ed., Laurence 
Erlbaum Associates, 1988 ed. 

[14] A.T. Albilali, B.H. Baras, M.A. Aldosari, Evaluation of Mechanical properties of 
different thermoplastic orthodontic retainer materials after thermoforming and 
thermocycling, Polymers. (Basel) 15 (7) (2023). 

[15] L. Porojan, R.D. Vasiliu, S.D. Porojan, M.I. Birdeanu, Surface quality evaluation of 
removable thermoplastic dental appliances related to staining beverages and 
cleaning agents, Polymers. (Basel) 12 (8) (2020). 

[16] V. Daniele, L. Macera, G. Taglieri, A. Di Giambattista, G. Spagnoli, A. Massaria, 
M. Messori, E. Quagliarini, G. Chiappini, V. Campanella, S. Mummolo, 
E. Marchetti, G. Marzo, V. Quinzi, Thermoplastic disks used for commercial 
orthodontic aligners: complete physicochemical and mechanical characterization, 
Materials. (Basel) 13 (10) (2020). 

[17] M. Agarwal, E. Wible, T. Ramir, S. Altun, G. Viana, C. Evans, H. Lukic, S. Megremis, 
P. Atsawasuwan, Long-term effects of seven cleaning methods on light 
transmittance, surface roughness, and flexural modulus of polyurethane retainer 
material, Angle Orthod. 88 (3) (2018) 355–362. 

[18] A.A. Zafeiriadis, A. Karamouzos, A.E. Athanasiou, T. Eliades, G. Palaghias, In vitro 
spectrophotometric evaluation of Vivera clear thermoplastic retainer 
discolouration, Aust. Orthod. J. 30 (2) (2014) 192–200. 

[19] A. Boubakri, N. Haddar, K. Elleuch, Y. Bienvenu, Impact of aging conditions on 
mechanical properties of thermoplastic polyurethane, Mater. Des. 31 (9) (2010) 
4194–4201. 

[20] A. Boubakri, K. Elleuch, N. Guermazi, H.F. Ayedi, Investigations on hygrothermal 
aging of thermoplastic polyurethane material, Mater. Des. 30 (10) (2009) 
3958–3965. 

[21] J. Durner, M. Stojanovic, E. Urcan, W. Spahl, U. Haertel, R. Hickel, F.X. Reichl, 
Effect of hydrogen peroxide on the three-dimensional polymer network in 
composites, Dent. Mater. 27 (6) (2011) 573–580. 

[22] F. Tamburrino, V. D’Anto, R. Bucci, G. Alessandri-Bonetti, S. Barone, A. 
V. Razionale, Mechanical properties of thermoplastic polymers for aligner 
manufacturing: in vitro study, Dent. J. (Basel) 8 (2) (2020). 

[23] H.W. Ahn, H.R. Ha, H.N. Lim, S. Choi, Effects of aging procedures on the 
molecular, biochemical, morphological, and mechanical properties of vacuum- 
formed retainers, J. Mech. Behav. Biomed. Mater. 51 (2015) 356–366. 

[24] E. Wible, M. Agarwal, S. Altun, T. Ramir, G. Viana, C. Evans, H. Lukic, S. Megremis, 
P. Atsawasuwan, Long-term effects of different cleaning methods on copolyester 
retainer properties, Angle Orthod. 89 (2) (2019) 221–227. 

[25] A.L. Pascual, C.S. Beeman, E.P. Hicks, H.M. Bush, R.J. Mitchell, The essential work 
of fracture of thermoplastic orthodontic retainer materials, Angle Orthod. 80 (3) 
(2010) 554–561. 

[26] K. Dalaie, S.M. Fatemi, S. Ghaffari, Dynamic mechanical and thermal properties of 
clear aligners after thermoforming and aging, Prog. Orthod. 22 (1) (2021) 15. 

[27] A. Alexandropoulos, Y.S. Al Jabbari, S. Zinelis, T. Eliades, Chemical and 
mechanical characteristics of contemporary thermoplastic orthodontic materials, 
Aust. Orthod. J. 31 (2) (2015) 165–170. 

[28] G.D. Gardner, W.J. Dunn, L. Taloumis, Wear comparison of thermoplastic materials 
used for orthodontic retainers, Am. J. Orthod. Dentofacial Orthop. 124 (3) (2003) 
294–297. 

[29] J.S. Kwon, Y.K. Lee, B.S. Lim, Y.K. Lim, Force delivery properties of thermoplastic 
orthodontic materials, Am. J. Orthod. Dentofacial Orthop. 133 (2) (2008) 
228–234, quiz 328 e1. 

[30] J.H. Ryu, J.S. Kwon, H.B. Jiang, J.Y. Cha, K.M. Kim, Effects of thermoforming on 
the physical and mechanical properties of thermoplastic materials for transparent 
orthodontic aligners, Korean J. Orthod. 48 (5) (2018) 316–325. 

[31] S. Schuster, G. Eliades, S. Zinelis, T. Eliades, T.G. Bradley, Structural conformation 
and leaching from in vitro aged and retrieved Invisalign appliances, Am. J. Orthod. 
Dentofacial Orthop. 126 (6) (2004) 725–728. 

[32] L. Levrini, L. Paracchini, R. Bakaj, A. Diaconu, S. Cortese, Dental bleaching during 
orthodontic treatment with aligners, Int. J. Esthet. Dent. 15 (1) (2020) 44–54. 

[33] L. Mei, H.J. Busscher, H.C. van der Mei, Y. Ren, Influence of surface roughness on 
streptococcal adhesion forces to composite resins, Dent. Mater. 27 (8) (2011) 
770–778. 

[34] V. Alonso de la Pena, M. Lopez Raton, Randomized clinical trial on the efficacy and 
safety of four professional at-home tooth whitening gels, Oper. Dent. 39 (2) (2014) 
136–143. 

[35] J.K. Bernardon, N. Sartori, A. Ballarin, J. Perdigao, G. Lopes, L.N. Baratieri, Clinical 
performance of vital bleaching techniques, Oper. Dent. 35 (1) (2010) 3–10. 

[36] A. Karamouzos, A.E. Athanasiou, M.A. Papadopoulos, G. Kolokithas, Tooth-colour 
assessment after orthodontic treatment: a prospective clinical trial, Am. J. Orthod. 
Dentofacial Orthop. 138 (5) (2010) 537, e1-8; discussion 537-9. 

[37] A. Karamouzos, A.A. Zafeiriadis, G. Kolokithas, M.A. Papadopoulos, A. 
E. Athanasiou, In vivo evaluation of tooth colour alterations during orthodontic 
retention: a split-mouth cohort study, Orthod. Craniofac. Res. 22 (2) (2019) 
124–130. 

[38] Y. Kaya, O. Alkan, A. Degirmenci, S. Keskin, Long-term follow-up of enamel color 
changes after treatment with fixed orthodontic appliances, Am. J. Orthod. 
Dentofacial Orthop. 154 (2) (2018) 213–220. 

[39] T. Eliades, A. Kakaboura, G. Eliades, T.G. Bradley, Comparison of enamel colour 
changes associated with orthodontic bonding using two different adhesives, Eur. J. 
Orthod. 23 (1) (2001) 85–90. 

[40] S.J. Lindauer, R.C. Shoff, Comparison of Essix and Hawley retainers, J. Clin. 
Orthod. 32 (2) (1998) 95–97. 

C. Jin et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0001
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0001
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0002
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0002
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0003
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0003
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0003
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0003
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0004
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0004
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0004
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0004
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0005
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0005
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0006
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0006
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0007
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0007
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0008
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0008
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0008
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0009
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0009
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0010
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0010
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0010
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0011
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0011
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0011
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0012
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0012
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0012
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0013
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0013
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0014
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0014
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0014
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0015
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0015
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0015
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0016
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0016
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0016
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0016
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0016
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0017
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0017
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0017
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0017
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0018
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0018
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0018
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0019
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0019
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0019
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0020
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0020
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0020
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0021
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0021
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0021
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0022
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0022
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0022
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0023
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0023
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0023
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0024
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0024
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0024
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0025
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0025
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0025
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0026
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0026
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0027
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0027
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0027
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0028
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0028
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0028
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0029
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0029
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0029
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0030
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0030
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0030
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0031
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0031
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0031
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0032
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0032
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0033
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0033
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0033
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0034
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0034
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0034
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0035
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0035
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0036
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0036
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0036
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0037
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0037
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0037
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0037
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0038
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0038
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0038
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0039
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0039
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0039
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0040
http://refhub.elsevier.com/S0300-5712(24)00072-1/sbref0040

	Effect of carbamide peroxide on biomechanical properties of vacuum-formed retainers: A split-mouth randomized controlled trial
	1 Introduction
	2 Materials and methods
	2.1 Ethics approval
	2.2 Research design
	2.3 Participants
	2.4 Sample size calculation
	2.5 Randomisation
	2.6 Vacuum formed retainers (VFRs)
	2.7 Tooth whitening intervention
	2.8 Outcome measurements
	2.9 Tensile strength
	2.10 Hardness
	2.11 Surface roughness
	2.12 Tooth colour
	2.13 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Tensile strength
	3.3 Hardness
	3.4 Surface roughness
	3.5 Tooth colour

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


