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Abstract: This study presents an alternative process for designing and manufacturing customized
trays for dental-whitening treatments. The process is based on a digitized approach consisting of
three main stages: design of a reference model, its manufacturing by AM, and thermoforming of the
tray. The aim of the study was to develop a high-performance tray, able to guarantee comfort, safety,
and efficacy for whitening treatments. To evaluate the patient’s experience, some tests under real
operating conditions were performed. Twenty people carried out a nighttime treatment of 14 days.
Each patient was asked to assess the overall level of satisfaction and the comfort of the tray and
its ability to retain the gel. Tooth whitening was also determined according to the VITAPAN scale.
All patients involved in the study were satisfied and provided positive feedback about comfort and
tightness of the tray. At the end of the treatment, 15 out of 20 patients achieved shade A1l on the
VITAPAN scale. The mean improvement in color shades was about 7. These results confirmed the
great potential of the proposed dental tray. Its use was proven to guarantee a high level of quality,
flexibility, and customization of dental-whitening treatments, improving comfort, safety, and efficacy.

Keywords: custom design; digital manufacturing; dental engineering; additive technologies; bespoke
dental trays; tooth whitening; esthetic dentistry

1. Introduction

Dental-whitening treatments became popular in the late 1990s [1]. They have be-
come increasingly successful as people wish to have attractive smiles and whiter teeth.
Therefore, whitening treatments are now very widespread and common [2]. Consequently,
increased demand for the treatments has fostered the use of dental-whitening products
and procedures. The main categories of whitening products include toothpastes, gels,
and strips. Typically, whitening toothpastes consist of common toothpastes including
abrasive particles characterized by a greater hardness or even by the same hardness but
in higher concentrations. Differently, gels and strips are mainly based on hydrogen- or
carbamide-peroxide agents. According to the concentration of these whitening agents, the
treatments can be classified as at-home or in-office. Treatments are of the first type when
the whitening product includes up to 6% hydrogen peroxide and up to 16% carbamide
peroxide. In the case of a higher concentration of these agents, the treatments are clas-
sified as in-office and must be performed under professional supervision [3]. At-home
treatments are gaining popularity since they are easy enough for the patient to perform
at home. Although whitening gels based on a low concentration of peroxide agents are
well-established and considered quite safe and effective, some side effects still need to be
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considered. The main and most common effects reported by the patients are increased
tooth sensitivity and gingival irritation.

Tooth sensitivity is considered by patients to be the least annoying of the two. In
general, it is correlated to the characteristics of the teeth and the type of whitening gel.
Since contact of the gel with the tooth is inevitable during the treatment, the solution to
this problem is to stop the treatment for a few days [4]. The second side effect is due to
the contact of the gel with the soft tissues of the gum. This is unnecessary and should
be avoided or at least minimized by shielding the gingiva and tongue [5]. This problem
can be related to the type of tray that is used for containing the whitening gel and/or
to the amount of gel used to fill the tray. Dental trays that are accurately and properly
designed and produced may protect the soft tissues of the gingiva and tongue, and may
consequently prevent the swallowing of amounts of the gel or water used to rinse the gel
residues. There are two types of tray: non-customized and customized. Non-customized
trays have shapes that fit all or specific sizes of dental arches. They are generally flexible
and made of materials such as silicone. On the one hand, they are simple and low-cost
products, but on the other hand, they are not always comfortable and cause gel leakage,
given their generic form. Customized trays are individually designed for a specific patient.
Therefore, they are comfortable as they fit perfectly on the arch, and hold the gel inside
more effectively. In addition, they also allow the deposition of the whitening gel exactly
where it is needed [6]. Literature reports that customized trays allow for the creation and
positioning of reservoirs where teeth whitening is required or desired [1]. Customized
trays are typically handmade. A plaster of the patient’s dentition is modified manually to
create reservoirs, spacers, and scalloping. Subsequently, the modified plaster is used for
thermoforming a thermoplastic disc [7,8]. This procedure has a notable production time.
Furthermore, the precision and the control of the details of the tray is highly dependent on
the dexterity of the operator. A digital approach could provide an advantage in terms of
timing, precision, control, and flexibility of the process. In fact, if the patient has discomfort
it is possible to modify the tray more easily than recreating the plaster. Moreover, all the
models are stored in a digital format and can be retrieved, in case of necessity, and furtherly
customized if needed.

The work presented in this paper was developed in collaboration with AirNivol®, an
Italian company that designs and manufactures invisible orthodontic aligners. The process
presented is fully digital and includes automatized activities. The approach proposed
is based on the concept of Dentistry 4.0 and combines esthetic dentistry, 3D intraoral
scanning, computer-aided design, additive manufacturing, and dental engineering. The
main objective of the presented work was to increase the trays’ quality, flexibility, safety,
efficacy, and level of customization. In addition, the study also aimed to produce better-
performing trays, which ensure comfort through a perfect fitting and protect the gingiva
using reservoirs properly modelled in the tray. In order to evaluate their performance,
the customized trays were tested by 20 patients who performed the whitening treatment
using a carbamide-peroxide gel. A protocol was defined and used to collect data about
the treatments. Subsequent analysis of the collected data was carried out to evaluate the
quality and effectiveness of the trays.

2. Materials and Methods
2.1. Design and Manufacturing of the Trays

The digital process for the production of the customized dental trays consists of three
main phases: the design of the reference model of the tray, the manufacturing of the
reference model using 3D printing technology, and the final production of the tray obtained
through a thermoforming process (Figure 1).
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Figure 1. Phases of the digital process for the production of the customized dental trays: design of the
reference model (a), 3D printing of the reference model (b), and thermoforming of the dental tray (c).

The production of customized trays consists of designing the reference model that
is manufactured and used for thermoforming the trays. The design activity includes five
main steps that are described below (Figure 2).

Figure 2. The five steps of the digital process for generating the reference model of a tray: 3D scanning
(a), tray area selection (b), whitening area selection (c), offset creation for reservoirs (d), creation of
the final STL file (e).

The first step consists of the intraoral scanning of the patient’s dentition. This is a
procedure that is used by an increasing number of dentists for digitally capturing visible
intraoral surfaces. 3D optical dental scanners are typically used for performing this task.
For the present study, a TRIOS 3 Basic intraoral scanning supplied by 3Shape® was used.
The result obtained after the scanning process is a 3D model in form of polygonal mesh
representing the shape of the patient’s teeth and gums (Figure 2a).
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The acquired model is then treated with MeshLab, a software for processing and
editing polygonal meshes, in order to create the reference model to be used for the forming
stage. By using a manual tool of the software, the operator selects and deletes the portion
of the gum acquired by the optical scanner that is not needed for the reference model
(Figure 2b). A small area all around the gingival margin is left to protect the gum and also
at prevent leaking of the whitening gel.

The third step consists of selecting the area of the teeth to whiten (Figure 2c). Typically,
whitening treatments are performed on the frontal teeth, which are those visible when
talking and smiling.

Subsequently, an offset of 0.2 mm is applied to this area on the mesh (Figure 2d). When
the offset is applied, the selected area moves outwards by a distance of 0.2 mm, normal
to each mesh facet. This creates an empty volume corresponding to the reservoirs, which
will be filled with the gel. The value selected for the offset is the result of preliminary
studies and tests that we carried out on a variety of trays. In this way, the reservoirs of the
whitening gel are generated exactly in the positions required. Figure 3 shows a schematic
section of the tray with the reservoir on a tooth.

Tray

Tooth S
Whitening gel

Figure 3. Schematic of the tray when it is worn and is on the tooth.

In the last step, the boundary of the obtained model is extruded and the bottom is
closed (Figure 2e). Through the extrusion, the 3D sketch of the boundary is stretched and
vertical walls are created. Finally, the bottom is closed to build a closed volume and it
is saved as an STL file. This file is necessary for the next phase of the process and for
manufacturing the reference model of the custom dental tray. As can be seen from the
images in Figure 2, the teeth selected for inserting the reservoirs are those from 11 to 15 and
from 21 to 25 for the maxillary arch, and from 41 to 45 and from 31 to 35 for the mandibular
arch (FDI nomenclature). In particular, the vestibular zones of the teeth are fully selected
and their palatal zone are only partially selected. The reason for this is that only the teeth
that are visible when talking or smiling are whitened. Therefore the gel is applied on these
teeth, and not on all teeth. This optimizes the use of the gel and reduces the side effects
associated with unwanted leakages. The tray can be furtherly customized depending
on the characteristics of the patient’s dentition and the reservoirs can be positioned in
correspondence with the teeth, or portions of them, according to the needs.

The reference model is produced using additive manufacturing technology. In particu-
lar, a Stratasys Objet ]700-Dental machine is used. This is a 3D printing machine, based on
material jetting technology. Material jetting (M]) is a process that creates 3D geometries
by line-wise dispensing of a photopolymer from hundreds of tiny nozzles placed on a
printing head, which moves along directions parallel to the build platform. The droplets are
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directly cured and solidified as they are deposited on the build platform using one or more
ultraviolet (UV) lamps [9]. The M] process allows for multi-material 3D printing within
the same part by simultaneously dispensing different materials, one of which is commonly
employed to build supports and then removed with the post-processing step [10]. The
reference model is produced using a water-soluble photo resin as supporting material and
VeroDent™ photo resin (MED670™) as the material of the reference model. The latter is
removed by a post-processing machine with a rotating basket and a cold-water jet. The
result consists of the cleaned reference model ready to be used.

The tray is then thermoformed onto the 3D printed reference model using an LDPE
(low-density polyethylene) disc supplied by Scheu Dental®, known under the trade name
of Copyplast [11]. This material is characterized by an intermediate level of stiffness
(elastic modulus = 175 MPa). In fact, its deformability is less than that of rubbery materials
such as silicone, but it is not too rigid, to avoid discomfort when in contact with the soft
tissues of the gums. The thermoforming process is performed, by using a Ministar S®
machine supplied by Scheu-Dental®, according to the manufacturers’ recommendations
for heating, pressure, and cooling time. After the thermoforming process, excess material
must be removed. An operator manually removes the material that is below the gingival
zone that was created in the design phase to protect the gum and prevent the whitening
gel from leaking. When trimming operations are concluded, the tray is ready to be worn by
the patient (Figure 4).

(b)

Figure 4. (a,b) show a tray manufactured from different points of view. The small portion of the

gingival margin, aimed at protecting the gum and also at preventing the leaking of the whitening gel
is clearly visible.

2.2. Evaluation of the Dental Trays

Some tests under real operating conditions were performed. The aim was to evaluate
the performances of the trays produced using the proposed digital process concerning
the patients” experience and also concerning the effectiveness of their usage for whitening
the teeth. The dental trays were tested by 20 people, 11 male and 9 female, aged between
18 and 60 years. Informed consent was obtained before their inclusion in the evaluation.
Any detail that could disclose the identity of an individual participant was omitted. For
each participant, an at-home treatment was carried out under the supervision of a dental
practitioner, according to the DIRECTIVE 2011/84/EU [12]. As a first step, a clinical
examination was performed to ensure that there were no risk factors or other oral conditions
of concern. In addition, it was checked that the patient could be exposed to the whitening
agents, as intended, in terms of frequency and duration. Each participant carried out
a nighttime whitening treatment based on a commercial 10% carbamide peroxide gel
(Opalescence™ PF10) for 14 days. About 0.3 mL of gel per arch and per night was used.
The patients were asked to distribute the whitening gel on the upper and lower arch trays.
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Each patient was asked to fill out a daily report and to answer a final questionnaire, aimed at
assessing the overall level of satisfaction associated with the treatment, the level of comfort
of the trays, and their ability to retain the gel. At the end of each treatment, the dentist
evaluated the quality of the dental whitening obtained and the variation between the initial
and final colors. For the evaluation, 16 shades of the VITA classical A1-D4 color scale
were reorganized from the lightest (B1) to the darkest (C4) color value. For each patient,
the shade values of the middle third of the central incisor were detected, as suggested
by the American Dental Association’s guidelines, and recorded using intraoral open and
closed mouth photos. All photos were taken in daylight and under the same settings and
environmental conditions [13,14].

3. Results

This section summarizes the results reported from the patients” answers to the ques-
tionnaires and the teeth shade values reported by the dentist. All analysed data have been
treated anonymously.

Figure 5 reports some results concerning the level of comfort of the trays reported by
the patients and the overall level of satisfaction associated with the treatment based on
their use.

Ease of wearing Ease of gel deposition

45%

HYes M Yes, partially ®No HYes M Yes, partially ®No
(a) (b)
Gingival irritation Overall satisfaction

40%

60%

H Absent B Moderate M Intense B High B Medium B Low

(©) (d)

Figure 5. Results of the evaluation of the tray and of the whitening treatment: ease of wearing (a),
ease of gel deposition (b), gingival irritation (c), and overall level of satisfaction (d).
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The first chart reports the patients” experience concerning how easy it was donning
and doffing the trays (Figure 5a). Seventeen out of 20 patients (85%) reported that the tray
was easy to wear, the remaining three patients reported that it was somewhat easy. No
patients reported difficulties.

The second question concerned the gel deposition (Figure 5b). Eleven out of 20 patients
(55%) reported that the gel deposition was easy and 9 out of 20 that it was somewhat easy.
No patients reported any difficulty.

Patients were also asked if they suffered gingival irritation during treatment for even
one day (Figure 5c). Seventy-five percent of the patients did not report any gingival
irritation, 25% reported a moderate irritation, and none reported an intense irritation. It
should be noted that those patients who reported moderate irritation, suffered from it for
just one or a few days during the treatment.

Finally, the overall level of satisfaction associated with the treatment and with the use
of the custom dental tray was evaluated (Figure 5d). All patients were satisfied with the
treatment. Twelve out of 20 patients reported a high level of satisfaction, the remaining
eight a medium level, and none was not satisfied.

The 20 patients participating in the evaluation were also asked to report any leak of
the whitening gel for each day of treatment. Only five patients reported moderate gel leak.
Two patients reported it happened only two out of 14 days of treatment, and three patients
for only one day. To be more specific, all five patients reported that the leak occurred on
the first day of treatment. We can speculate that this was probably due to the use of an
excessive amount of gel and the need for some patients to practice using and depositing the
gel in the trays. Table 1 shows the results of the daily report referring to gingival irritation
and gel leakage for all 14 days of the treatment. The 20 patients were treated anonymously
and ranged from P1 to P20. Gingival irritation was also reported by only five patients and
for a maximum of three of the 14 days of treatment.

Table 1. Daily report referring to gel leakage and gingival irritation for all 14 days of the treatment
duration, for all 20 patients in the evaluation.

Days of Treatment

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Gel leakage P11, P13, P16, P17, P18 P17 P11
Gingival irritation P13, P15, P17 P13, P15 P13 P17 P2 P7 P2

Dental whitening was obtained for all the patients at the end of the treatment. The color
variations were evaluated and are reported in Figure 6. Seventy-five percent of the patients,
i.e., 15 out of 20, reached A1 color, which is the second lightest shade on the VITAPAN scale;
two patients reached A2 color, and the remaining three reached A3 color (Figure 6a).

Figure 6b reports the shade variation calculated as the difference between the shades
recorded before and after the treatment, according to the sequence, with numerical equiv-
alents, shown in the figure. In most patients (15) the color of the teeth improved by
7 or 10 grades, in one patient by 6 grades, in three, by 3 grades, and in only one patient, by
2 grades. The average shade improvement recorded at the end of the treatment was 6.7.

An additional analysis of the collected data is reported in Figure 7, where the graph
correlates the shade variations and the treatment hours reported by the patients, for all the
patients that reached A1 color at the end of the treatment.

It is possible to estimate that to reach A1 color, a treatment duration of about 115 h
corresponded to a shade variation of 7 grades (from A3 to Al shade) in the reordered
VITAPAN scale. Therefore, this suggests that optimal results can be obtained using the
trays for an average time of 8 h per night for 14 days.
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Figure 6. Results of dental-whitening treatments recorded for the 20 patients participating in the
study: final shade recorded (a) and shade variation (b).

h - shade variation (final color A1)
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115.6
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Shade variation
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Treatment hours (h)

O Single patients Average values

Figure 7. Results correlating shade variation and treatment hours for all the 15 patients that concluded
the whitening treatment with A1 shade. The average values of the hours of treatment, for each shade
variation reached (3, 7, and 10), are reported (orange squares).

4. Discussion

For dental-whitening treatments, custom trays have great potential to guarantee a perfect
fitting on the patients” dentition, to protect the gums, and to improve comfort levels and
personalize whitening by applying the gel where necessary. However, the process of designing
and manufacturing custom trays is not always easy and is still manual and artisanal.

The study presented in the paper proposes a digital process for designing and manu-
facturing custom trays for dental-whitening treatments. Forty custom trays, considering
the two arches of the 20 patients participating in the study, were designed, manufactured,
and tested by the patients. The results of the tests were generally very positive for all
treatments. The trays were considered easy to wear for almost all patients (85%) and none
reported difficulties in donning and doffing them.
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Gingival irritation was also evaluated. This aspect was monitored and evaluated
carefully because it is one of the major indications of discomfort caused by the whitening
treatments. The results showed that for 75% of the patients gingival irritation was absent
and that for the remaining 25%, the irritation was mild. None suffered from intense
irritation. Furthermore, of this 25% only one patient suffered from gingival irritation for
three days, three for two days, and one for a single day out of the total 14 days of the
treatment.

Since one of the main objectives of the study was to verify the general patients’
experience in the use of the trays, the patients were also asked to report the easiness of the
gel deposition into the trays. Fifty-five percent of them said that it was easy, and 45% said it
was somewhat easy. This result is less positive than the previous ones reported. However,
no one rated the gel deposition as highly difficult.

Furthermore, another aspect that was considered important in assessing the quality
of the tray was the gel leak while using the tray. Five patients reported leaks of the gel,
but for all of them this was on the first day of treatment. It should be highlighted that this
could be associated with the use of an excessive quantity of the whitening gel and with
the need of some patients to practice using and dispensing the gel in the tray. In fact, no
patient reported leaking gel during the night use, but all did it while donning the tray on
their teeth, immediately after filling it with the whitening gel.

The overall level of satisfaction of the patients was also reported; 60% were fully
satisfied, 40% reported a medium level of satisfaction, and no one declared to be unsatisfied
atall. It should be noted that all patients who reported a medium level of overall satisfaction,
also reported partial difficulty in depositing the whitening gel. This aspect could be linked
to the method of dispensing the gel through the use of a syringe, rather than to the
characteristics of the tray. The deposition of the gel, therefore, may have had an impact on
the evaluation of the overall level of the patients’ satisfaction.

Finally, although the main objectives of the presented study were the evaluation of
the level of comfort of the tray, its fitting on patients” dentition, and its ability to retain
the gel, dental whitening was also evaluated. For this purpose, a commercial 10% car-
bamide peroxide gel was used for 14 days. Seventy-five percent of the patients, after a
nighttime whitening treatment lasting for 14 days, reached the Al shade, and most of them
improved their shade of 7 or 10 grades. In particular, the results showed that to reach
the color-shade Al, a treatment duration of approximately 115 h gives shade variation of
7 grades (from shade A3 to Al) in the reordered VITAPAN scale. This result is to be consid-
ered positive if compared to previous studies. In [15], for example, a two-week whitening
treatment based on a 10% carbamide peroxide gel and bleaching trays was carried out
by 20 patients (18-56 years) and the mean shade variation was about of 5 grades. In [16],
instead, the shade variation was measured after three weeks of a nighttime treatment based
on the gel Opalescence™ PF10 (i.e., the same used in our study) and a custom-fitted soft
plastic nightguard. At the end of the treatment, only 50% of the patients showed a variation
of 4 grades.

Furthermore, it is worth noting that previous studies have shown that dental bleaching
depends on a large number of factors, such as the type of gel used, the concentration of the
bleaching agent, the characteristics and age of the patients, and the type and duration of the
treatment [17-19]. For these reasons, the results for dental whitening are to be considered
highly specific and they cannot be extended to any type of condition.

However, the best whitening results obtained in the presented study, compared to
previous ones [15,16], would suggest that the developed custom tray, through the proper
holding of the gel in place on the surface of the teeth, guarantees the efficacy of the
whitening treatment as well as ensuring excellent comfort.
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5. Conclusions

The paper describes the development of an alternative process to design and manufac-
ture customized trays for dental-whitening treatments. The process, based on the concept
of Dentistry 4.0, is fully digital and includes automatized activities.

The results conducted on 20 patients, under the supervision of a dental practitioner,
showed that the procedure described in this work is promising. The customized dental
whitening trays show a great potential in terms of quality, flexibility, and level of customiza-
tion of the treatments. The high rating obtained from the questionnaires about comfort,
safety, and efficacy are also encouraging. Nevertheless, in our future work, we will increase
the number of patients, by including an additional group of participants to compare the
results of our approach with conventional whitening treatments.

Other future studies will concern the use of the trays produced using the developed
digital process for in-office treatments based on more aggressive whitening gels, and the
development of a method to distribute the gel inside the tray in a more comfortable and
easy way.
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