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Abstract

Objective: This study presents a novel digital interproximal enamel reduction (IER)
clinical procedure, aiming to improve the effectiveness of IER processes in orthodontic
treatment.

Methods: A malocclusion case of skeletal-class | and angle-class | was selected

for the experimental investigation. A three-dimensional (3D) model of the dentition
was constructed using scanning data from a plaster model. The IER volume was meas-
ured by the overlay area of two neighboring crowns on the arranged virtual teeth.
For the upper dentition, a guide plate was innovatively designed based on the origi-
nal surface of the dentition and the calculated IER volume. The guide plate was fab-
ricated using stereolithography 3D printing (SLA), and was successfully employed
during the IER operation. For the lower dentition, the IER procedure was performed
using the free-hand method, guided by the predesigned IER volume. Preoperative
and postoperative 3D models of the dentition were compared to assess the accuracy
of both IER methods.

Results: The standard deviation of upper dentition IER with guide plate was calculated
as 0.13 mm, while that of lower dentition IER by freehand was 0.24 mm.

Conclusion: Through the integration of laser scanning, 3D reconstruction, virtual
arrangement, guide plate design, and 3D printing, this study not only explores a novel
digital IER method, but also demonstrates its clinical applicability. The findings provide
compelling evidence of the method'’s superior accuracy in clinical practice, offering

a new approach for high-precision IER operations in orthodontic treatment.

Keywords: Digital interproximal enamel reduction, IER guide plate, Orthodontics,
Clinical experiment

Introduction

The common symptom of malocclusion is clearly attributed to crowded dentition,
with the main reason being the non-coordination among the patient’s teeth and bone
mass. Orthodontic treatment provides the conditions for dentition alignment by reduc-
ing teeth or increasing bone mass [1]. For patients with mild crowding, non-extraction
treatment is often adopted, and interproximal enamel reduction is one of the prominent
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orthodontic methods to adjust the relationship of tooth and bone mass. The aim of
interproximal enamel reduction (IER) or enamel reproximation at the adjacent surface
is to reduce the crown volume on the expected aligned teeth. The adjacent parts of the
two crowns are slightly grinded to lose the overlay area. A small volume of enamel on
the tooth surface is removed to obtain the gap between the two teeth, which reduces
the width of teeth and allows the alignment of teeth [2]. IER is an important treatment
for patients with mild crowding and inconsistent Bolton index between the upper and
lower dentition. Both orthodontic treatments with fixed braces or invisible removable
aligners can be implemented based on the dentition with reduced volume, so that those
patients with crowded dentition caused by slightly greater tooth mass for the given bone
mass can obtain additional tooth space and the original crowding dentition can be neatly
arranged.

Recently, digital technology has been widely used in the medical field, such as digital
dental implant navigation [3], invisible aligner technique [4], stress analysis of implant
[5, 6], and computer-aided personalized tooth correction technology based on biome-
chanics [7, 8]. In the process of constructing an invisible orthodontic scheme without
brackets, the final position of tooth arrangement can be virtualized on the three-dimen-
sional dentition models, the width ratio of upper and lower dentition can be calculated,
and the occlusion of dentition after orthodontic treatment can be simulated. Subse-
quently, the required gap can be determined to align the dentition and coordinate the
width ratio between the upper and lower dentition, which has become a common step
in invisible orthodontic scheme design. On the other hand, since the force exerted by
the invisible appliance on the teeth comes from the thermoplastic polymer elastic resin
film, it is necessary for the appliance to contact with the tooth surface to drive the tooth
movement. Therefore, in the invisible aligner treatment of ‘marginal cases, conservative
treatment with non-tooth-extraction is preferred, which highlights the significance of
the interproximal enamel reduction technology in invisible aligner treatment.

Some researchers have recently prepared the IER plan by digital orthodontic soft-
ware, then the accuracy was calculated by comparing the amount of implemented IER
with that of the initial plan. The result showed that the amount of implemented IER
was significantly less than expected [9, 10]. According to the digital plan, clinicians
usually use a tooth gap caliper for measurement while grinding. However, due to the
measuring process being completely reliant on the dentist’s experience, the errors
caused by difference in tightness can be obvious. In addition, because the teeth are
suspended in the alveolar fossa by the periodontal ligament, each tooth has a large
physiological mobility, which greatly reduces the reliability of measuring the deglaz-
ing thickness by caliper. On the other hand, for an isolated tooth from the dentition
that does not contact with the adjacent crown, the gap measurement caliper cannot
be used, and the grinding area cannot be accurately positioned. Clinicians can only
select the grinding position and control the grinding depth through subjective judg-
ment, hence the accuracy cannot be quantitatively controlled. However, if the dental
arch is expanded firstly and IER is conducted after the teeth have been aligned on
the expended arch, the gaps between crowns are needed to be closed. This process
would lead to overly extended treatment time, and a large number of reciprocating
tooth motion on buccal-lingual direction would also be acquired, which may cause



You et al. BioMedical Engineering OnLine (2025) 24:1 Page 3 of 11

iatrogenic periodontal tissue damage. When carrying out IER manually by free-hand
operation, if the crown volume is grinded too much, excessive gap would remain after
the treatment, which would affect the patient’s esthetics, and easily lead to food incar-
ceration and secondary caries. On the other hand, if the thickness of IER is insuffi-
cient, the crowded teeth will collide in the rotation process of correction alignment,
which may cause aligner derailment and the necessity to redesign the braces, result-
ing in great economic and time loss. In clinical practice, a wrong tooth may even be
ground due to the dentist’s mistake, which could result in morphological damage in
the wrong grinded tooth, and even permanent iatrogenic injury, whereas the right
tooth is not grinded.

In order to achieve precise IER operation before orthodontic treatment, some digi-
tal techniques are demonstrated in the study to conduct tooth arrangement based on
the three-dimensional dentition model. Then, an overlap with the adjacent tooth is
obtained on the aligned target dentition by software, and used to determine the IER
volume. A customized template is designed on the dentition using the IER plan and
fabricated by 3D printing, so that the dentist can achieve precise IER operation.

Results

Clinical effect of IER

The oral dentition of the patient was scanned to obtain the clinical data of oral cavity
from the patient after the IER process, and the comparison of the patient before and
after IER was obtained. The intraoral orthotopic photograph before and after IER is
shown in Fig. 1.

Fig. 1 |ER guide template design, fabrication and clinical application: a digital 3D model, b 3D printed guide
template, ¢ IER with guide template
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Fig. 2 Intraoral orthotopic map: a before IER, b after IER

Table 1 Error analysis of IER

Maxilla with guide template Mandibular without guide template
Position 1 2 3 4 5 6 7 8
Error (mm) 0.15 0.12 0.11 0.14 0.19 0.27 0.25 0.25
Mean (SD) 0.13(0.02) 0.24 (0.03)

Error analysis of IER

According to the IER scheme, the IER area was subtracted from the upper dentition
of the patient to construct the theoretical IER digital model. Then, the theoretical IER
model and the actual IER model were imported into Geomagic Studio, and the two
models were matched by the fitting tool. To reduce the fitting error, the teeth without
IER were removed, and only a few teeth were retained as fitting reference, are shown
in Fig. 2. The upper dentition IER area of this patient was mainly concentrated in the
anterior tooth area. The area that used the guide plate in the upper dentition IER is
light blue. Without using the guide template in the lower dentition, the IER area was
deeper blue. Deep color represents a large deviation, and the error of using the IER
guide template was less than the traditional IER operation.

The measurements before and after IER with guide template in the upper dentition
are shown in Fig. 2a, and the measurements before and after IER without guide tem-
plate in the lower dentition are shown in Fig. 2b. The maximum deviation of IER with
guide template in the upper dentition was 0.15 mm, and the maximum deviation of
IER in the lower dentition was 0.27 mm under the condition of without using guide
template, as shown in Table 1.

The results of IER and deviation analysis of the patient indicated that the accuracy
of IER was improved when the IER guide template was used in the upper dentition.
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The standard deviation of IER with the guide template was 0.13 mm, while that of the
free-hand method in the lower dentition was 0.24 mm, as shown in Table 1.

Discussion

In general, the thickness of a single tooth unilateral IER needs to be in the range of 0.15—
0.25 mm, while using IER guide template could improve the accuracy to 0.11-0.15 mm,
which has great clinical significance. Hariharan et al. enrolled 75 subjects to evaluate the
correspondence between the interproximal reduction performed clinically and that pro-
grammed in ClinCheck®. In their research, the mean programmed IER for the maxillary
teeth was 0.28 +£0.16 mm versus the mean implemented IER of 0.15+0.15 mm [10]. In
comparison, the template-guided IER in our research had a significant precision advan-
tage over the free-hand IER.

Historically, Ballard [12] proposed the adjustment of tooth size via the crown slice
cutting technology (IER) to obtain a coordinated dentition. Since then, IER technology
has been developed considerably and applied widely in orthodontics. Begg [13] put for-
ward an important theory of tooth attrition, in which the malposed teeth have no adja-
cent tooth attrition and could be compensated by enamel reduction. Furthermore, they
pointed out that reducing the width of incisors and canines better satisfied the basic bio-
logical requirements than orthodontic extraction. Stroud et al. [14] carried out research
on the mesial and distal enamel thickness of permanent molars and premolars. The
results showed that the enamel of each tooth could be reduced within 50%, which could
provide 9.8 mm additional space for orthodontics. Zachrisson Bjoérn [15] proposed that
enamel reduction on the tooth surface could improve the esthetics of the front teeth
and reduce the risk of gingival recession after the orthodontic surgery. Livas et al. [16]
discussed the evolution process and development trend of interproximal enamel reduc-
tion technology, and concluded that IER had become an effective treatment for ortho-
dontists. Relevant research shows that between 1986 and 2008, the clinical use of enamel
reduction anterior teeth increased by multiple fold [17].

IER has been widely used in the treatment of patients with malocclusion and dentition
crowding. For patients who are not willing to wear dental braces for a long time during
the orthodontic treatment, dentists usually use expansion to adjust the patient’s denti-
tion, which is difficult to operate and prone to recurrence. With the application of IER,
the above problem can be solved, which also effectively shortens the duration of treat-
ment and was easily accepted by patients. During the treatment of patients with molar
anchorage and more forward molar design, there are adverse reactions such as backward
tooth inclination and the deepening of the curve of Spee. Therefore, conservative treat-
ment with non-extraction should be designed as much as possible in invisible orthodon-
tic treatment. The majority of patients using invisible correction have been adults, which
require simplified treatment with shortened course. In addition, the patients that have
high mineralization of permanent teeth and varying degrees of gingival atrophy are also
deemed suitable for IER.

Twesme et al. [18] found that clinical IER operation produces irregular groove
marks on the IER surface. The uncleanness of these surfaces increases the exposure
area of enamel in the mouth. Compared with the tooth surface without IER opera-
tion, the surface after IER is more likely to suffer from oral diseases and caries. In
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1956, Hudson [19] found that polishing and coating the tooth surface with fluoride
after IER could prevent the occurrence of tooth diseases. The polishing methods can
be divided into physical and chemical techniques. The physical polishing method
mainly uses friction tools such as polishing needle, polishing template and polish-
ing floppy template to reduce the enamel roughness. Shu et al. [20] used different
methods of IER in enamel reduction, and polishing experiments were conducted
after IER. The results showed that the remineralization effect of the polishing group
was better than that of the unpolished group, and there was no substantial differ-
ence between different IER methods in the degree of enamel remineralization. Fu
et al. [21] treated the enamel on the tooth surface by different polishing methods.
Scanning electron microscopy observation revealed that all polishing methods
could improve the smoothness of the enamel surface and reduce the risk of enamel
demineralization. Furthermore, the chemical polishing method proved superior to
other means. Based on the above researches, it can be found that it is necessary to
polish the teeth surface after IER. To obtain better results, in our case, the patient
was given chemical polishing, and low concentrated enamel acid etching agent was
employed to reduce the roughness of tooth surface.

Currently, there are many researches regarding IER, while the accuracy of IER has
not been sufficiently improved; clinicians can only judge the position and depth of
grinding required through clinical experience. Especially for those patients with
serious adjacent relationship between the teeth, they cannot precisely locate the
contact surface that needs grinding. Therefore, during the traditional IER operation,
the tooth surface may be ground inaccurately.

As demonstrated in this study, digital IER process technology, including laser scan-
ning, 3D reconstruction, virtual tooth arrangement and 3D printing, can positively
assist with the orthodontic treatment. The innovative design of IER guide template
controls the reduction volume of IER, which provides a new procedure for accurate
IER operation. Through a clinical application example, we clearly illustrated that the
use of guide template can not only protect the gingival tissue and dentin of patients
from damage, but also achieve accurate positioning of the reduction area. In addi-
tion, when the dentist conducts the IER operation, it is not necessary to measure
repeatedly, which simplified the process of IER.

In practice, due to the limitation arising from the patient’s open-mouthed position,
the space for IER operation is restricted and the accuracy of the IER guide template
is affected in some areas with serious malocclusion. In the actual IER operation,
there is some deviation at certain regions with serious malocclusion because at these
areas, the IER process is not convenient for reduction. Therefore, we designed an
appropriate IER scheme according to the situation of the patient’s mouth. The same
is recommended for the future cases. Additionally, the use of transparent material in
the fabrication of IER guide template is encouraged to clearly observe all the impor-
tant regions. As presented in this study, the use of digital technology to optimize the
IER operation, such as (i) reducing the error of IER, (ii) reducing the difficulty of
operation, and (iii) the time of correction, is inevitable for more satisfactory results.
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Conclusions

The accuracy of IER plays a crucial role in orthodontic treatment outcomes. This study
demonstrates that digital methods can precisely calculate the area and volume of IER,
and the use of static navigation significantly enhances the precision and efficiency of the
operation. In our clinical case, the guide plate-assisted IER achieved a smaller standard
deviation (0.13 mm) compared to the free-hand method (0.24 mm) and reduced opera-
tional time. This highlights the clinical feasibility and advantages of static guided IER
method. Future research could further validate this method through large-scale clinical
trials and investigate factors affecting its accuracy.

Materials and methods

Process of digital IER scheme

The schematic design process of digital IER methodology is depicted in Fig. 3 Initially,
the dentition of the patient is scanned with intraoral scanner or plaster model scanner,
and the 3D digital model is reconstructed based on the scan data. Then, the malocclu-
sion dentition is arranged, and the volume for IER are obtained by matching and sub-
tracting between the original dentition and the aligned dentition, as well as the digital
IRE scheme. Subsequently, a corresponding IER guide template is designed according
to the scheme and fabricated by 3D printing. Combined with the IER guide template,
the IER tools are selected to assist the dentist with performing accurate clinical IER
operation.

Data acquisition

A 24-year-old male patient from the Department of Stomatology of Zhejiang Provin-
cial People’s Hospital was selected as an example case for investigation. The main dental
problems were uneven dentition, mild crowding of teeth, skeletal-class-I and angle-
class-I malocclusions. Both the upper and lower dentitions needed orthodontic treat-
ment. The intraoral orthosis is shown in Fig. 4.

The plaster models of the upper and lower dentitions of the patient were obtained
using impression materials. The AutoScan-DS200 scanner (Shining 3D Tech Co., Ltd,
Hangzhou, China) was used to scan the plaster model. Models in STL (Standard Tri-
angulation Language) file can be exported by the software of AutoScan-DS200 scanner,
with an accuracy within 0.015 mm. Compared with the removal amount of 0.2—0.5 mm

Fig. 3 Error analysis of IER: a maxilla with guide template, b mandibular without guide template
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Table 2 Patient crown width

Dental number 17 16 15 14 13 12 11
Crown width (mm) 10.85 11.32 713 8.23 8.15 8.04 8.85
Dental number 21 22 23 24 25 26 27
Crown width (mm) 8.96 7.95 8.10 8.08 7.61 11.06 11.01
Dental number 47 46 45 44 43 42 41
Crown width (mm) 11.65 12.18 8.25 8.14 743 6.49 6.08
Dental number 31 32 33 34 35 36 37
Crown width (mm) 546 6.54 7.58 8.03 8.40 1217 1213

per tooth, the error of the AutoScan-DS200 scanner has no significant impact on the
experimental results. The scanned digital plaster models were imported into Geomagic
Studio (V12, 3D system, Rock Hill, SC, USA) via STL files. The holes and gaps of the
model were filled and repaired to obtain a complete model.

Arrangement of digital teeth

The digital dentition data were imported into Magics (V13.1, Materialise NV, Leuven,
Belgium) and each tooth was separated from the dentition using a cutting tool to obtain
the upper dentition with separated teeth. During cutting, we ensured that the cutting
line was located between two adjacent teeth rather than cutting the crown into two
parts. Bolton index analysis was performed before tooth arrangement.

Each segmented tooth was successively imported into Magics, and the crown width
of each tooth was assessed by the measuring tool. The crown of each tooth was meas-
ured three times and averaged. The crown width of the patient was obtained as shown
in Table 2. The measurement showed that the anterior tooth ratio of the patient was
79.08%, and the total tooth ratio was 96.16%. According to the Bolton index of Chi-
nese people, the anterior tooth area of males is 78.58 +2.36%, and the full tooth ratio
is 91.05+1.40% [11]. In our case, the patient had too many teeth on the lower side than
the upper side, and the posterior region of the lower side was crowded. Therefore, the
number of upper teeth of this patient was relatively normal. The upper dentition was
aligned first, followed by the lower dentition. The position of each separated tooth was
adjusted by using the translation and rotation tool of Magics. With the guidance of the
orthodontist, the digital arrangement of teeth was carried out according to the standard

items of normal jaw.

Page 8 of 11
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Fig. 5 Inside view photograph before IER: @ maxilla, b mandibular

Design of IER guide template

According to most clinicians, the thickness of IER should not exceed 50% of the adja-
cent enamel thickness, and the IER thickness of anterior teeth should be less than
that of posterior teeth. The enamel thickness of normal teeth ranges from 0.75 mm to
1.25 mm, and the safe limit of tooth enamel removal is less than 0.6 mm. Therefore, in
our patient, a maximum gap of 9.6 mm could be obtained by employing adjacent IER
technology.

In order to realize the IER scheme in clinical practice, an IER guide template of
operation was designed and fabricated to assist the doctor with completing the IER
operation. The IER guide template should have good retention in the patient’s mouth,
and a stable structure and moderate size, which does not affect the operation.

The gypsum data scanned from the patient were imported into the six-dimensional
dental implant design software TM (6D Dental, Hangzhou, China). The initial model
of the dental template was obtained by referring to the design method of the implant
guide template. According to the volume of IER, the model of IER guide template was
obtained by BOOL subtraction of the initial model and IER area. The guide template
could be fixed on the dentition by 9 teeth, and the other part was removed. As shown
in Fig. 5a, the IER guide template was matched on the digital model of the patient.
The IER guide template was fabricated by a Form 3B + printer (Formlabs, Somerville,
USA) with biocompatible resin, which is suitable for medical application. After the
post-processing of 3D printing, the final template model was obtained and tested on
the gypsum model, as shown in Fig. 5b.

Clinical experiment with the IER guide template

Before the clinical operation, the IER guide template and other dental instruments
needed for IER were disinfected. The dental chair and light were adjusted to avoid
malaise caused by improper posture. When grinding the tooth surface, the actions
should be simple and accurate, using a diamond strip to grind off the area of tooth
guided by the gaps on the guide template, as shown in Fig. 5c. In the control group,
the lower dentition of patient was adjusted by free-hand IER operation according to
the digital scheme. The same diamond strip was used in both experiments.
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