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Abstract: In this study, the effectiveness of an experimental clinical technique of reproduction of
attachments during an orthodontic treatment with clear aligners was evaluated using a new index
(CorAl) for quality assessment that exploits the differential entropy of point clouds. The procedure
involves the use of a pre-drilled template and a second pre-loaded template with high viscosity
composite and is compared with the standard technique. Attachment planning was conducted on
four prototypes of dental arches with extracted teeth which were divided into two groups according
to the proposed operating procedures. Digital scans were utilized to capture dental impressions for
both the purposes of virtual planning and to reproduce the clinical outcomes post-procedure. The
point clouds obtained after the reproduction of the attachments were aligned with those from the
virtual planning, and the deviation analysis was conducted using the quality index of the CorAl
method. Though no significant discrepancies were found among the groups regarding morpholog-
ical flaws, detachments, or maximum defect values, the differential entropy analysis revealed that
the experimental technique offers good alignment in attachments placement. The outcome supports
that the innovative procedure of clinical reproduction of attachments proved to be reliable and op-
erationally simple, with additional benefits derived from using the CorAl index. Advantages of
CorAlinclude the use of a single comparison index, no problem of comparison commutativity, noise
immunity, low influence from the presence of holes and point cloud densities. This allows for the
drawing of quality maps that show areas with the highest deviation.

Keywords: clear aligners; attachments; quality assessment; 3D Scan; point clouds; differential en-
tropy

1. Introduction

The increasing demand for aesthetic orthodontic treatments with clear aligners has
led to continuous advancements in orthodontic materials and technologies [1]. The auxil-
iary elements or attachments in composite resin are bonded to the teeth to achieve precise
tooth movements and improve treatment effectiveness [2,3]. However, factors such as at-
tachment position, shape, size, and number can influence aligner fit and treatment out-
comes [4]. Therefore, a precise bonding protocol is crucial to ensure accurate tooth move-
ments and treatment success [5].

The clinical reproduction of attachments requires careful attention to avoid defects
in shape or volume due to incomplete filling of template reservoirs or composite resin
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overflow around the attachments created [6]. To address this challenge, an innovative op-
erative procedure has been developed using two types of templates, one pre-drilled and
the other pre-filled with high viscosity composite, reducing operating time. By refining
the bonding process and utilizing specific templates, this approach has the potential to
contribute to better treatment outcomes and improved patient satisfaction in aesthetic or-
thodontic procedures.

To achieve optimal outcomes, it’s crucial that the clinical reproduction of the attach-
ments closely mirrors their virtual placement. The scans, in their most basic form, exist as
point clouds, a geometric representation consisting of a collection of points within 3D
space. These points collectively define the surface of the object. To verify if the attachments
have been placed appropriately, one can resort to the conventional deviation analysis
methods. These are techniques that, once two point clouds are aligned, enable the assess-
ment of the extent to which one point cloud differs from the other. The prevailing quality
measures are deviation analysis and statistical methodologies such as ANOVA [7,8]. Tra-
ditional approaches centred around the Euclidean distance suffer from a lack of universal
applicability. As highlighted by Cignoni et al. [9], the Euclidean distance’s lack of sym-
metry leads to different results when comparing point cloud 1 with point cloud 2, as op-
posed to the vice versa scenario. Since these methods rely on evaluating the distance be-
tween points, the parameters being assessed are the mean and standard deviation of these
distances. In acquisitions, it’s probable that gaps (unscanned parts of the surface), differ-
ences in point density, noise, and variations in the extent of point clouds may occur. Alt-
hough measures can be taken to mitigate errors, the average and standard deviation, val-
ues that typically differ when assessing distances between point cloud 1 and point cloud
2 or vice versa, pose challenges for a quantitative assessment of differences between the
point clouds.

The authors have referenced the study by Qi et al. [10] in the scientific literature,
where the CorAl method is introduced for assessing the alignment between two point
clouds using a distinctive quantitative index (Q). This index, based on Differential Entropy
(DE), approaches 0 as two point clouds become perfectly aligned. The aim of this research
is to introduce the CorAl method as a quality control tool, with a specific focus on quan-
titatively and uniquely evaluating the degree of alignment between the actual placement
of attachments on teeth and the desired positioning.

2. Methods
2.1. Preparation of Prototypes

Four prototypes of dental arch models with extracted teeth for orthodontic or perio-
dontal reasons were created. Teeth with carious lesions, prosthetic crowns, or restorations
were excluded. The prototypes were divided based on their anatomical morphology to
represent upper and/or lower dental arches. The intraoral scanner (iTero Element Flex,
Align Technology, San Jose, CA, USA) was used to obtain dental impressions and scans
were sent to the aligner manufacturer (Lineo, Micerium Lab, Avegno, Genova, Italy) to
produce templates for the placement of the attachments. Within the experimental group,
two prototypes named “exp 1”7 and “exp 2” were produced, and for the control group,
two prototypes named “control 1” and “control 2” were developed.

2.2. Clinical Procedures for Orthodontic Attachments Placement

The first template developed for the experimental technique was designed with holes
corresponding to the attachments to be created. The second template contained attach-
ment reservoirs filled with high viscosity composite (ENAMEL plus Hri Enamel, GDF
GmbH, Fredersdorf-Vogelsdorf, Germany), which was not polymerized at this stage.

The clinical attachments reproduction involved similar procedural steps in experi-
mental and control groups. The enamel pre-treatment process differed between the
groups. In the experimental group, the pre-drilled template was used to expose dental
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enamel and a 37% orthophosphoric acid gel (ENA Etch, Micerium S.p.A., Avegno, Ge-
nova, Italy) was applied for 30 s. In contrast, the control group had the gel applied directly
to the buccal surface of the teeth for the same duration. Subsequently, a bonding agent
(ENA Bond, Micerium S.p.A., Avegno, Genova, Italy) was applied and light-cured for 20
s on all etched surfaces in both groups. The next step involved the realization of the at-
tachments. In the experimental group, a second template with pre-loaded composite was
placed directly on the teeth, and each attachment shape was light-cured following the
composite instructions. No finishing or polishing procedures were performed after re-
moving the template. On the other hand, in the control group, the template was first
loaded with low viscosity composite before being adapted to the teeth for light-curing of
the attachments according to the composite instructions. Like the experimental group, no
finishing or polishing procedures were conducted after template removal.

2.3. Devation Analysis

To determine the accuracy of the attachments reproduction, a deviation analysis was
conducted between the point cloud coming from the virtual planning models (PC1), and
the point cloud coming from the models obtained after clinical procedures through the
scan (PC2), both corresponding to the same prototype. The deviation analysis was carried
out using the open-source software CloudCompare [11]. The alignment process unfolded
in two key stages. Initially, a manual approach was taken, identifying four sets of match-
ing points. Subsequently, the Iterative Closest Point (ICP) algorithm was employed to
achieve the final three-dimensional overlay. After completing this phase, the distances be-
tween the two point clouds [12] was calculated.

2.4. CorAl Method

The CorAl method is grounded in the assessment of DE as applied to point clouds,
offering a quantitative gauge of how points are distributed in space. The method capital-
izes on the DE properties inherent to point clouds to ascertain the alignment between two
of these clouds. CorAl draws upon the use of dual DE measurements, the first computed
individually within each point cloud, and the second computed within the composite
point cloud that joins them. The DE of two properly aligned point clouds should not ex-
ceed the DE computed individually for each separate point cloud. Conversely, within the
combination of a pair of misaligned point clouds, the joint DE increases. All the steps out-
lined by the CorAl method, which have also been implemented in the experimental seg-
ment of this paper, are discussed below. Considering a point cloud P, composed of a set
of points in three-dimensional space, each represented as pi = [x y z], CorAl computes the
DE, denoted as hi, for every point in P, as illustrated in the following equation:

1
hi(pi) = 5 In[Cre)" L] @

In this context, where N represents the dimensionality of the data (which equals 3 in
this instance), k denotes the count of points within a neighborhood defined by a radius r
and centered around each point pi. Additionally, |Y(py)| signifies the determinant of the
sample covariance, calculated by considering the points px situated within the neighbor-
hood of pi. Summing up the results of all the computed hi values for every point collec-
tively contributes to the overall DE of the point cloud P.

|P|
HP) = ) hi(y) @

In this equation, |P| signifies the count of points within the point cloud P. When
presented with two distinct point clouds (Pa and Pb), it becomes feasible to compute their
individual average DE (denoted as Hsep) as well as their collective average DE (designated
as Hj):
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where Pjoint represents the composite point cloud formed by combining the individual
point clouds Pa and P», while |Pjomt| signifies the size of this joint point cloud, measured
in terms of the number of points it encompasses. The measure of alignment quality, de-
noted as Q(Pa, Pb), is subsequently computed using the following formula:

Q(Pa:Pb) = H] - Hsep (5)

A desirable alignment between Pa and P» should yield a Q(Pa, Pv) value close to 0,
ideally reaching 0 when the two point clouds overlap seamlessly after alignment. Moreo-
ver, it’s feasible to assess the quality index on an individual point basis:

q:(pi) = [l (pk)]joint - [h (pk)]sep (6)

This approach will be employed in this study to generate a point cloud that is color-
coded based on the per-point quality index. This visualization will provide a graphical
representation highlighting regions where there is greater deviation of the actual attach-
ments from the reference model. The CorAl method application was carried out in
MATLAB [13].

3. Results and Discussion

The results presented provide valuable insights into the effectiveness of the CorAl
method and its comparison with standard deviation analysis. These findings are essential
for orthodontists and researchers seeking reliable techniques for assessing the quality of
attachments reproduction in orthodontic treatments.

Figure 1, which visualizes the point cloud colored according to the per-point index,
offers a clear representation of areas with the most significant deviation from the reference
point cloud. This visualization serves as a practical tool for clinicians, allowing them to
identify precise regions where attachments placement may require further attention or
adjustments. This visual feedback can guide clinicians in optimizing attachments repro-
duction for enhanced treatment outcomes.

J

Figure 1. Example of per-point quality index.
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The results of the CloudCompare deviation analysis and the CorAl method are
shown in Table 1. The comparison of QQ values between experimental and control groups,
provides critical insights. The minimal differences observed in Q values between exp 1
and exp 2 when compared to control 1 and control 2 suggest that the experimental tech-
nique consistently achieves similar levels of attachments placement quality as the stand-
ard method. This consistency is a positive outcome, indicating that the new technique is a
reliable alternative for attachments reproduction.

Table 1. Results of quality index, mean, and standard deviation (SD) for all models considered.

EXP 1 EXP2 CONTROL1 CONTROL2
- Q 0.103 0.111 0.097 0.162

PC2vs.PC1  Mean (SD) 0.125 (0.1) 0.108 (0.067) 0.107 (0.076)  0.141 (0.095)

PClvs.PC2  Mean(SD)  0.152(0.14) 0.158(0.16) 0.172(0.176) 0.173(0.172)

A noteworthy aspect is the commutativity issue in the deviation analysis performed
with CloudCompare. The fact that the alignment results differ depending on the direction
of comparison underscores a limitation of this traditional analysis method. In contrast, the
CorAl method, with its unique Q values, does not suffer from this commutativity prob-
lem. This observation is crucial because it implies that CorAl provides a more consistent
and objective assessment of attachments placement quality, irrespective of the order in
which point clouds are compared. In particular, the quality index Q shows a trend com-
parable to the PC2 vs. PC1 comparison. Conversely, in the PC1 vs. PC2 comparison, the
trend changes, indicating that the mean and standard deviation results heavily depend
on the choice of the point cloud considered as a reference and the one used for compari-
son. Overall, these results emphasize the superiority of the CorAl method in providing a
standardized and consistent approach to evaluating attachments placement quality. The
ability to obtain unique Q values simplifies the assessment process. Orthodontists can rely
on CorAl as a robust tool for objectively assessing quality of the attachments placement,
ultimately leading to more precise and predictable orthodontic treatments.

4. Conclusions

The method introduced offers a viable alternative to traditional deviation analysis
and is suitable for models created using both conventional methods and additive manu-
facturing techniques. From the analyses conducted, the clear benefits that CorAl can bring
to quality assessment become apparent. This technique provides a unique Q index that
accurately determines the quality of the sample examined. With CorAl, there’s no ambi-
guity related to the order in which point clouds are compared, thus overcoming the limi-
tations of methods based on Euclidean distance, which lack commutative properties. The
method described effectively handles point clouds of different densities and is adept at
managing scans with holes or imperfections. Lastly, it can be observed that the experi-
mental procedure is valid, as it produces results consistent with the control method.

In clinical terms, the CorAl method offers dentists a powerful and reliable tool to
evaluate placement quality of orthodontic attachments. Its unique Q index, freedom from
commutative limitations and ability to manage imperfect scans make CorAl an invaluable
resource in finding precise and predictable orthodontic treatments. Additionally, the suc-
cessful validation of the experimental procedure reinforces its potential as a dependable
tool in orthodontic practice. This method holds the potential to enhance treatment out-
comes and improve patient care in the field of orthodontics.

Author Contributions: Conceptualization, F.N. and F.S.; methodology, F.S. and E.B.; validation, F.S.
and E.B.; data curation, F.N. and F.L.; writing—original draft preparation, F.N. and F.S.; writing—
review and editing E.B. and F.L.; Supervision, F.N. All authors have read and agreed to the pub-
lished version of the manuscript.



Eng. Proc. 2023, 52, x FOR PEER REVIEW 6 of 6

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented are available on this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

Nicita, F.; D’Amico, C.; Filardi, V.; Spadaro, D.; Aquilio, E.; Mancini, M.; Fiorillo, L. Chemical-Physical Characterization of PET-
G-Based Material for Orthodontic Use: Preliminary Evaluation of micro-Raman Analysis. Eur. ]. Dent. 2023.
https://doi.org/10.1055/s-0043-1764424.

HHennessy, J.; Al-Awadhi, E.A. Clear Aligners Generations and Orthodontic Tooth Movement. J. Orthod. 2016, 43,
68-76. https://doi.org/10.1179/1465313315Y.0000000004.

Papadimitriou, A.; Mousoulea, S.; Gkantidis, N.; Kloukos, D. Clinical effectiveness of Invisalign® orthodontic
treatment: a systematic review. Prog. Orthod. 2018, 19, 37. https://doi.org/10.1186/s40510-018-0235-z.

Savignano, R.; Valentino, R.; Razionale, A.V.; Michelotti, A.; Barone, S.; D’ Anto, V. Biomechanical Effects of Different Auxiliary-
Aligner Designs for the Extrusion of an Upper Central Incisor: A Finite Element Analysis. ]. Healthc. Eng. 2019, 2019, 9687127.
https://doi.org/10.1155/2019/9687127.

Weckmann, J.; Scharf, S.; Graf, I.; Schwarze, J.; Keilig, L.; Bourauel, C.; Braumann, B. Influence of attachment bonding protocol
on precision of the attachment in aligner treatments. J. Orofac. Orthop. 2020, 81, 30—40. https://doi.org/10.1007/s00056-019-00204-
7.

Rocke, P.A. A simple technique for placing Invisalign attachments. J. Clin. Orthod. 2008, 42, 594.

Singh, J.; Goyal, KK.; Kumar, R.; Gupta, V. Influence of process parameters on mechanical strength, build time, and material
consumption of 3D printed polylactic acid parts. Polym. Compos. 2022, 43, 5908-5928. https://doi.org/10.1002/pc.26849.
Kechagias, ].D.; Ninikas, K.; Petousis, M.; Vidakis, N.; Vaxevanidis, N. An investigation of surface quality characteristics of 3D
printed PLA plates cut by CO2 laser using experimental design. Mater. Manuf. Process. 2021, 36, 1544-1553.
https://doi.org/10.1080/10426914.2021.1906892.

Cignoni, P.; Rocchini, C.; Scopigno, R. Metro: Measuring Error on Simplified Surfaces. Comput. Graph. Forum 1998, 17, 167—
174. https://doi.org/10.1111/1467-8659.00236.

Qi, X,; Chen, G.; Li, Y.; Cheng, X,; Li, C. Applying Neural-Network-Based Machine Learning to Additive Manufacturing:
Current  Applications, Challenges, and Future  Perspectives. Engineering 2019, 5, 721-729.
https://doi.org/10.1016/j.eng.2019.04.012.

CloudCompare, version: 2.13; 2023. Available online: http://www.cloudcompare.org/ (accessed on).

Lo Giudice, R.; Galletti, C.; Tribst, ].P.M.; Melenchon, L.P.; Matarese, M.; Miniello, A.; Cucinotta, F.; Salmeri, F. In Vivo Analysis
of  Intraoral Scanner  Precision Using  Open-Source 3D Software. Prosthes 2022, 4, 554-563.
https://doi.org/10.3390/PROSTHESIS4040045.

MATLAB, version: 9.13.0, (R2022b); The MathWorks Inc.: Natick, MA, USA, 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



