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Abstract

This study aimed to assess the reproducibility of linear measurements performed in dental models produced via
intraoral scanning and three-dimensional (3D) printing using digital light processing (DLP) and fused deposition
modeling (FDM). A sample of 22 participants was selected for this study. Intraoral scanning was performed in each
participant with TRIOS™ (3Shape A/S™, Copenhagen, Denmark) device. The digital models were 3D printed using
DLP and FDM techniques. Using a caliper, intraoral linear measurements were performed in situ (on the surface of
participant’s teeth) and on the 3D printed models. The measurements taken intraoral and on the models were
compared using the Intraclass Correlation Coefficient (ICC). The correlation between measurements taken in situ and
on DLP models was poor (<0.4), while between in situ and FDM it ranged from poor to satisfactory (<0.75).
Generalized linear model showed that the differences did not reach statistically significant levels (p>0.05). According
to Bland-Altman approach, the size of measurements did not bias the outcomes. The intraoral scanning and 3D
printing techniques used in this study enabled the reproducibility of linear measurements, however, discrete
distortions that might be clinically significant occurred.

Keywords: Dental models; Intraoral scanning; Imaging; Three-dimensional printing.

Resumo

O objetivo deste estudo foi avaliar a reprodutibilidade de medidas lineares realizadas em modelos dentais produzidos
por escaneamento intraoral e impressao tridimensional (3D) utilizando processamento digital de luz (DLP) e
modelagem por deposi¢do fundida (FDM). Uma amostra de 22 participantes foi selecionada para este estudo. A
varredura intraoral foi realizada em cada participante com o dispositivo TRIOS ™ (3Shape A / S ™, Copenhagen,
Dinamarca). Os modelos digitais foram impressos em 3D usando técnicas DLP e FDM. Usando um calibrador,
medicOes lineares intraorais foram realizadas in situ (na superficie dos dentes do participante) e nos modelos
impressos em 3D. As medic@es feitas intraoral e nos modelos foram comparadas usando o coeficiente de correlacdo
intraclasse (ICC). A correlacdo entre as medi¢des feitas in situ e nos modelos DLP foi fraca (<0,4), enquanto entre in
situ e FDM variou de fraca a satisfatoria (<0,75). O modelo linear generalizado mostrou que as diferencas nao
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atingiram niveis estatisticamente significantes (p> 0,05). De acordo com a abordagem de Bland-Altman, o tamanho
das medidas ndo influenciou os resultados. As técnicas de digitalizacdo intraoral e impressdo 3D utilizadas neste
estudo possibilitaram a reprodutibilidade das medidas lineares, porém, ocorreram discretas distorcdes que podem ser
clinicamente significativas.

Palavras-chave: Modelos odontoldgicos; Escaneamento intraoral; Imaginologia; Impressao 3D.

Resumen

El objetivo fue evaluar la reproducibilidad de las mediciones lineales realizadas en modelos dentales producidos
mediante escaneo intraoral e impresion tridimensional (3D) utilizando procesamiento de luz digital (DLP) y modelado
de deposicion fundida (FDM). Se selecciond una muestra de 22 participantes para este estudio. Se realiz6 una
exploracion intraoral en cada participante con el dispositivo TRIOS ™ (3Shape A / S ™, Copenhague, Dinamarca).
Los modelos digitales se imprimieron en 3D utilizando técnicas DLP y FDM. Con un calibre, se realizaron
mediciones lineales intraorales in situ (en la superficie de los dientes de los participantes) y en los modelos impresos
en 3D. Las medidas tomadas intraoralmente y en los modelos se compararon utilizando el coeficiente de correlacién
intraclase (ICC). La correlacidn entre las medidas tomadas in situ y en los modelos DLP fue pobre (<0,4), mientras
que entre in situ y FDM vari6 de mala a satisfactoria (<0,75). El modelo lineal generalizado mostrd que las diferencias
no alcanzaron niveles estadisticamente significativos (p> 0.05). Segun el enfoque de Bland-Altman, el tamafio de las
mediciones no sesgd los resultados. Las técnicas de escaneo intraoral e impresion 3D utilizadas en este estudio
permitieron la reproducibilidad de las mediciones lineales, sin embargo, se produjeron distorsiones discretas que
podrian ser clinicamente significativas.

Palabras clave: Modelos dentales; Exploracidn intraoral; Imagenes; Impresion tridimensional.

1. Introduction

Dental casts are well-known components of the armamentarium of Dentistry. In practice, this clinical tool is designed
to support treatment planning and follow-up (Wutzl et al. 2009; Pacheco et al. 2019; Di Ventura et al. 2019; Franco et al.
2019). However, the most significant contribution of this technology relies in the orthodontic practice — in which precision
becomes the core goal to be achieved for fabricating orthodontic appliances. Over the last decades, dental casts were built-up
in plaster from dental impressions through a conventional technique consolidated over the last decades. Recently, the inherent
distortion that eventually occurs from the manual manipulation of dental impression and casts gained space in the spotlight of
interest in dental science (Garino & Garino 2002; Sanches et al. 2013; Vitti et al. 2013). Intraoral scanning emerged as a high-
tech alternative to register the occlusion and dental arrangement in a virtual environment (Abduo & Elseyoufi 2018). The
analysis and navigation on dental surfaces enabled a computer-guided interaction with the patient and a dynamic prediction
and simulation of orthodontic movement (Nabbout & Baron 2017; Mangano et al. 2017).

In addition to this new scenario, three-dimensional (3D) printing followed the technological evolution and became
available for dentists interested in having the solid reproduction of the intraoral scanned material, as well as for companies
interested in designing digitally planned appliances. The benefits of this technology expanded more evidently towards
Orthodontics, Orthopedics and Maxillofacial Surgery (Lee et al. 2015; Mok et al. 2016; Tao et al. 2019). However, in order to
achieve optimal performances, devices and techniques must be tested and filtered based on their effectiveness. Currently, there
are different types of 3D printers (Dawood et al. 2015; Brown et al. 2018), among those there are printers based on Digital
Light Processing (DLP) and fused deposition modeling (FDM). In short, DLP works in a light-guided and controlled
environment to design objects or even separate layers in photocurable resin (Mu et al. 2017; Zhang et al. 2019). FDM
technique works as a robotic gluing machine for polylactic acid or acrylonitrile butadiene styrene (Dawood et al. 2015).
Software-guided commands are given so the digital model is sliced in parts and built together in a thermoplastic reaction
(Dawood et al. 2015).

The scientific problem explored in this study relies on the fact that the technological workflow to reach a final 3D
printed model may be susceptible to mistakes from intraoral scanning to the 3D printing process. Based on the hypothesis that

distortions may occur in printed models and justified on the need for supporting the dental practice with reliable tools, the aim
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of this study was to assess the reproducibility of linear measurements performed in dental models from intraoral scanning and
3D printing with DLP and FDM techniques.

2. Materials and Methods
2.1 Ethical aspects and study design

This observational study was carried out with ethical clearance from the Local Human Ethics Committee, protocol
#3.204.760.

2.2 Participants and sampling

Twenty-two participants were selected for this study and the sample size was established based on previous
investigations (Pandis 2012). According to the eligibility criteria male and female participants aged above 16 years were
included. All the eligible patients were under dental treatment and needed dental impression. Participants with missing canines

and molars were excluded, as well as participants with fixed orthodontic appliances and dental anomalies.

2.3 Data collection and variables

From each participant, intraoral measurements were taken with a digital caliper (Starrett, Athol, MA, USA). The
measurements consisted of the intercanine distance — taken between the incisal edges of contralateral canines, and the
intermolar distance — taken between the edges of the mesiobuccal cusps of contralateral first molars. The measurements were
performed in the maxillary and mandibular arches. This quality-control procedure assured a gold-standard parameter for
comparison with measurements taken in future steps. Next, all the participants underwent intraoral scanning with TRIOS™
(3Shape A/S™_ Copenhagen, Denmark) device. The scanning procedure followed instructions of the manufacturer and was
accomplished between 5 and 10 minutes for each participant. The obtained scanning records were exported in .stl format for
3D printing. The printing process was performed in DLP and FDM technology using Duplicator 7™ (Wanhao™, Dallas, TX,
USA) and Da Vinci 1.0 AiO™ (XYZPrinting Inc.™, Taiwan) devices. Intercanine and intermolar measurements were
performed on the DLP and FDM 3D printed models. The 3D printing included models scanned at 100pum. The DLP printing
used a wavelength between 380 to 405nm to build-up models from photocurable resin (DM450, MakerTech Labs™, Tatui,
Brazil). The initial layers were printed in 60 seconds each, while the remaining layers in 5 seconds each. The FDM printing

worked with Acrylonitrile Butadiene Styrene filament considering layer thickness of 0.2mm.

2.4 Error of the method

Intra-examiner reproducibility was tested by repeating twice each of the measurements on each model within an
interval of 30 days. Two examiners were included in the study and performed twice each of the measurements on DLP and
FDM models within the same time interval to enable inter-examiner reproducibility testing. For statistical purposes, the mean

value of the three measurements performed by the main examiner was considered.

2.5 Data analysis
Data was initially assessed for normality of distribution. The variables (four measurements performed intraoral, on
DLP and on FDM) were treated with descriptive statistics. The comparison between measurements was performed within a
generalized linear model. Intraclass Correlation Coefficient (ICC) and Bland-Altman statistics were used in order to assess the
reproducibility of the intraoral measurements with the measurements performed on 3D printed models. ICC was interpreted as
poor (<0.4), satisfactory (0.4-0.75), and excellent (>0.75) (Szklo & Nieto 2019). Statistic tests were performed in R Core Team
3
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(R Foundation, Vienna, Austria) software package. Statistical significance was set at 5% and the confidence interval at 95%.

3. Results

Descriptive statistics showed that the mean maxillary intercanine measurements reached 35.68 (£3.09), 36.05 (+2.05),
and 34.95 (£3.24) mm in intraoral, DLP and FDM analyses, respectively, while for the same analyses the mean maxillary
intermolar measurements reached 53.34 (£3.71), 53.64 (x4.06), and 52.61 (+3.97) mm. In the mandible, the mean intercanine
measurements reached 26.48 (£3.22), 26.86 (+2.38), and 27.07 (£2.62) mm, while the intermolar measurements reached 46.11
(x4.84), 47.45 (£4.65), and 47.36 (x4.79) mm for intraoral, DLP and FDM analyses, respectively (Table 1). Figure 1 presents
boxplots for a clear spatial visualization of the measurements taken intraoral and on DLP and FDM. According to the
generalized linear model, statistically significant differences between measurements taken in each of the analyses were not
detected (p>0.05).
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Table 1 — Descriptive statistics of the measurements performed in intraoral, on SLA and on FDM models.

Intraoral SLA models FDM models
Arch Measurement . . . 3
Mean (SD) Median (min; max) Mean (SD) Median (min; max) Mean (SD) Median (min; max)
Maxillary Intercanine 35.68 (3.09) 36.00 (30.00; 40.50) 36.05 (2.65) 36.00 (30.00; 41.50) 34.95 (3.24) 35.25 (26.50; 40.00)
Intermolar 53.34 (3.71) 54.00 (42.00; 60.00) 53.64 (4.06) 54.00 (40.00; 60.50) 52.61 (3.97) 54.00 (40.00; 58.00)
Mandibular Intercanine 26.48 (3.22) 26.75 (20.00; 32.50) 26.86 (2.38) 26.50 (22.00; 32.50) 27.07 (2.62) 27.00 (22.00; 31.50)
Intermolar 46.11 (4.84) 47.25 (32.00; 52.50) 47.45 (4.65) 49.00 (30.50; 52.50) 47.36 (4.79) 47.75 (33.00; 58.00)

SD: standard deviation; SLA: stereolithography apparatus; FDM: fusion and deposition modeling. Source: Authors.

Figure 1 — Boxplots for the spatial visualization and comparison between maxillary (A and B) and mandibular (C and D) measurements taken intraoral (navy blue), on SLA

(light blue) and on FDM (grey) 3D printed models.
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ICC outcomes showed that the intraoral measurements had a poor (<0.4) reproducibility when taken on DLP and
FDM 3D printed models, except for the mandibular intercanine distance that was slightly satisfactory (ICC: 0.46). Bland-
Altman quantified the bias within measurements and showed values of 0.36 and -0.73, for the reproducibility of intraoral
maxillary intercanine measurements on DLP and on FDM, respectively; and 0.3 and -0.73 for the intraoral maxillary
intermolar measurements. In the mandible, the reproducibility of intraoral intercanine measurements on DLP and on FDM
models reached 0.39 and 0.59, respectively, while the intermolar measurements reached 1.34 and1.25, respectively (Table 2).
Graphic visualization of these findings separately for the reproduction of intraoral measurements on DLP and FDM models is

found in the scatter plots of Figures 2 and 3, respectively.

Table 2 — Reproducibility of intraoral measurements on SLA and FDM 3D printed models.

Intraoral x SLA Intraoral x FDM
Bland-Altman ICC Bland-Altman ICC
Intercanine 0.36 (-6.09; 6.82)  0.31(-0.10; 0.66) -0.73(-8.21;6.76) 0.24 (-0.20; 0.60)

Intermolar | 0.30 (-8.64; 9.23)  0.30(-0.14; 0.64) -0.73(-9.18;7.72)  0.34 (-0.09; 0.67)
Intercanine | 0.39 (-5.91; 6.69)  0.35(-0.08; 0.67)  0.59 (-5.36; 6.55)  0.46 (0.04; 0.74)
Intermolar | 1.34 (-9.46; 12.15)  0.26 (-0.18; 0.62)  1.25 (-9.00; 11.50)  0.37 (-0.06; 0.68)

Arch Measurement

Maxillary

Mandibular

SLA: stereolithography apparatus; FDM: fusion and deposition modeling; ICC: intraclass correlation coefficient. Source: Authors.

Figure 2 — Scatter plots for the visualization of reproducibility of intraoral maxillary and mandibular measurements on SLA

3D printed models showing outcomes of bias, upper limit of agreement (LSC) and lower limit of agreement (LIC).

Intraoral x SLA

il _
Bl

DifMurunces Letwesn masiilery
IMarcanine messuraments

Mean maxillary intercanine Mean maxillary intermolar

Differences betwesn mandibular
ImMtarT anene MessuTements
¥
Differarces between Mardibular
Intarmoiar measuremants
i

Mean mandibular intercanine Mean mandibular intermolar

Source: Authors.

4. Discussion

The advances in technology depicted from the contemporary health sciences contributed to more straight forward

procedures in the clinical practice (Van Noort 2012). Intraoral scanning and 3D printing emerged as fast, clean and eventually
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precise alternatives to replace conventional dental impression and dental model plaster casting, respectively. Evidently fast and
clean, both technologies stills lack scientific evidence to prove their absolute accuracy for fabrication of specific components
of the treatment, such as orthodontic appliances. This study combined innovative technology to test the reliability of intraoral

scanning and 3D printing based on metric reproduction of interdental distances.

Figure 3 — Scatter plots for the visualization of reproducibility of intraoral maxillary and mandibular measurements on FDM

3D printed models showing outcomes of bias, upper limit of agreement (LSC) and lower limit of agreement (LIC).
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Source: Authors.

In order to enable a reliable comparative basis in this study, the methodological set up was designed establishing
intraoral measurements as reference-standard to be compared with the other analysis. The decision for intraoral measurements
differs from most of the studies available in the scientific literature — which establish as reference measurements performed on
dental plaster casts (Kasparova et al. 2013; Rebong et al. 2018; Zhang et al. 2018). The rationale behind choosing intraoral
measurements instead of measurements on dental plaster casts relied on the inherent distortion that is usually found in the
latter. Moreover, studies that compare models from intraoral scanning and conventional dental impression increase the
discomfort to the sampled participants that undergo two replaceable procedures. On the other hand, by solely choosing
intraoral measurements distortions and discomfort is reduced, while realistic metric information of the distances of interest are
obtained.

The first outcomes of this study are presented as descriptive information in Table 1. In short, the mean values of the
intraoral measurements and measurements on DLP and FDM 3D printed dental models are reported. Similarity between
measurements is observed between the three different analyses and is confirmed with the generalized linear regression model,
which pointed towards lack of statistically significant differences (p>0.05). Authors that compared dental measurements taken
form plaster casts and 3D printed models also reported lack of significant differences between both (Kasparova et al. 2013;

Rebong et al. 2018; Zhang et al. 2018). In other studies, specific measurements were found to be different between original and

7


http://dx.doi.org/10.33448/rsd-v10i11.13370

Research, Society and Development, v. 10, n. 11, e344101113370, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i11.13370

3D printed models, such as crown height (Brown et al. 2018). In the present study, specific measurements also showed more
variation than others, namely the mandibular intermolar distance. This measurement presented the highest bias according to
Bland-Altman testing. The scientific literature corroborates this finding by showing other examples of outcomes that resulted
in higher error rates for measurements in the mandible compared to the maxilla (Rossini et al. 2016). A possible explanation
for this phenomenon is the presence of saliva and position and movement of the tongue that may have a negative impact during
intraoral data acquisition (Arakida et al. 2018). Other justification is the attrition that may be found in canine and molar crowns
that flattens the cusps and hampers the identification of a reference point for taking measurements.

Data reported in Table 2 demonstrates how similar DLP and FDM 3D printing techniques performed compared to the
intraoral measurements. Only discrete differences within the measurements were detected. Confirming recent outcomes from
the scientific literature (Zhang et al. 2018), these findings converge for the use of 3D printed models in practice. On the other
hand, it must be noted that despite the lack of statistically significant differences between measurements taken intraoral/DLP
and intraoral/FDM, the differences might be clinically relevant. The scientific literature points out to acceptance thresholds that
could enable inferences based on the reproducibility and reliability of the method (Dietrich et al. 2017). Authors have
suggested that the differences between measurements (error) performed in conventional and scanned dental casts should not
extrapolate the range from 2mm (Schirmer & Wiltshire 1997) to 3mm (Hirogaki et al. 2001). In the present study, the
difference between the means of linear measurements comparing intraoral measurements with measurements in DLP digital
models ranged between 0.3 and 1.34mm, while between intraoral measurements and FDM digital models ranged between 0.59
and 1.25mm. These outcomes reveal that linear measurements in DLP and FDM digital models may not be as accurate as
necessary.

Examiner reproducibility outcomes must be taken into account as a topic to be addressed and considered in future
studies, especially because they were suboptimal. Testing the performance of examiners with different experience of practice
could be included in this context. Increasing the number of dependent variables (measurements) could be considered in order
to test the performance of the intraoral scanning and 3D printing devices in other anatomic regions of the models and in
different directions (not only horizontal as intercanine and intermolar, but also vertical and oblique). Finally, other intraoral

scanners and 3D printers could be tested and compared.

5. Conclusion
There was no statistically significant difference between intraoral measurements and measurements taken in 3D
printed models via DLP and FDM. The intraoral scanning and 3D printing techniques used in this study enabled the

reproducibility of linear measurements, however, discrete distortions that might be clinically significant occurred.
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