UNIVERSITY OF LEEDS

This is a repository copy of Trueness of Maxillomandibular Relationship in 3D-printed and
Conventional Casts.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/212386/

Version: Accepted Version

Article:

Auskalnis, L. orcid.org/0000-0001-6113-3753, Akulauskas, M., Osnes, C. orcid.org/0000-
0003-4652-3854 et al. (3 more authors) (2024) Trueness of Maxillomandibular
Relationship in 3D-printed and Conventional Casts. Journal of Dentistry, 148. 105044.
ISSN 0300-5712

https://doi.org/10.1016/j.jdent.2024.105044

© 2024, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/.

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




Trueness of Maxillomandibular Relationship in 3D-printed and Conventional Casts

Liudas Auskalnis **, Mykolas Akulauskas °, Cecilie Osnes ¢, Marta Revilla-Leén ¢, Aisté Kernen

Gintauté © (shared last authorship), Vygandas Rutkiinas

* PhD student, Department of Prosthodontics, Institute of Odontology, Faculty of Medicine,
Vilnius University, Vilnius, Lithuania

® PhD student, Biomedical Engineering Institute, Kaunas University of Technology, Kaunas,
Lithuania

“Research Assistant, School of Dentistry, University of Leeds, Leeds, UK

4 DDS, MSD, PhD, Affiliate Assistant Professor, Graduate Prosthodontics, Department of
Restorative Dentistry, School of Dentistry, University of Washington, Seattle, Wash and Faculty
and Director, Research and Digital Dentistry, Kois Center, Seattle, Wash; Adjunct Professor,
Department of Prosthodontics, School of Dental Medicine, Tufts University, Boston, Mass

¢ Dr. med. dent., University Hospital Freiburg, Center for Dental Medicine, Department of
Prosthetic Dentistry

! Professor, PhD, Department of Prosthodontics, Institute of Odontology, Faculty of Medicine,

Vilnius University, Vilnius, Lithuania

" Corresponding author



E-mail addresses: liudas.auskalnis@gmail.com (L. Auskalnis), akulauskas.m@gmail.com (M.

Akulauskas), C.A.Osnes@]leeds.ac.uk (C. Osnes), marta.revilla.leon@gmail.com (M. Revilla-

Leon), aiste.gintaute @unibas.ch (A. Gintaute), vygandasr @ gmail.com (V. Rutkiinas)

Funding:

Lithuanian Business Support Agency grant Nr. JO5-LVPA-K-01-0055 and DIGITORUM

research group and laboratory support for material preparation and data acquisition.


mailto:liudas.auskalnis@gmail.com
mailto:akulauskas.m@gmail.com
mailto:C.A.Osnes@leeds.ac.uk
mailto:marta.revilla.leon@gmail.com
mailto:aiste.gintaute@unibas.ch
mailto:vygandasr@gmail.com

Trueness of Maxillomandibular Relationship in 3D-printed and Conventional Casts

ABSTRACT

Objectives. To compare the trueness of maxillomandibular relationship between articulated 3D-
printed and conventional diagnostic casts in maximum intercuspation (MIP).

Methods. Reference casts were articulated in MIP, and scanned using a Coordinate Measurement
Machine (CMM, n=1). Digital scans were made from the reference casts by using an intraoral
scanner (I0S, n=10) (Trios 4; 3Shape A/S). IOS scans were processed to create 3D-printed casts
by using MAX UV385 (Asiga) and NextDent 5100 (3DSystems) 3D-printers. The conventional
workflow implemented vinylpolysiloxane (VPS) impressions and Type IV stone. Stone and 3D-
printed casts were articulated and digitized with a laboratory scanner (E4; 3Shape A/S). The 3D-
printed casts were scanned on two occasions: with and without positioning pins. Inter-arch
distances and 3D-contact area were measured and compared. Statistical tests used were Shapiro-
Wilk, Levene's, Welch's t-test, and 2-way ANOVA (a=.05).

Results. IOS group showed similar or better maxillomandibular relationship trueness than stone
casts and 3D-printed casts (p<0.05). 3D-contact area analysis showed similar deviations between
3D-printed and stone casts (p>0.05). The choice of 3D-printer and presence of positioning pins on
the casts significantly influenced maxillomandibular relationship trueness (p<0.05).
Conclusions. Articulated 3D-printed and stone casts exhibited similar maxillomandibular
relationship trueness.

Clinical Significance. Although 3D-printing methods can introduce a considerable amount of
deviations, the maxillomandibular relationship trueness of articulated 3D-printed and stone casts

in MIP can be considered similar.



KEYWORDS: Intraoral scanner; 3D-printing; Trueness; Dental Occlusion

1. Introduction

The inaccurate replication of the maxillomandibular relationship in dental casts can lead to a range
of clinical challenges. These include imbalances in force distribution during mastication, which
may stress periodontal tissues [1,2], increase wear on dental surfaces, lead to restoration chipping
or failure, and result in patient discomfort and dissatisfaction [3—5]. Moreover, correcting such
inaccuracies intraorally in multiple restorations is time-consuming and negatively impacts both
clinical efficiency and patient experience [6].

Dental stone casts derived from conventional impressions are still considered a gold
standard and are widely used in dentistry [7]. However, stone casts bear several limitations, such
as time-consuming manufacturing, potential distortions, and propensity to break [8—10]. In
contrast, digital technologies offer an alternative to conventional procedures. It provides
immediate visualization, rapid iteration potential, improved patient comfort, and simplified data
storage and sharing [11-14]. Yet, despite the advantages, the evaluation and representation of a
digital maxillomandibular relationship in maximum intercuspation position (MIP) is still missing
[15—17]. Moreover, a recent systematic review reported that the accuracy of MIP acquired by IOS
can be highly influenced by the 10S technology, scan extension, edentulous areas, number,
location, and extension of occlusal records, occlusal force, tooth mobility, and alignment methods

[18].



The advent of digital technologies may allow a transition into a fully digital workflow,
eliminating the need for physical casts [19-21]. However, as of the present, a hybrid workflow is
still necessary in many clinical cases, combining digital technologies with the manual skills of
dental technicians and additively manufactured (AM, or 3D-printed) casts [6,10,22,23].
Notwithstanding the diversity of AM technologies in cast fabrication, Stereolithography (SLA),
Direct Light Processing (DLP) and Liquid Crystal Display (LCD) methods have gained
prominence [10,24,25]. The accuracy of individual casts created using these photopolymerization-
based techniques is well-researched [10,22,24], nevertheless, there is a lack of comprehensive
investigation into the accuracy of the maxillomandibular relationship [26]. This highlights the
importance of investigating and comparing the accuracy of 3D-printed and conventional stone
casts. Therefore, the study aims to evaluate the trueness of the maxillomandibular relationship of
digitally and conventionally manufactured dental casts. The null hypothesis of this study was that
the accuracy of the maxillomandibular relationship (3D-contact area and inter-arch distances) does

not differ between 3D-printed and stone casts.

2. Materials and methods

2.1. Study design
Two types of measurements were conducted: 3D-contact area and inter-arch distances. The study

scheme is provided in Figure 1.



2.2. Reference casts

Partially edentulous maxillary and fully dentate mandibular casts were additively manufactured
(MAX UV385; Asiga, Sydney, Australia) and used as the reference casts. Five precision spheres
(Micro Surface Engineering, Inc., Los Angeles, California), with a diameter of 5 mm, were
attached with an auto-polymerizing acrylic resin (Pattern Resin; GC America Inc., Alsip, IL, USA)
at the base of each cast (Fig. 2). The sphere centre was later used to calculate distances between
the maxillary and mandibular arches. Both reference casts were mounted in an articulator
(PROTARevo 7; KaVo Dental GmbH, Biberach, Germany). After four weeks, the position of the
maxillary cast was recorded using a facebow (ARCUSevo; KaVo). The same facebow record and
the same articulator were used to fix all study casts. Thus, the identical cast position and

standardized measurements were ensured.

2.3. Reference data set

The reference casts were subsequently scanned using a coordinate measurement machine (CMM)
equipped with an LC15Dx laser scanning head (ALTERA 10.7.6; Nikon, Shinagawa, Tokyo,
Japan). Initially, maxillary and mandibular casts were digitized separately. Then, both casts were
fixed in the articulator, stabilized with a twisted rubber band (3Shape A/S, Copenhagen,
Denmark), and a buccal scan was performed (Fig. 3). The scan data was exported into a Standard

Tessellation Language (STL) format and the reference dataset was generated (CMM, n=1).

2.4. Test data set
Digital impressions with an intraoral scanner were conducted within 48 hours following the CMM

scanning procedure. Initially, the precision spheres of the reference casts were uniformly coated



with a white occlusion spray (O-Spray; S&S Scheftner GmbH, Mainz, Germany). Ten digital
scans were performed according to the manufacturer’s instructions by one experienced clinician
using a Trios 4 10S, version 20.1.3 (3Shape A/S) (I0S, n=10). There was no direct lighting from
the dental chair lamp or sun, no rescanning was needed, and the maxillary arch was scanned
including the palate. The scanner was calibrated every five scans and the "Adjust for contacts"
feature was enabled.

The I0S data was imported into the CAD (Computer-Aided Design) software (Dental
Designer 2021 and Model Builder 2021; 3Shape A/S), and virtual casts were generated from each
scan (n=10). For the mandible, a horseshoe-shaped cast base was selected; all maxillary arches
included the palate and were constructed to be hollow, with a minimum wall thickness of 2.5 mm.
A digital articulator (Simple Full Arch v2.3; 3Shape A/S), also known as positioning pins, was
added in the molar region. It supported the casts in the registered maxillomandibular relationship
and reduced the possible intra-arch deviations after 3D-printing procedure [20]. Finally, the casts
were manufactured using two different systems: MAX UV385 3D-printer with DentaMODEL
resin (Asiga, firmware 2019-09-17) and NextDent 5100 3D-printer with Model 2.0 resin (3D
Systems, Rock Hill, South Carolina, United States, firmware v1.1.1). Each cast was placed
horizontally at the center of the build platform and manufactured in a separate print job with a 50
um layer thickness. Both 3D-printers were calibrated every fifth print and the post-processing of
the casts was carried out strictly following the manufacturers' instructions, namely the support
structures were removed before post-processing.

After resting for 1 day at room temperature in a light-proof compartment, all casts were
mounted in the same articulator and scanned twice using a calibrated laboratory scanner (E4;

3Shape A/S): first with the digital articulator pins in place and then after pins removal (Fig 4).



Each scan represented a different type of articulation method. Further, the "Adjust for contacts"
feature in the CAD software (Dental Designer 2021; 3Shape A/S) was disabled, and the files were

subsequently exported into a STL format.

2.5. Control data set
Conventional vinylpolysiloxane (VPS) impressions (Imprint 4; 3M ESPE, Saint Paul, Minnesota,
United States) of the reference casts (n=10) were taken at room temperature using a double mix
custom tray impression technique immediately after the digital scanning procedure was finished.
Impression setting time was set twice as long in order to compensate for temperature differences
and avoid unnecessary deformations.

The impressions were poured with Type IV dental stone (GC Fujirock EP; GC EUROPE
N.V., Leuven, Belgium) following a vacuum mixing process according to the manufacturers'
guidelines. Once the stone casts were fully set, they were articulated and digitized with a calibrated

laboratory scanner (E4; 3Shape A/S) in the aforementioned manner.

2.6. Measurements

All pairs of virtual casts were evaluated by measuring the inter-arch distances between the spheres
(1-5) and the 3D-contact area in MIP. Scans conducted with I0OS were compared to the digital
dataset of the stone and 3D-printed casts. Additional comparison was performed between the stone

and 3D-printed casts as well as in between the 3D-printed cast groups with and without pins (Fig.

1).



2.6.1 Inter-arch distances

Initially, all STL data sets were imported into metrology software (Geomagic Control X; 3D
Systems), in which the centre point of each precision sphere was automatically detected. Thus,
five vertical distances between the centre points of the spheres in upper and lower dental arches

were found and measured (Fig. 5).

2.6.2 3D-contact area in virtual casts

A digital assessment of contact points was undertaken for each pair of scanned casts (maxillary
and mandibular) (Fig. 6). Occlusal contact was defined as an occlusal separation of 0.012 mm or
less, including all negative distances, such as mesh interpenetration or occlusal collusion. To avoid
false negative values, all meshes containing holes were filled before analysis. Most of the I0S-
generated meshes had been hole-filled during the scanning procedure. Each 3D-scan was first
uniformly subsampled to create point clouds with a sample (vertex point) every 0.025 mm. This
was necessary to avoid uneven sampling across variable-sized triangles in the meshes during
analysis. These new vertices were all valid positions on the face of a mesh. For each scan pair, the
number of points in the upper arch that were within 0.012 mm of the closest point in the lower
arch and negative penetrating points were recorded. All negative (penetrating) values farther away
than -0.5 mm were excluded from the analysis. This method provided a measure of the total surface

area of the contact points. In all cases, custom software provided by author C.O. was used.



2.7. Data analysis

For statistical analysis, a statistical program (SPSS 27.0; IBM SPSS software; IBM Corporation)
was used. Comparisons were performed by analysing the difference between groups for each type
of measurement: inter-arch distances and 3D-contact areas. The normality of the data was
evaluated using the Shapiro-Wilk test, and the homogeneity of variance across groups was
assessed using Leven’s test. Additionally, for each group comparison, Welch’s t-test was utilized.
A 2-way ANOVA was chosen to examine the potential interaction between the 3D-printer, the
articulation method, and their influence on the respective measurements. If statistically significant
differences were observed in the ANOV A results, post hoc comparisons were conducted using the

Tukey-HSD test. The significance level was set at a=.05 for all statistical tests.

3. Results
The results of inter-arch measurements and statistical tests are presented in Tables 1-3 and Fig. 7;
the 3D-contact area calculations - in Tables 4-6 and Fig. 8. The deviation difference between the

groups is marked with A and is considered statistically significant with p-value <0.05.

3.1. 10S versus stone cast

The inter-arch distances found in digital impressions (I0S) and compared with distances of stone
casts showed no significant differences (Table 2, p>0.05, A=-1.94 um). However, the trueness of
the 3D-contact area in IOS group was significantly higher than in stone casts (Table 5, p<0.05,

A=7.47 mm?)

10



3.2. 10S versus 3D-printed casts
3D-printed casts with positioning pins (Asiga_Pins, NextDent_Pins) exhibited lower mean inter-
arch trueness compared to the IOS group (Table 2, p<0.05, A<-425.05 um). However, a similar
trueness was observed in the 3D-contact area between Asiga_Pins, NextDent_Pins, and 10S
groups (Table 5, p>0.05, A<-5.02 mm?).

After the removal of the positioning pins, the trueness of inter-arch distances in 3D-printed
casts increased significantly when compared to 10S (Table 2, p<0.05, A<-253.08 pm). On the
contrary, 3D-contact area analysis showed a significant decrease in the trueness of 3D-printed

casts’ maxillomandibular relationship (Table 5, p<0.05, A<-11.97 mm?2).

3.3. 3D-printed casts versus stone casts

Asiga and NextDent casts (no matter with or without positioning pins) exhibited
significantly lower trueness of inter-arch distances compared to the Stone group (Table 2, p<0.05,
A<-426.99 um). However, the 3D-contact area did not reveal significant differences between the
3D-printed and stone casts (Table 5, p>0.05, A<-4.51 mm?). Except for one instance, when
Asiga_Pins group demonstrated higher 3D-contact area trueness than stone casts (Table 5, p<0.05,

A=7.61 mm?).

3.4. Effect of factors: (A) 3D-printer (Asiga or NextDent) and (B) type of articulation (with or
without positioning pins)

A two-way ANOVA statistical test demonstrated that both factors, namely 3D-printer and type of
articulation (with or without positioning pins), had a significant influence on the mean inter-arch

distance trueness of 3D-printed casts. NextDent 5100 (3DSystems) performed significantly better

11



than MAX UV385 (Asiga) (Tables 1, 3, p<0.001). 3D-printed casts without positioning pins had
significantly higher inter-arch distance trueness than the casts with pins (Pins) (Tables 1, 3,
p<0.001). However, the combined effect of both factors did not have a significant effect (Table 3,
p=0.11).

The two-way ANOVA statistical test conducted with the 3D-contact area measurements
showed also significant influence. MAX UV385 (Asiga) exhibited higher 3D-contact area trueness
compared to NextDent 5100 (3DSystems) (Tables 4, 6, p=0.01). Significantly higher 3D-contact
area trueness was achieved when 3D-printed casts had positioning pins (Pins), rather than after
removal of the pins (Tables 4, 6, p=0.05). The combined effect of both factors did not have a

significant effect (Table 6, p=0.55).

4. Discussion

The purpose of this study was to analyse and compare the trueness of maxillomandibular
relationship of digital scans, 3D-printed and physical stone casts. Additionally, the effect of AM
device and type of articulation was evaluated. Two different analyses were completed: inter-arch
distance and 3D-contact area measurements. The null hypothesis that the trueness of the
maxillomandibular relationship of 3D-printed casts would not differ from the stone casts was
partly approved.

The study findings indicate that digital scans generated with IOS have comparable or even
superior trueness of maxillomandibular relationship than conventionally articulated dental stone
casts. It corresponds with a study published by Ries et al. [27], in which maxillomandibular
relationship records obtained through a completely digital workflow using IOS (TRIOS 3; 3Shape

A/S) were more accurate than those obtained by digitizing conventional interocclusal records and

12



gypsum casts. Furthermore, an in vivo study conducted by Iwauchi et al. [28] demonstrated that
I0S devices (3M True Definition; 3M ESPE and TRIOS 3; 3Shape A/S) provided better precision
of maxillomandibular relationship measurements than conventional methods. It should be also
noted that the accuracy of maxillomandibular relationships in intraoral scans can be affected by
various clinical and technical factors. According to a recent systematic review by Revilla-Le6n et
al. [29], factors such as the chosen IOS system, the extent of the arch scan (half arch versus
complete arch), the location and span of edentulous regions, the type of virtual occlusal record,
the occlusal force during the bite scan, tooth mobility, and virtual alignment methods can all
influence the accuracy of the maxillomandibular relationship in virtual casts. Specifically, in the
presence of edentulous regions, studies have found that the accuracy of maxillomandibular
relationships reduces as the number of opposing teeth pairs decreases [15,30]. In the present study,
the IOS has demonstrated high occlusal contact area trueness when compared to stone casts,
despite a tendency of possible intra-arch deviations. Osnes et al. [31] reported maxillary arch inter-
molar deviations of 183 + 61 um when scanned with the IOS Cerec Omnicam (Dentsply Sirona,
Charlotte, North Carolina, United States). Similarly, a study by Auskalnis et al. [22] noted that
mandibular arch inter-molar deviations (Trios 4, 3Shape A/S) can reach a level of 416.4 £124.2
pm. However, the buccal scan itself appears to be precise, namely <50 um [28,31].

Building on the aforementioned study results, our investigation continued to examine the
trueness of the maxillomandibular relationship in digital scans compared to 3D-printed models. It
showed that 3D-printed models generally have lower level of trueness. Nonetheless, some
observations indicated no significant deviations (p<0.05) of the 3D-contact area between the IOS
and 3D-printing groups before the removal of articulation pins (Asiga_Pins, NextDent_Pins). The

accuracy of the maxillomandibular relationship observed in 3D-printed casts can be affected by

13



the shrinkage effect, which was already well-documented in several studies [32-34]. The
shrinkage and warpage of the printed objects can be caused if the resin layers are not fully
polymerized and additional processing is needed [35]. To the best of the authors' knowledge, there
are no recent studies which compared the trueness of the maxillomandibular relationship between
digital scans and 3D-printed casts in MIP.

Furthermore, the primary goal of this study was to compare the digital and conventional
workflows for dental casts manufacturing with a particular focus on the trueness of
maxillomandibular relationship. The 3D-contact area analysis revealed no significant differences
between 3D-printed and stone casts. However, the measurement of inter-arch distances
demonstrated significantly greater trueness in stone casts compared to their 3D-printed
counterparts. It is important to note that the precision of these inter-arch measurements depends
heavily on the accurate replication of spherical markers and is influenced by occlusal spray, as
well as the accuracy of scanning and 3D-printing device. Future research could benefit from
employing a 'markerless' key point transplantation technique, as proposed by Osnes et al. [31],
which eliminates the need for additional physical reference objects and simulates a clinical
scanning environment more closely. Considering the possibility that 3D-contact area analysis may
provide a more reliable assessment of trueness, this study partially supports the null hypothesis
that 3D-printed models and stone casts demonstrate comparable trueness of maxillomandibular
relationship. To the best of the authors' knowledge, there are no studies that have directly compared
the trueness of maxillomandibular relationship in 3D-printed versus stone casts.

Various studies assessing the accuracy of 3D-printed casts are not consistent due to diverse
IOS and 3D-printing processes [36] as well as measuring methods of maxillomandibular

relationship [47]. In our study the casts were positioned centrally on the build platform in order to
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avoid major deviations, which can occur at the platform's corners due to the angular incidence of
the projector's light beam [37]. The printing layer thickness was chosen to be 50 um becauselof
the adequate accuracy-to-efficiency ratio of the 3D-cast fabrication process [37—41]. To ensure
structural integrity, all 3D-printed casts had a minimum wall thickness of 2 mm and were
manufactured hollow as recommended in other studies [37,42—44]. It was also decided to include
the palate in the maxillary casts fabrication and transversally connect the molar region of the
mandibular casts, based on studies which showed that such design enhances the stability of the
printed casts [43,45]. Furthermore, it is imperative to consider that each individual print job may
yield distinct outcomes. Therefore, the casts in this study were fabricated in separate print jobs to
reflect the 3D-printer’s consistency [36]. Strict adherence to the manufacturer's post-processing
instructions, encompassing washing, drying, and curing, were ensured in order to increase the
repeatability of the recent study [46].

Researchers reported different physical cast evaluation methods based on digital calliper
[16] and occlusal datasets (e.g. T-Scan III; Tekscan, Boston, MA, USA) [48,49], as well as
transillumination of interocclusal VPS records [50-52]. Analysis of virtual casts though enables
automated measurements and significantly minimizes the chance of human assessment errors.
Several studies by Revilla-Leén et al. [17,53,54] employed a technique involving 36 linear inter-
landmark measurements for each cast pair. In total, authors selected 12 markers (points on the
tooth surface) on the maxillary and mandibular reference casts and transferred these points to the
corresponding test specimens. A similar approach was utilized in the investigations by Gintaute et
al. [15] and Osnes et al. [55], where the authors employed small sections (with a 10 mm radius) of
a reference cast around the markers for their transposition onto the test casts. Inter-landmark

measurements were then conducted among these points on a given pair of articulated casts.
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Gintaute et al. [15] also made contact point surface area calculations using custom-made software,
and visual inspection of occluding units in virtual casts. Therefore, two different measurements
methods were included in the present study, namely inter-arch measurements and 3D-contact area
analysis, to reduce the risk of measurement sensitivity.

While offering valuable insights, this study encounters also some limitations that need to
be addressed. This includes an in vitro study design, the use of a laboratory scanner, and a limited
number of digital devices tested. The presence of saliva, mobile areas of soft tissues, difficulties
in accessing all scanning areas, and other in vivo factors may affect the accuracy of 10S [56-58].
Additionally, a laboratory scanner can introduce further deviations, affecting the reliability of
measurements. Nevertheless, the laboratory scanner used in our research had a specified accuracy
of 4 um [59]. Finally, the application of different IOSs and AM devices can also lead to different
trueness results. Further research is needed to investigate various combinations of different IOSs

and 3D-printers to analyse their influence on the accuracy of the maxillomandibular relationship.

S. Conclusions

To conclude, this study aimed to investigate the trueness of the maxillomandibular relationship of
dental casts obtained by digital and conventional techniques. The results suggest that 3D-printed
casts had lower maxillomandibular relationship trueness than digital scans; the type of 3D-printed
cast articulation (with and without pins) and the 3D-printer itself had a significant impact on the
maxillomandibular relationship trueness; and finally, the trueness of maxillomandibular

relationship can be considered similar between the 3D-printed and conventional stone casts.
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