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School of Dental Medicine

University of Zagreb

Zagreb

Croatia

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Materials (ISSN 1996-1944),

freely accessible at: https://www.mdpi.com/journal/materials/special issues/V98V1FS5HK.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-7581-8 (Hbk)

ISBN 978-3-7258-7582-5 (PDF)

https://doi.org/10.3390/books978-3-7258-7582-5

© 2026 by the authors. Articles in this reprint are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The reprint as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
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Werner Adler and Michael Taschner

In Vivo Wear Analysis of Leucite-Reinforced Ceramic Inlays/Onlays After 14 Years
Reprinted from: Materials 2025, 18, 3446, https://doi.org/10.3390/ma18153446 . . . . . . . . . . 3
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Preface

The field of dental materials has witnessed remarkable progress in recent years, with innovative

designs, advanced technologies, and novel applications significantly transforming modern dental

practice. This reprint, Advanced Dental Materials: From Design to Application, Second Edition, aims to

provide a comprehensive and up-to-date overview of the latest developments in dental materials

science, addressing fundamental principles, emerging technologies, and their translation into

real-world clinical applications.

This volume is intended for dental professionals, researchers, and students seeking a deeper

and more integrated understanding of the materials shaping the future of dentistry. By bringing

together current research findings and practical insights, this Reprint highlights the critical connection

between material design, performance, and clinical outcomes.

We hope that this work will serve not only as a valuable reference but also as a source of

inspiration for further exploration and innovation in the field. Ultimately, it seeks to bridge the

gap between material development and clinical use, supporting the continued advancement of

evidence-based and patient-centred dental care.

Tina Poklepović Peričić and Josip Kranjčić

Guest Editors
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Editorial

Advanced Dental Materials: From Design to
Application—Second Edition

Josip Kranjčić 1,2,* and Tina Poklepović Peričić 3

1 Department of Prosthodontics, University Hospital Dubrava, Av. Gojka Šuška 6, 10000 Zagreb, Croatia
2 Department of Fixed Prosthodontics, University of Zagreb School of Dental Medicine, Gunduliceva 5,

10000 Zagreb, Croatia
3 School of Medicine, University of Split, Šoltanska 2, 21000 Split, Croatia; tinapoklepovic@gmail.com
* Correspondence: kranjcic@sfzg.unizg.hr

“Advanced Dental Materials: From Design to Application—Second Edition” is the
title of the second edition of a highly successful Special Issue in the journal Materials. When
we were initially invited to consider the concept of a Special Issue as guest editors, one
of our main ideas was to gather a comprehensive collection of the latest research in the
field of dental materials and present it as a unified body of work. That vision has been
successfully realized.

Following the unexpected success of the first edition—which culminated in the publi-
cation of a printed book under the same title and theme—we made the proud and bold
decision to launch a second Special Issue. The dedicated effort and time invested by us,
as well as by numerous scientists, clinicians, and esteemed colleagues from around the
world (without whom none of this would have been possible), have quickly resulted in
another successful volume. This second edition now stands as a coherent and well-defined
scientific compilation.

I feel it is important to emphasize the need for the continuous improvement of existing
dental materials on the market, as well as the development of new ones. In this context, the
role of research in dental materials becomes even more significant, as it not only highlights
the outcomes of material design and production but also points to their potential for
therapeutic application.

In this spirit, I sincerely hope that this Special Issue will, at least to some extent,
contribute to this important field—and, by extension, to the advancement of dentistry as
a whole.

This Special Issue features a total of eight high-quality scientific papers published over
the course of one year. More than 30 researchers and co-authors from around the world
contributed to the publication of their scientific work.

The key themes on which this Special Issue is based include dental materials, ceramics,
dental alloys, composite materials, CAD–CAM technology, dental implants, prosthodontics,
fixed prosthodontics, removable dental prosthesis base materials, and restorative dentistry.

Matta R.E. et al. (1) contributed to this Special Issue with their article titled “In
Vivo Wear Analysis of Leucite-Reinforced Ceramic Inlays/Onlays After 14 Years”; Berger
L. et al. (2) contributed with their article titled “Influence of the Milling Strategy on
the Marginal Fit of Chairside-Fabricated Lithium Disilicate Crowns”; Strunz A. et al.
(3) contributed with their article titled “The Impact of Three-Dimensional Printer Tech-
nology on the Accuracy of Dental Implant Models”; Riberti N. et al. (4) contributed with
their article titled “Biconometric Connections in Dental Implants: A Pilot Mechanical
Study”; Fratila CR. et al. (5) contributed with their article titled “Accuracy Evaluation

Materials 2025, 18, 4902 https://doi.org/10.3390/ma18214902
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of Indirect Bonding Techniques for Clear Aligner Attachments Using 3D-Printed Models:
An In Silico and Physical Model-Based Study”; Herrero-Climent M. et al. (6) contributed
with their article titled “Mechanical Behavior of PEEK and PMMA Graphene and Ti6Al4V
Implant-Supported Frameworks: In Silico Study”; Ceddia M. et al. (7) contributed with
their article titled “Biomechanical Finite Element Analysis of Two Types of Short-Angled
Implants Across Various Bone Classifications”; Murillo-Gómez et al. (8) contributed with
their article titled “Mechanical, Adhesive and Surface Properties of a Zirconia-Reinforced
Lithium Silicate CAD/CAM Ceramic Exposed to Different Etching Protocols”. The research
findings are presented through a series of tables, graphical illustrations, and images, which
further enhance the readability and visual appeal of the articles.

This Special Issue—like the one before it—is rich in new scientific insights and serves
as a vital link between research and clinical practice. In this way, the studies conducted
and the results published herein gain their full meaning and relevance.

Once again, we extend our sincere gratitude to all contributors for their valuable
participation in the creation of this Special Issue. Through their dedicated work, they have
helped bring this project to life.

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

In Vivo Wear Analysis of Leucite-Reinforced Ceramic
Inlays/Onlays After 14 Years

Ragai-Edward Matta 1,*,†, Lara Berger 1,†, Oleksandr Sednyev 1, Dennis Bäuerle 2, Eva Maier 2, Werner Adler 3 and

Michael Taschner 2

1 Department of Prosthodontics, Erlangen University Hospital, Glueckstrasse 11, 91054 Erlangen, Germany;
lara.berger@uk-erlangen.de (L.B.); oleksandr.sednyev@uk-erlangen.de (O.S.)

2 Department of Operative Dentistry and Periodontology, Erlangen University Hospital, Glueckstrasse 11,
91054 Erlangen, Germany; baeuerle.dennis@hotmail.de (D.B.); eva.maier@uk-erlangen.de (E.M.);
michael.taschner@uk-erlangen.de (M.T.)

3 Department of Medical Informatics, Biometry and Epidemiology, Friedrich-Alexander-University of
Erlangen-Nuremberg, Waldstrasse 6, 91054 Erlangen, Germany; werner.adler@uk-erlangen.de

* Correspondence: ragai.matta@uk-erlangen.de; Tel.: +49-9131-8533604; Fax: +49-09131-8536781
† These authors contributed equally to this work.

Abstract

Material wear significantly impacts the clinical success and longevity of dental ceramic
restorations. This in vivo study aimed to assess the wear behavior of IPS Empress® glass-
ceramic inlays and onlays over 14 years, considering the influence of different antagonist
materials. Fifty-four indirect restorations of 21 patients were available for comprehensive
wear analysis, with complete follow-up data for up to 14 years. Three-dimensional mea-
surements relied on digitized epoxy resin models produced immediately post-insertion
(baseline) and subsequently at 2, 4, and 14 years. The occlusal region on the baseline
model was delineated for comparative analysis. Three-dimensional superimpositions with
models from subsequent time points were executed to assess wear in terms of average
linear wear and volumetric loss. Statistical analyses were conducted in R (version 4.4.1),
employing Mann–Whitney U tests (material comparisons) and Wilcoxon signed rank tests
(time point comparisons), with a significance threshold of p ≤ 0.05. During the entire
study period, an increase in wear was observed at each assessment interval, gradually
stabilizing over time. Significant differences in substance loss were found between the
follow-up time points, both for mean (−0.536 ± 0.249 mm after 14a) and integrated distance
(−18,935 ± 11,711 mm3 after 14a). In addition, significantly higher wear was observed
after 14 years with gold as antagonist compared to other materials (p ≤ 0.03). The wear
behavior of IPS Empress® ceramics demonstrates clinically acceptable long-term outcomes,
with abrasion characteristics exhibiting stabilization over time.

Keywords: occlusal interactions; wear of glass-ceramic; wear behavior; all-ceramic restora-
tions; ceramic inlays/onlays; long-term clinical investigation

1. Introduction

Indirect single-tooth ceramic restorations, such as inlays and onlays, offer advantages
over direct composite restorations, when restoring larger defects [1–3]. These techniques
have been shown to present good long-term survival rates and have proven to be reliable
in everyday clinical practice [4,5].

In general, modern dental ceramics are known for their excellent esthetic properties,
biocompatibility, and durability [6,7]. Glass-ceramics have color properties similar to

Materials 2025, 18, 3446 https://doi.org/10.3390/ma18153446
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human enamel and are particularly translucent due to their high glass content; although,
this can lead to an impairment of mechanical properties. These mechanical limitations are
partially compensated by an increased crystalline content [8].

With the market launch of IPS Empress® from Ivoclar Vivadent AG (Schaan, Licht-
enstein), an attempt was made to optimize mechanical properties by stabilizing the glass
matrix through integration of leucite crystals and thus to develop a highly esthetic yet stable
restorative material [9]. In this context, a review on longevity and clinical performance
showed a survival rate of up to 91% for IPS Empress® inlays and onlays after seven years,
which underlines the reliability and durability of this material [10].

However, long-term success is limited by factors such as secondary caries, adhesive
failure, and fractures [11]. In addition, the experience of the dentist and the correct indica-
tion for the restoration of lost dental hard tissue are decisive influencing parameters for
long-term outcomes [12].

In this respect, wear mechanisms are determined by a variety of influencing variables,
including individual masticatory forces, the shape and size of tooth contact surfaces, and the
surface texture, microstructure, and fracture strength of the material [13]. The hardness of
the material proves to be less decisive, while the surface roughness and fracture toughness
of the ceramic are of greater importance [14]. In principle, the occlusal wear properties of
the antagonists should be comparable to ensure long-term functionality without structural
deficits [15–17].

Concerning tribology, various primary mechanisms are described with regard to
wear processes. These include chemical dissolutive transformations, in which material is
removed by chemical reactions, as well as adhesive wear, which is caused by adhering
material particles that are subsequently torn off at the contact surfaces. Other parameters
include surface fatigue, which occurs when repeated stresses lead to microcracks and
consequential failure of the material, or mechanical abrasion, when material is worn away
by particles of variable hardness [18,19]. In this context, patient-specific factors, such as
bruxism, forced tooth brushing, diet, or salivary flow, also play a central role [13,20,21].
Various systems are available for tribological investigations, with both two- and three-body
wear testing systems frequently used to analyze the wear resistance of materials under
realistic conditions [18,22,23]. To evaluate the results of these laboratory testing approaches,
industrial light–optical scanners enable contactless and highly precise object registration
in form of three-dimensional (3D) datasets, which can then be virtually aligned with each
other and precisely superimposed or aligned using special software [24–26].

According to an in vitro study, leucite-reinforced glass-ceramics exhibit improved
abrasion resistance [27]. Zirconia ceramics are characterized by lower wear rates compared
to lithium disilicate ceramics, which consequently results in reduced material loss [28].
Compared to lithium disilicate ceramics, gold restorations show a higher abrasiveness
in vitro, especially with IPS Empress® ceramics [29]. While there is a vast body of work
regarding in vitro wear behavior of IPS Empress® [28], recent literature lacks conclusive
evidence addressing the abrasion behavior of dental ceramics against various antagonist,
particularly IPS Empress® in clinical context [30]. Therefore, laboratory studies conducted
under defined and controlled conditions cannot simulate all the individual and complex
factors of the chewing process [16,31]. This implies the need for long-term clinical studies
to record the wear behavior under real conditions and thus evaluate the actual performance
of different materials.

The aim of this in vivo study was, therefore, to quantitatively determine the occlusal
wear rates of IPS Empress® glass-ceramic inlays and onlays in available patients over follow-
up intervals of two, four, and fourteen years correlated with the respective antagonist
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material in order to gain a comprehensive understanding of the long-term effects and
clinical performance of this material.

2. Materials and Methods

2.1. Study Design

This prospective clinical study aimed to evaluate the wear behavior of leucite-
reinforced glass-ceramic restorations using a light–optical 3D scanning technique by dig-
itally comparing virtual patient models of the intraoral situations after 2, 4, and a total
observation period of 14 years. The study project was approved in advance by the Ethics
Committee of the University Hospital Erlangen (No. 2628) and conducted in accordance
with EN 540 (Clinical investigation of medical devices in humans, European Committee for
Standardization), the CONSORT declaration [32], and established protocols [33,34].

2.2. Subject Recruitment and Intervention

An experienced assistant professor treated 30 selected patients (average age 39.4 years;
age ranging between 23–64 years; eleven men, nineteen women) at the Department of
Conservative Dentistry and Periodontology at the University Hospital Erlangen according
to defined inclusion criteria (Table 1 [35,36]). All participants gave their written informed
consent, agreed to the study procedure, and committed to regular check-ups in the first 4
years after placement of the restoration; participation in the 14-year check-up was voluntary.

Table 1. Conditions of the study population.

Inclusion Criteria

- Symptom-free tooth for restoration
- Rubber dam application possible
- No further treatment needed for other posterior teeth
- Good oral hygiene
- No periodontal or pulpal disease
- Age 18–65
- No deep cavities in close proximity to the pulp

At the beginning of the study, a total of 83 IPS Empress® restorations were placed in
30 patients, consisting of 31 two-surface inlays, 39 MOD (mesial-occlusal-distal) inlays, and
13 onlays, which were distributed over 34 upper premolars, 14 upper molars, 13 lower
premolars, and 22 lower molars.

Cavity preparations followed standardized protocols to ensure consistent quality and
geometry, as described in previous publications [35,36]. Cavities close to the pulp were
excluded to avoid adhesion reduction by calcium hydroxide. After preparation, two-phase
polyvinylsiloxane impressions were taken (Dimension Garant H and Garant L, 3M, Seefeld,
Germany), and chairside-fabricated temporary restorations (Luxatemp, DMG, Hamburg,
Germany) were fixed with TempBondTM NE (Kerr, Herzogenrath, Germany). The leucite-
reinforced glass-ceramic restorations were produced in a commercial dental laboratory
according to manufacturer’s instructions [37].

To ensure that the maximum cement gap width of 100 μm was not exceeded, a special
dental probe was used (tip diameter 100 μm, tactile control). Before insertion, the thickness
of the restorations was measured with a caliper (rapid caliper, accuracy 0.01 mm, Kroeplin,
Schluechtern, Germany) to check a sufficient minimum layer thickness at the relevant
points. Afterwards, the inlays and onlays were adhesively bonded according to the clinical
instructions for the pre-treatment of tooth and restoration [36]. After removing excess
insertion material and the rubber dam, occlusal contacts were adjusted with fine diamond
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drills. Final polishing was performed with diamond and polishing strips interdentally (GC
Dental Industrial Corp., Tokyo, Japan/3M), while the occlusal finish was achieved using
felt discs (Dia-Finish E felt discs, Renfert, Hilzingen, Germany) and diamond polishing
paste (Brinell, Renfert).

The follow-up examinations of the restorations were carried out at the following four
points in time: after 2 weeks (=baseline) and after 2, 4 and 14 years. Double-mix impressions
(Panasil, Kettenbach GmbH und Co. KG, Eschenburg, Germany) were taken, subsequently
filled with epoxy resin (AlphaDie MF, Schütz Dental GmbH, Rosbach, Germany) and stored
as precision models in the Dental Clinic 1—Conservative Dentistry and Periodontology—of
the University Hospital Erlangen, Germany. In addition, the respective antagonists (enamel,
composite, ceramic, gold) were recorded by means of photography (Figure 1).

 

16%

28%

30%

26%

Antagonist Distribution

Composite

Gold

Ceramic

Enamel

Figure 1. Pie chart of the antagonist distribution in percentage.

2.3. Three-Dimensional Data Acquisition and Volumetric Measurements

In preparation for the subsequent digitization processes, all physical patient models
were equipped with ATOS 0.8 mm reference points (GOM GmbH, Braunschweig, Germany)
to enable spatial orientation and thus linking areas of the individual measurements to a
3D overall representation of the object. In view of the subsequent evaluations, these were
only attached to non-relevant areas, i.e., not to restorations and not to areas necessary for
the virtual superimposition process. Furthermore, to improve the scan quality, matting
was carried out using a titanium dioxide solution applied with an airbrush gun (RICH®

AS-2, Fuso Seiki Co., Ltd., Tokyo, Japan), of which the minimum layer thickness can be
considered negligible concerning measurements [38,39].

An industrial, high-precision non-contact scanner (ATOS So4 II, GOM GmbH) was
used to digitize the models, as it has a smaller measurement error of less than 0.004 mm
in the course of object registration compared to conventional dental laboratory scanners
for the measurement volume used here [40]. The ATOS So4 II system was calibrated
at the beginning of each measurement sessions in accordance with the manufacturer’s
instructions by a specifically manufacturer-trained employee of our faculty. All measure-
ments were performed by a trained and experienced user. Based on the triangulation
principle, precise light points were projected onto the object to be measured, reflected, and
recorded by two light-sensitive sensors arranged at defined angles [41]. Several individual
measurements per patient model from different perspectives resulted in a measurement
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series of point clouds, which could be transformed into a common coordinate system using
the reference points (GOM GmbH) attached in advance. In this way, four precise virtual
3D models were generated for each patient case in the common.stl (Surface/Standard
Triangulation/Tesselation Language) format. Afterwards, the scanner’s analysis software
(GOM Inspect Professional 2018, GOM GmbH) was used to perform a digital data analysis
by comparing (=matching) the occlusal surfaces of the restorations to be examined (=region
of interest, ROI) between the models of the follow-up examinations (after 2, 4 and 14 years;
=IST models) and the baseline model (after 2 weeks; =SOLL model) in order to evaluate the
occlusal material loss of the restorations both numerically and graphically. In the course
of the respective target–actual superimposition for the before-and-after comparisons at
different time points, the model pairs were first roughly aligned manually by selecting
prominent points in the central fissures or on the cusp tips. In a second step, the surfaces of
the teeth adjacent to the restorations were selected, and an automated fine alignment was
performed using a “best fit” algorithm.

This standardized procedure ultimately enabled highly precise recording of the oc-
clusal volume changes in the form of color-coded distance maps to visualize local differ-
ences due to wear processes (Figure 2). In addition, a numerical calculation of the average
surface loss (“mean distance” in [mm]) and the volume decrease (“integrated distance” in
[mm3]) over time was carried out.

Figure 2. Clinical and virtual 3D visualization of occlusal wear over a 14-year period. Series (1a–1d):
Clinical situations in an occlusal view. Series (2): Corresponding 3D surface models. (2a): Baseline
model with defined region of interest (ROI). (2b–2d): Superimpositions of follow-up models with
baseline. Color-coded distance maps illustrate material loss, with blue denoting wear and green
indicating areas with no or almost no surface loss. Series (3): Color-coded scale bar to quantify
surface changes.

2.4. Statistical Data Analysis

Statistical analyses to evaluate the wear on the IPS Empress® restorations in relation
to the respective antagonist class were conducted using the R programming language
(version 4.4.1) [42]. Mann–Whitney U tests (comparing different materials at the same time
point) and Wilcoxon signed rank tests (comparing different time points within one material)
were used to evaluate the data. The significance level was set at p ≤ 0.05. An overview of
the study procedure is shown in Figure 3.
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Figure 3. Flowchart illustrating the study design.
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3. Results

3.1. Study Population

The investigations were based on digital patient models at the various follow-up times,
with a total number of 83 IPS Empress® inlays/onlays (baseline, n = 83) in 30 patients at the
beginning. Over time, the number decreased so that after 2 years, a total of 82 restorations
(98.8%); after 4 years, 72 inlays and onlays (86.75%); and after a period of 14 years, 54 IPS
Empress® glass-ceramic restorations (65%) were still included in the study. The reasons
were failure (16.9%), change in residence, or death (18.1%), with a failure rate of 12%
according to the Kaplan–Meier analysis [36]. During the last follow-up examination, the
sample consisted of 21 patients, including 13 women and 8 men aged between 24 and
66 years (mean: 40 years).

3.2. Substance Loss Analysis Methodology

The results for the evaluation of the occlusal wear rates were derived exclusively from
negative measured values up to a maximum limit of 0.00 mm, which in turn would not
correspond to any substance loss. These negative values illustrate the extent of height loss
of the restoration as a result of the effect of the corresponding antagonists.

3.3. Average Surface Loss

Over the course of the entire study period, the average surface loss of the IPS Empress®

glass-ceramic inlays and onlays showed a progressive increase, which occurred indepen-
dently of the antagonist material present. Two years after placement of the restorations,
there was a total loss of −0.253 ± 0.185 mm; after four years, −0.380 ± 0.205 mm; and after
fourteen years, −0.536 ± 0.249 mm. The comparison of the different follow-up times (2 vs.
4 years/2 vs. 14 years/4 vs. 14 years) within the same antagonist group (enamel, com-
posite, ceramic, gold) provided consistently significant results (p ≤ 0.004). In contrast, the
comparison of the different antagonists with regard to abrasion on the ceramic restorations
showed no significant differences after 2, 4, and 14 years (Figure 4, Table 2).

Table 2. p-values for comparisons of average surface loss (mean distance) and volume decrease
(integrated distance) depending on different antagonists at one point in time and between different
points in time within an antagonist material.

Mean Distance [mm]

Material comparison 2 years 4 years 14 years

Enamel vs. Composite 0.27 0.421 0.743
Enamel vs. Ceramic 0.216 0.767 0.333

Enamel vs. Gold 0.412 1.000 0.709
Composite vs. Ceramic 0.955 0.777 0.777

Composite vs. Gold 0.858 0.421 0.411
Ceramic vs. Gold 0.752 0.922 0.202

Time point comparison 2 vs. 4 years 2 vs. 14 years 4 vs. 14 years

Enamel <0.001 <0.001 0.001
Composite 0.004 0.004 0.004

Ceramic <0.001 <0.001 <0.001
Gold <0.001 <0.001 <0.001

Integrated Distance [mm3]

Material comparison 2 years 4 years 14 years

Enamel vs. Composite 0.194 0.411 0.421
Enamel vs. Ceramic 0.163 0.626 0.358

Enamel vs. Gold 0.806 0.233 0.026
Composite vs. Ceramic 0.978 0.760 0.760

Composite vs. Gold 0.482 0.108 0.025
Ceramic vs. Gold 0.304 0.140 0.030
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Table 2. Cont.

Time point comparison 2 vs. 4 years 2 vs. 14 years 4 vs. 14 years

Enamel 0.002 <0.001 0.004
Composite 0.004 0.004 0.020

Ceramic <0.001 <0.001 0.005
Gold <0.001 <0.001 0.003

Figure 4. Boxplot diagrams depicting the occlusal wear of the ceramic restoration in terms of average
surface loss (mean distance) (A) and volume decrease (integrate distance) (B) after 2, 4, and 14 years.
The black rhombus symbols indicate outliers.
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3.4. Volume Decrease

The occlusal volume of the inlays and onlays also decreased over time, resulting in a
total volume loss of −9981 ± 8965 mm3 after 2 years, −14,207 ± 9753 mm3 after 4 years,
and −18,935 ± 11,711 mm3 after 14 years. The comparative analysis of the integrated
distance between the time points 2 and 4 years, 2 and 14 years, and 4 and 14 years after
final placement of the ceramic restorations showed consistently significant results for all
antagonists, analogous to the average surface loss (p ≤ 0.02). Furthermore, a significantly
higher material loss was determined after 14 years if gold was present as an antagonist
(p < 0.03) (Figure 4, Table 2).

4. Discussion

In this study, a 3D surface analysis was conducted to evaluate the abrasive properties
of 54 IPS Empress® restorations over an observation period of 14 years in relation to
different antagonists. In this respect, long-term clinical studies are essential in order to be
able to adequately assess the suitability of dental ceramics for long-term use in patients
and thus for clinical success [43]. The physical properties of the ceramic are of particular
importance in order to withstand abrasive challenges in the oral cavity [44] and ultimately
ensure satisfactory long-term performance for both the patient and the practitioner [10].

Many of the studies on abrasion behavior of leucite-reinforced glass-ceramic inlays
found in the literature are in vitro studies that evaluate the wear of the antagonistic tooth
and not of the restoration itself [45,46]. However, the quantitative comparison of in vitro
and in vivo results shows a high correlation of the data and the associated relevance of lab-
oratory studies for clinical performance [47]. Nevertheless, clinical studies are considered
the most valuable method for determining wear behavior [17,48].

In the present analysis, the abrasion on the restorations of 13 female and 8 male test
subjects aged 24 to 66 years was analyzed over the entire observation period and thus with
a heterogeneous gender and age distribution. In this regard, Ohlmann et al. [49] showed
in their study investigating the abrasive behavior of posterior crowns made of different
materials using 3D laser scanning technology that neither the age nor the gender of the
patient collective had a significant influence on wear.

Overall, the results obtained show that a continuous and significant increase in surface
and volume loss occurred in IPS Empress® glass-ceramic inlays and onlays up to 14-years
in vivo, irrespective of the antagonist material used. The comparison of the measured
values for abrasion in the occlusal contact area between the individual examination intervals
showed significant differences for both the mean distance and integrated distance compared
to the individual antagonist groups, with the abrasion rate being more pronounced in the
first few years and then decreasing (p ≤ 0.02). Over the course of the 2-, 4-, and 14-year
follow-up periods, no statistically significant differences in restoration wear were observed
between the various antagonist materials, with the exception of a significantly greater
volumetric material loss associated with gold antagonists at the 14-year recall (p < 0.03)
(Figure 2, Table 2). These findings indicate that composite, ceramic, and enamel antagonists
exhibit comparable long-term wear behavior when opposing IPS Empress® restorations.
Accordingly, both ceramic and composite antagonists may be regarded as suitable and
clinically favorable counterparts for IPS Empress® restorations in long-term applications.
In view of the fact that natural and healthy enamel is subject to a continuous annual
abrasion process of around 20 to 40 μm in the molar region even under physiological
conditions [13,15], the loss of material on the occlusal surfaces of the restorations observed
in this study after just two years can be considered appropriate. The FDI clinical criteria
specify that restorations exhibiting wear within 80–120% of the enamel wear are deemed
harmonious, while wear substantially exceeding the natural enamel wear—exceeding
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300 μm occlusally—is regarded as problematic [50]. Thus, if a restoration’s wear mimics
enamel wear in both its rate and pattern, it is considered clinically acceptable even if some
volume loss or subtle changes in contour become apparent over time. The fact that abrasion
processes occur on ceramic restorations after a short time has already been confirmed
in vivo by Aladağ et al. [48] using 3D data overlays. An average volumetric abrasion of
0.27 ± 0.16 mm3 was evaluated on lithium disilicate molar crowns after only six months.
However, it must be noted that the hardness of a material is not the only determining
factor for wear. The masticatory loads and the associated wear processes in the oral cavity
represent a complex, multifactorial phenomenon that is influenced by numerous individual
factors [51]. In the study by Aladağ et al. [48], patient-specific factors that influence the
complex intraoral abrasion process and the associated material wear [13,15] were not
documented, as is the case in the present study, which should be seen as a limitation. The
variability of these factors, such as chewing pattern, saliva composition, and individual
dietary habits, could affect the interpretation and transferability of the results. However, the
relationship between maximum biting force and the wear rates of enamel and all-ceramic
crowns, for example, was investigated in a clinical study, but no significant correlation
was found [51]. Furthermore, other authors point out that the additional recording of food
consumption over such a long observation period, which in the present study would cover
more than 10% of a person’s average lifespan, is not considered realistic [34].

Krejci et al. [52] analyzed the abrasion of MOD inlays made of four different ceramic
materials on a total of 24 extracted, caries-free molars using chewing simulation. Palatal
cusps of human maxillary first molars of similar shape and dimensions, which showed
no existing abrasion, were used as antagonists. The investigations were carried out in a
computer-controlled chewing simulator with six chambers, which simulated real chewing
processes and in vivo load over five years. The samples were subjected to several factors,
including chemical degradation (75% ethanol at 37 ◦C), mechanical toothbrush abrasion
(2 N), cyclic masticatory loads (max. 49 N at 1.7 Hz), and thermal cycles in water with
alternating temperatures of 5 ◦C and 55 ◦C. A material loss of −21.8 ± 8.8 μm was measured
in the occlusal contact point area for polished IPS Empress® restorations. In contrast,
significantly higher values in the tenths of a millimeter range were recorded in the present
study after only two years. This can be explained by the fact that the present study was
conducted under real in vivo conditions, whereas Krejci et al. [52] conducted their study
in vitro with only six test objects per group and enamel as the only antagonist, which limits
the comparability of the results. In addition, not only molars but also premolars were
included in the analyses in the current study. However, it has already been shown that
there is no direct correlation between the loss of substance and the specific location of the
inlays in the oral cavity [34].

In contrast, Krämer et al. [34] conducted a clinical study to evaluate the wear phenom-
ena of 17 ceramic inlays on premolars and molars made of IPS Empress® against enamel
antagonists over a period of 8 years. The average occlusal wear of the ceramic inlays
analyzed using the 3D evaluation method was 78 μm after 4 years and 116 μm after 8 years,
with the difference between the two time points being statistically significant. While the
measured values are lower compared to the results of the present study, but tend to be
comparable, the data of the current analysis also show significant differences between the
examination intervals. This indicates progressive wear over time; although, this appears to
be stabilizing.

In this regard, Lambrechts et al. [15] reported a tendency towards higher wear rates in
the first few years (initial phase), which subsequently stabilize as the occlusal environment
approaches a dynamic equilibrium (steady-state phase), provided no further restorative
measures are taken. Consequently, the wear process shows a non-linear progression, as the
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initially small contact areas can lead to high pressure concentrations, which in turn cause
an increased wear rate [52,53]. This is consistent with the results of the study conducted, as
after only 2 years, depending on the antagonist group, around 40–60% of the total material
loss observed after 14 years occurred.

In addition, significantly higher wear was observed on the ceramic restorations after
14 years when gold was used as an antagonist (p ≤ 0.03). This contrasts with the observa-
tions of a different in vitro study, which showed that gold in particular, and less so ceramic,
exhibited accelerated wear when in contact with each other. However, the authors also
describe a “functional polishing” that occurs on ceramic surfaces at the beginning of a
masticatory load and removes the rough surface layers. Thus, progressive polishing of the
ceramic leads to a gradual decrease in the abrasion rate. However, when gold was present
as an antagonist, little evidence of these polishing mechanisms of the ceramic surface was
documented, and instead, rapid wear of the gold was observed. Furthermore, gold particles
were observed to transfer to the ceramic surfaces over time [53]. These microparticles could
act as abrasives and thus lead to increased abrasion processes, as the surface roughness is
directly related to the abrasion rate [29,53,54].

In contrast to the gold antagonists, the IPS Empress® inlays and onlays showed no
significant differences in abrasion behavior compared to composite, ceramic, and natural
enamel at the individual follow-up times. This indicates a comparable wear resistance
and confirms the compatibility of these material classes (with the exception of gold) for
long-term clinical use.

Overall, there are only a few in vivo studies in the literature that prospectively docu-
ment the vertical dimensional loss of ceramic restorations, particularly inlays and onlays,
over a longer period of time [34,55], which limits the comprehensive comparability of the
results. The focus of this analysis was on the abrasion of ceramic restorations as a function
of different antagonists, which has not yet been investigated in this form.

Although mechanical profilometry was previously described as a reliable method for
determining surface changes [56], the present study is based on a modern digital 3D laser
scanning method (ATOS So4 II, GOM GmbH) of replica models. The choice of measurement
method significantly influences the accuracy and reliability of the results [17,57]. The ATOS
system used generates high-precision and non-contact digitally recorded measurement
data that can be analyzed quantitatively and qualitatively reproducibly in both two- and
three-dimensional form [58]. In general, the use of 3D measurement techniques for the vi-
sualization of surface changes has become established in scientific research, as the smallest
changes can be recorded with the highest precision and attention to detail [17,34,48,51].
Double-mix impressions, which were taken at each examination time and poured with
epoxy resin, served as the basis for the measurements carried out. Both materials have been
shown to be characterized by high detail accuracy, dimensional stability, and storage stabil-
ity, thus enabling the precise reproduction of the intraoral structures [59,60]. Alternatively,
plaster could have been used for model fabrication. However, the detail reproduction
would have been limited to 20 microns with Class IV plaster compared to epoxy resin,
which reveals structural details down to one micron [60]. Another option would have
been digital impression taking using intraoral scanning, which has been shown to offer
comparable accuracy to conventional methods and eliminates the need for physical model
fabrication but was not available at the beginning of the present study. However, data
capture is limited to visible areas, which can be a challenge in hard-to-reach regions. In
addition, blood, saliva, and other patient-specific factors can affect image quality, while
precision may be lower than with conventional techniques in large dental arches [61].
Furthermore, a recent in vitro study showed that an industrial precision scanner from
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GOM GmbH generates the highest precision in object registration compared to laboratory
scanners, photogrammetry devices, and intraoral scanners [62].

Overall, it should be mentioned that the analysis regarding the effect of different
antagonist materials was not the focus of the study design when the present investigation
was initiated, hence a control group is missing. At that point in time, the influence of
different antagonists on wear of restorations was not yet a focus in the scientific literature.
The lack of patient-specific factors and the comparably small sample size present further
limitations within the scope of this study. Nevertheless, our data reflect real clinical
conditions, in which a large number of different antagonist materials naturally occur.

Since the wear of dental materials is subject to numerous influencing factors and mech-
anisms, further data from long-term clinical studies are essential for a sound understanding
of the relationships between wear rate and relevant parameters [47]. Future research should
use a standardized method to investigate wear, such as the 3D analysis used in this study,
in order to improve the comparability of the data to the already complex mechanisms of
material wear. In addition, research should be conducted into potential selection tools
based on artificial intelligence (AI) that take antagonists into account.

5. Conclusions

Conclusively, the evaluated results indicate that IPS Empress® ceramic restorations
exhibit adequate wear resistance according to the FDI, which is stabilized due to superficial
polishing processes, and can, therefore, be recommended for long-term clinical use.

Concerning the long-term success of restorative materials, such as the glass-ceramic
inlays and onlays examined in this study, it is important to consider comparable wear
properties of the opposing antagonists, to ensure the long-term integrity and functionality
of dental restorations.
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Abstract: Utilizing dental CAD/CAM systems, chairside treatments allow patients to
be treated within one day without the need for an intermediate dental laboratory. With
this procedure, it is also essential to ensure a sufficient marginal fit of the restoration.
Therefore, this study investigates the influence of the milling strategy on the marginal
fit of CAD/CAM-fabricated lithium disilicate crowns. For this purpose, 10 crowns were
fabricated from each of the materials IPS e.max CAD and Celtra Duo using the fastest
and finest available milling strategy. The accuracy of the marginal fit of the 40 crowns
was examined using the industrial scanner ATOS Triple Scan and the associated software
using the triple scan protocol. In a comparison of the milling processes, the restorations
fabricated using the finest process always exhibited a better marginal fit, with mean
deviations of 87 μm and 146 μm for IPS e.max CAD and 111 μm and 118 μm for Celtra Duo.
The difference was only statistically significant for the crowns made of IPS e.max CAD
(p = 0.008). All mean deviations determined were below the clinically acceptable marginal
gap values (150 μm). Both materials can be used for chairside-fabricated crowns; however,
choosing the faster milling strategy leads to higher marginal discrepancies.

Keywords: CAD/CAM; marginal fit; milling accuracy; lithium disilicate

1. Introduction

Progressive digitalization has revolutionized dentistry significantly since the 1980s,
particularly through the introduction of dental CAD/CAM systems (Computer-Aided
Design/Computer-Aided Manufacturing) [1]. These computer-aided technologies enable
the precise and efficient processing of a wide range of materials, including ceramics,
metals, composites, and plastics, with a particular focus on prosthetic applications [2]. In
combination with intraoral scanners, these systems enable so-called chairside treatments, in
which patients can be treated within one day without the involvement of a dental laboratory.
Recent surveys show that in economically strong countries, more than a quarter of dentists
already use this procedure, which points to its numerous advantages [3–5]. These include
significant time and cost savings while maintaining or even improving the quality of the
restoration, increased comfort for both patients and practitioners, and the overall increased
efficiency of the entire workflow [6,7]. These developments set new standards in dental care
and highlight the potential of digital technologies in modern dentistry [2]. The increasing
use of chairside systems is closely linked to constant innovations in the field of dental
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ceramics, which have become indispensable as dental restorative materials due to their
mechanical and esthetic properties and excellent biocompatibility. Dental ceramics can
be divided into two main groups: oxide ceramics and glass ceramics. Oxide ceramics are
characterized by very good strength properties but often involve esthetic compromises due
to the opacities typical of the material. In contrast, glass-ceramics enable the fabrication
of highly esthetic restorations, as they exhibit outstanding translucency with adequate
mechanical properties, which is the main advantage of this material class [8].

Among glass-ceramics, lithium disilicate-based materials in particular have estab-
lished themselves, achieving a flexural strength of 350 MPa to 450 MPa and thus exhibiting
significantly increased mechanical properties compared to leucite-reinforced ceramics (80
to 150 MPa) or feldspar ceramics (100 to 160 MPa) [8,9]. The structural properties of this
material class have considerably expanded the range of indications for glass-ceramics, so
that monolithic lithium disilicate blocks are now not only used for single-tooth crowns,
but can also be used for the fabrication of fixed partial dentures (FPDs) in the anterior
region and for three-unit FPDs with premolar involvement [10–12]. However, the strength
is not yet sufficient for longer-span restorations in the posterior region, which is why
the optimization of the mechanical properties of glass-ceramics is a focus of current re-
search [10,13,14]. A key approach to increasing the strength characteristics of glass-ceramics
is to further improve crack resistance, as crack propagation is one of the main causes of
failure in glass-ceramic restorations. This is where the class of zirconia-reinforced lithium
disilicate ceramics comes in, as zirconia undergoes a volume increase of 3–5% when sub-
jected to extreme forces due to a phase transformation from the monoclinic to the tetragonal
structure. This increase in volume generates a compression pressure that can inhibit crack
propagation and thus contribute significantly to the stability of the ceramic [13]. Recent
reviews have shown that these materials are a good alternative to conventional lithium
disilicate ceramics. When comparing the mechanical properties of the two material classes,
however, the data situation is ambiguous, so further research is still required to classify the
mechanical properties more precisely [15,16].

In addition to the material properties, various clinical quality characteristics have a
direct influence on the long-term stability of dental restorations, including the accuracy
of fit of the crown on the tooth [17]. A seamless transition between the crown and tooth
would be ideal, but this cannot be achieved in practice due to technical limitations in the
manufacturing process and the need for a spacer for the luting material between the tooth
and crown. This inevitably results in a narrow gap, which is referred to as the marginal
gap. This should be kept as small as possible, as too large a discrepancy promotes the
accumulation of plaque and colonization by cariogenic microorganisms, which in turn
increases the risk of secondary caries [18,19]. In addition, over-contoured or protruding
crown margins can irritate the gingiva and lead to irreversible periodontal damage in the
long term [20,21]. In the scientific literature, the information on a clinically acceptable range
of the marginal gap value varies, with the upper limit typically being between 100 μm
and 120 μm [22–24]. Marginal gaps of less than 120 μm can be realized realistically with
common CAD/CAM systems [25,26].

In addition to conventional two-dimensional methods such as the silicone replica
technique or the cross-section method, various digital three-dimensional methods are now
available for measuring the marginal gap, which enable an even more precise and compre-
hensive examination of the accuracy of fit. In addition to optical coherence tomography and
micro-computed tomography, these methods also include the triple scan method described
by Holst, Matta et al., which was used in this study [27,28].

Another decisive factor for the longevity and mechanical stability of ceramic restora-
tions is the surface quality. Industrially manufactured monolithic ceramic blocks, which
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can be processed using the CAD/CAM technique, are characterized by a high degree of
material homogeneity [29]. Nevertheless, the milling process during fabrication can create
fine microcracks both on the surface and inside the material, which can act as potential
fracture initiation points and compromise the mechanical integrity of the restoration [30,31].
Fractographic analysis of clinically failed all-ceramic restorations has shown that such
defects are often the starting points for restoration failures [32,33].

The quality of the milling process is influenced by various factors, including the
size, shape, and abrasiveness of the burs, the number of axes of the milling machine,
the production mode, and the selected milling strategy [31,34,35]. A recent review has
shown that five-axis milling machines deliver more precise results in terms of accuracy
of fit than machines with three or four axes. In addition, the wear of the burs, regardless
of their geometry, affects the accuracy of the manufacturing process [34]. The milling
strategy also plays a decisive role: depending on the material used and the manufacturer’s
recommendations, at least one fast and one fine milling strategy should be implemented.
While fast milling strategies are associated with a time saving of around ten minutes, the
question arises as to whether this reduces the precision of the restoration [34,36].

The aim of the present in vitro study was, therefore, to investigate the influence of
different milling strategies on the marginal fit of CAD/CAM-fabricated monolithic lithium
disilicate crowns made of IPS e.max CAD and Celtra Duo. The null hypotheses were that
neither the milling strategy nor the selected restorative material had an influence on the
accuracy of fit.

2. Materials and Methods

To conduct this study, 40 composite tooth dies (Grandio Disc, VOCO GmbH, Cux-
haven, Germany) were fabricated, which were based on an ideally prepared maxillary
canine with a chamfer preparation. To subsequently design and fabricate identical crowns,
the software of the CEREC system (Dentsply Sirona, Charlotte, NC, USA) required infor-
mation about the positions of the tooth die and the adjacent teeth. For this reason, a scan
model was created into which the fabricated tooth dies could be reproducibly integrated
and removed for digital impression taking. The dies and the corresponding scan model
were matted with titan oxide spray (CEREC Optispray, Dentsply Sirona) to enable precise
and fast digital capture [37] and then digitized with the CEREC Omnicam (Dentsply Sirona)
by an experienced clinician.

The greatest possible equivalence of the crowns was crucial for the comparability
of the individual crowns when examining the accuracy of fit. To ensure this, the crown
shape was calculated using the factory settings (Table 1) stored by the manufacturer for the
respective material in the CEREC SW 4.4.0 software (Dentsply Sirona) and the “biogeneric”
function. It was checked whether the minimum thickness was met at all points before
proceeding to crown fabrication. The materials IPS e.max CAD LT A2 C14 (Ivoclar Vivadent,
Schaan, Liechtenstein) and Celtra Duo LT A2 C14 (Dentsply Sirona) were each processed
with the CEREC MC XL (Dentsply Sirona) CNC unit for the fabrication of 20 crowns.
For both materials, 10 crowns were fabricated using the fastest and finest milling strategy
available: for the IPS e.max CAD material (Ivoclar Vivadent), the milling strategies were fast
(Group A) and extra-fine (Group B), and for Celtra Duo (Dentsply Sirona), fine (Group C)
and extra-fine (Group D). The mean manufacturing times for each group are listed in
Table 2. For the crowns made of IPS e.max CAD (Ivoclar Vivadent), a crystallization firing
was conducted at 850 ◦C for 30 min in the CEREC Speedfire (Dentsply Sirona) ceramic
furnace in accordance with the manufacturer’s instructions to achieve the final hardness
of the material required for insertion. According to the manufacturer, this step was not
necessary for the crowns made of Celtra Duo (Dentsply Sirona).
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Table 1. Factory settings in the CEREC software for IPS e.max CAD (Ivoclar Vivadent) and Celtra
Duo (Dentsply Sirona).

Parameter Default Value

Spacer (radial) 120 μm

Spacer (occlusal) 120 μm

Proximal Contact Strength 25 μm

Occlusal Contact Strength 25 μm

Dynamic Contact Strength 25 μm

Margin Ramp Angle 60◦

Minimal Thickness (radial) 1000 μm

Minimal Thickness (occlusal) 1500 μm

Margin Thickness 50 μm

Table 2. Mean manufacturing times for all groups.

Material Milling Strategy Mean Manufacturing Time Group

IPS e.max CAD
fast 8 min A

extrafine 22 min B

Celtra Duo
fine 14 min C

extrafine 22 min D

The total of 40 crowns and 40 dies were digitized for the following analyses, both indi-
vidually and in combination with the high-resolution, light-optical ATOS Triple Scan (Carl
Zeiss GOM Metrology GmbH, Braunschweig, Germany), whose average measurement
error during object registration is only 3 μm [28]. According to the scan protocol from the
pilot study by Holst, Matta et al. [28], each scan series consisted of three individual scans:
the crown alone, the die alone, and the respective crown on the corresponding die. For the
scan of the crown on the corresponding die, the crown was reproducibly fixed with constant
pressure in a special device using a pin in the central part of the crown. The captured data
were transferred directly to a connected computer in the ATOS Professional 2016 software
(Carl Zeiss GOM Metrology GmbH) to be able to combine the individual scans into one
object and subsequently perform the matching of the scans and the analytical evaluation.

The marginal fit was analyzed both three-dimensionally using a marginal surface
analysis and two-dimensionally in the form of a virtual cross-sectional analysis. For the
three-dimensional marginal surface analysis, an area between the preparation margin and
an offset curve located 1 cm further into the lumen was defined. This area was compared
for each die with the surface of the corresponding inside of the crown, and the fit was
calculated based on distance measurements. The mean deviation of the marginal measuring
area was determined as the arithmetic mean of all measured orthogonal distances from the
die surface to the inside of the crown (“Mean” in μm).

Within the two-dimensional cross-sectional analysis, which was also carried out
using the software ATOS Professional (Carl Zeiss GOM Metrology GmbH), the linear
discrepancies between the crown margin and the preparation margin were recorded with
the help of pre-programmed analysis scripts. The program generated 20 radial sections at
18◦ intervals, starting from the center of the crown or die. For each section, three distances
were calculated according to the classification by Holmes et al. [38]: the “z” distance along
the vertical z-axis of the coordinate system (vertical marginal discrepancy), the “n” distance
in the horizontal plane (horizontal marginal discrepancy), and the “xyz” distance as the
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absolute linear distance between the crown margin and the preparation margin (absolute
marginal discrepancy), as illustrated in Figure 1.

 

Figure 1. Two-dimensional cross-sectional analysis: (A) Visualization of the sections (red/black) and
the absolute marginal discrepancy (green). (B) Illustration of the vectors of the horizontal (n) and
vertical (z) marginal discrepancy. (C) Visualization of the measurement distances after Holmes [38].

A Wilcoxon signed rank test was performed for the statistical analysis of the acquired
data using the statistical software SPSS (version 28.0.3, IBM Corporation, Armonk, NY,
USA), with the significance level being set at 0.05. A graphical overview of the study design
can be found in Figure 2.

 

Figure 2. Overview of the study design.

3. Results

3.1. Three-Dimensional Marginal Surface Analysis

In the marginal surface analysis, smaller discrepancies were found for both materials
when selecting the faster milling strategy (Table 3, Figure 3). However, these results were
only statistically significant for the crowns made of Celtra Duo (Dentsply Sirona) (Table 4).
In the material comparison, the extra-fine milled crowns made of IPS e.max CAD showed a
significantly higher precision with a 16 μm lower mean deviation.
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Table 3. Descriptive statistics of the three-dimensional marginal fit analysis: mean deviation (Mean)
with standard deviation (SD) and the minimum (Min) and maximum (Max) deviation in μm for all
groups.

Group Mean [μm] SD [μm] Min [μm] Max [μm]

A 63 11.2 50 91

B 66 14.2 38 83

C 55 3.3 48 59

D 82 10.6 65 96

 

Figure 3. Violin plots showing the mean distance in μm for all groups (E) for the three-dimensional
marginal discrepancy (A) and the two-dimensional absolute marginal discrepancy (B), as well as the
vertical (C) and horizontal (D) marginal discrepancies.

Table 4. p values for all statistical comparisons as part of the three-dimensional marginal fit analysis.

Variable Group 1 Group 2 p Value

Milling strategy
A B 0.374

C D 0.005

Material B D 0.015

3.2. Two-Dimensional Virtual Cross-Sectional Analysis

In the two-dimensional virtual cross-sectional analysis, the deviations in relation to
the vertical (z-axis), horizontal (n-axis), and absolute (xyz-axis) marginal discrepancy were
examined and compared. For both materials, the restorations fabricated using the fastest
possible milling strategy showed a higher deviation in all three axes (Table 5, Figure 3).

23



Materials 2025, 18, 2184

Table 5. Descriptive statistics of the two-dimensional virtual cross-sectional analysis: mean deviation
(Mean) with standard deviation (SD) and the minimum (Min) and maximum (Max) deviation in μm
for all groups.

Group Axis Mean [μm] SD [μm] Min [μm] Max [μm]

A

xyz 146 24.8 117 204

z 105 27.9 78 163

n 67 16 44 95

B

xyz 87 26 65 143

z 19 36.5 −76 44

n 43 15 24 67

C

xyz 118 12.8 88 134

z 86 10.8 72 100

n 59 12 34 78

D

xyz 111 21.9 86 147

z 54 22 5 81

n 54 8 36 63

When the absolute marginal discrepancy was examined, only the comparison of the
crowns made of IPS e.max CAD with a difference in the mean deviations of 59 μm was
statistically significant (Table 6); for the crowns made of Celtra Duo (Dentsply Sirona), the
difference was only 7 μm. In the material comparison, the restorations made of IPS e.max
CAD (Ivoclar Vivadent) showed significantly higher accuracy, with the mean deviation in
the xyz axis being 24 μm lower.

Table 6. p values for all statistical comparisons as part of the two-dimensional virtual cross-
sectional analysis.

Axis Variable Group 1 Group 2 p Value

xyz
Milling
strategy

A B 0.008

C D 0.26

Material B D 0.022

z
Milling
strategy

A B 0.007

C D 0.005

Material B D 0.005

n
Milling
strategy

A B 0.022

C D 0.332

Material B D 0.066

The same results were obtained for the vertical and horizontal marginal discrepancy.
All comparisons were statistically significant in the z-axis, but only the comparison of the
milling strategies for crowns made of IPS e.max CAD (Ivoclar Vivadent) was significant in
the n-axis.

4. Discussion

In the scientific examination of the accuracy of fit of crowns, there are various method-
ological approaches that are characterized by individual influencing factors that signifi-
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cantly determine the accuracy and clinical relevance of the analyses [39–42]. A key aspect
is the distinction between in vivo patient studies and in vitro laboratory studies. In in vivo
studies, the fabrication of crowns requires customized tooth preparations that vary from
patient to patient, potentially limiting the comparability of data. In addition, patient-
specific challenges during impression-taking can affect the accuracy of measurements [43].
In contrast, in vitro analyses allow the fabrication of impressions and the corresponding
crowns under standardized conditions, which simplifies a differentiated evaluation of the
accuracy of fit. This is also reflected in the fact that a large proportion of the investigations
into the accuracy of fit of crowns are conducted as in vitro studies [44].

The selected restorative material and the manufacturing process also affect the accu-
racy of fit. Nowadays, the dental market offers a wide range of products for monolithic
glass-ceramic restorations manufactured using the CAD/CAM workflow, so it is necessary
to conduct studies to verify the material properties stated by the manufacturer and thus
to find the best possible materials for the clinical application [8,45]. Since both IPS e.max
CAD (Ivoclar Vivadent) and Celtra Duo (Dentsply Sirona) are frequently used in chairside
procedures in everyday clinical practice [46], these materials were to be investigated in the
present study.

The choice of measurement method is a crucial factor in the significance of the study,
whereby Nawafleh et al. recommend a combined measurement method for analyzing
the marginal fit in a review [44]. The triple-scan protocol introduced by Holst, Matta
et al. [28] enables the generation of a large number of measurements per crown during three-
dimensional surface analysis, which significantly increases the informative value of the fit
analysis. In addition, the data generated by the scanning protocol can be used to perform
a further virtual two-dimensional cross-sectional analysis, which eliminates potential
sources of error in the production of replicas and sections. Both measurement methods
complement each other; critical areas with unacceptable margins are more easily identified
in the two-dimensional analysis, while the three-dimensional surface analysis, due to the
high number of measured values, may hide potentially unacceptable deviations within
acceptable average values. Conversely, large deviations in the individual measurements
of the two-dimensional analysis can make a precise assessment of the fit more difficult.
Accordingly, it can be assumed that the combined measurement methodology can ensure a
sufficiently high level of validity for the study [40,47,48].

The first null hypothesis was that the choice of milling strategy has no influence on
the marginal fit of the restoration. This hypothesis must be rejected since the crowns milled
in the fastest possible milling process showed higher marginal discrepancies in the two-
dimensional cross-sectional analysis. When the absolute marginal discrepancy (xyz-axis)
was considered, all mean deviations determined were below the clinically acceptable value
of 120 μm [22,24], except for the fast-milled crowns made of IPS e.max CAD. Other authors
consider margins of up to 150 μm to be sufficient [49]. However, the maximum deviation
in group A significantly exceeded this value at 204 μm. For all other groups, the maximum
deviation remained below 150 μm. The differences between the various milling strategies
were statistically significant only for the crowns made of IPS e.max CAD, with a difference
in the mean deviation of 59 μm (p = 0.008); for the crowns made of Celtra Duo (Dentsply
Sirona), the difference was only 7 μm (p = 0.26).

The results of this study, with a mean deviation of 87 and 146 μm for IPS e.max CAD
(Ivoclar Vivadent) and 111 and 118 μm for Celtra Duo (Dentsply Sirona), are in the same
range as the results of similar comparative studies [39,49–53]. For IPS e.max CAD (Ivoclar
Vivadent), values between 55 μm [39] and 146 μm [53] are found in the literature, while for
Celtra Duo (Dentsply Sirona), the range includes values from 46 μm [52] to 131 μm [49].
These considerable differences can be attributed to different manufacturing parameters in
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crown production and differences in the measurement methodology. However, the chosen
manufacturing strategy was not mentioned in any of the comparative studies, making it
difficult to critically evaluate the differences identified in this work.

When the individual axes were examined, the crowns manufactured using the extra-
fine grinding process always showed less deviation, although the comparison in the
horizontal axis for the crowns made of Celtra Duo (Dentsply Sirona) was not significant
(p = 0.332). There is also hardly any comparative data available here; some results for IPS
e.max CAD (Ivoclar Vivadent) can be found for the vertical discrepancy alone. In a study
by Neves et al., this was 39 ± 9 μm [54]; Mostafa et al. found a value of 33 ± 20 μm in
their study [55]. Both results are within the range of values in this study of 19 ± 37 μm and
105 ± 28 μm, respectively. However, no information on the milling strategy used can be
found in the studies, either.

When comparing the milling strategies as part of the three-dimensional marginal
surface analysis, the crowns produced in the respective fastest possible process proved
to be more precise, whereby the difference with a mean deviation of 27 μm was only
significant for the restorations made of Celtra Duo (Dentsply Sirona) (p = 0.005). For the
crowns made of IPS e.max CAD (Ivoclar Vivadent), the results were very close to each
other, with deviations of 63 ± 11 μm and 66 ± 14 μm, respectively (p = 0.374). This
three-dimensional marginal surface analysis considers a 1 cm wide area starting from the
preparation margin, which is referred to as the “internal marginal gap” according to Holmes
et al. [38]. Within this area, over 10.000 individual measurement sections are defined, from
which the mean value is calculated. In contrast, the two-dimensional virtual cross-sectional
analysis evaluates the absolute marginal discrepancy, i.e., the actual distance between
the cervical restoration margin and the preparation margin. In addition, the vertical and
horizontal marginal discrepancies can be viewed in isolation by vector determination. Due
to these facts, this two-dimensional analysis method can be considered more relevant with
regard to the marginal fit of the restoration.

The second null hypothesis was that the selected restorative material has no influence
on the marginal fit. This hypothesis must also be rejected since the restorations made of
Celtra Duo (Dentsply Sirona) showed significantly higher marginal discrepancies in both
analysis methods. In the three-dimensional analysis, the difference in mean deviations
was 16 μm (p = 0.015), and in the two-dimensional analysis, it was 24 μm (p = 0.022) for
the absolute marginal discrepancy. In a recent study, Elsayed et al. also found a higher
marginal fit for IPS e.max CAD (Ivoclar Vivadent) compared to Celtra Duo (Dentsply
Sirona) [39], but studies with opposite results can also be found [51,52]. This inconsistent
data situation can be attributed to different study designs and the associated challenges in
the comparability of the measurement methods. It is also possible that these differences are
influenced by other factors, such as the thickness of the titanium oxide powder layer or the
positioning of the crowns on the dies [56].

Despite the informative results of this study, its limitations must also be considered.
For one thing, the selected crown shape could have influenced the milling precision since
the milling machine may have had more difficulty reaching some areas depending on
the geometry of the restoration. For another, although the two materials examined are
frequently used, they represent only a small part of the product range of dental glass-
ceramics [10].

Regarding future research approaches, the investigation of CAD/CAM-fabricated
glass-ceramic crowns in relation to the possible influence of the crown material and the
manufacturing strategy could be extended by considering additional parameters in addition
to the accuracy of fit. These include surface quality, wear behavior, and survival rates,
which could be determined using chewing simulators. Such an extension of the analysis
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would enable well-founded conclusions to be drawn that would allow a differentiated
recommendation for clinical application. Given the increasing use of monolithic single-
tooth crowns made of different composite or zirconia blocks in clinical practice, it would
also be useful to examine these materials in more detail in the context of the present
work. This could provide valuable insights for practical application and help to optimize
treatment outcomes.

5. Conclusions

Considering the limitations of this in vitro study, the following conclusions can
be drawn:

� Choosing the faster milling strategy leads to higher marginal discrepancies, regardless
of the material used

� When fabricating crowns from IPS e.max CAD (Ivoclar Vivadent), choosing the fast
milling strategy can result in clinically unacceptable marginal gap values

� The smallest marginal discrepancies were achieved with the material IPS e.max CAD
when the extra-fine milling strategy was selected

� Both materials investigated are suitable for crown fabrication using the chairside
technique if the appropriate milling strategy is applied

When using lithium disilicate ceramics chairside, it is important to consider whether
the time saved by choosing the faster milling strategy justifies the risk of clinically unac-
ceptable marginal gap values.
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Abstract: This study examines the impact of different 3D printing technologies on the accu-
racy of implant positions in printed dental models, a crucial factor in implant-supported
prosthetics. A standardized titanium model with three bone-level implants was scanned
using an industrial scanner to create a virtual reference model. Ten intraoral scans of the
same model were performed, and the generated STL files were used to design physical
models printed with three different 3D printers: two utilizing digital light processing (DLP)
technology and one employing stereolithography (SLA) (n = 30). The printed models
were then rescanned, and deviations from the reference STL file were analyzed. Results
showed that the SLA printer exhibited the highest deviations (0.26 ± 0.17 mm), whereas
the DLP printers demonstrated greater accuracy, with one DLP system (0.07 ± 0.02 mm)
performing slightly better than the other (0.12 ± 0.13 mm). The SLA printer exhibited the
most significant errors in the vestibulo-oral and occlusal-apical directions. The findings
suggest that DLP printers offer superior precision for implant-supported restorations in
digital workflows. Clinically, the choice of 3D printing technology significantly impacts
model accuracy, emphasizing the importance of selecting the appropriate printer based on
the required precision.

Keywords: computer-aided design/computer-aided manufacturing (CAD/CAM); digital
workflow accuracy; implant dentistry; 3D printing in dentistry; additive manufacturing
dentistry

1. Introduction

The treatment of patients with implant-supported or implant-retained solutions plays
an increasingly important role in everyday clinical practice [1]. Dental implants offer
advantages in terms of esthetics as well as tooth preservation and function. They are
increasingly being used not only to replace individual lost teeth, but also to treat edentulous
patients [2]. Implants are a valuable alternative to mucosa-supported full dentures in
such situations [3].

After successful implant placement and a variable healing phase, the prosthetic restora-
tion is fitted, involving impression taking, restoration fabrication, and placement on the
patient [4]. Implant prosthetic restorations can follow conventional or digital workflows,
which should not be viewed as strictly separate.
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In the conventional workflow, open and closed impressions are used, with studies
showing that the open approach is more precise [5,6]. After fabrication of plaster models
from patient impressions, the superstructure can be constructed either conventionally or
digitally after digitization [7].

Scanbody geometries are then superimposed on the virtual 3D impression to register
the exact implant position [1,8,9]. Studies on intraoral scanners indicate that their pre-
cision is clinically acceptable for individual implants or short-span bridges, but not yet
sufficient for long-span restorations, prompting the investigation of scanning aids for such
cases [10–13]. The digital design of the superstructure is directly based on intraoral scan
data, minimizing errors by reducing additional transmissions and manual steps [8].

However, in most cases, a physical model is required to check and finalize the machine-
made superstructure. On the one hand, manual work steps such as individual veneering can
only be carried out on a model. On the other hand, restorations fabricated in the laboratory
are classified as medical devices according to European law and must be checked by the
dental technician for criteria such as gap-free and rocking-free fit on the model, correct
clearance, positioning, or proximal contact verification before delivery to the dentist [14–16].

As the digital workflow becomes increasingly established, there is a need to transfer
the information obtained during intraoral scanning into an exact physical model. In
addition to subtractive methods, in which the models are milled from various plastics
using milling machines, additive methods are also available [17,18].

Various 3D printing systems have increasingly found their way into everyday dental
practice and dental technology in recent years. Initially used primarily for the fabrication
of models, the technology now enables the precise manufacturing of provisional or defini-
tive prostheses, bridges, or crowns [19,20]. Additionally, 3D printing is employed in the
precise planning of surgical procedures, such as the creation of drill guides for implant
placements [21,22]. Frequently used technologies include digital light processing (DLP)
and stereolithography (SLA) methods [17,19,20]. The main advantages over subtractive
production methods are their material efficiency and speed, which also result in lower
costs [21,22]. Studies investigating the accuracy of 3D-printed models show that clinically
acceptable results are achieved [23,24]. At the same time, numerous factors were identified
that significantly influence the results of an additively manufactured model. In addition to
the printer technology, the specific printer model, and the material used, parameters such
as build angle or layer thickness can also have a significant impact on quality [19,25,26].

Stereolithography (SLA) was the first 3D printing process and served as the foundation
for all subsequent technologies. It remains widely used today. During the printing process,
the build platform is submerged in a reservoir filled with printer resin until it stops just
before reaching the bottom. A UV laser is then used to polymerize the first layer of the
object onto the build platform through the translucent window of the reservoir. The
build platform subsequently moves upward allowing fresh resin to flow beneath it before
returning to the viewing window, where the next layer is polymerized [27–29]. Digital light
processing (DLP) follows a similar principle to SLA, with the key distinction being the light
source used for photopolymerization. Instead of a laser, DLP employs a semiconductor
plate with microscopically small mirrors, known as a digital micromirror device, which
exposes the entire cross-section of the object at once [19,28,29].

Ultimately, many processes in additive manufacturing with 3D printers are specially
tailored to the printer model being used. For example, the resolution of different printers
varies and material properties such as the viscosity of the printer resin or the wavelength
and light intensity required for curing must be compatible between the printer and its
resin [19]. While both mechanical and biological material properties are of central impor-
tance for applications such as drilling templates or temporary and permanent restorations,
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it is above all the precision of the material that is decisive for models that are used purely
in the dental laboratory [24–26]. Table 1 shows additional information on the printer resins
used and their recommended processing parameters.

Table 1. More details on the printer resins and their recommended processing parameters.

Resin 1
IMPRIMO® LC Model Beige

(DLP—ASIGA MAX UV)

Resin 2
PRO RESIN, MODEL X
(DLP—Straumann P30)

Resin 3
Formlabs Dental Model Resin

(SLA—Form 3+)

composition
alkoxylated bisphenol-A
dimethacrylate, phosphine oxide,
stabilizers, dyes, and pigments

UDMA, diacrylate, acrylic resin,
phosphine oxide

bismethacrylate, methacrylate
monomers, ethyl
phenylphosphinate

layer height 50 μm 50 μm 50 μm

build angle 0◦ 0◦ 0◦

mean printing time 37 min 32 s 45 min 12 s 1 h 50 min 8 s

printing
temperature 30.0 ◦C 35.0 ◦C 35.0 ◦C

wavelength 385 nm 385 nm 405 nm

light intensity 11.7 mW
cm2 no available information 250 mW Laser

While the influence of individual factors on the quality of printed models has been
well researched [25–28], the extent to which individual printers and their technologies,
together with the recommended materials are suitable for the production of high-precision
implant models has been little investigated to date. The aim of this study was therefore
to compare the achievable accuracy of different validated systems for the fabrication of
implant models. The data presented in the study by Revilla-León et al. [24], which examined
the accuracy of 3D-printed compared to conventionally produced implant models, has
already demonstrated that 3D-printed models can be used in a comparable manner to
the conventional workflow. Building on this, the novelty of the present study lies in the
comparative analysis of different self-contained workflows for a comprehensive evaluation
of these systems and their suitability for the production of implant models. To the best of
our knowledge, there is no available information regarding the positioning accuracy of
laboratory analogs in comparison to a reference for the printers examined in this study,
using the printer resins employed. The influence of the printer model and its technology
was investigated using the parameters, materials, and post-processing specified by the
manufacturer of each printer.

The null hypothesis is that the printer model and its technology have no influence on
the position of the implants in the printed implant model.

2. Materials and Methods

The aim of this in vitro study was to examine the trueness of the implant position in
printed models as a function of the printer technology used. The accuracy was investigated
as a function of three different 3D printers using a total of two different technologies.
The ASIGA Max UV (ASIGA, Sydney, Australia) and the Straumann P30+ (2) printer
(Rapidshape, Heimsheim, Germany) were examined as representatives of DLP technology,
while the SLA printer Form 3+ (3) (Formlabs GmbH, Berlin, Germany) was compared.

As a reference model, an edentulous maxilla was milled from titanium using a CNC
milling machine (NobelProcera, Nobel Biocare Services AG, Zürich, Switzerland). The
reference model represented the left half of the upper jaw. The total volume was 7269 mm3

with a surface area of 4422 mm2. Three bone-level implants (TiZr, ø 4.8 mm RC, SLA
12 mm, Roxolid, Loxim; Straumann AG, Basel, Switzerland) were then placed in the milled
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titanium model and fixed using a laser. The implants in the anterior and premolar regions
were placed at a right angle to the model base and the implant in the posterior region
was placed at an angle of approximately 15◦ to the distal (see Figure 1a). Scanbodies from
Medentika (L-Series L1410; Medentika GmbH—Straumann Group, Hügelsheim, Germany)
were selected to record the implant position according to a digital workflow (see Figure 1b).

Figure 1. (a) Medentika scanbodies screwed onto reference titanium model; (b) Medentika Scanbody
L-Series L1410; (c) laboratory analog from Medentika (L-Series L81; Straumann GmbH, Freiburg im
Breisgau, Germany).

In order to ensure a non-reflective, matte surface, the titanium model was sandblasted
with aluminum oxide abrasive, leaving out the implants. To increase the accuracy of
the individual scan alignments, the model was then covered with measurement markers
(Reference markers 0.8 mm; GOM GmbH, Braunschweig, Germany). The titanium model
with manually screwed-in scanbodies was digitized using the ATOS So4 II industrial
scanner (ATOS, GOM GmbH, Braunschweig, Germany) to generate a Standard Tessellation
Language (STL) reference file [30].

Using the Primescan intraoral scanner (Dentsply Sirona, Bensheim, Germany; Primes-
can AC; Connect SW 5.2), 10 scans of the same model were then taken. To simulate as
realistic a patient scenario as possible, the scanbodies were screwed in manually before
each scan. The generated intraoral scan STL files were imported into the CAD software
3Shape (3Shape Dental Manager, Copenhagen K, Denmark, Version 2.21.1.0) and models
were constructed. The implant position was aligned using a 3-point overlay process. As in
other studies, this method showed better results than automatic single-point alignment [30].
The implant-analog-holder offset (IAH), which refers to the gap between the laboratory
analog and the printed model, was set to 0.06 mm, as other studies have shown that the
highest positional accuracy is achieved for IAH offsets between 0.04 and 0.06 mm [31].

The STL model data (n = 10) were then exported and converted into 10 physical models
each (n = 30) using three different 3D printers. The first of the 3D printers with DLP tech-
nology to be tested was the ASIGA MAX UV (group A) (ASIGA, Sydney, Australia). After
the nesting process with the associated nesting software ASIGA Composer (Version 1.2.12),
10 models were produced with the printer resin IMPRIMO® LC Model Beige (SCHEU-
DENTAL GmbH, Iserlohn, Germany) (n = 10). In addition, the DLP printer Straumann
P30+ (group B) (Rapidshape, Heimsheim, Germany) was examined, using the nesting
software AUTODESK NETFABB (Autodesk, Version 2022.0) and the printer resin PRO
RESIN, MODEL X (Straumann GmbH, Freiburg im Breisgau, Germany). The third system
examined was the SLA printer Form 3+ (group C) (Formlabs GmbH, Berlin, Germany) with
the nesting software PreForm (Version 3.33.1) and the printer resin Formlabs Dental Model
Resin (Formlabs GmbH, Berlin, Germany). The selection of materials and parameters for
the printing process was based on the manufacturers’ recommended specifications for the
3D printers. However, all models were nested with their base parallel to the build platform,
and a layer thickness of 50 μm was maintained (see Figure 2a). Table 1 provides more
detailed information on the materials used and their corresponding processing parameters.
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Figure 2. (a) Nesting of digital implant models using ASIGA Composer nesting software as an
example; (b) printed model after post-processing and with laboratory analogs placed.

The post-processing of the printed models (n = 30) was also carried out according to
the manufacturer’s specifications using the washing and light-curing devices associated
with the printers. All models printed with DLP technology were post-processed with the
Straumann P-Wash and P-Cure device (Straumann GmbH, Freiburg im Breisgau, Germany).
The parameters stored by the manufacturer were selected for the corresponding materials.
The P-Wash unit uses two separate containers of isopropanol as a solvent, one for an
initial rough cleaning and a second pass for final cleaning. Post-curing in the P-Cure unit
takes place under vacuum. For the SLA-fabricated models, cleaning was performed using
the Form Wash (Formlabs GmbH, Berlin, Germany) cleaning device. The models were
washed in isopropanol for 10 min before being post-cured for 30 min in the Form Cure
light-curing unit.

After post-processing, the printed models were fitted with laboratory analogs
from Medentika (L-Series L81; Straumann GmbH, Freiburg im Breisgau, Germany)
(see Figures 1c and 2b).

The models were then coated using an airbrush gun and a solution of Rutile Titanium
White in ethanol (GOM GmbH, Braunschweig, Germany) to avoid reflections and covered
with reference markers. The scanbodies were then screwed into the laboratory analogs
of the printed models and the models were digitized using the ATOS So4 II industrial
scanner (ATOS, GOM GmbH, Braunschweig, Germany) (n = 30). The digitization of the
printed models was performed for all groups within 2 days after their production in order
to minimize dimensional changes due to longer storage periods.

The accuracy of the implant positions in the printed models was analyzed by su-
perimposing the resulting STL data with the reference STL file in the ATOS Professional
software (v2018; GOM GmbH, Braunschweig, Germany) using a best-fit alignment of the
model surface while omitting the scanbody surface (see Figure 3b–d). This step is essential
to prevent alignment with the scanbody, as this would be undesirable at this stage. A
best-fit alignment that includes the scanbody surface would distort the results, leading to
significantly reduced deviations.

In order to compare the implant position with the reference STL file, measurement
points were determined on the scanbodies of the reference STL and the individual STL data
sets. For this purpose, a fitting cylinder with maximum contact to the scanbody surface
and a maximum congruent plane perpendicular to the fitting cylinder was constructed.
The measurement point for each implant is defined by the intersection of the cylinder axis
with the vertical plane at the top of each scanbody, resulting in three measuring points
for each model. Deviations from these reference points were plotted in a 3D coordinate
system, with the X-axis representing the mesio-distal orientation, the Y-axis representing
the oro-vestibular orientation, and the Z-axis representing the cranial-caudal orientation
(see Figure 3a). In addition to the deviations in the individual planes, the Euclidean distance
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dXYZ was determined as the 3D deviation resulting from the vector of the displacement
relative to the three spatial planes. The deviations from the reference STL were given as
maximum, average, and minimum deviation in mm (see Table 1). This method can be
classified as suitable, as it has also been used successfully in other studies [6,30,32,33].

Figure 3. (a) The 3D coordinate system used, where the X-axis represents the mesio-distal orientation,
the Y-axis represents the oro-vestibular orientation, and the Z-axis represents the cranial-caudal
orientation. (b–d) Examples of the virtual calculation of 3D deviations in the ATOS Professional
Software: (b) surface selection of the digitized printed models for the matching process with the
reference STL data set, (c) overlaying of the STL data with the reference STL file, and (d) determination
of the deviation between the STL of a printed model and the reference STL using a fitting cylinder
and fitting plane.

The data were categorized into three groups: group A includes measurements from
models printed with ASIGA MAX UV, group B contains those from Straumann P30+, and
group C consists of models produced with Form 3+. Figure 4 provides an overview of the
study design.

Statistical analysis was performed with the software R (Version 3.1.1 2014-07-11,
R Core Team, R Foundation for Statistical Computing, Vienna, Austria). The Mann–
Whitney U test was used to compare the printers with each other. This test is particularly
suitable if the data are not normally distributed or correspond to ordinal scales, as it makes
no assumptions about the distribution of the data. The significance level was set at p < 0.05,
which means that the probability of observing an outcome that is at least as extreme as the
observed outcome must be less than 5% for a true null finding to be considered statistically
significant. This strict threshold (p < 0.05) was chosen to ensure high precision in the results
and to minimize the risk of 1st type errors (falsely rejecting the null hypothesis).
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Figure 4. A representation of the study procedure with the individual study groups.

3. Results

Overall, the data obtained showed that the implant models produced by the SLA
printer (Form 3+/Formlabs/SLA) (group C) exhibited significantly greater discrepancies
(0.26 ± 0.17 mm) in the overall three-dimensional deviation of the implant positions,
represented by the Euclidean distance dXYZ, compared to the reference, than the models
produced by the two printers using DLP technology (p < 0.001) (see Table 2).

The two DLP printers again showed comparable values to each other, whereby the
Straumann P30+ printer (0.07 ± 0.02 mm) (group B) achieved significantly higher accu-
racy in the overall deviation compared to ASIGA MAX UV (0.12 ± 0.13 mm) (group A)
(p = 0.006) (see Figure 5). The collected data show a significant standard deviation, particu-
larly in the Z-axis measurements of the SLA printer Form 3+. A lower standard deviation
is observed in the measurements of the DLP printer ASIGA MAX UV, with the lowest
standard deviations found in the DLP printer Straumann P30+. Our research has shown
that the repeatability of the examined Straumann P30 DLP printer can be classified as very
good. No outliers were observed, unlike the case with the DLP printer ASIGA MAX UV,
and to an even greater extent with the SLA printer Form 3+. Figures 5 and 6 illustrate these
outliers as circles on the corresponding measured values.
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Table 2. Summary of the mean distance with standard deviation (SD) and the minimum (Min) or
maximum (Max) distance in mm between the STLs of the respective groups A, B, and C and the
corresponding reference files for the X-, Y-, and Z-axis as well as the Euclidean distance dXYZ.

Group Mean SD Min Max

Group A ASIGA MAX UV dXYZ 0.12 mm 0.13 mm 0.03 mm 0.79 mm
DLP 1 x 0.06 mm 0.05 mm 0.00 mm 0.21 mm

y 0.05 mm 0.03 mm 0.01 mm 0.11 mm
z 0.06 mm 0.14 mm 0.01 mm 0.78 mm

Group B Straumann P30+ dXYZ 0.07 mm 0.02 mm 0.03 mm 0.10 mm
DLP 2 x 0.03 mm 0.02 mm 0.00 mm 0.07 mm

y 0.04 mm 0.02 mm 0.00 mm 0.08 mm
z 0.03 mm 0.01 mm 0.00 mm 0.05 mm

Group C Form 3+ dXYZ 0.26 mm 0.17 mm 0.09 mm 0.93 mm
SLA x 0.05 mm 0.05 mm 0.00 mm 0.18 mm

y 0.17 mm 0.06 mm 0.08 mm 0.37 mm
z 0.14 mm 0.20 mm 0.01 mm 0.91 mm

Figure 5. Statistical comparison of groups A and B, B and C, and A and C, with corresponding
p-values for Euclidean distance dXYZ. The white circles represent the outliers.

When looking at the deviations in the individual spatial planes, the models man-
ufactured using SLA technology (group C) show a greater deviation in the Y-axis
(0.17 ± 0.06 mm) and Z-axis (0.14 ± 0.20 mm) compared to the X-axis (0.05 ± 0.05 mm)
(see Figure 6).

No significant difference was found with regard to the implant position in the anterior,
premolar, or posterior region.
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Figure 6. Boxplots for the comparison of groups A, B, and C for the Euclidean distance dXYZ, as well
as the individual spatial planes X-, Y-, and Z-axis. The white circles represent the outliers.

4. Discussion

The digital workflow is increasingly being used in the treatment of patients with fixed
dentures on implants. The focus is on saving time for both practitioners and patients,
reducing costs and material usage, and minimizing sources of error [7,8,14].

In addition to the long-established subtractive methods of manufacturing dentures
using CNC milling, additive manufacturing methods using 3D printers are becoming more
relevant. The production of models is a frequent application of this technology [19–22].

If models are designed and fabricated purely based on an intraoral scan, there is no
physical working basis for the manual post-processing and subsequent final inspection of
implant restorations fabricated in the CAD/CAM workflow [6–8]. This makes it necessary
to transfer the information obtained from the intraoral scan as accurately as possible into a
physical model [14].

For this study, three different printers were selected for the production of implant
models. Two printers using DLP technology were compared with each other as well as with
a printer using SLA technology. The high-precision industrial scanner ATOS So4 II was
used for this study both to generate a reference STL and for the 3D evaluation of the printed
models, which also allows potential errors in the intraoral scan to be detected [6,32,33]. To
minimize other factors influencing the printed models, the same parameters were applied
to all models and the manufacturer’s validated printer resin was used.

Numerous studies have examined the quality of printed models [27–29,34–38]. Vari-
ous factors were found to influence the accuracy of such models. In addition to the printing
technology examined in this study, the selected printing parameters, such as the build angle,
the layer thickness, placement on the build platform, and printing temperature, also play a
role [25,27,34,35]. The procurement of the printing resin and the post-processing after the
printing process also have an influence on the quality [36]. The influence of different print-
ers and their technology on the positioning accuracy of the implant analogs in the model is
still poorly understood. In this context, the aim of this study was to determine whether
clinically acceptable implant models can be produced with the selected printers and which
systems produce the best results with the processes specified by the manufacturer.
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To test the null hypothesis, the deviation of the implant position was compared by
superimposing the scanbody geometry in the printed model with the reference model, with
regard to the Euclidean distance and along the x, y, and z axes. The x and y axes together
ensure two-dimensional movement in the print plane and thus generate the horizontal
outline of the model to be printed. The resolution of the printer plays a decisive role here.
In the case of DLP technology, this depends on the pixel density of the projector. In this
context, a smaller print area also means a higher resolution. With SLA technology, this
resolution is theoretically infinitely variable, as the laser has no fixed pixels. In practice, the
resolution is limited by the dot size of the laser and its movement via the mirror system [29].
Figure 7 shows a schematic representation of the different operating modes in relation to
their resolution. The z-axis adds the third dimension by changing the height of the print.
The precision of the movement of the building platform and the curing depth of the light
source used for polymerization may play a decisive role here. The larger deviations in the
z-axis shown in our study for the SLA printer compared to the two DLP printers could
indicate a lower precision in this movement.

Figure 7. A comparison of the functionality of DLP versus SLA in relation to the x/y-axis and
the resulting resolution. (a) In the DLP process, the entire layer is exposed simultaneously. The
resolution is determined by the pixel size. (b) In the SLA process, the layer is drawn by a laser dot.
The resolution depends on the diameter of the laser spot.

Overall, the null hypothesis was rejected, as there were statistically significant devia-
tions in the implant positions in the printed models depending on the printer used. The
lower deviations in Euclidean distance achieved by the two DLP printers (0.07 ± 0.02 mm
for Straumann P30 group B and 0.12 ± 0.13 mm for ASIGA MAX UV group A) can be com-
pared with values from similar studies [27,28,37]. In a study in which surgical guides were
produced using DLP printers (D20 II; Rapid Shape) and SLA printers (Form 2; Formlabs),
Vinzenz Le et al. found that the accuracy of the DLP-produced guides was higher [28]. Elisa
Caussin et al. explained in a systematic review that for small print volumes, DLP printers
enable higher accuracy than SLA printers, as the resolution of the DLP technology’s projec-
tor is higher on a smaller area than can be achieved by the laser of an SLA printer [29]. At
85 μm, the diameter of the laser spot on the SLA Form 3+ printer examined in this study is
larger than the individual pixels of the DLP printers examined. According to the manufac-
turer, these have a resolution of 62 μm (ASIGA MAX UV) and 34 μm (Straumann P30). The
resolution of the printers examined in the x and y planes thus follows the same gradation as
the results measured in this study with regard to the accuracy achieved. A direct correlation
with the resolution of the printer used is therefore very likely.

A study that examined two of the printers investigated here with regard to the accuracy
of a printed maxillary dental arch also found a higher trueness for the DLP printer ASIGA
Max UV compared to the SLA printer Form 3+. The simultaneous and therefore more even
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polymerization in each layer was cited as a possible reason for this [27]. In a systematic
review from 2020, deviations of 59-150 μm were classified as clinically acceptable for
implant prosthetic restorations on printed models [38]. In the present study, all measured
deviations of the DLP printer Straumann P30 (group B) showed values below 150 μm,
so that the printer can be assessed as suitable for the production of implant models. On
average, the measured values of the DLP printer ASIGA Max UV (group A) were also below
150 μm, although a deviation above 150 μm was measured at 3 of the 30 measuring points.
With a maximum deviation of 150 μm, the models of the SLA printer (group C) can be rated
as clinically unacceptable, which showed significantly larger deviations of 0.26 ± 0.17 mm
both in individual measurements and on average. The largest deviations were found in the
Y (0.17 ± 0.06 mm) and Z axes (0.14 ± 0.20 mm). In a previous study in which the positional
accuracy of laboratory analogs in models produced with different printer technologies was
also investigated, a larger overall deviation was found for the SLA printer compared to the
DLP printer investigated, whereby higher accuracy in the Z-axis was found for the SLA
printer than for the DLP printer [24]. However, the comparability of these data with the
present study is limited by the different printers and printing parameters used.

The various factors already identified, such as the printer resin and the post-processing
used, which make it difficult to draw clear conclusions about the sole dependence of
trueness on the printer used and its technology, can be cited as a limitation of this study.
Furthermore, all data collected in this study were based on intraoral scans in an idealized
in vitro situation. It is to be expected that patient-specific factors in the clinical setting
generate additional errors that could accumulate in the further workflow. As a potentially
relevant parameter in the design of the models in the CAD software, the set implant-analog-
holder (IAH) should be considered, which could influence the positioning of the analogs
in the printed model. In the present work, a spacer of 0.060 mm was selected, as this
proved best results in preceding studies and was the recommendation of the model design
software [31]. The extent to which different values influence the position of the analog
should be investigated further. In order to produce the most accurate results possible, a
calibration was carried out for each printer before the printing process according to the
manufacturer’s specifications. A reduced calibration interval or irregular maintenance of
the 3D printers could also have a negative impact on the trueness of the printed models.

Future studies should extend the results obtained here with other printers and ma-
terials and add clinical parameters such as fit, occlusal, and proximal contacts of implant
prosthetic restorations fabricated with printed models. In addition, in view of the large
number of different laboratory analogs for printed models, the question arises as to what
influence their technology and geometry have on the positional accuracy in the printed
model. While the results presented here focus on the dental technology aspect of the
digital implant workflow, it still allows conclusions to be drawn about, for example, the
suitability of different printer technologies for the production of surgical guides. It is rec-
ommended that future studies investigate the extent to which sufficiently precise surgical
guides can be produced with different systems and which manufacturing parameters have
an influence on accuracy.

5. Conclusions

Within the limitations of this in vitro study, the following conclusions were drawn:

1. The technology of the printer used has a significant influence on the accuracy of
3D-printed implant models (p < 0.001).

2. The two DLP printers examined show mostly higher trueness, (0.07 ± 0.02 mm) and
(0.12 ± 0.13 mm), respectively, than the SLA printer examined (0.26 ± 0.17 mm).
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3. The DLP printer P30 shows very good reproducibility in its results and can be recom-
mended for the fabrication of implant models.

Based on this study, the printer used should be carefully selected depending on the
accuracy required for the respective indication. For the production of implant models, a
high-precision dental DLP printer is recommended.

It is to be expected that newer generations of 3D printers will increase their accuracy.
Larger build platforms and a trend towards the automation of individual work steps,
such as separation from the build platform, will make production more efficient and
further reduce potential sources of error. The obtained results also provide insights into
the suitability of the employed printer technologies for additive manufacturing of other
materials, such as ceramics, within a digital workflow. High-precision 3D printers could be
utilized for the fabrication of patient-specific ceramic implant bodies, thus expanding the
range of applications for 3D printing in implant dentistry.
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Abstract: Background: In dental implants, micro-gaps at the fixation–abutment inter-
face can cause peri-implantitis and/or loosening or loss of the fixation screw; therefore,
three-dimensional imaging is widely used to examine different types of connections. In
the present study, we focus on the analysis on biconometric connections to detect and
(possibly) measure the presence of micro-gaps in the as-positioned state and after repeated
loading and unloading. Methods: Seven biconometric dental implants were characterized
using micro-computed tomography (micro-CT). In two specimens (group 1), the cap was
inserted, and only the apical portion was imaged, to evaluate the cap–abutment connection;
in the remaining five specimens (group 2), the fixture–abutment connection was analyzed.
Two implants in group 2 were also subjected to load tests to verify whether stresses could
induce the formation of micro-gaps as a consequence of preload loss. Results: Micro-CT
analysis showed the absence of micro-gaps greater than 10 μm in both cap–abutment
and abutment–fixture connections. This was verified, in the fixture–abutment connection,
even after mechanical loading and unloading. The results were reproducible in all the
investigated samples in the different experimental conditions. Conclusions: In the human
force range during chewing, the conical connection showed a high level of resistance to
micro-gap formation at the implant–abutment interface. The absence of micro-gaps, as
demonstrated here, provides encouraging preliminary data regarding the stability of the
biconometric connections, which will be further verified in follow-up studies on a larger
sample size.

Keywords: dental implants; conometric connection; mechanical testing; micro-computed
tomography; micro-gaps

1. Introduction

A mismatch between fixture and abutment in dental implants may result in
two main implications: biological complications, such as peri-implantitis [1,2], and mechan-
ical complications, such as loosening or loss of the fixation screw and, consequently, fracture
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of the prosthetic superstructure [3]. Therefore, a good fixture–abutment fit, together with
the choice of proper materials/coatings for implant and crown manufacturing [4,5], can
determine the success of the implant and good osseointegration [6].

In this context, the availability of a peri-implant mucosa of adequate size and organi-
zation certainly plays a primary role, as it allows for a correct continuum between epithelial
and connective tissue, avoiding bone resorption [7,8]. Furthermore, the implant–abutment
interface also controls the degree and location of peri-implant inflammatory cell accumula-
tion, which can contribute to the extent of implant-associated alveolar bone loss [9]. Indeed,
if the soft tissue size is not adequate, bone resorption occurs. Relatedly, changes in bone
ridge level appear to be dependent on the location of the micro-gap [10,11].

To date, the two most-used techniques for prosthetics on endo-osseous implants are
screwed and cemented ones. Screwing the prostheses onto the implants has the advantage
of an easier application of the prosthesis and equally easier removal, but it has issues
related to the access holes for the screwdriver, which must always be closed for esthetic
reasons. This step requires the use of thin porcelain, with a risk of chipping, and it
could represent an access route for bacteria that can contaminate the inner portion of
the implant [12]. Conversely, the cementation of prostheses has the primary advantage
of a lack of screw holes, enhancing esthetics; however, the principal disadvantage is
the challenge of removing the restoration once cemented, compounded by the cement
frequently accumulating beneath the gum, which is difficult to remove and serves as
a prime reservoir for plaque and inflammation, often resulting in “pericementitis”. As
previously noted, in cemented prostheses, the abutment is also affixed beneath the gingiva,
leading to the aforementioned issues [13].

Currently, a conometric connection represents an alternative with a different rationale,
as it does not involve the use of either screwing or cementation. The conometric prosthesis
utilizes a tapered abutment affixed to the fixture via a Cone–Morse connection, positioned
in a platform-switching manner beneath the gingival and bone profile. This is implemented
during the implant surgery using the “One Abutment One Time” technique, which regulates
all variables concerning the infiltration of organic fluids and tissue debris at the interface.
The abutment, uniform across all implant diameters and lengths, is distinguished solely
by its height/angle adjustment, to accommodate tissue thickness for superficialization and
to correct disparallelisms between implants. The benefits include the absence of holes, the
elimination of cement, and straightforward restoration removal. Indeed, an optimal healthy
tissue appearance has been clinically observed, and proved to be sustained throughout
time [14,15]. In this context, a bi-abutment connection—called “biconometry”—represents a
novelty; it is made of three components: a fixture and abutment, coupled via a Cone–Morse
connection, and a metal or poly-ether-ether ketone (PEEK) cap, coupled by friction to the
abutment via a 4◦ conometric connection.

According to Schmitt et al. (2014) [16], the conical connection provides an ideal fit
between the implant and the abutment, resulting in isolation of the internal part of the
implant from the oral cavity. In this way, microleakage and the risk of rapid loosening
are reduced. Furthermore, the load of the conical connection is transferred along the
two constructions, ensuring an even distribution of forces and also providing greater
stability from a mechanical point of view [16,17]. Moreover, in a literature review on
different implant connections, Vinhas et al. (2020) showed that Cone–Morse connections
are less prone to mechanical complications, such as fractures and screw loss [18].

Despite the success demonstrated by conical connections in clinical practice, the in-
cidental presence of micro-gaps continues to be repeatedly investigated within different
frameworks and at different resolutions. Among these, worthy of mention is a study
that used synchrotron radiation to analyze, during compression tests up to 100 N, the
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mechanical behavior in the coupling area of conical implants, also attempting to detect
micro-movements [19]. Another study recorded, by means of a high-resolution and high-
speed X-ray camera, a chewing simulator with dynamic and static loading up to 200 N on
twenty implants, some with conical implant–abutment connections and others with flat con-
nections; the conical connections did not show micro-gaps, while some micro-movements
were found for the flat connections, both in static and dynamic loading conditions [20].
Other studies showed that crestal bone alterations around titanium implants are consid-
erably influenced by potential movements between implants and abutments, but not by
micro-gap size [21]. Some other groups investigated preload loss and bacterial penetration
at the implant–abutment interface of conical and internal–external hexagon connection
systems exposed to temperature cycling and mechanical wear, in order to determine the
influence of implant geometry on bacterial penetration and load deformations as a result of
testing different models [22–25].

In this context, micro-computed tomography (micro-CT) has allowed for studying the
effectiveness of the seal between the implant and abutment in different settings [26–29]; indeed,
it was recently demonstrated by synchrotron-based micro-CT that adequate and well-
structured connective tissue surrounded the abutment in a conometric system implanted
in a patient. Specifically, the implant’s effectiveness was supported by a quantitative
assessment of the connective tissue achieved by artificial intelligence tools, featuring
interlaced longitudinal and transverse collagen bundles [30].

The present study aims to detect and measure, by micro-CT, the possible presence
of micro-gaps in biconometric connections, before and after application of a series of
two successive load tests, the first up to 150 N and the second up to 300 N. Indeed, beyond
the above-mentioned successful clinical results shared in the reference literature, this
study is necessary to start a systematic investigation into the mechanical performance of
biconometric connections, which have so far been marginally treated in the literature.

2. Materials and Methods

2.1. Experiment Workflow

Tests to detect the possible presence of micro-gaps were carried out by micro-
CT analysis.

In the first phase of the study, a total of seven (n = 7) implant samples were acquired,
each of them screwed in plexiglass in the basal part (Figure 1). In two (n = 2) dental implants
(group 1), the cap was inserted; here, only the apical portion was acquired, to evaluate the
junction with the underlying abutment. In the remaining five (n = 5) samples (group 2), the
connection portion between the fixture and the abutment was analyzed.

In the second phase of the study, two (n = 2) implants of group 2 were also subjected
to mechanical tests. In order to reproduce in-service conditions, these samples were
screwed in plexiglass at an angle of inclination of 60◦ relative to the horizontal plane
(Figure 1). A compression test was performed twice on each sample: the first test was
conducted up to a load of 150 N, while the second was conducted up to 300 N. After
each load test, a micro-CT scan was performed to detect and eventually measure the
presence of micro-gaps at the fixture/abutment connection post-compression up to
150 N and post-compression up to 300 N, as a result of the relative displacement gener-
ated by the load cycle.

A table summarizing the groups and sample size is reported in Figure 1b.
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Figure 1. (a) Biconometric connection made of three components: fixture, abutment, and cap;
(b) table summarizing groups and sample size; (c) scheme of titanium implant screwed in plexiglass
support and subjected to external compressive load. Arrow indicates direction in which load
was applied.

2.2. Implant Manufacturing

The investigated biconometric dental implants (AoN Implants Srl, Grisignano di Zocco
(VI)—Italy) were endo-osseous screws designed for dental surgery; they can be implanted
in previously prepared sites of edentulous areas, according to specific operative sequences.

A biconometric connection (Figure 1a) is made up of three components: (1) the implant
(or fixture); (2) the abutment, which is coupled to the implant via a Cone–Morse connection;
(3) the cap, coupled by friction to the abutment via a 4◦ conometric connection.

The material used for the implant production was cold-drawn Gr. 4 Titanium; it
was selected for its strength and because it is not contaminated by other elements. The
machining process was carried out through numerically controlled machinery, nominally
maintaining control down to 1 μm details. During production, the produced components
were checked by the systems VICI Vision (Vici & C S.p.A., Santarcangelo di Romagna (RN),
Italy) and Hexagon OPTIV M (Hexagon Metrology Spa, Grugliasco (TO), Italy). The body
of the implant was structured with a two-main loop so that, with each revolution, the
screw advanced twice as much as a classic pitch implant, without creating stress in the
recipient bone.

Afterwards, in the post-production checks, thorough cleaning was performed to
completely degrease the parts with an ultrasonic metal washer (ILSA-MC Srl, San Pietro in
Casale (BO), Italy); moreover, each component was checked for quality by visual inspection
and centesimal calipers, micrometers, pin calipers, and internal and external thread calipers.
Subsequently, a final cleaning process was performed, and the product was bagged in
medical paper.

The abutment, made of Gr. 5 Titanium, was washed and checked as described for the
implant; furthermore, the prosthetic cap, also made of Gr. 5 Titanium, was checked with
the previously described instruments.

The abutment–implant coupling was performed by fixing the screw at 30 Ncm, as
specified in the manufacturer’s instructions, while the cap–abutment coupling was per-
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formed using a calibrated instrument by applying a force of 30 Ncm axially to the head of
the cap, as previously reported [31].

2.3. X-Ray Micro-CT Analysis

The Metro-Tom 1500 ZEISS (Carl Zeiss Industrielle Messtechnik GmbH, Oberkochen,
Germany) was used for three-dimensional (3D) micro-CT analysis, setting the X-ray
source with a voltage at 200 kV and a current at 40 μA. The pixel size was set to 7.93
μm. An aluminum filter, 1.5 mm thick, was introduced to select photons in the high-energy
range; finally, two hours of scanning time were spent for each specimen, with a total of
2050 projections acquired per sample. The image reconstruction was automatically per-
formed by the Metrotom os (vers. 3.0) software.

2.4. Image Segmentation, Thickness Map, and Image Registration

All images were elaborated with the Dragonfly software (Dragonfly, vers. 2022.2,
Comet Technologies Canada Inc., Montreal, QC, Canada; software available at https:
//dragonfly.comet.tech/, accessed on 21 March 2025) [32]. The software was used in the
image processing phase; it allowed for a search for micro-gaps at the cap–abutment and
fixture–abutment connections, segmenting the different components of the samples and
creating thickness maps capable of detecting any internal micro-gap caused by relative
misalignment after the compression tests. The software has the capability to calculate
and create color-coded meshes that display the reference values of the local thickness
between boundary points, which is useful for visualization and analysis. The thickness
was determined by measuring the maximum diameter of an imaginary sphere that could
be inserted inside the boundary walls.

Registration between the 3D reconstructions performed after the 150 N load and the
one after the 300 N load was performed using the Dragonfly Image Registration tool. This
software module can automatically register datasets by applying the scaling, rotations, and
translations required to match features between two datasets. Two matching processes are
made available by the software for registering datasets: the Mutual Information and the SSD
(sum of squared differences). These methods are based on different concepts to quantify
the degree of similarity between images and to apply the required linear transformations.
The results may differ significantly: the performance of each algorithm is also dependent
on the input data and the mode (Basic or Advanced) selected for registration. After several
trials, we chose the SSD method in the Advanced mode.

2.5. Mechanical Compression Tests

The compression tests were performed on an INSTRON 5567 machine (Instron, Nor-
wood, MA, USA) equipped with a load cell with a maximum load capacity of 1 kN. The
speed of the crosshead was kept constant at a value of 5 mm/min during the test. Both
samples were tested twice, with a first compression test up to a maximum load of 150 N,
and a second compression test up to a maximum load of 300 N. At the end of each test,
the sample was unloaded immediately after reaching the maximum load. The load was
applied directly to the upper part of the implant, in a direction perpendicular to the base
of the sample (Figure 1c). The curves of the tests were determined as the compressive
displacement (X-axis) and compressive load (Y-axis) for both tested samples.

3. Results

3.1. Micro-CT Analysis

Figure 2 shows the different portions acquired by micro-CT before the mechanical
compression tests. In the top panels (Figure 2b), the connection of the cap to the abutment is
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imaged, while the implant–abutment connection is observed in the bottom panel (Figure 2c).
The portions rendered in yellow or red represent the structural voids inside the sample,
respectively, in the apical portion or in the implant–abutment junction.

 

Figure 2. (a) Micro-CT 3D reconstructions: different portions of representative samples imaged in
static conditions after preload at 30 Ncm; (b) apical portion: cap–abutment connection; (c) implant–
abutment connection. Portions rendered in yellow or red represent structural voids inside samples,
respectively, in apical portion or in implant–abutment junction.
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The sharp difference in gray tones between the background (i.e., voids) and the
titanium material allowed for segmentation of the brightness histograms using the thresh-
olding method. From the highlighted voids and according to the thickness analysis per-
formed, there was no evidence of micro-gaps either between the implant and abutment
or between the abutment and cap. Therefore, at the present experimental resolution, the
presence of micro-gaps of size >10 μm, after the preload at 30 Ncm, can be excluded in
both cap–abutment and abutment–fixture connections.

All micro-CT analyses performed on the samples before compressive loading excluded
the presence of micro-gaps both in the two samples of group 1, referring to the study of the
cap–abutment connection, and in the five samples of group 2, referring to the study of the
fixture–abutment connection.

As a second experimental step, the 3D scans were repeated on two samples of group 2,
both after compression up to a 150 N load, and after compression up to a 300 N load. The
vertical compression on the implant did not produce evident signs of permanent micro-
gaps due to a loss of preload or misalignment. In fact, no micro-gaps were recorded at the
implant–abutment connection in either of the two samples, neither after reaching the load
of 150 N, nor after loading up to 300 N. To further confirm this result, a registration was
performed between the 3D reconstructions after the 150 N load and those after the 300 N
load using the Image Registration Dragonfly’s feature-based registration workflows.

The registration outputs gave no evident sign of decoupling at the fixture–abutment
connection, as shown by the white arrows in Figure 3. In particular, no micro-gaps were
found at the fixture–abutment connection for both the samples after the two compression
processes, as displayed in the magnifications of Figure 3.

 
Figure 3. Micro-CT reconstruction in sagittal section of (A) Sample 1, compressed up to 150 N;
(B) Sample 2, compressed up to 150 N; (C) Sample 1, compressed up to 300 N; and (D) Sample 2,
compressed up to 300 N. White arrows: abutment – fixture interface.
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3.2. Mechanical Tests

The load–displacement compression curves were registered for each test performed
(Figure 4). The curves reveal, in both samples, that the tests performed up to a maximum
load of 300 N have a greater slope than the previous tests carried out—on the same
samples—up to a maximum load of 150 N. In addition, for both applied loads, a deviation
can be observed between the curves of the two samples tested, greater than the possible
uncertainty of the machine. This phenomenon can be explained by the fact that the
preparation of the samples was a manual process, which could have led to slight differences
between each sample. Finally, in all the tests performed, the components did not reach
their maximum load bearing ability and remained structurally intact, with no visible cracks
or damage after the load had been removed.

Figure 4. Load–displacement compression curves. Curves are shown for each sample tested, up to
maximum load of 150 N (full lines) and 300 N (dotted lines), respectively.

4. Discussion

In this study, the focus is on the two different connections present within a biconometric
dental implant: the fixture–abutment connection and the prosthetic cap–abutment connection.

Several clinical studies on this prosthetic technique have been performed [14,15,33–
38]; all of these authors reported extremely satisfactory clinical data with the use of this
technique, with follow-up ranging from 1 up to 5 years. Two microbiological studies have
been conducted to evaluate bacterial infiltration at the level of the caps [39,40], in which no
bacterial infiltration was found.

Other studies have reported that the functional load transmission to the fixture is
influenced by the abutment connection area’s design [41–44]. Implants with different
internal connections (for example, hexagons and octagons) were subjected to cyclic load
tests, and it was shown that connections approximating circular shapes are less prone
to failure [44]. Furthermore, the materials and production processes of the implant can
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influence the presence of micro-gaps and marginal bone loss [45,46]. In particular, implants
with different mismatching distances and different prosthetic abutment heights may have
different effects with regard to bacterial infiltration and structural fracture of the implant.

For this reason, in the present study, innovative biconometric dental implants, char-
acterized by the selection of Gr. 4 Titanium, with processes controlled at each step at the
micrometric level of detail [47], were analyzed using the micro-CT imaging technique to
verify the stability of the connections after compressive loading.

Although mechanical tests showed, in both specimens, a steeper slope of the
load/displacement curve in the second test, i.e., up to a maximum load of 300 N, compared
to tests performed up to a maximum load of 150 N, both specimens showed no decoupling
(micro-gaps), i.e., loosening of connection, after the removal of the weight. Moreover, as
the components did not reach the compressive load limit, they remained structurally intact,
with no fractures, obvious cracks, or damage.

Furthermore, micro-CT allowed for imaging of the samples in three dimensions,
achieving evaluation of the internal connections and interfaces between the different
components in both of the groups. The acquisition pixel size was set to 7.93 μm, which
means that micro-gaps with dimensions <10 μm were not detectable. However, this level of
resolution is still reliable for evaluating the quality of the connections, since the micro-gaps
that determine an actual instability of the coupling during chewing are in this dimensional
range, ultimately producing two effects: the first is biological, creating and amplifying the
inflammation of the soft tissues and favoring bacterial invasion; the second is structural,
causing possible microfractures of the implant crown, of the implant itself, or of the
peri-implant bone.

Acquisitions before use, in the as-implanted condition, were performed to evaluate
the quality of the connections just after the preload of the connections at 30 Ncm, while
acquisitions following the mechanical tests allowed for documentation of the quality of the
connections after a use phase. During the virtual dissection of the 3D images of the samples,
no micro-gaps were observed in the apical regions, considered the most critical due to their
greater exposure to the apex of the implant. Consequently, the presence of micro-gaps
with dimensions >10 μm was excluded. Such good performances are most likely related
to the connection concept, which facilitates greater contact between the implant and the
abutment, thus mitigating abutment instability (flexion instability), tissue inflammation,
bacterial infiltration, and potential implant failure.

The results of the present study support and justify the successful clinical performance
of these biconometric implants, already shown in the literature [30,33,35]. Indeed, many
surgical and prosthetic benefits for the surgeon, prosthetist, and patient have been docu-
mented. For instance, the surgical benefit of sub-crestal implant placement at 1–2 mm was
related to the preservation of the implant within the bone envelope, creating additional
vertical space for the prosthetist, while also providing a mechanically stable connection that
inhibits inflammatory infiltration and bacterial colonization [39,40]. The prosthetist utilizes
tapered abutments and hoods to leverage the coupling between components, eliminating
the need for cement and screws, and hence enhancing precision while minimizing bulk and
ensuring adequate vertical space; this is nearly always achievable. The patient experiences
definite outcomes, achieved rapidly; during dental hygiene sessions, plaque removal is
easily accomplished at will, and chairside seating is expedited. Additional benefits en-
compass the utilization of minimal prosthetic components, hence substantially reducing
implementation costs and streamlining all operations.

Our observations support the outcome of a previous study, where different connections
were compared; indeed, conical connections resulted in reduced microleakage at the
implant–abutment interface compared to parallel connections [24]. Moreover, conical
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connections appeared to have better performance, exhibiting less peri-implant bone loss;
thus, crestal bone levels are more effectively preserved [48].

However, despite the good results achieved, this pilot study presents some limitations
that will be partially overcome in the follow-up studies.

The resolution of the CT measurements limits the study to gaps larger than 10 μm, but
this threshold should be evaluated against the dimensional accuracy expected to character-
ize the specific application. In particular, the study involves experimental conditions that
replicate a clinical setting where the dimensional deviations are affected by the following:
(i) the typical manufacturing tolerance; (ii) the typical positioning tolerance during the
surgical phase; (iii) the thermal deformation due to the temperature in the mouth (which is
different from the test temperature); and (iv) the different stiffness and consequent differen-
tial deformation of the implant fixture and the biological tissues (bone, connective tissue,
etc.). All of these factors add up in a chain of tolerances to an expected deviation of more
than 10 μm.

Moreover, in our study, bone was modeled with plexiglass. The different stiffness
measured during the two loading phases and observed in Figure 4 could very likely be
attributable to the plexiglass undergoing changes as a result of loading. This effect will be
the subject of follow-up studies to evaluate only the mechanical response of the plexiglass
alone, to decouple it from the response of the entire construct.

Other limitations of this study include the limited sample size and loading steps.
Indeed, the force generated during routine chewing of foods such as carrots or meat
is about 70–150 N. The maximum chewing force in some people can reach up to
500–700 N [49]. Therefore, we selected two values within the range and spaced by 150 N;
however, we plan to add two steps, namely 450 N and 600 N, in follow-up studies. Fur-
thermore, regarding the resolution capacity of the tomographic instrumentation, it will be
useful to use tomographs capable of reaching higher resolutions, in order to identify and
measure even smaller gaps at the fixture/abutment interface.

5. Conclusions

Within the limits of the small sample size, our investigation revealed that, within
the range of human force during chewing, the conical connection showed high resistance
against the creation of micro-gaps at the implant–abutment and abutment–prosthesis
interfaces. The absence of micro-gaps in biconometric implants, at micrometric resolution,
as demonstrated here, provides encouraging preliminary data regarding the stability of the
biconometric connections, which will be further verified in follow-up studies on a larger
sample size.
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Abstract: An inaccurate bonding procedure of the attachments related to clear aligner
systems could influence the predictability of tooth movement The aim of this study was to
compare the positioning reliability of horizontal and vertical orthodontic clear aligner at-
tachments. Materials and Methods: A total of 70 horizontal and 70 vertical orthodontic clear
aligner attachments were bonded to five upper and five lower experimental anatomically
based acrylic resin models with 14 clinical crowns each. The experimental anatomically
based acrylic resin models were randomly distributed to the following study groups: Group
A—horizontal orthodontic clear aligner attachments (n = 70) (HORIZONTAL) and Group
B—vertical orthodontic clear aligner attachments (n = 70) (VERTICAL). Afterward, the
orthodontic clear aligner attachments were digitally planned using orthodontic planning
software, and orthodontic templates were manufactured by thermoforming on 3D-printed
models in trilayer glycol-modified polyethylene terephthalate. Both horizontal and vertical
orthodontic clear aligner attachments were put through an intra-oral scan to obtain a
postoperative digital image, and PAPver, PCPver, PMVver, AUver, Alver, PPMhor, PPDhor,
PMVhor, AMhor and ADhor cephalometric parameters were analyzed using a t-test or
a non-parametric Mann–Whitney–Wilcoxon test. Results: The results showed that all
cephalometric parameters showed statistically significant differences (p < 0.05) between
the accuracy of the indirect bonding technique for horizontal and vertical orthodontic
clear aligner attachments, except for the PAPver (p = 0.6079) and PMVhor (p = 0.5001)
cephalometric parameters. Conclusions: The vertical orthodontic clear aligner attachments
are more accurate than the horizontal orthodontic clear aligner attachments through the
indirect bonding technique.

Keywords: accuracy; attachments; orthodontics; clear aligners; digital; composite resin

1. Introduction

Patient demand for aesthetic orthodontic treatments is continually increasing in adults
and pediatric patients [1]; specifically, gender influences the perception of the aesthetics of
the smile [2], with women being more critical than men and generating the most demands
for orthodontic treatment. Moreover, Saccomanno et al. reported that 87.94% of patients are
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female and 72.57% of them are required to improve their aesthetics, while only 54.84% of
male patients state this reason for consultation [3]. Therefore, dentists must have knowledge
of the different types of aesthetic orthodontics to make a correct diagnosis and properly
execute the treatment plan [4].

Furthermore, Baron reported on three types of orthodontic appliances with a high
rate of aesthetic acceptance by patients: thermoplastic aligners, lingual orthodontics and
aesthetic braces [5]; however, conventional multibracket appliance techniques do not have
high acceptance by patients due to insufficient aesthetics, hygiene problems and quality of
life (pain, discomfort when chewing, mouth injuries, etc.) [6,7].

A systematic review published in 2020 verified that fixed orthodontic treatment can
have a negative impact on quality of life 24 h after placement of the appliance and up to
three months after the start of treatment [8].

Thermoplastic aligners are more discreet and comfortable to wear and can be removed
for eating and brushing teeth. Alami et al. evaluated in a descriptive cross-sectional
study the perception and satisfaction of patients treated with transparent aligners, and
the main reason for choosing this type of orthodontics was its “invisibility” (89.7%) [9].
The possibility of having correct oral hygiene at home is essential for periodontal patients,
making this type of orthodontics their main choice if the duration of treatment is longer
than 18 months [10]. Likewise, the risk of developing stain lesions, white spots or dental
cavities is reduced; therefore, it is a recommended orthodontic treatment for patients with
a high risk of cavities. Moreover, Abay et al. analyzed the prevalence of white spots during
orthodontic treatment and observed that the number of patients who developed them
after treatment with aligners (41.18%) was lower than who underwent fixed orthodontic
treatment with self-ligating brackets (63.64%) and conventional brackets (52.94%) [11].

For all these reasons, interest in clear aligners has grown [7]. The treatment consists of
wearing transparent thermoplastic splints individualized to each patient for a minimum
of 20 h a day, except for eating and drinking [12]. In addition, computer-aided design is
combined with three-dimensional virtual model correction software to organize the dental
movements and correct malocclusion, obtaining a simulation of the results of the treatment
before starting [13,14]. Currently, clear aligners can be used for a wide variety of complex
malocclusions using various auxiliary resources such as attachments, mini-screws and
elastics [7,15,16].

Moreover, attachments have undergone a great evolution over the years, since at the
beginning they only had an ellipsoidal shape (horizontal for active intrusion movements
and vertical for retention objectives). Later, rectangular attachments were introduced,
which are distinguished by their shape: horizontal, vertical and beveled. In particular,
beveled attachments have developed into beveled attachments tailored to the requirement
for dental mobility. These attachments serve the same purpose as traditional ones, but they
are positioned along the tooth’s vertical axis. Teardrop-shaped attachments are used to
direct the canines’ derotation in situations of several rotations or when the correction is
generally larger than two degrees. They are always customized based on the form, length
and width of the teeth. Later additions include the “power ridge”, which is utilized to
achieve proper vertical control of the incisor axis in numerous motions and enhance the
correction of torque larger than three degrees. Similarly, to address deep bites, “bite ramps”
were added as a horizontal accessory to the palatal surface of the upper front teeth; they
were only inserted buccal in cross-bite situations.

In every situation, the accuracy with which the attachments are cemented and the
composite material utilized have a significant impact on how well the aligner, attachment
and tooth interact [17].
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The nature of composite resin (flowable or conventional) influences the adhesion
of attachments to the tooth and also to the shape accuracy. Likewise, the thermoplastic
template used to reproduce the shape of the attachments is a fundamental factor for the
precision and predictability of future tooth movement [18,19]. There are several risk factors
for early failure of attachments and/or changes in their shape and, with it, a loss of retention
and predictable movement of the aligners, both related to the operator and the patient.
Regarding factors related to the operator, the choice of an appropriate composite with
ideal properties represents a relevant aspect for the maintenance of the attachment [20];
hence, flowable composites or orthodontic bonding composites with the greatest amount
of filler possible and a rigid transfer template for greater precision and strength of the
composite bond are used [21]. In general, patient-related causes of attachment loss are
wearing aligners for less than 18 h a day, the use of aligner seats or “chewies” and unilateral
chewing. This represented 56.25% of the early loss of the attachment. However, tooth-
related reasons resulting in attachment loss were 6.73% [22]. Likewise, it must be considered
that the attachment can wear out. Li Q et al. demonstrated that the wear volume of the
attachment gradually increases as the treatment time increases. The average wear volume
was 0.813 mm3 after 8 months of treatment [23].

Currently, the scientific literature does not provide information related to the effect
of the geometrical design of clear aligner attachments on the positioning reliability of
clear aligner attachments, since an inaccurate positioning with respect to planning can
lead to an unpredictable orthodontic treatment, undesirable complications and longer-
lasting treatments. The present study provides practical implications with direct clinical
application that could influence the predictability of tooth movement, making the clinical
results of orthodontic treatment with clear aligners more precise.

The aim of this work was to compare the positioning reliability of horizontal and
vertical orthodontic clear aligner attachments placed through indirect bonding technique,
with a null hypothesis (H0) stating that no differences were shown between the positioning
reliability of horizontal and vertical orthodontic clear aligner attachments placed through
indirect bonding technique.

2. Materials and Methods

2.1. Study Design

A total of 70 horizontal and 70 vertical orthodontic clear aligner attachments (Spectra
ST flow, Dentsply, Ballaigues, Switzerland) were bonded on 5 upper and 5 lower experi-
mental anatomically based acrylic resin models (Ref. 20-8130-128, EpoxiCure®, Buehler,
Lake Bluff, IL, USA) with 14 clinical crowns each, applying a photo-polymerized composite
resin cement (Transbond™ XT, 3M ESPE™, Saint Paul, MN, USA) in the middle of the
buccal surface of the crown, followed by 20 s of etching the buccal surface with 37% or-
thophosphoric acid (VOCOCID, VOCO GmbH, Cuxhaven, Germany) and 20 s of applying
a photo-polymerized resin adhesive primer (Unitek Transbond™ XT, 3M ESPE™, Saint
Paul, MN, USA) to replicate a clinical setting. The research was carried out at the Dental
Centre of Innovation and Advanced Specialties at Alfonso X El Sabio University (Madrid,
Spain), between September 2023 and March 2024. A randomized controlled study was
conducted in accordance with the principles defined in the German Ethics Committee’s
statement for the use of organic tissues in medical research (Zentrale Ethikkommission,
2003). Sample size determination was determined for a total of 140 samples (70 per group),
which would provide 95% power in determining statistically significant differences in
variables analyzed among the 2 groups (effect size: 0.70, alpha = 5%).

60



Materials 2025, 18, 780

2.2. Experimental Procedure

The following research groups received the experimental anatomically based acrylic
resin models at random (Epidat 4.1, Galicia, Spain): Group A, horizontal orthodontic
clear aligner attachments (n = 70) (HORIZONTAL); and Group B, vertical orthodontic
clear aligner attachments (n = 70) (VERTICAL). A 3D printing system (ProJet® 6000. 3D
Systems©, Rock Hill, SC, USA) was used to construct the upper and lower experimental
anatomically based acrylic resin models, which were designed using 2D/3D computer-
aided design/computer-aided engineering (CAD/CAE) (Midas FX+®, Milton Keynes,
UK). Afterward, the orthodontic clear aligner attachment placement was digitally planned
using orthodontic planning software (QuickSmile®, https://quicksmile.es/ (access on
27 November 2024), Madrid, Spain) (Figure 1).

 

Figure 1. (A) Frontal view of the lower (red) and upper (green) experimental anatomically based
acrylic resin models with the horizontal orthodontic clear aligner attachments planning and (B) frontal
view of the lower (red) and upper (green) experimental anatomically based acrylic resin models with
the vertical orthodontic clear aligner attachments planning.

Then, digital orthodontic templates were also designed using orthodontic planning
software (QuickSmile®, Madrid, Spain). Subsequently, the orthodontic templates were
manufactured by thermoforming on 3D-printed models (BioStar, Scheu Dental, Madrid,
Spain) in 0.76 mm trilayer glycol modified polyethylene terephthalate (PET-G), following
the manufacturer’s recommendations.

Subsequently, both horizontal and vertical orthodontic clear aligner attachments were
performed by flowable composite resin (Spectra ST flow, Dentsply, Ballaigues, Switzer-
land) on both upper (from tooth 1.7 to 2.7) and lower (from tooth 3.7 to 4.7) acrylic resin
models based on experimental anatomy placed in the middle of the clinical crown’s buccal
surface without etching or resin glue application. In order to obtain an accurate standard
tessellation language (STL) digital file, all experimental anatomically based acrylic resin
models were then subjected to a postoperative digital impression using an intra-oral scan
(iTero Element 5D Plus, Align Technology, Santa Clara, CA, USA) using 3D in-motion video

61



Materials 2025, 18, 780

imaging technology. In accordance with the manufacturer’s instructions, the occlusal plane
was scanned first, and then the buccal and palatal surfaces, to capture the image.

2.3. Alignment Procedure

Subsequently, the STL digital files were imported into a reverse-engineering morpho-
metric software program (3D Geomagic Capture Wrap, 3D Systems©, Rock Hill, SC, USA),
where the teeth were individually segmented to facilitate the accurate alignment procedure
between the STL digital files of the virtually planned positions of the digitalized horizontal
and vertical orthodontic clear aligner attachments (QuickSmile®, Madrid, Spain) and
the postoperative STL digital files of the same attachments bonded to the experimental
anatomically based acrylic resin models, following the guidelines established by Brandão
et al. [24]. The alignment procedure utilized the palatal surfaces of the anterior teeth and
the occlusal and palatal surfaces of the posterior teeth, employing the best-fit algorithm
(Figure 2).

 
Figure 2. (A) Lateral views of the alignment procedure of the preoperative and postoperative STL
digital files of horizontal and (B) vertical orthodontic clear aligner attachments in the buccal surface
of tooth 1.1.

2.4. Measurement Procedure

The following characteristics were measured on both the vertical and the horizontal
cut planes following the alignment process (Figure 3).

The vertical cutting plane’s variables include the following:
PAPver: The greatest difference between the two apico-palatal attachment points

(point–apico-palatal–vertical) of the physical and virtual models.
PCPver: point–coronal–palatal–vertical, the greatest difference between the two most

coronal–palatal points of the attachments of the virtual and physical models.

62



Materials 2025, 18, 780

PMVver: The greatest difference between the virtual and physical models’ attachments’
two middle vestibular points (point–middle vestibular–vertical)

AUver: The angle (angle–upper vertical) between the virtual and physical models’
upper horizontal and vertical attachment profiles.

ALver: The angle (angle–lower–vertical) between the virtual and physical models’
lower horizontal and vertical attachment profiles.

Horizontal cutting plane variables include:
PPMhor: The greatest difference between the virtual and physical models’ two most

mesial–palatal attachment points (point–palatal–mesial–horizontal).
PPDhor: The greatest difference between the virtual and physical models’ two furthest

disto–palatal attachment points (point–palatal–distal–horizontal).
PMVhor: Point–middle–vestibular–horizontal, the greatest difference between the

two middle vestibular attachment points of the physical and virtual models.
AMhor: The angle–mesial–horizontal angle that forms between the virtual and physi-

cal models’ upper approximal attachment profiles.
ADhor: The angle (angle–distal–horizontal) established between the virtual and

physical models’ approximate lower approximation attachment profiles.

 

Figure 3. (A) Vertical plane crossing the aligned STL digital files of the vertical orthodontic clear
aligner attachments in the buccal surface of tooth 1.1; (B) transversal plane of the aligned STL digital
files of the vertical orthodontic clear aligner attachments in the buccal surface of tooth 1.1 and
(C) Measurement procedure.

2.5. Statistical Analysis

A table has been obtained with the summary statistics for each of the response variables
based on the group: number of observations, mean, median, standard deviation and the
minimum and maximum values. They have been represented graphically using box plots.
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In addition, the means between groups were compared using a t-test (PCPver, PPMhor,
PMVhor and ADhor) or a non-parametric Mann–Whitney–Wilcoxon test (PAPver, PMVver,
AUver, ALver, PPDhor and AMhor) according to application criteria. Normality tests
were carried out using the Shapiro–Wilk test. Statistical analysis was performed with the
software: SAS v9.4, SAS Institute Inc., Cary, NC, USA. The statistical decisions have been
made taking the value 0.05 as the level of significance.

3. Results

The mean, median and SD values for the PAPver linear measurement (mm) between
the STL digital files of both horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4A.

Table 1. Descriptive statistics of PAPver linear measurement (mm), PCPver linear measurement (mm),
PMVver linear measurement (mm), AUver angle measurement (◦), ALver angle measurement (◦),
PPMhor linear measurement (mm), PPDhor linear measurement (mm), PMVhor linear measurement
(mm), AMhor angle measurement (◦) and ADhor angle measurement (◦) between the STL digital
files of both the horizontal and vertical orthodontic clear aligner attachments.

PAPver Linear Measurement (mm)
Study
Group n Mean Median SD Minimum Maximum

Horizontal 70 0.330 0.325 0.021 0.310 0.380
Vertical 70 0.325 0.320 0.022 0.310 0.370

PCPver linear measurement (mm)
Horizontal 70 0.326 0.320 0.021 0.310 0.380

Vertical 70 0.267 0.270 0.016 0.230 0.280
PMVver linear measurement (mm)

Horizontal 70 0.621 0.620 0.007 0.610 0.630
Vertical 70 0.573 0.575 0.008 0.560 0.580

AUver angle measurement (◦)
Horizontal 70 32.290 32.300 0.425 31.600 33.200

Vertical 70 30.740 30.700 0.190 30.400 31.100
ALver angle measurement (◦)

Horizontal 70 19.418 19.360 0.206 19.310 20.000
Vertical 70 17.827 17.825 0.040 17.750 17.900

PPMhor linear measurement (mm)
Horizontal 70 0.361 0.360 0.021 0.320 0.400

Vertical 70 0.321 0.320 0.009 0.310 0.330
PPDhor linear measurement (mm)

Horizontal 70 0.326 0.330 0.005 0.320 0.330
Vertical 70 0.288 0.290 0.010 0.270 0.310

PMVhor linear measurement (mm)
Horizontal 70 0.270 0.270 0.016 0.250 0.300

Vertical 70 0.264 0.265 0.023 0.230 0.300
AMhor angle measurement (◦)

Horizontal 70 13.292 13.290 0.025 13.260 13.340
Vertical 70 12.454 12.390 0.204 12.320 13.020

ADhor angle measurement (◦)
Horizontal 70 22.520 22.515 0.084 22.390 22.690

Vertical 70 21.013 21.020 0.062 20.890 21.100
SD: standard deviation.
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Figure 4. Box plot of the (A) PAPver linear measurement (mm), (B) PCPver linear measurement
(mm), (C) PMVver linear measurement (mm), (D) AUver angle measurement (◦), (E) ALver angle
measurement (◦), (F) PPMhor linear measurement (mm), (G) PPDhor linear measurement (mm),
(H) PMVhor linear measurement (mm), (I) AMhor angle measurement (◦) and (J) ADhor angle
measurement (◦) of the horizontal and vertical orthodontic clear aligner attachments. Horizontal line
represents the median and “+,◦” represents the mean.
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A non-parametric Mann–Whitney–Wilcoxon test did not show statistically signifi-
cant differences between the PAPver linear measurement (mm) of horizontal and vertical
orthodontic clear aligner attachments (p = 0.6079) (Figure 4A).

The mean, median and SD values for the PCPver linear measurement (mm) between
the STL digital files of both horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4B.

Student’s t-test showed statistically significant differences between the PCPver liner
measurement (mm) of the horizontal and vertical orthodontic clear aligner attachments
(p < 0.0001) (Figure 4B).

The mean, median and SD values for the PMVver linear measurement (mm) between
the STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4C.

Th non-parametric Mann–Whitney–Wilcoxon test showed statistically significant
differences between the PMVver liner measurement (mm) of horizontal and vertical or-
thodontic clear aligner attachments (p = 0.0012) (Figure 4C).

The mean, median and SD values for the AUver angle measurement (◦) between the
STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4D.

The non-parametric Mann–Whitney–Wilcoxon test showed statistically significant
differences between the AUver angle measurement (mm) of the horizontal and vertical
orthodontic clear aligner attachments (p = 0.0012) (Figure 4D).

The mean, median and SD values for the ALver angle measurement (◦) between the
STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4E.

The non-parametric Mann–Whitney–Wilcoxon test showed statistically significant
differences between the ALver angle measurement (mm) of horizontal and vertical or-
thodontic clear aligner attachments (p = 0.0014) (Figure 4E).

The mean, median and SD values for the PPMhor linear measurement (mm) between
the STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4F.

Student’s t-test showed statistically significant differences between the PPMhor linear
measurement (mm) of the horizontal and vertical orthodontic clear aligner attachments
(p = 0.0001) (Figure 4F).

The mean, median and SD values for the PPDhor linear measurement (mm) between
the STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4G.

The non-parametric Mann–Whitney–Wilcoxon test showed statistically significant
differences between the PPDhor linear measurement (mm) of the horizontal and vertical
orthodontic clear aligner attachments (p = 0.0011) (Figure 4G).

The mean, median and SD values for the PMVhor linear measurement (mm) between
the STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4H.

Student’s t-test did not show statistically significant differences between the PMVhor
linear measurement (mm) of the horizontal and vertical orthodontic clear aligner attach-
ments (p = 0.5001) (Figure 4H).

The mean, median and SD values for the AMhor angle measurement (◦) between the
STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4I.
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The non-parametric Mann–Whitney–Wilcoxon test showed statistically significant
differences between the AMhor angle measurement (mm) of the horizontal and vertical
orthodontic clear aligner attachments (p = 0.0014) (Figure 4I).

The mean, median and SD values for the ADhor angle measurement (◦) between the
STL digital files of both the horizontal and vertical orthodontic clear aligner attachments
are displayed in Table 1 and Figure 4J.

Student’s t-test showed statistically significant differences between the ADhor angle
measurement (mm) of the horizontal and vertical orthodontic clear aligner attachments
(p < 0.0001) (Figure 4J).

The results of this study indicate that the most of the variables of the descriptive
statistics between STL digital files of both the horizontal and vertical orthodontic clear
aligner attachments show significant differences between virtual and in vivo precision of
attachments reproduction; however, PAPver and PMVhor linear measurements (mm) of
the horizontal and vertical orthodontic clear aligner attachments did not show significant
differences. These differences may be due to slight changes experienced in the attachments
after removal of the attachment cementing splint; that is, greater resistance and greater
traction may be experienced when removing a retainer with horizontal attachments than
one with vertical attachments, due to the smaller base size.

4. Discussion

The results obtained in the present study refuted the null hypothesis (H0), which
stated that no differences would be shown between the positioning reliability of horizontal
and vertical orthodontic clear aligner attachments placed through indirect bonding.

The accuracy of the attachments is one of the key components of clear aligner therapy
to obtain more precision on tooth movement [25].

Clear aligners have revolutionized orthodontic therapy, offering an esthetic treatment
in addition to correct dental malocclusion in patients of all ages [26,27]. Technological
developments in aligner materials and techniques, especially 3D technology for planning
dental movements, allow for the tooth movements of the teeth along the three planes
of space more predictably. The type of movements with clear aligners are the following:
(a) traslational movements: molar distalization, displacement of teeth to extraction sites and
vestíbulo-lingual/mesio-distal tooth displacement; (b) extrusion movement; (c) intrusion
movement; (d) tipping movement: uncontrolled tipping and controlled tipping; torque
and rotation movement [28]. Clear aligners are driven by two systems to obtain tooth
movements. The first is a displacement-driven system which favors less complicated
movements, like tipping and control of minor rotations, because the termoplastic aligner
designed by software is placed at the final location of the tooth, allowing the tooth to move
or displace until it aligns with the aligner [29]. Buccolingual inclination of upper and lower
incisors and produce satisfied clinical results [30]. The second is a force-driven system
which operates on biomechanical principles. The amount and type of force applied depend
on the shape of the aligners, with each tooth receiving a specific magnitude and type of
force as determinate by software [29]. Clear aligners were not effective enough to produce
adequate occlusal contacts, controlling tooth torque and retention [30].

Castroflorio et al. [18]. report that tipping and torque movements are the most difficult
to control with aligners, and the loss of information increases moving toward the distal
portion of the aligner. For most tooth angulation and inclination (mesio-distal tipping and
bucco-lingual inclination), the worst conditions are revealed in the first and second molars
on both arches.

Treatment duration, accuracy, attachability, cost, accessibility and biocompatibility
are some of the issues that clear aligners must deal with [25–29]. The length of treatment
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depends on the degree of malocclusion and patient compliance [26]. Different levels
of therapy accuracy have been found in clinical investigations, indicating the need for
more investigation. In aligner treatment results, prediction models have demonstrated an
accuracy of around 78% [25,30,31]. Two crucial elements need to be taken into account in
order to enhance aligner retention and system performance: the use of power ridges and
attachments, as well as the careful selection of aligner material [32,33]. In contrast to the
virtual setup, attachments are essential to clear aligner procedures because they provide
torque, rotate teeth and affect treatment results [31,34,35]. Shape attachments determine
how an aligner tooth moves, and any disparities might result in a crown-pushing force [36].
The mechanical characteristics of the aligner surface are improved by improving composite
attachments, which increases aligner efficacy [37]. Issues such as heat deformation, material
expansion and shrinkage might result in thickness variations that impact the aligner’s final
result and prevent the proper occlusion [38,39].

Aligners now have better mechanical qualities, biocompatibility and overall quality
thanks to ongoing advancements in material development. Because of the release of
monomers during thermoforming, certain thermoplastic polymers used in aligners may
have cytotoxic consequences. ISO 20795-2 [26,40] specifies the mechanical and physical
characteristics of dental resins used in orthodontic devices in order to guarantee their
quality and safety. As a result, aligners are now less intrusive and more affordable and
produce results that are on par with those of other available treatments [25].

Definitely, clear aligners represent a paradigm shift in modern orthodontics, providing
a more convenient solution for malocclusion than conventional fixed orthodontic treatment
because they facilitate good oral hygiene maintenance, are esthetic and comfortable and
grant the patient satisfaction of occlusion and functionality [28]; however, Meto et al.
reported microbial plaque formation on orthodontic clear aligners and recommended a
copper–calcium hydroxide-based compound to remove microbial plaque formation [41].

This study used horizontal and vertical shape attachment, flowable composite and
PET-G transfer templates, which are considered gold standards in the study of attachment
reproduction [16], and the sample size is greater than that of the few other studies in the
literature evaluated. However, the present investigation has limitations related to the
in vitro experimental design of the study.

Previous studies have been conducted to assess the influence of different variables on
the accuracy of orthodontic clear aligner attachment placement. Topsakal et al. analyzed the
accuracy of the ovoid, hemi-ellipsoid and vertical rectangular attachments produced using
digital light-processing three-dimensional printing technologies with 25 μm, 75 μm and
125 μm layer thickness and concluded that the layer thickness of the 3D printer is a crucial
factor in determining attachment accuracy [25]; moreover, Fiorillo et al. retrospectively
evaluated the accuracy of dental rotational movements using clear aligners with different
attachment configurations and stated that attachment configurations to clear aligners
improve rotational accuracy, but not significantly; specially optimized attachments showed
the highest median accuracy (70%), followed by rectangular (65%) [42]; in addition, Brandão
et al. evaluated the 3D accuracy of attachment positioning using in-house templates made
with either polyethylene terephthalate glycol (PETG) or ethylene-vinyl acetate (EVA) and
either pressure or vacuum thermoforming machines and stablished that the inaccuracy of
the attachment positioning was slight and the vacuum and pressure thermoplastification
machines showed no difference in attachment positioning accuracy [24]; furthermore, Valeri
et al. assessed the accuracy of the process of attachment bonding in aligner treatments using
two types of transfer templates and two light-curing resin-based composites (Transbond™
XT Light Cure Paste Adhesive) usually used in orthodontics and stated that a resin-based
composite with a rigid transfer template is always associated with significant accuracy
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and minor dispersion [43], although Chen et al. concluded that the operation time of
Z350XT Flowable and SonicFill was shorter than Z350XT composite resin [44], and D’Antò
et al. stated that flowable composite resin cements were appropriate for attachment
fabrication; moreover, the fidelity of attachment reproduction was similar among them,
and the orthodontic composite showed more overflow when compared with the flowable
one [45]. Nevertheless, the present scientific literature fails to directly compare the impact
of the geometric design of the clear aligner attachments on the precision and dependability
of their positioning.

The present study provides practical implications with direct clinical application
that could influence the predictability of tooth movement, making the clinical results of
orthodontic treatment with clear aligners more precise. However, the study also showed
limitations, since the researchers considered only one density of composite resin cement
and a clear aligner system in the study to standardize the sample; moreover, the present
laboratory-based study used 3-D printed models with different physical properties than
natural teeth models. Furthermore, the authors advocate the creation of randomized
controlled clinical trials incorporating different densities of composite resin cements and a
clear aligner system for further research.

5. Conclusions

The vertical orthodontic clear aligner attachments are more accurate than the hor-
izontal orthodontic clear aligner attachments through the indirect bonding technique;
therefore, the authors recommend selecting attachments whose positioning is more reliable
with respect to planning; especially in cases requiring mesiodistal inclination, mesiodistal
translation or intrusion tooth movements for lower incisors, leading to a more predictable
orthodontic treatment, avoiding complications and longer lasting treatments.
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Abstract: A comparative analysis has been carried out between three different dental
materials suitable for the prostheses manufacturing. The analysis performed is based on
the finite elements method (FEM) and was made to evaluate their performance under
three different loading conditions. Three different materials were modeled with 3D CAD
geometry, all of them suitable to be simulated by means of a linear elastic model. The
materials employed were graphene polymethyl methacrylate (G-PMMA) with 0.25% of
graphene, polyether ether ketone (PEEK), and Ti6Al4V. Three loading conditions have
been defined: distal, medial, and central. In all cases under study, the load was applied
progressively, 5 N by 5 N until a previously fixed threshold of 25 N was reached, which
always ensures that work is carried out in the elastic zone. The behavior of G-PMMA
and PEEK in the tests performed is similar. Regarding maximum deformations in the
model, it has been found that deformations are higher in the G-PMMA models when
compared to those made of PEEK. The highest values of maximum stress according to the
von Mises criteria are achieved in models made of Ti6Al4V, followed by G-PMMA and
PEEK. G-PMMA is more prone to plastic deformations compared to Ti6Al4V. However,
due to its relatively higher stiffness compared to other common polymers, G-PMMA is able
to withstand moderate stress levels before significant deformation occurs, placing it in the
intermediate position between Ti6Al4V and PEEK in terms of stress capacity. It should be
noted that there is also a difference in the results obtained depending on the applied load,
whether distal, medial, or central, proving that, in all simulations, it is the distal test that
offers the worst results in terms of presenting a higher value for both displacement and
tension. The results obtained allow us to identify the advantages and limitations of each
material in terms of structural strength, mechanical behavior, and adaptability to loading
conditions that simulate realistic scenarios.

Keywords: PEEK; G-PMMA; Ti6Al4V; finite element simulation; implant-supported
frameworks
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1. Introduction

When rehabilitating an edentulous arch, one of the possibilities that provides the best
solution, both from a functional and esthetic point of view, is an implant-retained fixed
prosthesis. However, the recommendation regarding the number of necessary support
implants is diverse and ranges from recommendations of using one implant for each lost
tooth [1–3], to only four to rehabilitate up to twelve teeth in occlusion, with optimal survival
results, even in post-extraction and immediate loading protocols [4,5].

However, it is evident that the use of a smaller number of implants entails more
challenging biomechanical situations, such as the tendency to increase the length of the
pontics and favor deflection of the prosthetic structure or to use distal extensions, de-
creasing the mechanical advantage by increasing power arm. The choice of a correct
prosthetic superstructure could possibly compensate for this mechanical behavior that
tends to overload.

The prosthetic suprastructure is the part of the dental prostheses that is retained by
the support implants, either directly through their connection or through an intermediate
abutment, and, in the case of a full arch rehabilitation, can splint all the support implants.
A dental prosthesis supported by several implants results in a combined structure in
which the distribution of the applied loads depends on the relative rigidity of the various
members involved, as well as the geometry of their distribution [6,7]. An osseointegrated
implant forms an almost intimate connection with the bone, so it can be expected that the
response to any load will be elastic, which means that the deflection of the fixation will
be proportional to the applied load. On the other hand, with a rigid metal prosthesis, it
can be assumed that its behavior will be relatively rigid compared to the implants, whose
section diameter is smaller. The combined structure will normally be so complex that the
static equations alone are insufficient to determine the distribution of the load performance,
and the deformations of the prosthesis, implants, and jaw must be taken into account to
determine said distribution. Such a structure is considered statically indeterminate and
the analysis must treat the prosthesis in general and its suprastructure in particular as a
curved elastic beam, subjected to bending and torsion [8].

In essence, this mechanical response of the suprastructures, when faced with the
application of loads that come from masticatory forces, can lead to technical complications,
of which fractures of these suprastructures are less frequent (0.2 to 4.7%) and the fracturing
of the esthetic coating materials is more frequent (3.2% to 25.5%) [9].

However, as mentioned above, when evaluating the properties and mechanical behav-
ior of a prosthetic suprastructure, it is too simple to do so in relation to its low tendency
to fracture. These structures will have a greater or lesser capacity for deformation upon
application of load and will consume a greater or lesser amount of tension in this deforma-
tion so that the rest of the system (retention screws, abutments, implants, and supporting
bone) will receive more or less mechanical demand. In this regard, certain studies in the
literature can be found that describe different degrees of deformation of the peri-implant
bone depending on the material from which the prosthesis is made [10]. The deformation
of the superstructure may also influence the technical complications of the covering mate-
rials, such as feldspathic ceramics, disilicates, and acrylic resins, with weak bonds to the
frameworks, often due to mere mechanical entrapment, which, by having different elastic
properties and different coefficients of thermal expansion, can favor failure.

In general, the most commonly used material in the manufacturing of these supras-
tructures has been metal, especially cobalt chrome alloys, using lost wax casting tech-
niques [11,12]. However, the advent of CAD/CAM technology applications has led to a
revolution in the possibility of using other different materials, most of them processed
using milling or sintering-machining methods. Among these, titanium and its alloys stand
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out, such as grade V and zirconium oxide, as well as other polymeric materials that have
advanced first as provisional rehabilitation materials but are now beginning to be used as
definitive ones, although with reasonable doubts about its mechanical behavior [13–15]. Of
the latter, Polyetheretherketone (PEEK) and polymethylmethacrylate (PMMA) stand out.
PEKK biomaterials are polymeric elastic materials with good shock absorbance and fracture
resistance and present ultra-high performance among all thermoplastic composites for ex-
cellent mechanical strength, chemical resistance, and high thermal stability (tensile strength
90–100 MPa, compressive strength similar and modulus of elasticity between 3.6 and
4.1 GPa) [16]. PMMA was initially used as a dental material in 1937, although it must
be acknowledged that it has inferior mechanical properties (tensile strength 50–70 MPa,
similar compression resistance, and modulus of elasticity between 2 and 3.1 GPa), when
compared to PEEK [17–20]. In this sense, several strategies have been applied in order
to increase the mechanical properties of PMMA polymer resins, almost all of which were
based on the addition of inorganic fillers such as mesoporous silica nanoparticles (MSNs),
titanium dioxide (TiO2), carbon nanotubes (CNTs), and also nano-sized graphene oxides
(nGO) [21].

Despite everything, the mechanical properties of polymeric materials are very far from
those of metals or ceramics. For example, Ti6Al4V has a tensile strength of 900–1200 MPa,
a similar compressive strength, and an elastic modulus of 110 GPa [22–27]. Therefore,
although the use of this type of polymeric materials opens new expectations in oral rehabil-
itation, due to its simplicity of manufacturing, price, ability to adhere to coating materials,
adjustment possibilities, etc., it still raises doubts regarding its biomechanic behavior.

In principle, the trend in prosthetic materials is to try to avoid metallic materials
because of the corrosion and ion release problems they cause [28–30]. For this reason,
the materials usually used are titanium or titanium alloys, especially Ti6Al4V, due to
their good mechanical properties and electrochemical similarity with the metals of dental
implants, which are generally made of commercially pure titanium [31]. Ceramic materials
are difficult to form and also have the problem of brittleness. One of the most tenacious
materials is zirconia partially stabilized with yttria, which, due to phase transformations
produced by tension, improves its tenacity. However, these improvements in mechanical
properties are not sufficient for the mechanical bending loads that often occur in the
oral cavity. These ceramic materials are nevertheless excellent with respect to dental
esthetics [32–34]. That is why polymeric materials such as PMMA or PEEK are being tried
as they are thermoplastic materials with good mechanical properties that will not have creep
due to cross-linking of their structures or improvements in their mechanical properties. This
improvement in response to masticatory loads can be achieved by introducing graphene,
as is the case in this work. However, the amount of graphene that can be incorporated into
PMMA is limited due to the black coloration that it acquires in the PMMA as the graphene
content increases [35,36].

For this reason, the motivation for this in vitro experimental study arises: to use a
finite element analysis that allows for the studying of the tensions and deformations of
these materials subject to loading in a full arch rehabilitation design on four implants, with
the objective of comparing its results with those of a high-performance material, such as
Ti6Al4V, and, based on that, being able to infer its clinical applications.

2. Materials and Methods

A 3D CAD model has been created. This model has an adaptive structured mesh in
which the places where loads will be applied had especially been considered. As can be ob-
served in Figure 1, this model has a total of 1,502,113 nodes that generate 1,024,036 elements,
with an average quality of the element of 0.8116 [37], an aspect ratio [38] of 2.1113, and a
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Jacobian value of 1.0067 [39]. Also, its average deformation (skewness) is 0.21742 [40–42].
Figure 1 shows the 3D meshed model employed for the present research and details of the
mesh. Although a formal mesh convergence test was not conducted, the results obtained
for the mesh parameters presented before confirmed that the mesh met the criteria for
numerical stability and accuracy.

Three different materials were modeled with 3D CAD geometry, as described before,
all of which were suitable to be simulated by means of a linear elastic model. The materials
employed were graphene polymethyl methacrylate (G-PMMA), polyether ether ketone
(PEEK), and titanium alloy ASTM grade V (Ti6Al4V). Their main properties are listed in
Table 1. The three models under study not only differ in the materials from which they are
made of, but the models of G-PMMA and PEEK also have internal Ti6Al4V inserts in the
area where they would be fixed to the other components. In the simulation, the prostheses
are constrained with fully fixed supports at their base. In the referred models, the interfaces
between pieces are defined as bonded, assuming perfect adhesion without relative motion,
and under this assumption, no frictional contacts were required.

Table 1. Properties of the materials employed in the present study [18,19,22–24,26]. G-PMMA: glycol-
modified polymethyl methacrylate (0.25% of graphene), PEEK: polyether ether ketone Ti6Al4V:
titanium alloy ASTM grade V.

Material Property Value Units

G-PMMA

Density 1190 kg/m3

Young’s modulus 3.2 · 109 N/m2 (Pascal)
Poisson’s coefficient 0.35

Tensile yield strength 6.5 · 107 Pascales

PEEK

Density 1310 kg/m3

Young’s modulus 4.2 · 109 N/m2 (Pascal)
Poisson’s coefficient 0.38

Tensile yield strength 1.16 · 108 Pascal

Ti6Al4V

Density 4430 kg/m3

Young’s modulus 1.138 · 1011 N/m2 (Pascal)
Poisson’s coefficient 0.342

Tensile yield strength 8.8·108 Pascal

In this research, three loading conditions have been defined for each of the materials
under consideration. The first one, with the model loaded onto one of its extremes, will be
called distal; the one in which the load is applied between the first two inserts will be called
medial; and, finally, the loading situation in which the load is in the center of the middle
span will be called central. For these three load cases, control surfaces were generated.
Please note that the generation of control surfaces is necessary because if the force were
theoretically applied on a surface with a dimension of zero, the stress value would be
infinite. Therefore, the use of control surfaces contributes to a more realistic model from a
biomechanical point of view. Although each load is applied to a different model, Figure 2
represents the three loads applied to the same model for the reader be able to clearly see
their location in the model and compare them.

In all cases under study, the load was applied progressively, 5 N by 5 N until a
previously fixed threshold of 25 N was reached, which always ensures that work is carried
out in the elastic zone for all materials. The value of 25 N was fixed considering that none
of the materials would enter into the plasticity zone with such load value.
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(a) (b) 

Figure 1. Finite elements model: (a) Meshed 3D view of the model employed for the present research;
(b) detail of the mesh.

 

Figure 2. Load application points in the models under study (D: distal, M: medial, and C: central).
Positions A, B, C, D and E are where dental implants are placed.

For the validation of the results obtained in the simulation by the finite element method,
analyzed structures with the same dimensions and geometries have been elaborated with
the three materials studied. Five samples have been elaborated for each of the materials
and for each of the positions where the mechanical stress will be exerted (distal, medial,
and central). Consequently, 45 structures were elaborated. Figure 3 shows one of the
structures obtained.

The mechanical tests were performed using an MTS-Bionix servo-hydraulic testing
machine (Bionix 358, MTS, Minneapolis, MN, USA). The tests performed are single-point
bending tests, the same as those performed in the simulation. The load application rate
was 5 N/s. Figure 4 shows specimens of the three materials prepared for testing. Five
mechanical tests were performed for each material and each loading position. All results
were expressed as mean and standard deviation except for the bacterial adhesion test
results which were expressed as median and standard error. The comparative t-test (with
the Excel software) was carried out between the different groups at 95%, which means that
for values of p < 0.05, there are significant differences.
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Figure 3. Prosthetic structure obtained for the mechanical tests.

Figure 4. Flexural mechanical test (a) G-PMMA, (b) PEEK, (c) Ti6Al4V.

3. Results

This section presents the results obtained for all the models of each different load
condition studied. The results are divided into subsections. Each subsection includes all
the load conditions of a material while a final subsection presents graphs that summarize
all the results obtained.

3.1. Results of the Model Made of G-PMMA for the Different Load Conditions Under Study

Figure 5 shows the deformation map in a mid-plane of the model that uses G-PMMA
as a base material and has inserts of Ti6Al4V and presents the load located in the distal
position. This median plane is obtained by joining the centers of the point of application
of the load and the axis of the inserts. As can be observed, the largest deformations are
shown in the area closer to the point where the load is applied. In the same way, Figure 6
shows the deformation map corresponding to the bushing of this model with the same
load condition, most affected by the application of the load, and Figure 7 shows the stress
map of the G-PMMA model with distal loading.

As can be seen in Figure 7, the maximum stress value obtained is 68.045 MPa. This
maximum value is close to 65 MPa, which is the elastic limit of G-PMMA. Please note that
this figure determined the magnitude of the force applied in all cases. Having obtained
the general von Mises equivalent stress map, we proceeded to study the most loaded zone
of the experiment, in other words, the area of the inserts. Furthermore, it is necessary to
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point out that, although slices of the objects are shown by the plane indicated before to
facilitate visualization, this plane does not necessarily contain the maximum equivalent
stress, even if it contains the surface of application of the load or the embedment. This is
because in complex geometries, like the one under study in the present research, it would
be difficult to know a priori where the maximum load will be found and, also, in many
cases, the plane in which such area is contained changes from one model to another.

Figure 5. Mid-plane deformation map of the distally loaded G-PMMA model (units: mm).

Figure 6. Deformation map of the Ti6Al4V bushing most affected by the application of the distal load
in the G-PMMA model (units: mm).

The deformation presented in Figure 6 is complemented by Figure 8, which shows the
stress map of the most loaded bushing of this model in distal load. In the same way as the
figures shown before, in Figure 8, there is a concentration of stress in the upper left zone,
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so that in real practice, it would be expected that the model would erode or deform, and
the load in that zone in real cases would be somewhat lower than that of the theoretical
model. In other words, it would be possible that, in practice, in the red zone, erosion or
deformation would occur and this would reduce the real stress value.

Figure 7. Stress map of the G-PMMA model with distal loading (units: MPa).

Figure 8. Stress map of the most loaded bushing of Ti6Al4V in the G-PMMA model with distal load.

The most important results obtained for the G-PMMA model with distal load applied
are shown in Table 2, which presents the global displacement (minimum and maximum),
the combined von Mises stress (minimum and maximum), and the maximum strain of
the assembly that forms Model 1, while the data for the area of the inserts are presented
in Table 2. Also, another table that presents the summarized results for the most loaded
bushing of the same model are presented in Table 3. This scheme of results layout will be
repeated throughout the nine models under study.

79



Materials 2025, 18, 441

Table 2. Summary of results obtained for distal load G-PMMA model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 2.45·10−12 1.37·10−2 3.88·10−12 13.609 4.27·10−3

10 N 4.90·10−12 2.74·10−2 7.75·10−12 27.218 8.55·10−3

15 N 7.35·10−12 4.11·10−2 1.16·10−11 40.827 1.28·10−2

20 N 9.80·10−12 5.47·10−2 1.55·10−11 54.436 1.71·10−2

25 N 1.23·10−11 8.85·10−2 1.94·10−11 68.045 2.13·10−2

Table 3. Results obtained for the most loaded bushing in the distal load G-PMMA model, being Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 2.45·10−12 1.77·10−4 5.39·10−8 6.6476
10 N 4.90·10−12 3.54·10−4 1.08·10−7 13.295
15 N 7.35·10−12 5.31·10−4 1.62·10−7 19.943
20 N 9.80·10−12 7.08·10−4 2.15·10−7 26.59
25 N 1.23·10−11 8.85·10−4 2.69·10−7 33.238

The same kind of analysis was performed for the G-PMMA models with loads in me-
dial and central positions. In order to keep the present scientific article within a reasonable
length, no figures of either of them are included in this paper, but tabulated summarized
results are presented in Table 4 for the G-PMMA model with medial load and in Table 5 for
its most loaded bushing, while Table 6 presents global results for the G-PMMA model with
distal load, and Table 7 details the results of the most loaded bushing of the same model.

Table 4. Summary of results obtained for medial load G-PMMA model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 3.10·10−25 3.14·10−3 3.85·10−11 13, 314 4.17·10−3

10 N 6.20·10−25 6.29·10−3 7.70·10−11 26, 628 8.35·10−3

15 N 9.30·10−25 9.43·10−3 1.16·10−10 39, 942 1.25·10−2

20 N 1.24·10−24 1.26·10−2 1.54·10−10 53, 256 1.67·10−2

25 N 1.55·10−24 1.57·10−2 1.93·10−10 66, 570 2.09·10−2

Table 5. Results obtained for the most loaded bushing in the medial load G-PMMA model, being Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 3.10·10−25 1.93·10−5 6.90·10−7 2.8598
10 N 6.20·10−25 3.85·10−5 1.38·10−6 5.7196
15 N 9.30·10−25 5.77·10−5 2.07·10−6 8.5794
20 N 1.24·10−24 7.70·10−5 2.76·10−6 11.439
25 N 1.55·10−24 9.62·10−5 3.45·10−6 14.299
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Table 6. Summary of results obtained for central load G-PMMA model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 0 3.72·10−3 2.87·10−9 13, 140 4.12·10−3

10 N 0 7.43·10−3 5.74·10−9 26, 280 8.25·10−3

15 N 0 1.11·10−2 8.60·10−9 39, 421 1.24·10−2

20 N 0 1.49·10−2 1.15·10−8 52, 561 1.65·10−2

25 N 0 1.86·10−2 1.43·10−8 65, 701 2.06·10−2

Table 7. Results obtained for the most loaded bushing in the central load G-PMMA model, being Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 0 2.03·10−5 5.14·10−5 3.4705
10 N 0 4.05·10−5 1.03·10−4 6.9409
15 N 0 6.08·10−5 1.54·10−4 10.411
20 N 0 8.11·10−5 2.06·10−4 13.882
25 N 0 1.01·10−4 2.57·10−4 17.352

3.2. Results of the Model Made of PEEK for the Different Load Conditions Under Study

The methodology employed for the analysis of the model made of PEEK was the
same as the G-PMMA model. In this section, equivalent figures to those presented for
G-PMMA in Section 3.1 are presented. Figure 9 shows the deformation map in a mid-plane
of the PEEK model with Ti6Al4V inserts. This figure presents the load located in the
distal position. The median plane was obtained with the same methodology as in the
G-PMMA model. As can be seen in the referred figure, the deformation map in the plane
is continuous, a fact that validates that the geometrical modeling has been correct since
a smooth transition of the load between components is achieved. This fact is present in
all the models under analysis in this research. It is important to consider that the load is
applied vertically downwards, and that the model is embedded in the inserts, so that a
state of triaxial stresses with a certain buckling component is produced.

Figure 10 shows the deformation map corresponding to the bushing of the PEEK
material model with distal load most affected by the application of the referred load. Also,
Figure 11 shows the stress map of the PEEK model with distal loading.

As can be seen in Figure 11, the maximum stress value obtained in the PEEK model
with distal loading is 66.485 MPa. Having obtained the general von Mises equivalent
stress map, the area of the inserts is considered the most critical for the present experiment;
the graphical results of the most loaded bushing are presented in Figure 12. As with the
G-PMMA model, there is a concentration of stress in the upper left zone, so that in real
practice it would be expected that the model would erode or deform, and the load in that
zone would be somewhat lower than that of theoretical model. In other words, it would be
possible that in the red zone, erosion or deformation would occur and this would reduce
the real stress.

As in the case of the G-PMMA material, for the PEEK models with the load in medial
and central positions, studies equivalent to those carried out with the model with the load
in the distal position were performed; therefore, analogous tables are presented. Table 8
presents a summary of the results obtained for PEEK model with distal load while Table 9
presents the results of the most loaded bushing in the same model.
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Figure 9. Mid-plane deformation map of the distally loaded PEEK model (units: mm).

Figure 10. Deformation map of the Ti6Al4V bushing most affected by the application of the distal
load in the PEEK model (units: mm).
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Figure 11. Stress map of the PEEK model with distal loading (units: MPa).

 

Figure 12. Stress map of the most loaded bushing of Ti6Al4V in the PEEK model with distal load.

Table 8. Summary of results obtained for distal load PEEK model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 2.43·10−12 1.05·10−2 8.72·10−12 13.297 3.18·10−3

10 N 4.85·10−12 2.10·10−2 1.74·10−11 26.594 6.36·10−3

15 N 7.28·10−12 3.15·10−2 2.61·10−11 39.891 9.55·10−3

20 N 9.70·10−12 4.20·10−2 3.48·10−11 53.188 1.27·10−2

25 N 1.21·10−11 5.25·10−2 4.36·10−11 66.485 1.59·10−2
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Table 9. Results obtained for the most loaded bushing in the distal load PEEK model, being Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 2.43·10−12 1.75·10−4 9.26·10−8 6.4523
10 N 4.85·10−12 3.51·10−4 1.85·10−7 12.905
15 N 7.28·10−12 5.26·10−4 2.78·10−7 19.357
20 N 9.70·10−12 7.01·10−4 3.70·10−7 25.809
25 N 1.21·10−11 8.76·10−4 4.63·10−7 32.262

In the following tables, equivalent results to those presented for PEEK models with me-
dial and central loads are detailed. Thus, following the same system, Table 10 summarizes
the results obtained for the PEEK model with medial load, while Table 11 shows the results
obtained for the most loaded bushing in this model. In the same way, Tables 12 and 13
present the results obtained for the PEEK model with central load and the results of the
most loaded bushing of such model, respectively.

Table 10. Summary of results obtained for medial load PEEK model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 2.67·10−13 5.15·10−4 4.09·10−11 13.045 3.12·10−3

10 N 5.34·10−13 1.03·10−3 8.18·10−11 26.090 6.23·10−3

15 N 8.01·10−13 1.55·10−3 1.23·10−10 39.135 9.35·10−3

20 N 1.07·10−12 2.06·10−3 1.64·10−10 52.180 1.25·10−2

25 N 1.33·10−12 2.58·10−3 2.04·10−10 65.225 1.56·10−2

Table 11. Results obtained for the most loaded bushing in the distal load PEEK model, being: Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 2.67·10−13 1.08·10−5 8.30·10−7 2.6418
10 N 5.34·10−13 2.15·10−5 1.66·10−6 5.2836
15 N 8.01·10−13 3.23·10−5 2.49·10−6 7.9254
20 N 1.07·10−12 4.31·10−5 3.32·10−6 10.567
25 N 1.33·10−12 5.39·10−5 4.15·10−6 13.209

Table 12. Summary of results obtained for central load PEEK model, being: Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 0 2.79·10−3 2.83·10−9 12.881 3.08·10−3

10 N 0 5.58·10−3 5.65·10−9 25.761 6.16·10−3

15 N 0 8.37·10−3 8.48·10−9 38.642 9.24·10−3

20 N 0 1.12·10−2 1.13·10−8 51.523 1.23·10−2

25 N 0 1.39·10−2 1.41·10−8 64.404 1.54·10−2
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Table 13. Results obtained for the most loaded bushing in the central load PEEK model, being: Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain
max: maximum strain value.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 0 1.93·10−5 4.86·10−5 3.1576
10 N 0 3.86·10−5 9.71·10−5 6.3152
15 N 0 5.79·10−5 1.46·10−4 9.4727
20 N 0 7.71·10−5 1.94·10−4 12.63
25 N 0 9.64·10−5 2.43·10−4 15.788

3.3. Results of the Model Made of Ti6Al4V for the Different Load Conditions Under Study

The methodology employed for the analysis of the model made of Ti6Al4V was the
same as for the other two materials. Figure 13 shows the deformation map in the mid-plane
of the Ti6Al4V model with distal load. This figure presents the load located in the distal
position. This figure is of special relevance, given that continuity can be observed between
the area of the bushing, and the rest of the model, which, in this case, is made of the same
material, so continuity was expected. The figure serves to verify compliance with the theory
and the proper functioning of the model’s contacts. Figure 14 shows the deformation map
corresponding to the bushing most affected by the application of the load.

Figure 15 shows the stress map of the Ti6Al4V model with distal loading. As is
presented in Figure 15, the maximum stress obtained was 68.505 MPa. After generating the
von Mises equivalent stress map, we focus on examining the most critical area relevant to
the experiment’s practical application: the region surrounding the inserts. More specifically,
Figure 16 presents the most loaded bushing of the Ti6Al4V model with distal loading.

Figure 13. Mid-plane deformation map of the distally loaded Ti6Al4V model (units: mm).
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Figure 14. Deformation map of the Ti6Al4V bushing most affected by the application of the distal
load in the Ti6Al4V model (units: mm).

Figure 15. Stress map of the Ti6Al4V model with distal loading (units: MPa).

As with the other materials, there is a concentration of stress in the upper left zone.
For the case of the Ti6Al4V models, the equivalent tables for the same load conditions as in
the two previous materials will be presented. Table 14 contains a summary of the results
obtained for the distal load Ti6Al4V model, while Table 15 presents the results obtained for
the most loaded bushing of such model. Table 16 summarizes of results obtained for medial
load Ti6Al4V model. Table 17 shows the results obtained for the most loaded bushing
in the medial load TiAlV4 model. Tables 18 and 19 show the results obtained for central
load and the results obtained for the most loaded bushing in the central load Ti6Al4V
model, respectively.
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Figure 16. Stress map of the most loaded bushing of Ti6Al4V in the Ti6Al4V model with distal load.

Table 14. Summary of results obtained for distal load Ti6Al4V model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 1.36·10−13 5.49·10−4 2.51·10−11 13.701 1.21·10−4

10 N 2.73·10−13 1.10·10−3 5.03·10−11 27.402 2.42·10−4

15 N 4.09·10−13 1.65·10−3 7.54·10−11 41.103 3.63·10−4

20 N 5.45·10−13 2.20·10−3 1.01·10−10 54.804 4.84·10−4

25 N 6.82·10−13 2.74·10−3 1.26·10−10 68.505 6.05·10−4

Table 15. Results obtained for the most loaded bushing in the distal load Ti6Al4V model, being Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 1.01·10−12 7.12·10−5 5.09·10−7 4.5933
10 N 2.03·10−12 1.42·10−4 1.02·10−6 9.1866
15 N 3.04·10−12 2.14·10−4 1.53·10−6 13.78
20 N 4.05·10−12 2.85·10−4 2.03·10−6 18.373
25 N 5.07·10−12 3.56·10−4 2.54·10−6 22.966
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Table 16. Summary of results obtained for medial load Ti6Al4V model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 1.04·10−25 9.20·10−5 2.00·10−10 13.365 1.18·10−4

10 N 2.08·10−25 1.84·10−4 4.01·10−10 26.730 2.36·10−4

15 N 3.12·10−25 2.76·10−4 6.01·10−10 40.095 3.53·10−4

20 N 4.16·10−25 3.68·10−4 8.01·10−10 53.460 4.71·10−4

25 N 5.20·10−25 4.60·10−4 1.00·10−9 66.825 5.89·10−4

Table 17. Results obtained for the most loaded bushing in the medial load TiAlV4 model, being Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 1.04·10−25 5.82·10−6 5.17·10−6 0.90975
10 N 2.08·10−25 1.16·10−5 1.03·10−5 1.8195
15 N 3.12·10−25 1.75·10−5 1.55·10−5 2.7292
20 N 4.16·10−25 2.33·10−5 2.07·10−5 3.639
25 N 5.20·10−25 2.91·10−5 2.59·10−5 4.5487

Table 18. Summary of results obtained for central load Ti6Al4V model, being Def. min: Minimum
deformation value in mm, Def. max: maximum deformation value in mm, VM min: minimum von
Mises stress value in MPa, VM max: maximum von Mises stress value in MPa, Strain max: maximum
strain value.

Force Def. Min. Def. Max. VM Min. VM Max. Strain Max.

5 N 0 1.11·10−4 3.67·10−9 13, 188 1.16·10−4

10 N 0 2.21·10−4 7.33·10−9 26, 376 2.33·10−4

15 N 0 3.32·10−4 1.10·10−8 39, 564 3.49·10−4

20 N 0 4.42·10−4 1.47·10−8 52, 752 4.65·10−4

25 N 0 5.53·10−4 1.83·10−8 65, 940 5.82·10−4

Table 19. Results obtained for the most loaded bushing in the central load Ti6Al4V model, being Def.
min: Minimum deformation value in mm, Def. max: maximum deformation value in mm, VM min:
minimum von Mises stress value in MPa, VM max: maximum von Mises stress value in MPa.

Force Def. Min. Def. Max. VM Min. VM Max.

5 N 0 6.22·10−6 7.80·10−5 0.91538
10 N 0 1.24·10−5 1.56·10−4 1.8308
15 N 0 1.87·10−5 2.34·10−4 2.7461
20 N 0 2.49·10−5 3.12·10−4 3.6615
25 N 0 3.11·10−5 3.90·10−4 4.5769

3.4. Comparison of the Results Obtained for the Models and Load Conditions Under Study

In this section and as a summary, a series of graphs are presented with the maximum
values of stresses and deformations both in the set of models under analysis and in the
bushings that support the higher stresses values in each of the models.

The maximum deformation values in the three models for the loading conditions under
study are presented in Figure 17. As can be observed, in all the materials analyzed, the
highest deformation values correspond to the load applied in the distal position, followed
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by the applied in a central position and, finally, by the load applied in a medial position.
Furthermore, the largest deformations on average for the three load conditions correspond
to the models made of G-PMMA, followed by the PEEK models and, finally, by those made
entirely of Ti6Al4V. With regard to the order of the materials, it can be said that it was the
expected one, given that it corresponds to the same order as their Young’s modulus values,
from lowest to highest. Also, with regard to the magnitude of the maximum deformation
of the assembly versus the place of load application, it is also consistent that the position
that produces the greatest deformations is the distal one, given that a lever arm is created
in the structure that leads to higher displacement values induced by the load.

Figure 17. Maximum deformation of all the models (in mm.) by materials and force position.

The comparison of the maximum stress values achieved according to the von Mises
criteria in the models of the three materials and for the three loading conditions under
study are presented in Figure 18. Taking into account what is shown in the referred Figure,
it is possible to affirm that, in all cases, the maximum stress value occurs for the models
with loads applied in the distal position, followed by the models with load in the medial
position and, finally, the models with load in the central position. Furthermore, with the
same position of the load, in all cases, the highest stress values are reached in those models
that are made entirely of Ti6Al4V, followed by the models made of G-PMMA, except
for its bushings and, finally, the PEEK models. That is, the inverse order to that of the
deformations and which means that those models in which greater displacements occur
generally reach lower values of maximum stresses.

Figure 19 presents the maximum deformation values reached in the most loaded
bushings of all the models under study. As can be seen in the referred Figure, the defor-
mations of the most loaded Ti6Al4V bushings in each of the models under study follow
a similar trend, but the greatest deformations correspond to those loaded in the distal
position, followed by the central and medial positions. Also, the bushings that present
the greatest deformation are those corresponding to the models made of G-PMMA and
PEEK, with very similar results. Although the deformation values in the medial and central
position are similar, those in the medial position are somewhat higher. In this case, the
highest strain values are also reached for the G-PMMA model, followed by the PEEK and,
finally, the Ti6Al4V. Regarding the models with loading in the central position, almost
indistinguishably, there are the bushings corresponding to the G-PMMA and PEEK models,
while the maximum strain in the Ti6Al4V model is somewhat lower.
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Figure 18. Maximum stress values according to the von Mises criteria of all the models (MPa.) by
materials and force position.

Figure 19. Maximum deformation values (in mm.) achieved in the most loaded bushes of each model
by materials and force position.

Figure 20 presents the maximum von Mises stresses reached in the most loaded
bushings of each model, which, in all cases, are made of Ti6Al4V. As can be observed in
this figure, the highest values correspond to the models to which load has been applied in
the distal position, followed by those with the load in medial position and, finally, those
with the load in a central position. Regarding the materials of the different models, the
highest values in all cases correspond to models made of G-PMMA, followed by slightly
lower values for those models of PEEK, while the maximum deformation values of the
bushing inserted in the Ti6Al4V models are noticeably lower. Figure 21 shows the values of
the mechanical tests performed and the determination of the displacement in millimeters
of the sample. Displacement values were obtained when the force applied in each of
the positions was 150 N. As can be seen from the results, the distal position is the one
that offers the greatest deformation, as in the case of the simulation that can be seen in
Figures 17 and 19. The displacements decrease sharply for the medial and central positions,
with the Ti6Al4V material offering the lowest displacement values in all the positions
studied. The structures made of G-PMMA and PEEK show similar values although PEEK
offers higher displacement in the distal position equaling the values in the medial position
and slightly increases the displacement in the central position for the G-PMMA. From the
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results obtained, it can be said that the mechanical tests reproduce the behavior simulated
by the finite element method both in the positions of application of the mechanical load
on the structure and in the type of material studied in the fabrication of the prosthetic
structures.

Figure 20. Maximum stress by von Mises criteria (in MPa) achieved in the most loaded bushes of
each model by materials and force position.

Figure 21. Deformation in millimeters obtained under a load of 150 N in flexural tests.

4. Discussion

One of the strengths of the present research is that all the models analyzed share
the same mesh and geometry which makes the comparison among materials and load
conditions easy. That is because the discrepancies observed among models will arise
solely from variations in the materials and the different applied loading conditions. When
speaking about different materials models, the one with the most different behavior when
compared with other materials is Ti6Al4V [43].

The general behavior of G-PMMA and PEEK in the test performed is similar. About
maximum deformations in the model, it has been found that deformations are higher in
the G-PMMA models when compared to those made of PEEK. This result was expected,
primarily due to differences in their mechanical properties. PEEK is a high-performance
thermoplastic with significantly superior stiffness, strength, and thermal stability. These
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characteristics enable PEEK to resist deformation under mechanical stress, particularly at
elevated temperatures, making it more rigid and resistant to strain. In contrast, G-PMMA,
although reinforced with graphene fibers to enhance its strength, retains the inherent
limitations of a polymeric material, with a lower modulus of elasticity and tensile strength
compared to PEEK. As a result, G-PMMA is more prone to deformation when subjected to
mechanical loads. Therefore, the higher deformation observed in G-PMMA is a predictable
outcome based on the inherent mechanical properties of these two materials [44–46].

The highest values of maximum stress according to the von Mises criteria are achieved
in models made of Ti6Al4V, followed by G-PMMA and PEEK. These stress values are
primarily governed by the distinct mechanical properties inherent to each material. Ti6Al4V,
being a titanium alloy, possesses a significantly higher strength-to-weight ratio compared
to the other two materials. This alloy is designed to withstand high mechanical stresses,
exhibiting excellent tensile strength and resistance to fatigue and deformation. As a result,
when subjected to loads, Ti6Al4V can absorb a higher amount of stress before undergoing
plastic deformation, which explains why it shows the highest stress values among the three
materials. Its strength is further enhanced by its metallic structure, which allows for efficient
load distribution and retention of structural integrity under extreme conditions [47,48].

In contrast, G-PMMA is a polymer composite, reinforced with graphene fibers to
improve its mechanical properties over pure PMMA. While the addition of graphene fibers
enhances its strength, it remains a thermoplastic material with lower intrinsic stiffness
and tensile strength compared to titanium alloys. As such, G-PMMA is more prone to
plastic deformation under stress compared to Ti6Al4V. However, due to its relatively higher
stiffness compared to other common polymers, G-PMMA is able to withstand moderate
stress levels before significant deformation occurs, placing it in the intermediate position
between Ti6Al4V and PEEK in terms of stress capacity. Lastly, PEEK, although a high-
performance thermoplastic with excellent mechanical properties, including high strength
and thermal stability, is still a polymer material and thus inherently more susceptible to
deformation under high loads compared to metals. While PEEK is known for its excellent
chemical resistance, toughness, and dimensional stability, its intrinsic modulus of elasticity
and tensile strength are lower than those of both Ti6Al4V and G-PMMA. Consequently,
PEEK experiences higher deformation under applied loads and reaches a lower stress value
before yielding. Its behavior under load is governed by the molecular structure of the
polymer, which, although optimized for performance, cannot match the superior stress
resistance provided by metallic materials such as Ti6Al4V.

In the case of the maximum von Mises stress and deformation values achieved in
the most loaded bushing of each model, values of G-PMMA and PEEK models are really
close and in some cases they would even be considered within the 0.2% of the uncertainty
confidence interval of error due to the model convergence. Please note that in all models,
bushes are made of Ti6Al4V alloy.

Also, it should be noted that there is also a difference in the results obtained depending
on the applied load, whether distal, medial, or central, showing that in all simulations, it is
the distal test that offers the worst results in terms of presenting a higher value for both
displacement and tension. This situation would be mitigated if the prosthesis cantilever
is reduced. Likewise, it is also advisable to check whether the base model in PEEK or
G-PMMA with Ti6Al4V bushings can afford a displacement map 10 times greater (an order
of magnitude) than that obtained with the model made entirely of Ti6Al4V. Therefore, the
further the loading point is from a strong bond, the more global displacement there is, and
this is proportional to the unitary displacement, which is proportional to Young’s modulus,
which depends on the material, which is why what we see happens. The displacements in
the bushings are similar, because Ti6Al4V is much more rigid than the other two materials.
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Overall, the graph suggests that the distal loading position should be studied in order
to find if it can be restricted in some way so that the stress does not generate as much
deformation compared to the rest.

The present study is subject to certain limitations inherent to finite element analyses
in biomechanics. A key simplifying assumption is the use of linear-elastic material mod-
els for all the pieces involved in these models. In fact, materials have been considered
homogeneous and isotropic. While these assumptions facilitate computational efficiency
and are widely used in similar studies, they do not account for the non-linear and time-
dependent behavior of biological tissues, such as viscoelasticity or plastic deformation
under high loads.

The use of linear models, simplifying the contacts between elements, can also partially
distort the results, an effect that we have tried to minimize using loads that ensure that
the material works below the elastic limit at all conditions. Also, the geometries used,
faithful reproductions of the real models, generate stress concentrations, which in tests
and simulations by the finite element method often do not occur because the geometry
used has been simplified (the fact being that maintaining visual verisimilitude has hardly
been practiced in these models). This generates load values higher than the real ones,
concentrated in the “corners” and in other singularities, which, in a laboratory test, would
disappear practically immediately since the physical object would suffer from erosion
or deformation.

Boundary conditions were also idealized to represent a controlled in silico environment
with fully fixed supports, although these idealizations may not fully replicate the complex
mechanical interactions occurring in vivo. Additionally, this analysis does not incorporate
critical biological factors such as bone adaptation, remodeling, or degradation over time,
which can significantly influence the long-term performance of dental prostheses. The
effects of wear and fatigue, which are known to play a pivotal role in the lifespan of dental
materials under repetitive loading, were also excluded.

From a clinical point of view, bruxing patients with high mechanical loads should
be advised to use Ti6Al4V frameworks as polymeric frameworks may have limitations in
mechanical properties. In patients with low to moderate load levels where dental esthetics
is also an important part of the treatment, the polymeric materials studied can be used.
In the latter case, the clinician should evaluate the type of structure and assess whether
there are stresses in the distal positions with stresses with a large cantilever. In these cases,
polymeric materials would not be advisable, as has been demonstrated in the mechanical
tests carried out and confirmed by the simulation of the different structures by means of
finite elements [36,48–50].

Despite these limitations, the study provides valuable insights into the biomechanical
behavior of the prosthetic system under different loading conditions. Future research could
integrate more advanced material models, non-linear contact interactions, and simulations
of biological processes to enhance the clinical relevance of the findings.

5. Conclusions

Regarding the mechanical response of the materials, it was observed that the PEEK
material presented a superior capacity to support high magnitude loads without compro-
mising the structural integrity of the prosthesis. On the other hand, the G-PMMA material
showed adequate resistance to deformation under moderate loads, but its performance
decreased in high load scenarios, suggesting that its use is more indicated for prostheses in
areas with less exposure to extreme masticatory forces. Finally, the PEEK material showed
intermediate behavior in the three loading conditions, balancing strength, and flexibility,
suggesting a potential for versatile use in prosthetic applications. However, it was noted
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that this material may require additional adjustments to maintain long-term stability in
patients with variable masticatory loads. The validation of the simulation by the finite
element method was carried out by means of mechanical tests and the validity of the
simulation was verified. It is possible to observe that in the application of 150N of the
load, the distal position is the one with the highest deformation, with a displacement of
0.6 mm for PEEK, 0.43 mm for G-PMMA, and the lowest for Ti6Al4V, which corresponds to
0.30 mm. The deformations decrease sharply for the medial and central positions decreas-
ing to values close to 0.1 mm. G-PMMA presents the highest deformation values (0.21 mm)
in the central position. The choice of the appropriate material should consider not only the
strength of the material under various loading conditions, but also the adaptability of the
material to the specific needs of the patient. The findings of this study provide valuable
information for decision making in the selection of prosthetic materials and establish a
basis for future research that can further optimize the design of dental prostheses based on
realistic conditions of use.
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Abstract: The aim of this finite element analysis (FEA) was to investigate the distribution of von
Mises stress within dental implant components, as well as trabecular and cortical bone. The study
considered various bone qualities that influence cortical thickness in contact with the implant,
specifically examining cortical thicknesses of 0.5, 1.5, and 3 mm, corresponding to Bergkvist’s
classifications IV, III, and II, respectively. A simplified 3D model of the bone was developed for the
analysis. Two short implants were inserted into the model: one with a 30◦ inclined abutment (IA)
and another positioned at a 30◦ angle featuring a straight abutment (II). A vertical force (120 N) was
applied to the upper surface of the abutments. FEA software was employed to assess the stresses
on the peri-implant tissues and the implants. The findings indicated that a reduction in cortical
bone thickness results in an increase in stress within the cortical bone. For IA, the stresses recorded
32.56, 56.12, and 96.14 MPa for cortical thicknesses of 3, 1.5, and 0.5 mm, respectively. Conversely,
II exhibited increased stresses across all bone qualities (52.32, 76.15, and 126.32 MPa for the same
cortical thicknesses). It is advisable to avoid II in cases of poor bone quality and thin cortical due to
the heightened risk of overload-induced bone resorption; however, it may be preferable to use IA in
scenarios involving good bone quality and thicker cortical.

Keywords: finite element analysis (FEA); dental implants; dental stress analysis; short implants;
angled implants; inclined abutments

1. Introduction

Teeth are firmly anchored within the alveolar bone, which possesses mechanical
properties that enable it to withstand the forces generated during chewing [1–6]. The
alveolar bone exhibits the capacity to adapt to mechanical stresses through a process known
as remodeling. According to Wolff’s law, the bone responds adaptively to external forces [7].
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Subjecting the bone to mechanical stimuli is essential for maintaining its structure and
density. The loss of a tooth, however, results in the absence of stimulation to the residual
bone, thereby causing a decrease in density and structural integrity, which can lead to a
reduction in width, height, and thickness. This reduction in bone volume may result in
atrophic ridges, complicating the use of traditional prosthetics [7,8].

Bone augmentation represents a widely utilized technique in dentistry, which may
employ either osteoinductive or osteoconductive materials to promote bone regeneration
and facilitate the placement of standard dental implants [9]. Short implants have emerged as
a viable treatment option for patients with atrophic or resorbed bone, whether partially or
fully edentulous. The definition of short implants varies among authors; some define them
as implants measuring less than 10 mm in length, while others consider implants shorter
than 7 mm to be classified as short [10–13]. In 2016, a European agreement established that
short implants are classified as those measuring 8 mm or less, while ultra-short implants are
categorized as those measuring less than 6 mm [14]. Numerous studies have documented the
success and survival rates associated with short implants, which historically exhibited lower
success rates [15–18]. However, advancements in surface modifications, the optimization of
macro-geometry, and improvements in surgical techniques have significantly enhanced these
success rates, resulting in their more frequent application by dental professionals.

The nature of the implant–abutment connection also plays a critical role in determining
success rates; implants that utilize internal Morse cone connections demonstrate a more
uniform stress distribution in comparison to those featuring external hexagonal connec-
tions [19–21]. The Morse cone connection facilitates cold welding through friction between
the abutment and implant surfaces, which minimizes micro gaps and consequently reduces
bacterial infiltration [22,23]. The integration of the conical connection with short implants has
resulted in a balanced distribution of loads across the implant, abutment, and surrounding
alveolar bone [24,25].

To achieve a high success rate, it is crucial to establish a favorable biomechanical en-
vironment that enables the effective distribution of masticatory loads to the surrounding
tissues. In this regard, finite element analysis (FEA) serves as a valuable tool for simulating
the behavior of the implanted device within the bone, allowing researchers to model dental
implants and bone interactions with increased accuracy and efficiency, thus mitigating the
challenges associated with in vivo testing [16,26–32]. Specifically, the assessment of von Mises
stress distribution serves as a crucial indicator of the stability of dental implants and the
integrity of surrounding bone, both of which directly influence the longevity and long-term
success of implant procedures. Indeed, the biomechanics of the chewing process generate
axial and bending forces that produce a series of moments transmitted to the dental implant
and subsequently to the surrounding bone. In this regard, several factors are instrumental in
influencing the distribution of bone stress, which is pivotal to ensuring stability. For instance,
excessive stress can lead to bone resorption and potential implant failure [33]. According to
Frost’s theory [7], bone can initiate growth and remodeling processes in response to biome-
chanical demands based on the intensity and direction of applied stress. Moderate mechanical
stress may stimulate bone remodeling, thereby enhancing bone density and strength, while
also promoting Sema3A secretion and osteocyte proliferation. Conversely, excessive stress
may induce pathological damage, as illustrated in Table 1 and discussed in a study by Uto
et al. [34].

Table 1. Bone behavior according to Frost’s theory [7].

Bone Stress State of Bone

<1–2 MPa Bone stops growing and resorbs
1–2 MPa Bone remodeling may occur, but the bone mass remains unchanged

20–40 MPa Bone remodeling occurs, and bone mass increases
40–60 MPa Bone remodeling and bone mass significantly increase
>60 MPa There is an overload with potential risks of resorption
120 MPa The bone may break due to a fracture
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The stress exerted on bone tissue is also influenced by the geometric characteristics of
dental implants [35–37]. A FEA study indicated that an increase in the implant diameter
significantly reduces stress, in contrast to modifications in the length of the implant [37].
Furthermore, research conducted by Baggi et al. [35] demonstrated that the length of the
implant predominantly affects the distribution of stress within the trabecular bone, thereby
enhancing its overall distribution. For instance, a study by Zupancic Cepic et al. [38]
specifically explored the biomechanical interactions of short implants (measuring 4, 6, and
8 mm) in supporting fixed partial dentures within the posterior mandible. The findings
revealed that splinted configurations exhibited superior stress distribution compared to
non-splinted configurations. Additionally, the results indicated that oblique loading at
30◦ resulted in greater stress distribution than axial loading. This observation suggests
that oblique forces may generate higher and broader stress patterns around implants,
potentially increasing the risk of damage to both the surrounding bone tissue and the
implants themselves.

It is crucial to acknowledge that the bone type significantly impacts implant stability
and stress distribution. Azcarate-Velàzquez et al. [36] conducted an FEA to assess the effect
of bone quality on two different types of dental implants. Their analysis demonstrated
that a decline in bone quality led to poorer stress distribution and the overloading of the
cortical bone at the implant collar. Another FEA study by Liu et al. [39] illustrated that the
application of short implants in atrophied edentulous mandibles considerably affects the
stress distribution within the surrounding bone tissue, where peak stress values tended to
increase as the bone quality diminished. The classification system established by Lekholm
and Zarb in 1985 [40] served as the foundational framework for examining the impact
of bone quality and cortical thickness in this context. This classification categorizes bone
into four primary types, ranging from Type I, characterized by dense cortical bone with
a substantial amount of trabecular bone, to Type IV, which consists chiefly of trabecular
bone with minimal cortical bone. While Lekholm and Zarb’s classification is centered on
the four most clinically relevant bone categories, it may limit the study of more complex
cases. To address this limitation, Misch [41] proposed an alternative classification in
1997, encompassing six categories that consider bone density and morphology, as well
as the proportions of cortical and trabecular bone. This revised classification facilitates a
more nuanced evaluation of bone quality, particularly in cases of diminished bone quality.
Nevertheless, since short implants are primarily situated in medium- to high-quality bone,
the classification established by Lekholm and Zarb remains applicable. It is essential to
clarify that Lekholm and Zarb’s classification does not directly account for trabecular bone
density, as the radiographic techniques employed for classification, such as panoramic
and periapical radiographs, do not provide detailed information regarding trabecular
bone density [40]. While these radiographs can reveal the amount of bone present, they
do not yield precise assessments of bone density, which necessitates advanced imaging
techniques, such as computed tomography (CT) or micro-CT. Furthermore, Lekholm and
Zerb’s classification is more practical than that proposed by Misch, as it also incorporates
the surgeon’s tactile perception during the site preparation for implantation.

The implantation process itself is a significant factor influencing the distribution of
stress within both the bone and the implants. Research conducted by Morita et al. [42] has
demonstrated that the inclination of dental implants can lead to a reduction in stress levels,
with decreases of 8.4% under a 90◦ load and 9.7% under a 60◦ load when compared to a
vertical implant. On the other hand, the use of an inclined abutment resulted in a stress
reduction of 15.7% under a 90◦ load and 30% under a 60◦ load relative to a vertical implant
with a straight abutment.

Notably, the factors discussed thus far, including the quality of the bone, do not
currently provide a definitive indication regarding the most suitable positioning system:
either inclined implants with straight abutments (II) or straight implants with inclined
abutments (IA). Conducting an FEA study comparing II and IA configurations holds
significant clinical relevance within the field of implant dentistry, as it offers insights into
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how variations in implant angulation and abutment alignment affect biomechanics, stability,
and clinical outcomes. The application of II and IA is particularly relevant in clinical
scenarios characterized by limited bone volume or unfavorable anatomical structures.
Patients frequently encounter challenges such as inadequate posterior bone support due to
resorption, which complicates the placement of straight implants without extensive bone
grafting. The employment of II, IA, or short implants can enhance prosthetic support by
leveraging existing bone while reducing the necessity for additional procedures that may
elevate patient morbidity [43]. Additionally, tilted implants or abutments may enable longer
prosthetic extensions without the corresponding cantilever risks associated with straight
implants, thus improving both prosthetic support and functionality. This advantage is
clinically significant, as it may lead to the more effective restoration of masticatory function
for patients missing considerable posterior teeth. Clinical outcomes suggest that treatments
utilizing angled implants, whether II or IA, contribute to enhanced patient satisfaction by
mitigating perceived prosthetic instability—a prevalent concern among individuals relying
on traditional denture solutions [44]. A systematic review revealed no significant difference
in implant survival and success rates between strategies employing angled implants and
conventional techniques over medium- to long-term follow-ups [44]. This finding implies
that both strategies may yield clinically comparable results for patients facing anatomical
challenges.

Therefore, the objective of the present finite element study was to investigate the
bone stress distributions induced by two short implants, considering various cortical
thicknesses (0.5 mm, 1.5 mm, and 3 mm) and utilizing the ANSYS Workbench 2023 FEA
software (R23®, Canonsburg, PA, USA). This study examined two implant configurations:
II positioned at a 30◦ angle and 30◦ IA, both of which featured Morse cone connections.
These specific configurations were selected for investigation due to the scarcity of studies
in the literature that have simultaneously assessed the effects of implant inclination or
abutment in relation to bone type for short implants. A limited number of studies have
evaluated the impact of the inclination of short implants corresponding to the bone class
for different implant configurations (IA and II). For instance, a study conducted by Anitua
et al. [45] indicated that the inclination of the implant is a more significant determinant
of bone stress than the implant length itself. Specifically, a 17◦ inclination doubled the
von Mises equivalent stress within the bone tissue, while a 45◦ inclination resulted in a
1300% increase in stress. Therefore, an inclination angle of 30◦ was chosen for this study, as
it serves as an intermediate position that allows for the observation of inclination effects
without reaching extreme angles such as 45◦, which could induce excessive stress or fail to
represent common clinical scenarios [45].

The null hypothesis proposed in this study posits that neither the configuration type
(IA or II) nor the bone type influences the stress distribution.

2. Materials and Methods

2.1. Modeling

The three-dimensional (3D) geometric models of the implants and associated compo-
nents were procured from the implant company (Implacil De Bortoli, Sao Paulo, Brazil).
These models were subsequently assembled utilizing computer-aided design (CAD) soft-
ware (Autodesk Inventor 2023.1, San Francisco, CA, USA). Figure 1 represents an illustra-
tion detailing the short implants (Maestro) employed in this study.

The implants in question possessed a diameter of 3.5 mm and a length of 7 mm. These
dimensions were selected as they aligned with the designation of “short” implants as classi-
fied by the manufacturer (Implacil De Bortoli, Sao Paulo, Brazil). Additionally, the implants
were engineered with healing chambers incorporated into their macro-geometric design
to facilitate and expedite osseointegration, reduce bone compression during the insertion
process, and improve the quality of the newly established bone tissue. Both implants are
equipped with an internal Morse cone connection, which is intended to enhance implant
stability and strength while mitigating the risk of micromovement and potential implant
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failure. Notably, the IA variant was designed with a Morse cone connection that includes
a retention screw, whereas the II variant featured the standard implant–abutment Morse
cone connection.

Figure 1. A three-dimensional (3D) model of the implants with abutments. (a) The implant with a
30◦ inclined abutment (IA); (b) the 30◦ inclined implant with a straight abutment (II).

Subsequently, the mandibular block model was constructed and designed according
to the dimensions depicted in Figure 2.

Figure 2. A 3D cortical and trabecular bone model. (a) The model with the inserted implants; (b) its
sectional view.

The 3D bone model was generated utilizing the same CAD software (Autodesk In-
ventor 2023.1, San Francisco, CA, USA) based on a CT scan [25]. Then, this model was
employed to subtract the geometric thread profile following the insertion of the implant in
a crestal position, ensuring a precise fit between the implant and the bone. It was assumed
that, upon the insertion of the implant into the bone block, all surrounding bone surfaces
are in contact with the outer surface of the implant. This assumption supports the concept
of ideal osseointegration, thereby simplifying the modeling process. Full osseointegration
indicates that the implant is stabilized through bony attachment, facilitating optimal load
transfer during functional loading. In clinical practice, achieving successful osseointe-
gration represents a fundamental objective in implant therapy, thereby proving a logical
framework for FEA simulations that model the best-case scenario, wherein the implant

101



Materials 2024, 17, 5680

functions as a unified entity with the bone. Utilizing simplified models is especially advan-
tageous in exploratory studies, as it allows for an initial understanding of stress behavior
without imposing excessive demands on computational resources.

2.2. Materials

A modification of the classification proposed by Lekholm and Zarb has been docu-
mented in previous research studies [46–48], confirming its validity through histomorpho-
metric analysis, the measurement of bone mineral density (BMD), and micro-CT variables.
For example, Pereira et al. [49] identified a correlation between the classification by Lekholm
and Zarb and various histomorphometric parameters of bone.

Bergkvist et al. [50] calculated the BMD using Hounsfield Units (HU) obtained from
micro-CT scans and observed a significant correlation between BMD and Lekholm and
Zarb’s classification [48,50]. This classification assesses bone density and cortical bone
thickness measured in HU, categorizing bone into three distinct types based on the density
and thickness of the cortical bone:

- Case 1 corresponds to a Type IV bone, characterized by bone density ranging from
400 to less than 500 HU, with a cortical bone thickness of 0.5 mm encasing the spongy
bone (Figure 3a);

- Case 2 represents a Type III bone, exhibiting a bone density ranging from 550 to less
than 850 HU and a cortical bone thickness of 1.5 mm surrounding the spongy bone
(Figure 3b);

- Case 3 pertains to a Type II bone with a bone density ranging from 850 to less than
1000 HU, featuring a cortical bone thickness of 3 mm encasing the spongy bone
(Figure 3c) [48,50].

Figure 3. The cortical thickness for the three bone types studied with IA and II. (a) Type IV
bone—cortical thickness: 0.5 mm; (b) Type III bone—cortical thickness: 1.5 mm; (c) Type II
bone—cortical thickness: 3 mm.

Bone serves as a prime example of an anisotropic material characterized by its het-
erogeneous composition and intricate microarchitecture. The mechanical properties of
bone, including stiffness and strength, exhibit significant variability along different axes,
attributable to its complex arrangement of cortical and trabecular structures. This inherent
anisotropic nature results in distinct responses during compression and tension testing [51].
Furthermore, deformation and stress outcomes are influenced by the direction of loading.
Non-invasive techniques, such as the integration of the vibrational response with CT or
magnetic resonance imaging (MRI) data, hold promise for the development of more real-
istic bone models [52,53]. Bones are classified as cortical or trabecular, with the primary
distinction resting in their mechanical characteristics; cortical bone is denser than trabecular
bone. This difference in density is critical for assessing the bone’s capacity to support dental
implants and to endure applied loads. Generally, denser bone correlates with greater stiff-
ness and strength, which positively influences the stability of dental implants. Conversely,
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trabecular bone, characterized by a higher volume of internal trabecular structures, exhibits
reduced density and, subsequently, lower mechanical properties [51,54].

To achieve accurate numerical results in FEA studies, it is imperative to model the
properties of both biological and non-biological structures with precision. For instance,
O’Mahony et al. [55] conducted a comparative assessment of the mandible utilizing fully
isotropic and transversely isotropic (anisotropic) models. Their findings indicated that the
anisotropic model yielded higher stress levels (up to 20%) compared to the isotropic model,
particularly at the crestal region. However, there is a notable lack of studies in the literature
that have thoroughly evaluated the anisotropic characteristics of mandibular and maxillary
bone [56]. Consequently, in most studies present in the literature, the materials are represented
with uniform, isotropic, and linear properties to simplify computational models [25,57–59].

The isotropic bone model utilized in this study serves as a foundational reference for
comparisons with more complex models. Young’s modulus, as presented in Table 2, is a
measure of the stiffness of a material and indicates the extent to which a material deforms
under an applied load. A high value of Young’s modulus signifies that the material is stiff
and experiences minimal deformation under stress [60]. The relationship between stress and
Young’s modulus is articulated by Hooke’s law, which asserts that, within elastic limits, stress
is directly proportional to deformation. Therefore, a bone with a higher Young’s modulus is
capable of withstanding greater loads without significant deformation. According to Table 2,
cortical bone exhibits a higher Young’s modulus (13.7 GPa) in comparison to trabecular bone
(1.37 GPa), reflecting its greater density and stiffness. As a result, cortical bone is better
equipped to support higher loads and withstand increased stresses compared to trabecular
bone [25,57].

Table 2. Mechanical properties of the materials used [25,57].

Component Young’s Modulus (GPa) Poisson’s Ratio

Abutment/implant (Ti6Al4V) 110 0.35
Cortical bone 13.7 0.3

Trabecular bone 1.37 0.3

2.3. Finite Element Analysis (FEA) Simulation

The 3D model CAD file, saved in .stp format, was imported into ANSYS Workbench
2023 FEA software (R23®, Canonsburg, PA, USA). The model was primarily discretized
using 10-node tetrahedral elements (SOLID 187), with a maximum element size set at
0.5 mm (Figure 4) [25].

Figure 4. Schematic model of the mesh with IA and II configurations.
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A sensitivity analysis was conducted to assess the influence of the mesh dimension
on the results. Previous FEA studies have indicated that a mesh size of 0.5 mm yields
reliable outcomes [25,57]. It has been determined that an element size of less than 0.3 mm
is appropriate for accurately modeling the bone-implant interface [61]. Consequently, a
mesh size of 0.3 mm was employed for the contact region between the implant and bone to
enhance the estimation of the stress distribution.

2.4. Loads and Constraints

The constraints established required the immobilization of the bone block in all spatial
directions (Figure 5).

Figure 5. Constraint conditions.

The implant was securely affixed to the bone, eliminating any potential for relative
movement. Furthermore, a frictional contact was implemented on the outer surface of the
abutment, utilizing a coefficient of friction of 0.3. However, it is important to note that the
connection between the abutment and implant did not account for micro-movements or
material fatigue at the interface.

Molars are designed to withstand substantial vertical loads resulting from food com-
pression and the activity of masticatory muscles during the process of chewing. Their
morphology, characterized by prominent cusps and extensive masticatory surfaces, is
optimized to accommodate these forces. Nonetheless, it is important to recognize that
inclined forces, in addition to vertical ones, may also act on the molars, arising from lateral
jaw movements or eccentric forces during the mastication of harder foods. Despite this, for
the purposes of this study, the relatively low intensity of oblique loads, in comparison to
vertical loads, was regarded as negligible [62]. A compressive force of 120 N was applied
to the upper surface of the abutment along its long z-axis direction, simulating the forces
generated during mastication on molars [42] (Figure 6).

The application of a vertical force induces a moment that generates mechanical stress in
both cortical and cancellous bone, which can lead to deformations and an increased risk of
fractures, particularly in regions with compromised bone quality. The primary distinctions
between the IA and II configurations pertain to the fulcrum and the corresponding lever
arm. In the case of the II, insertion is achieved by drilling a hole that is inclined at an angle
of 30◦ relative to the surface of the alveolar ridge. The bending resulting from masticatory
forces utilizes the apex of the implant as its fulcrum, thereby creating a lever arm that is
greater than that of the IA, which operates with the fulcrum located at the Morse cone

104



Materials 2024, 17, 5680

connection. This enhanced lever arm may contribute to elevated bending moments and,
consequently, increased stress on the implant.

Figure 6. Application of a vertical load to the upper surface of IA and II configurations.

2.5. FEA Simulation

All models were analyzed on a Windows 10 64-bit system equipped with an Intel
i7 processor and 16 GB of RAM. Following the analysis, the numerical results were con-
verted into visual representations utilizing color maps. These color maps range from blue,
indicating areas with the least stress, to red, which signifies areas of maximum stress. The
assessment of stress levels was conducted using the von Mises criterion, which identifies
the failure of a material when the equivalent stress exceeds its tensile strength. This crite-
rion is instrumental in analyzing the transfer of loads from the implant to the surrounding
bone. Previous FEA studies [63,64] have demonstrated that the stress concentration in
particular regions can lead to bone resorption, thereby jeopardizing implant stability. More-
over, the distribution of von Mises stresses is influenced by factors such as the quality and
thickness of the bone, whether cortical or trabecular [65]. Understanding these variations is
essential for selecting the most suitable type of implant and surgical technique, which in
turn promotes optimal bone integration and enhances overall health.

3. Results

3.1. Analysis of Stress on Implants

The research examined the mechanical performance of IA and II configurations in
three distinct types of bone, each exhibiting varying cortical thicknesses, under a vertical
load of 120 N (Figure 7).

As illustrated in Figure 7, the II configuration exhibited higher stress values compared
to IA across all three bone types. Conversely, the IA configuration demonstrated elevated
stress values solely at cortical thicknesses of 1.5 mm and 0.5 mm. For all implant types, the
maximum stress occurred at the abutment neck, where the bending resulting from vertical
chewing loads is more pronounced. Table 3 presents the numerical values of the stresses
recorded at the neck of the implant for the three configurations of cortical bone thickness.
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Figure 7. Von Mises stress distribution in implants placed in three different bone types and cortical
bone thickness configurations. (a) Type II bone—3 mm; (b) Type III bone—1.5 mm; (c) Type IV
bone—0.5 mm.

Table 3. Von Mises stress values in implants placed in three cortical bone thickness configurations
evaluated at the implant neck.

Von Mises Stress (MPa)

Cortical Thickness
Inclined Implant with a
Straight Abutment (II)

Implant with an Inclined
Abutment (IA)

3 mm 533.04 65.12
1.5 mm 600.78 576.48
0.5 mm 646.70 602.11

3.2. Analysis of Stress on Bone with the Implant Featuring an Inclined Abutment (IA)

In Figure 8, the distribution of stress is presented for the implant exhibiting a 30◦ IA.
The decline in bone quality and the reduction in cortical thickness resulted in an increase

in overall stress. It is evident that the stress on the implant is substantially higher than that on
the surrounding cortical and trabecular bone, as illustrated in Figure 8. This phenomenon,
referred to as “stress shielding”, is commonly observed in cases where a more rigid material
is integrated into a less rigid substance, such as bone [66]. The rigidity of the implant,
approximately 110 GPa, greatly exceeded that of cortical bone at 13.7 GPa and trabecular bone
at 1.37 GPa. This disparity in rigidity results in the implant shielding the bone from stress
distribution, thus creating a non-uniform force distribution between the implant and the bone.
Furthermore, bone exhibits viscoelastic properties that enable it to absorb and dissipate certain
stress levels. In contrast, the rigid implant tends to accumulate more stress, particularly in
the neck region. While the higher stiffness of cortical bone (13.7 GPa versus 1.37 GPa for
trabecular bone) protects the trabecular bone from excessive stresses, it leads to increased
stress concentrations on the cortical bone. At a cortical thickness of 3 mm, the stress on the
cortical bone surrounding the implant was measured at 32.56 MPa; at a 1.5 mm thickness, this
stress increased to 56.12 MPa, and with a reduction to a 0.5 mm thickness, the stress tripled to
approximately 96.14 MPa. This trend of heightened stress correlated with decreased cortical
thickness was also prevalent in trabecular bone. For instance, at a thickness of 3 mm, the stress
recorded was 16.21 MPa, which rose to 25.46 MPa at 1.5 mm, and at 0.5 mm, the maximum
stress value reached 61.47 MPa.
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Figure 8. Von Mises stress values associated with the cortical and trabecular bones, in relation to
cortical thicknesses of 3, 1.5, and 0.5 mm, with a 30◦ IA.

3.3. Analysis of Stress on Bone with the Inclined Implant (II)

The placement of the implant at an angle of 30◦ in the bone resulted in an increase in
von Mises stress compared to the IA configuration (Figure 9).

For a cortical thickness of 3 mm, the stress exerted on the cortical bone was approximately
52.32 MPa. In contrast, with a thickness of 1.5 mm, the stress increased to 76.15 MPa, and at
0.5 mm of cortical bone, the stress reached critical levels of approximately 126.32 MPa. Given
that the strength of cortical bone is estimated to be around 110 MPa [67], the latter scenario
may precipitate significant concerns such as bone fracture.

Furthermore, a substantial difference in the stress distribution on the trabecular bone
was observed when comparing the positioning of an IA to that of an II. The positioning of
the II resulted in a more uniform stress distribution across the trabecular bone. Additionally,
the von Mises stress values recorded were 23.15 MPa within the trabecular bone for a cortical
thickness of 3 mm, 36.14 MPa for a cortical thickness of 1.5 mm, and 76.72 MPa for a cortical
of 0.5 mm. Figure 10 demonstrates that, with the II placement, a greater volume of trabecular
bone was subjected to stress, with peak stress observed around the apex of the implant.

Figure 9. Von Mises stress values associated with the cortical and trabecular bones, in relation to
cortical thicknesses of 3, 1.5, and 0.5 mm, with a 30◦ II.
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Figure 10. Von Mises stress distribution on IA and II as a function of cortical thickness: (a) 3 mm;
(b) 1.5 mm; (c) 0.5 mm.

Figure 11 presents a comprehensive summary of the primary findings related to the
distribution of stress in both cortical and trabecular bones.

Figure 11. Von Mises stress values associated with cortical and trabecular bones in relation to cortical
thickness. (a) IA; (b) II.

The left side of Figure 11 depicts an IA configuration, while the right side presents a
configuration with an II.

The results derived from the FEA revealed several significant insights:

- A reduction in cortical thickness resulted in increased stress on both trabecular and
cortical bone, particularly at the apex and neck regions, respectively;

- The II configuration exhibited higher stress levels compared to the IA; however, it also
facilitated a more uniform stress distribution across the trabecular bone;

- The highest levels of stress were recorded within the cortical bone rather than the
trabecular bone, especially for the II configuration at a cortical thickness of 0.5 mm,
where stress reached 126.32 MPa. This value surpassed the maximum strength thresh-
old of cortical bone (approximately 110 MPa), potentially leading to significant bone
damage. In contrast, the stress for the IA configuration was measured at 96.14 MPa;

- Both implant insertion types did not present any complications for the implants,
as the stresses encountered at the neck level remained below 900 MPa, which is
acknowledged as the maximum strength capacity of titanium.

To mitigate the risk of bone resorption or fracture, the utilization of IA may be ad-
visable, particularly in cases characterized by poor bone quality and thin cortical bone
(approximately 0.5 mm). Conversely, when the quality of bone is deemed satisfactory and
the cortical thickness exceeds 0.5 mm, an II can enhance the stress distribution across both
cortical and trabecular bone, thereby decreasing the likelihood of bone resorption due to
inappropriate bone stimulation. Additionally, the selection of the implant diameter is of
paramount importance. An increase in the diameter by 0.5 mm corresponds to a 10–15%
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enhancement in the functional surface area. This factor is especially relevant, as the crestal
region experienced the highest levels of stress, indicating that the implant diameter plays a
more significant role than the length in mitigating these stresses.

4. Discussion

The success of implant treatment is contingent upon the effective distribution of
stresses to the supporting bone [68]. This distribution is influenced by several factors,
including the implant geometry, bone type, type of loading, prosthetic design, as well as
the healing and osseointegration processes [69]. Research has demonstrated that increasing
the diameter of an implant diminishes the stress experienced by both the implant and the
surrounding bone [24,35]. This reduction in stress is attributed to a more favorable distri-
bution of forces across a larger functional area, which ultimately enhances stability [70–72].
Additionally, a larger implant diameter can mitigate bone loss by optimizing stress distribu-
tion at the implant collar [73]. Nonetheless, it is essential to acknowledge that excessively
large diameters necessitate a substantial volume of bone, which may be in short supply
due to bone atrophy, a prevalent condition resulting from tooth loss. The absence of a load
on the teeth contributes to the resorption of bone in the mandible and maxilla [74]. This
phenomenon was first described by Atwood in 1963 and was subsequently developed by
Cawood and Howell in 1971, who categorized atrophy into six stages based on the quantity
of residual bone available [75]. To address the challenges posed by bone atrophy and to
facilitate the use of prostheses in affected patients, various techniques have been employed,
including bone grafts, sinus lift, and guided bone regeneration, among others [76–78]. In
cases of severe maxillary atrophy, short implants are frequently utilized when the quantity
of available bone is limited. The application of short implants provides several advantages,
such as the potential to circumvent more invasive and costly bone grafting procedures, a
reduction in healing time, as well as a decrease in the risk of complications. Furthermore,
these implants can be positioned in anatomically critical areas with constrained space,
thereby stabilizing fixed or removable prostheses [18,79].

The type of bone surrounding dental implants is a crucial determinant of osseointe-
gration, implant stability, and load resistance. Numerous studies have investigated the
characteristics of bone and the various factors that may affect its quality and density [68,79].
For instance, Yang et al. [30] conducted a study that analyzed stress distribution on anatom-
ically customized dental implants across different bone densities. The researchers modeled
four types of maxillary bone utilizing Lekholm and Zarb’s bone classification system [40].
Their findings underscored the significant influence of bone density on stress distribution at
the surface of dental implants, revealing diminished density corresponding with elevated
bone stresses.

Additionally, an FEA study by Shabanpour Kasari et al. [65] explored how varying
levels of osseointegration influence the biomechanical response of the bone surrounding
dental implants and stress distribution. This investigation highlighted the effects of os-
seointegration on stress values in both cortical and trabecular bone around dental implants.
The results suggested that improved osseointegration enhances implant stability and di-
minishes bone deformation, thereby reducing the risk of implant failure due to excessive
loading. Furthermore, the study emphasized the importance of bone quality and cortical
thickness in the response of the short implant and the associated risk of bone resorption,
particularly in low-quality bone regions, such as the posterior mandible.

Moreover, Liu et al. [39] examined the effects of the implant inclination on the stress
distribution and support structures, highlighting the significance of proper implant and
abutment configurations in minimizing stress concentration and ensuring uniform stress
distribution. Indeed, the utilization of IA is recommended in scenarios involving poor
bone quality and diminished cortical thickness to mitigate bone stress. Conversely, II
and IA are advisable for facilitating better stress distribution in high-quality bone with
a thick cortical layer. Notably, when subjected to oblique loads, II may lead to stress
concentrations at critical locations, resulting in higher maximum stress values compared
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to straight implants [39]. This phenomenon may compromise the durability and strength
of support structures and elevate the risk of long-term implant failure. Certain studies
indicated that stress in the platform of a tilted implant may increase by as much as five
times compared to that observed in a straight implant [65,79–81]. Additional investigations
have also addressed the influence of implant inclination on cantilever use. Guven et al. [82]
discovered that employing tilted implants in conjunction with short cantilevers can decrease
stress on cortical bone by minimizing the moment of force generated, thereby relieving
stress on adjacent bone tissues.

However, in a numerical study [42], the application of IA was found to be more
effective than II in reducing stress concentration. This increased efficacy arises because the
head of the IA is situated closer to the occlusal surface, which serves as the primary loading
point. This proximity facilitates a more equitable distribution of stress during loading and
diminishes the concentration in specific areas.

Other variables may also influence the stress distribution within the implant and
surrounding bone. For instance, a study conducted by Yao et al. [83] assessed the maximum
values of the micro-gap between the implant and the abutment, which can serve as an
indicator of the stability of the connection during loading. Specifically, a larger micro-gap
may result in undesirable micromovements, negatively impacting the health of surrounding
tissues and the longevity of the implant by creating localized stress concentration points
where material failure is more likely to occur. Furthermore, the bending and torsional
forces characteristic of mastication were shown to contribute to a deterioration in abutment
stiffness, leading to progressive damage and an increased long-term risk of failure. In the
present study, the application of the finite element method facilitated an examination of
the mechanical response associated with two short implants positioned in two specific
configurations (IA and II, both at an angle of 30◦). This investigation encompassed varying
cortical bone thicknesses and different bone types.

It is essential to recognize that bone is a dynamic tissue, adapting its structure in
response to external stresses. Numerous studies have established two critical stress thresh-
olds pertinent to bone: one associated with resorption and another linked to fracture [84,85].
The findings from this study indicated that the II configuration with a cortical thickness
of 0.5 mm exhibited significant stress levels on the cortical bone, measuring 126.32 MPa.
Consequently, the risk of bone fracture under these conditions is considerably greater
when compared to a cortical thickness of 1.5 mm (76.15 MPa) or to another thickness of
0.5 mm (52.32 MPa). Thus, the null hypothesis posited in the previous analysis may be
appropriately rejected.

Therefore, based on the outcomes of this research, the utilization of a 30◦ IA configura-
tion is recommended in scenarios characterized by very thin cortical bone. Clinically, when
bone quality is assessed to be high and the cortical thickness exceeds 0.5 mm, the placement
of a 30◦ II configuration is advisable. Conversely, the IA configuration serves as a suitable
solution across all categories of the bone class, as no stress values exceeding 120 MPa
were recorded on the bone, while the stress on the implant itself measured 602.12 MPa,
remaining below the strength threshold of the titanium alloy.

The results obtained, consistent with the existing literature, suggested that the imple-
mentation of straight implants and IA configurations is more advantageous in situations
where bone quality is deficient. This is attributed to the reduced bone stress associated
with this configuration compared to the II placement. This phenomenon can be elucidated
by the hollow structure of the IA designed to accommodate the retention screw, which
enhances stress dispersion. This characteristic effectively mitigates the stress concentration,
promoting a more uniform distribution of stress throughout the connection and preventing
areas of overload at the implant neck that could lead to bone resorption.

Concerning the limitations of this study, it is important to acknowledge that finite
element models serve as a simplification of the actual structures they represent. Consistent
with previous literature, this study assumed that bone is homogeneous and isotropic to
facilitate the modeling process. Such assumptions, however, may lead to considerable
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underestimations of stress distributions, thereby potentially compromising the accuracy
and reliability of clinical outcomes [58,59]. Furthermore, a fixed contact between the
bone and implant was assumed to simplify the analysis; yet, from a clinical perspective,
achieving perfect osseointegration is implausible due to the inherent micromovements
present at the implant interface [86]. Nonetheless, as delineated in a study by Kulkarni
et al. [87], enhanced osseointegration is associated with increased implant stability and
minimized bone deformation. The rationale for this assumption is derived from the clinical
focus on attaining optimal mechanical stability and effective load transfer from the implant
to the adjacent bone. Regarding load applications, it should be noted that these forces are
time-varying and incorporate oblique components. For the purposes of this study, the
oblique force components were neglected, as they are deemed to be less significant than the
masticatory loads placed on molars. Additionally, the application of the load was simplified
by directing force to the abutment, without accounting for the intricacies of the prosthetic
crown. The failure to consider micro-movements and material fatigue at the abutment–
implant interface may also represent a limitation, given that these factors can influence
long-term stress distribution and overall implant success. A clinical investigation [83] has
examined various phenomena pertinent to dental implant connections, including micro-
movements and material fatigue. Such micro-movements at the implant interface could
induce increased material wear and fatigue, thereby heightening the risk of mechanical
failure and the subsequent loss of osseointegration, which could adversely affect the
functionality of the implant. Nonetheless, tapered designs have demonstrated greater
resistance to fatigue due to their capability to distribute forces evenly and mitigate micro-
movements [88]. However, it is critical to note that should fatigue exceed a certain threshold,
it may still lead to the fracture or failure of the connection, ultimately rendering the implant
ineffective.

Future research will aim to evaluate the impact of these limitations on numerical
results to enhance the modeling accuracy, alongside the integration of necessary in vitro and
clinical trials. Future investigations should specifically assess the effects of modeled bone
anisotropy by incorporating mechanical properties derived from patient histomorphometric
data. Additionally, both oblique and time-varying loads should be applied based on data
collected directly from patients, thereby augmenting the proposed numerical analysis and
facilitating validation through forthcoming in vitro and in vivo mechanical testing. By
utilizing this information, clinicians may be better equipped to select optimal implant
placement strategies based on anatomical variables and clinical considerations.

5. Conclusions

In conclusion, the results of this study indicated that enhancing bone quality and
cortical thickness is associated with a reduction in stress within the bone structure, provided
that the system is not overloaded. Furthermore, the utilization of an IA, as opposed to
employing an II, demonstrated a more significant reduction in stress, particularly in cortical
bones with a thickness of 0.5 mm. As previously discussed, the fulcrum of bending
generated by masticatory forces in the IA configuration was located at the Morse cone
connection. This geometric arrangement facilitated an optimal load distribution between
the implant and the surrounding bone. In contrast, with the II configuration, the fulcrum
was positioned at the apex of the implant, which may lead to increased deflection in
response to external forces.

Therefore, in cases where bone quality is compromised and cortical thickness is
diminished during implant placement, it is advisable to favor an IA configuration. This
methodology alleviates stress on the cortical bone, thereby reducing the likelihood of bone
resorption due to overload. A comprehensive understanding of stress distribution within
bone structures can assist clinicians in selecting the most appropriate implant placements,
taking into account anatomical variables and clinical factors. Further validation through
in vitro and in vivo testing is essential to enhance the precision of the numerical analysis
conducted in this study.
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Abstract: The aim of this investigation was to evaluate the effect of etching protocols on bond
strength, surface roughness, and mechanical properties of a zirconia-reinforced lithium silicate (ZLS)
CAD/CAM-ceramic. In total, 100 bars (ISO 6872), 75 plaques, and 25 cubes were cut from ZLS
blocks(Vita Suprinity®). The surfaces were standardized, crystallized and divided into five groups:
1. control (no/treatment-C), 2. 5%-Hydrofluoric-acid (HF)/20 s (HF5%20s), 3.HF5%60s, 4.HF10%20s,
and 5.HF10%60s. Flexural strength (FS) (three-point bending test, 1 mm/min), roughness (Pa), and
micro-shear bond-strength (μSBS) tests were performed. The data were statistically analyzed with one-
way ANOVA, Tukey’s test (p < 0.05) and Weibull (FS data). C showed higher Pa (1.176 ± 0.370 μm)
than HF10%60s (0.627 ± 0.236 μm) and all other groups. Groups C and 20 s showed the most
irregular surface patterns. The FS results were not influenced by etching protocols, while the
Weibull modulus was, with the 5%HF groups being the most reliable (m: 5.63/6.70), while C and
HF10%60s (m: 2.78/2.73) were the least reliable. All fractures originated from surface defects on
the treated side of specimens. The 5%HF groups showed higher μSBS (20 s: 21.35 ± 4.70 MPa; 60 s:
23.50 ± 4.27 MPa) than the 10%HF groups (20 s: 14.51 ± 2.47 MPa; 60 s: 16.54 ± 3.12 MPa) and C
(6.46 ± 2.71 MPa). The most prevalent failure pattern was “mixed” for etched groups, and “adhesive”
for C. Etching protocols affect the evaluated properties by roughening materials’ surface and, in some
cases, regularizing surface defects. The best overall outcomes were achieved when applying 5%HF.

Keywords: zirconia-reinforced lithium silicate; CAD/CAM materials; glass-ceramics; flexural
strength; surface treatment; hydrofluoric acid

1. Introduction

Ceramic indirect dental restorations have been popular for many years now; however,
their production process has faced significant improvements recently owing to fast growth
in automated CAD/CAM technologies. It has revolutionized the traditional laboratory
processes, turning them into faster, more reliable, profitable, and controlled procedures,
allowing the clinician and patient to obtain high-quality products while reducing chair
time and improving treatment convenience [1,2].

This technological evolution has also influenced the dental materials’ development
industry, boosting the release of new materials directed specifically to CAD/CAM technolo-
gies. Such materials show, in some cases, better properties than their analog versions [3–5].
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CAD/CAM materials comprise glass-containing ceramics, polycrystalline ceramics, poly-
mers, and hybrid materials [3,6]. These options give the clinician several possibilities of
matching materials’ properties with the most appropriate clinical use.

Historically, the industry has tried to provide materials to fulfill mainly two aspects:
suitable mechanical properties and proper aesthetical capabilities. One of the best candi-
dates to achieve an ideal balance between these two aspects is lithium disilicate-reinforced
ceramic. This material combines a translucent glass matrix with strong crystals, providing
outstanding aesthetics and high mechanical properties [4,7]. As this combination of glassy
and crystalline-reinforcing phases has proven successful, manufacturers have recently
developed similar proposals following this approach [8].

The zirconia-reinforced lithium silicate glass-ceramic (ZLS) was developed as an
alternative to lithium disilicate ceramic. Given the excellent results reported in the literature
regarding its balanced combination of aesthetics and mechanical properties, and the fact
that this material was patented for several years, other manufacturers sought to use
lithium silicate technology to create a new material. In this case, Dentsply and VITA
developed ZLS using lithium silicate crystalline technology (along with other crystalline
structures) and increased zirconia content, aiming to combine the advantages of lithium
silicate ceramics with the well-known superior mechanical properties of zirconia-based
ceramics. It consists of lithium metasilicate and lithium orthophosphate crystals inserted in
a zirconia-powder-added glassy phase [3,9,10]. This material is available in two commercial
presentations: press-ingots and CAD/CAM blocks [6]. Its overall properties and behavior
are like those of lithium disilicate [3–5,8,11–16]. However, some adverse outcomes related
to its microstructure, Weibull modulus, fatigue lifetime predictions, and fracture behavior
have been reported [4,5,15,17–21].

As ceramic bonding with resin cement and tooth tissues is one of the most important
factors to ensure long-lasting restorations, the adhesion capabilities of ZLS have also
been tested [22–25]. The suggested surface treatment is to apply a hydrofluoric acid (HF)
followed by a silane-containing primer, same as for other glass-ceramics [24–34]. Both
strategies work synergistically. Hydrofluoric acid (HF) dissolves part of the glassy matrix
in glass-containing ceramics, increasing the surface energy of the material, while the silane
acts as a bridge between silica-based ceramics and resin-based materials. Although HF
has raised concerns due to its potential toxicity to soft tissues, despite some alternative
approaches, it remains the gold standard for improving glass-ceramic bonding when used
alongside a silane primer [22–25]. However, there are still questions about the most suitable
etching parameters (concentration/application time) due to significant variability in the
studies’ methods and observed outcomes [23,25]. Although ceramic surface treatment’s
primary goal is to ensure a reliable bonding of the indirect restoration, concern about
its effect on materials’ mechanical properties has been recurrent. This concern has led
researchers to investigate the influence of different HF concentrations and application times
on the physical–mechanical behavior of glass-ceramics as previously studied [7,30,35–51].

Only a few studies have investigated the influence of HF etching on the mechanical
properties of a ZLS ceramic [38,45,49]. Moreover, none have yet evaluated this issue, to
the authors’ knowledge, related to other essential properties of this novel material such
as roughness and bond strength. Thus, this study aimed to evaluate the effect of differ-
ent etching protocols on the bond strength, surface roughness and morphology, flexural
strength, and Weibull parameters of a zirconia-reinforced lithium silicate CAD/CAM
ceramic material. The null hypothesis set was that the etching protocol does not influ-
ence the bond strength, surface roughness, flexural strength, and Weibull parameters of a
zirconia-reinforced lithium silicate CAD/CAM ceramic material.

2. Materials and Methods

2.1. Specimen Preparation

CAD/CAM blocks of a zirconia-reinforced lithium silicate ceramic material (Suprinity,
Vita Zahnfabrik H. Rauter GmbH& Co., Bad Säckingen, Germany; Lot No. 48521) were
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used in this study. The typical composition of this material, described by the manufacturer,
is the following: SiO2: 56–64%, Li2O: 15–21%, K2O: 1–4%, P2O5: 3–8%, Al2O3: 1–4%, ZrO2:
8–12%, CeO2: 0–4%, La2O3: 0.1%, Pigments: 0–6%.

Samples were fabricated by cutting, from the blocks, 100 bars (4 ± 0.2 mm × 1.2 ±
0.2 mm × 14 ± 0.2 mm, according to ISO 6872 [52]), 75 plaques (5 ± 0.2 mm × 4 ± 0.2 mm
× 2 ± 0.2 mm) and 25 cubes (4 ± 0.2 mm × 4 ± 0.2 mm × 4 ± 0.2 mm), with the aid of a
diamond saw and a precision cutting machine under constant water cooling (Isomet 1000,
Buehler, Lake Bluff, IL, USA). The samples were calibrated and dimensionally controlled
using a digital caliper (CALDI-6 MP, Truper, Shanghai, China). Sample surfaces were then
standardized using SiC 600# grit sandpaper to simulate CAD/CAM machining process
and homogenize all specimens’ roughness baseline. Crystallization of samples was carried
out following the manufacturer’s firing parameters (starting temperature/drying time:
400 ◦C/4 min, heating time: 8 min, temperature rise rate: 55 ◦C/min until 840 ◦C for a
holding time of 8 min, vacuum holding time: 8 min and long-term cooling until 680 ◦C)
using a multipurpose ceramic furnace (VIP Executive 500, Jelrus/Whip Mix, Louisville,
KY, USA). After crystallization, the samples were dimensionally controlled, registered and
stored for group division and further treatment.

Sample size determination was performed employing a power/sample size calcula-
tion test (Minitab v17.2.1, Minitab Inc.; State College, PA, USA) with a confidence interval
of 95%. The standard deviation and expected confidence interval error, both necessary to
perform this test, were collected from a pilot study and previous research (for numerical
variables: flexural strength, bond strength, and roughness measurement). For the flexural
strength test, the minimum significant sample size was 20 specimens, for bond strength, it
was 15, and for roughness evaluation, it was 5 specimens. Following this analysis, sample
sizes were defined as follows: flexural strength (bars), n = 20; bond strength (plaques),
n = 15; and for roughness assessment (cubes), n = 5. A schematic representation of speci-
mens’ shapes and distributions is displayed in Figure 1.

Figure 1. Schematic representation of all specimens prepared for this study.

Bars, plaques, and cubes were equally distributed into five groups to be treated
according to different etching protocols: 1. control: no other treatment than SiC paper
regularization was performed; 2. HF5%20s: 5% hydrofluoric acid (Condac porcelana 5%,
FGM, Joinville, Brazil; Lot No. 080217) was applied for 20 s; 3. HF5%60s: 5% HF was
applied for 60 s; 4. HF10%20s: 10% HF (Condac porcelana 10%, FGM, Brazil; Lot No.
310717) was applied for 20 s; and 5. HF10%60s: 10% HF was applied for 60 s. According to
the manufacturer’s instructions, all treatments were carried out, washing all specimens with
air-powered water from the three-way syringe after the respective etching time elapsed.
The specimens were also cleaned in an ultrasonic bath with distilled water for 5 min, dried,
and preserved in a hermetically closed environment until the respective tests’ performance
for each specimen. The plaques were additionally treated with a silane-MDP-containing
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ceramic primer (Monobond N, Ivoclar Vivadent, Schaan, Lichtenstein) for 60 s, air-dried for
30 s, and reserved for 3 min before being used. A single-blinded and previously calibrated
operator performed sample preparation, surface treatment, and evaluation methods.

2.2. Roughness Assessment

Treated specimens (cubes) were submitted to surface roughness analysis using a
contact profilometer (Dektak XT, Bruker, Billerica, MA, USA) employing a 0.5 μm tip. Five
scanning lectures were performed, equally distributed through each central specimen area
(3000 × 3000 μm) at a cross speed of 8.7 μm/sec and a resolution of 0.14 μm/pt.

The profile roughness mean (Pa) was selected to analyze the samples’ surface rough-
ness, and an average was calculated from the five lectures performed to extract each speci-
men’s final measurement. Data were recorded and tabulated to be statistically analyzed.

2.3. Surface Micromorphology Evaluation

The same cubes used for roughness evaluation were also analyzed in a scanning
electron microscope (SEM). They were sputter-coated with a gold-palladium powder
alloy, placed on aluminum stubs with the aid of carbon adhesive tape, and taken into the
microscope (JSM 5000, JEOL, Tokyo, Japan) operating at 15 kV and a working distance
of 20 mm. Each group’s representative images were obtained at various magnifications
(100×, 500×, 2000×, and 5000×) to analyze the surface micromorphology. For greater
morphological detail, only 5000× magnification images are presented in this report.

2.4. Flexural Strength Analysis

Treated bars were submitted to the three-point bending test following all the indica-
tions described in the ISO 6872 [52]. It was performed using a universal testing machine
(H10 KS, Tinius Olsen, PA, USA). A specific jig consisting of two support rollers was used,
where the specimen lied (1.5 mm diameter, positioned 12 mm apart from their centers) and
a third equal roller which applied the load (at the midpoint between the support rollers) at
a crosshead speed of 1 mm/min. The flexural strength (σ) was calculated in MPa according
to ISO 6872 equation: 3Pl/(2wb2), where P is the fracture load (N), l is the distance between
the support rollers (mm), w is the specimens’ width, and b is the thickness of the specimen
(mm). Data were recorded and tabulated to be statistically analyzed.

2.5. Fractographic Analysis

Fragments from the flexural strength experiment were collected and evaluated using a
digital stereomicroscope (Jiusion Ltd., Shenzhen, China) using magnification ranging from
40x to 500x. Representatives from each group were chosen and prepared to be evaluated in
SEM (JSM 5000, JEOL, Tokyo, Japan) using magnifications from 60× to 350× to determine
the fracture origin and associated features. Specimens were prepared to employ the same
procedure described in Section 2.3.

2.6. Microshear Bond Strength Evaluation (μSBS)

Seventy-five resin cement cylinders (Variolink Esthetic LC, Ivoclar Vivadent, Schaan,
Lichtenstein) (1 ± 0.1 mm in diameter and 1 ± 0.1 mm in height) were built up (one cylinder
was bonded to each ceramic plaque) on treated ceramic surfaces using a circled silicon mold
(n = 15). Resin cement was injected onto the mold with the aid of an auto-mixing tip until
the compartment was filled. A glass slide (0.5 mm thick) was placed over the top of the
mold, and each cylinder was exposed for 20 s using an LED light-curing unit (Elipar Deep
Cure, 3M, Saint Paul, MN, USA; light output: 1100 mW/cm2). The molds were removed
after 5 min, and the specimens were water-rinsed, dried, and stored in relative humidity at
37 ◦C for 24 h. Afterward, each ceramic plaque was attached to a holding device previously
adapted to a universal testing machine (Instron Electropuls E3000, Instron Corp, Canton,
MA, USA) to perform microshear bond testing (μSBS), following the method developed
by Shimada et al. [53]. A thin wire (0.2 mm) attached to the testing machine was placed
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surrounding the extreme base of each resin cement cylinder parallel for and in contact with
the bonding area to apply an uplifting shear load at a crosshead speed of 0.5 mm/min.
Bond strength was calculated considering the cross-sectional bonded area of each specimen
and the load needed to separate both materials. All values were expressed in MPa.

2.7. Microshear Bond Strength Failure Pattern Evaluation

De-bonded areas of resin cement/ceramic plaques assemblies were analyzed after
performing the bond strength experiment, using a digital stereomicroscope (Jiusion Ltd.,
China) using magnification ranging from 40× to 500×. Representatives from the most
prevalent failure patterns were chosen and prepared to be evaluated in SEM (JSM 5000,
JEOL, Tokyo, Japan) using magnifications from 50× to 60×. Specimens were prepared to
employ the same procedure described in Section 2.3. Fractures were classified as adhesive
failure between both materials (A), cohesive failure within the ceramic material (CC),
cohesive failure within the resin cement layer (CR) or mixed (M) when a combination of
more than one failure type occurred.

2.8. Statistical Analysis

Roughness means, bond strength and flexural strength data were submitted to the
analysis of the parametric assumptions (normality by employing the Anderson–Darling
test; and variance homogeneity by applying the Bartlett test) to evaluate the viability of
performing such a statistical test. Afterwards, one-way ANOVA and Tukey’s post hoc
tests were applied to all data sets (Minitab v17.2.1, Minitab Inc.; State College, PA, USA).
Additionally (as described in the ISO 6872), the Weibull analysis was also executed with
flexural strength data, calculating the Weibull modulus (m, numerically and graphically)
and characteristic strength (σ0), both with their respective confidence intervals, using the
maximum likelihood ratio (Minitab v17.2.1, Minitab Inc.; State College, PA, USA) [54]. All
tests were performed using a confidence interval of 95%. Within the Weibull parameters,
differences between groups were determined by rank order statistics, which means that if
two groups presented any overlap between their confidence intervals, they were considered
not statistically different from each other.

3. Results

3.1. Roughness Assessment

Roughness profile mean values (Pa) were not normally distributed (Anderson–Darling,
p < 0.05). Data were transformed by applying the Box–Cox procedure (λ = −0.331012) to
fit them into a normal distribution (Anderson–Darling, p = 0.522). Homoscedasticity was
also confirmed after this process (Bartlett, p = 0.425), allowing for a parametric statistical
test, using one-way ANOVA. It revealed that the factor “etching protocol” was statistically
significant for this variable (p = 0.003). According to Tukey’s post hoc test, the control group
(C) showed the highest Pa value, not statistically different from groups using HF5% or
HF10%20s, while group HF10%60s presented the lowest Pa means. However, this group
did not differ from groups using HF5% and HF10%20s (Table 1, Figure 2).

Table 1. Roughness profile mean values and standard deviations (Pa) recorded for each etching
protocol group.

Etching Protocol Pa (μm)

Control 1.176 (0.370) A
HF5%20s 0.873 (0.245) AB
HF5%60s 0.726 (0.195) AB

HF10%20s 0.884 (0.583) AB
HF10%60s 0.627 (0.236) B

Different letters mean statistical differences among groups (Tukey, p < 0.05).
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Figure 2. Graphical representation of Table 1 containing roughness mean values and standard devia-
tions (expressed in MPa) from each group. Different letters represent significant statistical differences.

3.2. Surface Micromorphology Evaluation

Morphological analysis revealed that the surface pattern is etching-protocol-dependent,
as each treatment produced different characteristics within the material’s surface. The
control group (no etching, only SiC sandpaper regularization prior firing) showed a very
irregular surface where the glass-matrix exhibited some continuity disruptions such as
scratches and voids (Figure 3a). The other groups presented a different morphology from
the control group because the glass-matrix is not visible; instead, the crystalline phase
shows many irregular-shaped tiny crystals (most of them below micron-scale) distributed
along the whole surface. The HF5%60s etching protocol produced the most regular surface
morphology (Figure 3c), while the most irregular seemed to be the surface treated under
the HF10%20s protocol (Figure 3d), exhibiting more “dark areas” compared with the other
groups, which may be interpreted as deeper depressions in SEM images. Both groups
to which the etchant was applied for 60 s also presented those “dark areas”, these being
darker (more profound defects) but more focused on the group using 10% HF than on the
group employing 5%HF (Figure 3b,e).

Figure 3. Surface micromorphology of zirconia-reinforced lithium silicate ceramic (ZLS) after being
treated with the different etching protocols. SEM (Scanning Electron Microscope) images showing
the typical surface morphology produced by the experimental groups: (a) control group (no etching);
(b) HF5%20s group; (c) HF5%60s group; (d) HF10%20s group; and (e) HF10%60s group.
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3.3. Flexural Strength Analysis

After confirming the normality (Anderson–Darling, p = 0.165) and homoscedasticity
(Bartlett, p = 0.640) of the flexural strength data, ANOVA revealed that the “etching protocol”
factor was not statistically significant (p = 0.473). Regarding the Weibull parameters, no
significant differences were detected within the characteristic strength (σ0) among groups
either; however, significant differences were noted within the Weibull modulus (m) for
some groups (Table 2). Groups employing 5% HF obtained a significantly higher Weibull
modulus than the HF10%60s and C groups, these last two not being statistically different
from group HF10%20s (Table 2). Weibull modulus plots for all groups are displayed in
Figure 4.

Table 2. Flexural strength (σ) in MPa with the respective standard deviation, Weibull modulus (m)
and characteristic strength in MPa (σ0) with their respective confidence intervals for all groups.

Group σ (m) (σ0)

Control 312.24 (29.12) 2.78 (2.04–3.79) B 330.43 (310.35–354.16)
HF5%20s 316.38 (22.25) 6.70 (4.65–9.65) A 329.14 (319.79–339.22)
HF5%60s 321.89 (22.81) 5.63 (3.97–7.99) A 332.27 (321.27–344.28)
HF10%20s 314.08 (24.74) 4.69 (3.39–6.48) AB 322.53 (310.68–335.65)
HF10%60s 308.58 (20.99) 2.73 (1.96–3.79) B 329.53 (308.82–354.18)

Different letters mean statistical differences among groups (Tukey, p < 0.05).

Figure 4. Weibull modulus plots for each group. The left plot shows the graphical Weibull modulus
corresponding to all experimental groups (control: blue; HF5%20s: red; HF5%60s: green; HF10%20s:
purple; HF10%60s: gray). Right side plots show a separate graphical representation for each groups’
Weibull modulus. All Weibull plots represent a curve relating the probability of failure % (Y-axis)
and flexural strength in MPa (X-axis). The Weibull characteristic strength is pointed with the
discontinuous red horizontal line, across a 63.2% probability of failure.

3.4. Fractographic Analysis

All analyzed fragments showed that fractures originated from a defect on the treated
surface (tensile side, opposite to the side where the load was applied). All cracks propagated
from defects within such a surface to the compression side, showing different features
(Figure 5).
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Figure 5. Representative SEM images (60×) from each group regarding fractographic analysis:
(a) control group (no etching); (b) HF5%20s group; (c) HF5%60s group; (d) HF10%20s group; and
(e) HF10%60s group. The discontinuous semicircle points to the origin of fracture for each group,
which was located at surface defects on the treated side (tensile side), showing that the main direction
of fracture propagation (arrows) to the compression side compression curl area is also notorious.

3.5. Microshear Bond Strength Evaluation (μSBS)

Normality (Anderson–Darling, p = 0.473) and homoscedasticity (Bartlett, p = 0.073)
were confirmed. ANOVA revealed that the “etching protocol” factor was statistically
significant (p < 0.0001). Tukey’s test revealed that the groups treated with 5%HF resulted
in higher μSBS compared to the groups treated with 10%HF, while all HF-treated groups
showed higher μSBS mean values than the control group (Table 3 and Figure 6).

Figure 6. Graphical representation of Table 3 containing microshear bond strength mean values
and standard deviations (expressed in MPa) from each group. Different letters represent significant
statistical differences.
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Table 3. Microshear bond strength mean values and standard deviations (expressed in MPa) corre-
spond to each group.

Etching Protocol μSBS (MPa)

Control 6.46 (2.71) C
HF5%20s 21.35 (4.70) A
HF5%60s 23.50 (4.27) A

HF10%20s 14.51 (2.47) B
HF10%60s 16.45 (3.12) B

Different letters mean statistical differences among groups (Tukey, p < 0.05).

3.6. Microshear Bond Strength Failure Pattern Evaluation

The most prevalent failure pattern for the control group was adhesive failure (A),
while groups treated with HF showed a mixed failure pattern (M) mostly, this pattern being
more prevalent on the 5%HF groups (Table 4 and Figure 7).

Table 4. Failure type prevalence (%) of de-bonded specimens for each group.

Failure Type Prevalence (%)
Etching Protocol M CC CR A

Control 20 0 0 80
HF5%20s 87 0 0 13
HF5%60s 100 0 0 0

HF10%20s 73 0 0 27
HF10%60s 60 5 0 35

Figure 7. Representative SEM photo-micrographs of the most prevalent failure patterns obtained
from microshear bond strength test: (a) adhesive failure, (b) mixed failure.

4. Discussion

Statistical analysis revealed that employing different HF etching protocols affected
the surface roughness, bond strength, and Weibull modulus of zirconia-reinforced lithium
silicate CAD/CAM ceramic; however, the etching protocol did not influence the material’s
flexural strength (nor the Weibull characteristic strength). Therefore, the null hypothesis
has to be partly rejected.

CAD/CAM materials in dentistry are constantly evolving, and this is the reason
why research assessing the effectiveness of clinical procedures in recently developed
materials is still relevant. Thus, ZLS ceramic was chosen as the main subject of this work.
Additionally, its similarity to one of the most successful materials available nowadays
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(lithium disilicate) makes this material of great interest as an alternative to the first [3–5].
The surface treatments studied here were chosen because 4–5% and 9–10% are the most
available concentrations of HF (commercially speaking), and 20 and 60 s are the most
used application times within glass-ceramics [28–31]. To investigate bonding performance,
μSBS was chosen due to its convenience in employing highly resistant materials such as
CAD/CAM ceramics while still being an accurate and very used method [28,32,33]. Some
issues of concern have been highlighted in tests employing shear. However, they can be
minimized by taking some precautions such as those applied here. Roughness evaluation
was performed to measure the effect of the chosen treatments on the material’s surface,
relating it to SEM topographical evaluation and its mechanical properties to measure the
extension of such effects on the structural behavior of this material. A three-point bending
test was used due to its specimens’ design suitability with CAD/CAM blocks’ geometrical
shape, also a widely validated method [4].

Regarding roughness, the current outcomes revealed that the roughest surfaces were
recorded among the control group (no HF, only SiC sandpaper regularization) and the
lowest within the HF10%60s group (Table 1 and Figure 2). SEM micromorphology analysis
showed some sharper scratches in the control group, product of the regularization made to
all specimens with SiC sandpaper. The procedure may explain the rise in the control group’s
roughness, as reported previously for other glass-ceramics [47,49]. It is also likely and
potentially dangerous because ZLS ceramic has been noted to be susceptible to developing
residual crack growth when roughened in the pre-crystallized stage, as happens when
milling a restoration [4,18].

HF acts by dissolving part of the SiO2 content on glass-ceramics as follows:
SiO2 + 4HF→SiF4 + 2H2O/4SiF4 + 3H2O + 2HF→ 3H2SiF6 + H2SiO3. This will erode
the surface of the ceramic, exposing the crystalline structures beneath the original glassy
matrix [33,39]. It appears that besides dissolving part of the glassy matrix of this material,
HF etching can also regularize its macrosurface morphology, disguising sharper defects,
caused, in this case, by SiC sandpaper [4]. Surface roughness remained statistically com-
parable within groups employing 5%HF and HF10%20s group. These methods show a
macro-homogenizer effect on materials’ surface morphology [45]. However, it is striking
that, at least numerically speaking, the roughness was slightly higher when HF was applied
for 20 s than for a longer time. It probably happened because 20 s may not be enough time
for 10%HF to regularize this material’s surface macro-topography, leaving some sharper
defects (Figure 3). In addition, 10% concentration applied during shorter periods may
produce sharper, more profound, and localized defects within materials’ surface instead
of producing a regular etching pattern within the horizontal extension of the surface [30].
This effect could be more significant if the material already shows previous defects or
micro-scratches, as produced in the current work by the SiC sandpaper or in an actual
situation by the milling bur [30].

On the other hand, when 10%HF was applied, it produced smoother surfaces. In this
regard, it is essential to point out that ZLS is constituted by a conjunction of three phases
comprising mostly spherical homogenous tiny crystals (~0.5 μm) [8]. Such composition
may favor easier and greater crystal dislodgement when 10%HF is applied for a longer
time to this material, producing a smoother and more stable macrosurface [3,4,15,19].

The microstructure and surface roughness of glass-ceramics are indeed not isolated
factors. Both are related and could affect materials’ mechanical properties, and this is
the reason why it is well documented that achieving smoother surfaces improves their
mechanical behavior [20,35]. Additionally, a proper bonding between the ceramic material
and the luting agent also influences the whole system’s mechanical behavior [29]. Following
this rationale, flexural strength and bonding performance were analyzed when applying
variations on HF etching parameters.

Several studies have investigated this relationship between etching treatments and
mechanical properties, mainly evaluating flexural strength or fatigue failure load resis-
tance within other glass-ceramics. Outcomes in this regard are controversial. Some au-
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thors have reported a significant negative effect of HF etching on materials’ mechanical
behavior [7,36,38,39,50,51], while some others reported no significant influence of HF etch-
ing [37,40–42,44,47]. In contrast, fewer authors have determined a positive effect of HF
etching on glass-ceramics mechanical properties [45,46,49]. Specifically, about ZLS, only a
few of those previous works addressed this issue but with significant variability between
study parameters and results. For example, Barchetta et al. and Monteiro et al. reported a
positive effect of increased application time [45,49], while Hallman et al. found that the
recommended etching protocol for this material (HF5%20s) reduced its flexural strength by
around 20.9% compared to the control [38].

The current outcomes revealed that different HF etching protocols did not significantly
affect the flexural strength of a ZLS CAD/CAM ceramic. However, significant differences
were detected in the Weibull modulus (m) of some groups (Table 2, Figure 4). Weibull
analysis is one of the most used tests to characterize ceramics’ mechanical behavior by
associating a prediction of failure associated with two parameters. The characteristic
strength or scale (σ0) is the strong point, where 63.2% of the specimens would have failed.
And the Weibull modulus describes the variation in strength data (m, shape), related to a
calculation of the distribution of defects or flaws within a materials’ microstructure to infer
its mechanical consistency [54].

The flexural strength values and Weibull parameters obtained here are similar to
those previously reported for this type of material (ZLS) [17,20,21,45,55]. The control and
HF10%60s groups showed the lowest Weibull modulus. In the case of the control group,
visible surface defects, a product of SiC sandpaper regularization (as previously discussed),
are evident (Figure 3) and also consistent with the roughness results (Table 1). The greater
prevalence of those flaws probably increased the variability in this group’s mechanical
reaction to bending forces, making it less reliable than the 5%HF groups (Table 2, Figure 4).
The lowest Weibull modulus produced by 10%HF may be explained by a possible, more
substantial effect of this concentration, producing deeper and sharper defects within the
surface 28,30. Such zones (Figure 3) may accumulate tension and develop a faster crack
growth rate than smoother or more uniform regions within a surface [4,15,18,43]. It can
also be supported by the fractographic analysis, which revealed that most of the fractures
originated in surface defects within the treated side of the specimens (Figure 5).

Regarding the application time, both 5%HF groups showed a statistically comparable
Weibull modulus, and roughness means. However, judging by the morphological analysis
(Figure 3), it can be said that 60 s exerted a more homogenous macro-effect on the materials’
surface than 20 s did. HF in contact with the material’s surface for a short time probably
produces more localized etching in vulnerable zones, such as previous defects (Figure 3).
At the same time, a longer application time may etch materials’ surfaces more horizontally
than vertically. A macro-smoother surface has been recommended in terms of mechanics
for this specific material [3–5,15,18,49].

Bond strength was also significantly affected by HF etching protocols (Table 3). The
control group showed poor bonding with resin cement compared to all treatments employ-
ing HF and silane as previously reported [23,26,32]. This result was consistent with the
greater prevalence of the adhesive failure type recorded for this group (Table 4, Figure 7).
It reaffirms the beneficial effect of promoting micromechanical and chemical interactions
between ceramic materials and resin types of cement. The most prevalent failure type
(mixed) obtained by HF-treated groups also reflects this interaction (Table 4, Figure 7).
Groups employing 5%HF produced better bonding values than the 10%HF groups. This
probably occurred because 10%HF may have produced deeper and sharper cone-shaped
surface defects [30], hindering the resin cement from infiltrating them fully and thus affect-
ing ceramic/cement bonding [34]. Analyzing failure patterns in bond strength testing is
essential, as the debonded area provides critical information about the interaction between
the bonded components and their behavior during debonding. The literature suggests that
adhesive failures indicate poor interaction between the substrate and the adherent material,
as no remnants of either part remain attached after separation [23,26,32]. Clinically, this
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could result in complete debonding of an indirect restoration. In contrast, mixed failures
show areas where the adherent material remains attached to the substrate after separation,
indicating an intimate interaction between the two materials in certain regions. These
areas likely experienced cohesive failures within the adherent material (in this case, resin
cement), meaning that the adhesive bond in those spots was stronger than the material’s
cohesive strength. Clinically, this scenario is preferred to ensure long-term reliable bonding
of the indirect restoration. While fully cohesive failures within the adherent material also
suggest strong bonding, in microshear bond strength tests, they may indicate a potential
bias in test execution. Specifically, such failures could suggest that the shear force applied
during testing was not fully parallel to the bonded area. Therefore, a higher prevalence of
mixed failure types, as observed in this study, is preferred over fully cohesive failures.

From previous outcomes, it can be said that the most suitable etching protocol for
glass-ceramics is material-dependent. Moreover, no automatic extrapolation should be
made from one type of glass-ceramic to another. That scenario would apply to materials
belonging to the same sub-class, for example, lithium disilicate and lithium silicate-based
ceramics. According to their glassy content and bond strength to resin-based materials,
the previous tendency in the literature has been to recommend an etching time to treat
glass-ceramics [28]. However, the rising concern of the effect of such treatments on the
structural integrity and mechanical behavior of CAD/CAM materials has led to an integral
approach [30,38]. Therefore, an etching treatment employing 5%HF (followed by a silane
coupling agent) can be recommended to treat ZLS CAD/CAM ceramics based on the cur-
rent results. This recommendation agrees with a recent study that determined that 4.9%HF
produced better ceramic/cement bonding on this material, compared to 9.5%HF [23]. So,
within the limitations of this in vitro study, this information may be considered clinically
significant and should be taken into account when looking for proper surface treatment for
this material.

Some limitations of this in vitro study are the use of a static mechanical test instead of
a dynamic method, a test set-up directed to simulate only the pre-cementation performance
of the tested material instead of reproducing a methodological approach directed to emulate
the clinical–mechanical performance of this material in long-term service, and a lack of
comparison between ZLS and other similar materials, such as lithium disilicate ceramics.
However, the aim of this specific work was successfully achieved, and these outcomes can
be considered a starting point for further investigations in this regard. Future research
could address these aspects by evaluating the influence of these etching protocols on the
fatigue resistance and lifetime predictions of cemented restorations made from this material,
as well as comparing them to lithium disilicate restorations.

5. Conclusions

Within the limitations of this in vitro study and based on the current results, it can be
concluded that variations in hydrofluoric acid (HF) etching protocols do not influence the
ZLS CAD/CAM ceramics’ flexural strength; however, those variations do affect its surface
roughness, bond strength, and Weibull modulus. HF etching is necessary to create a rough
surface topography on this ceramic to improve interlocking with the luting material and
regularize some previous sharp surface defects. The best overall outcomes were achieved
when using 5%HF to treat this material.
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