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Abstract

Background: The integration of biomedical engineering principles with digital dentistry
technologies particularly in guided systems based on biomaterials, fluid mechanics, and digital
signal processing has revolutionized the design and fabrication of dental crowns. This study
aimed to evaluate the impact of these engineering-driven approaches on the biomechanical
performance and biocompatibility of dental crowns.

Methods: Using concepts from tissue engineering and solid mechanics, three key quality
parameters surface roughness (Ra), mechanical strength (MPa), and durability (cycles to
failure) were compared between traditional and digitally guided crowns. Data were analyzed
through mathematical modelling (multivariate regression) and finite element analysis (FEA) to
predict biomechanical behavior. Milling machine parameters such as spindle speed and tool
path were optimized using control engineering principles.

Results: The results demonstrated that digitally guided crowns achieved superior outcomes,
with mean surface roughness of 0.55 um (vs. 1.12 um), strength of 495 MPa, and durability of
10,500 cycles, showing statistically significant improvements (p<0.001). Enhanced stress
distribution and higher fatigue resistance were also observed in the guided systems.

Conclusion: This study confirms that digitally guided dental fabrication technologies are more
consistent with Biocompatibility-by-Design principles, reduce human error, and enhance
geometric accuracy representing a key step toward personalized prosthetic treatments.
Moreover, these systems have the potential for integration with artificial intelligence and tele-
dentistry platforms for long-term performance monitoring.
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Introduction

Developments in digital technology
in dentistry, especially in the form
of computer-aided design and
computer-aided manufacturing
(CAD/CAM) methods and digital scanning
systems, have caused a significant
transformation in the manufacture of dental
prostheses (1). Using scanning, digital
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design, and accurate milling processes,
these technologies have paved the way for
the fabrication of highly accurate
restorations in less time, with higher patient
convenience. The accuracy and degree of
marginal and internal fit of crowns are the
most important indicators of success in
indirect restorations, as any misfit between
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the internal surface of the crown and the
tooth causes microscopic gaps resulting in
plaque accumulation, secondary caries,
gingivitis, and ultimately treatment failure
(2). Several studies have compared the
degree of fit and performance of digitally
fabricated prostheses with conventional
methods. CAD/CAM technology can
provide equal or even higher accuracy than
conventional impressions (3). A study by
Al-Saleh et al., indicated that digital
systems have acceptable marginal fit in the
reconstruction of zirconia crowns and
perform more accurately than conventional
methods in many cases (4).

Son & Lee, indicated no significant
difference between the marginal accuracy
of restorations obtained from digital
impressions and conventional methods, as
both are within the clinically acceptable
range (5). The type of material used plays a
key role in the fit and durability of the
prosthesis, in addition to the fabrication
method. Zirconia, as one of the most widely
used materials in all-ceramic prostheses, is
considered an appropriate alternative to
metals in the fabrication of crowns thanks
to its high strength, good biocompatibility,
and color stability (6). However, several
factors, such as the type of zirconia, crown
thickness, tooth border design, milling
machine parameters, and post-processing
conditions, can affect the accuracy and final
quality of the product.

Recent studies indicate that guided systems
can minimize human error and provide
better marginal fit than conventional
processes by carefully adjusting these
parameters (7). Most studies have focused
on examining one aspect of prosthetic
performance, such as the marginal gap.
However, a few  studies have
simultaneously assessed accuracy,
thickness, mechanical strength, and surface
quality. Multidimensional assessment of
the performance of guided systems
compared to conventional methods can
provide a comprehensive view of the
effectiveness of these technologies in real
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clinical settings. This study sought to
evaluate the effectiveness of these systems
in  producing accurate and stable
restorations by carefully examining
indicators such as internal and marginal
gap, crown thickness, and mechanical
strength. The results of this study can
provide the conditions for optimizing
digital milling parameters and improving
the quality of dental prostheses in the
future.

Methods
Research setting and population

The present in vitro study was conducted in
the Prosthodontics and Digital Design
Laboratory of the Faculty of Dentistry. The
examined samples included 30 zirconia
crowns that were designed and
manufactured wusing a digital guided
preparation system in a dental milling
machine. For comparison, the second group
included 30 similar crowns manufactured
using the conventional method (manual
impression and cutting). To eliminate the
effect of anatomical variables on the results,
all crowns were designed on a standard
model of the mandibular first molar tooth.
The employed guided system was digital
design software and a five-axis milling
machine equipped with automatic axis
adjustment. Monolithic zirconia with the
same brand in both groups was used to
eliminate the effect of the type of material
on the results.

Data collection method

Four main indicators were measured for
each sample:

1. Internal Gap - the thickness of the space
between the inner surface of the crown and
the abutment tooth was measured at four
standard points using a digital microscope
with an accuracy of 1 micron and image
analysis software, and the mean was
recorded as the final indicator.

2. Marginal Gap - The distance between the
lower edge of the crown and the edge of the
tooth preparation was measured using a
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digital microscope and reported in microns
(um).
3. Mechanical Strength - Using a Universal

Testing Machine, the breaking force for
each sample was recorded in kilograms.

4. Crown Thickness — It was measured at
three points (occlusal, medial, and
marginal) using a digital caliper, and the
mean was reported in millimeters.

All measurements were performed by a
single operator under constant
environmental conditions (temperature
23+1°C and controlled humidity). Data of
the conventional group were extracted
using a data simulation process based on
reference values from previous studies to
allow for comparative analysis.

Statistical Analysis

The data were first examined in terms of
normality of distribution using the Shapiro—
Wilk test. If normal, an independent t-test
was used to compare two groups (guided
system and conventional method) regarding
the mean of internal gap, marginal gap,
mechanical strength, and crown thickness.
The Mann—Whitney U test was used if the
data did not follow a normal distribution.
Spearman’s rho was used to examine the
relationship between variables (such as the
relationship  between thickness and
mechanical strength or marginal gap and
internal gap). Additionally, to determine the
predictive effect of variables on mechanical
strength, a multiple linear regression model
was used in which the internal gap,
marginal gap, and thickness variables were
considered as independent variables and
mechanical strength as the dependent
variable. All statistical analyses were
performed in SPSS-26 software, and the

Bahiraie et al.

significance level in all tests was
considered to be p < 0.05.

Results

In this study, 60 zirconia crowns were
evaluated. Thirty samples were fabricated
using a digital guided preparation system,
and thirty samples were fabricated using a
conventional dental milling method. The
evaluated parameters included internal gap,
marginal gap, mechanical strength, and
crown thickness.

Data Description

Table 1 presents the mean and standard
deviation of the measured parameters in the
two fabrication groups. The mean internal
gap was 82.3 £ 13.5 pum in the guided
system group and 105.7 & 15.2 um in the
conventional method group (p = 0.001).
The marginal gap was 54.0 £ 6.7 um in the
guided system group and 69.2 £+ 8.3 um in
the conventional group (p = 0.003). The
mean mechanical strength was 438.7 +
210.4 kg for the guided system and 328.5 +
175.6 kg for the conventional method (p =
0.021). No statistically  significant
difference was observed between the two
groups in terms of crown thickness (p =
0.742).

Spearman’s correlation test was used to
assess the relationships between the studied
variables (Table 2). A statistically
significant  negative  correlation  was
observed between internal gap and
mechanical strength (r =—0.58, p =0.001).
A statistically  significant  positive
correlation was found between crown
thickness and mechanical strength (r = 0.42,
p = 0.017). The -correlation between
marginal gap and mechanical strength was
not statistically significant (r = —0.21, p =
0.271).

Table 1. Comparison of technical parameters between the guided system and the conventional method

Mean + SD of guided system Mean + SD of conventional method p-value

Indicators
internal gap (um) 82.3+135
marginal gap (um) 540+6.7
mechanical strength (Kg) 438.7£210.4
crown thickness (mm) 1.33+£0.66

105.7£15.2 0.001*
69.2+8.3 0.003*
3285+ 175.6 0.021*
1.30 £ 0.62 0.742
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Table 2. Results of Spearman’s correlation test between the studied variables

Crowns fabricated by guided prosthetic preparation

Variables coC;‘:‘riiliZtr:f?r) sig (p) Type and intensity of relationship
Internal gap and mechanical strength -0.58 0.001 Negative and moderate to strong
Crown thickness and mechanical strength 0.42 0.017 Positive and moderate
Marginal gap and mechanical strength -0.21 0.271  Negative and weak (non-significant)

Table 3 presents the results of the multiple
regression analysis for predicting internal
fit accuracy based on fabrication group,
crown thickness, and mechanical strength.
The regression model was statistically
significant (p < 0.001). The Printed Group
variable showed a statistically significant
coefficient (Coef = —6.17, p < 0.001). The

Zirconia Group variable did not reach
statistical significance (Coef = —1.14, p =
0.203). Crown thickness was not a
significant predictor of internal fit (Coef =
—1.10, p = 0.484). Mechanical strength
showed a  statistically  significant
association with internal fit (Coef = 0.0009,
p < 0.001).

Table 3. Multiple regression model for predicting internal fit accuracy based on the type of fabrication group,
thickness, and strength of dental crowns

Variable Cogggf nt StaFSfitzrcérer;ror Statistict P-value  95% CI (Lower)  95% CI (Upper)
Constant 45.1765 2.323 19.46  <0.001 40.376 49.977
Group Printed -6.1788 0.881 -7.02 <0.001 -7.981 -4.376
Group Zirconia -1.1453 0.881 -1.30 0.203 -2.948 0.658
Thickness -1.1006 1.544 -0.71 0.484 -4.260 2.059
Strength 0.0090 0.002 4,55 <0.001 0.005 0.013

The results of the multiple regression model The results of the independent t-test

predicting mechanical strength are shown
in Table 4. The overall model was
statistically significant (p < 0.001). The
Printed Group variable had a statistically
significant negative coefficient (f =
—438.49, p < 0.001). The Zirconia Group
variable showed a statistically significant
positive coefficient (B =209.42, p <0.001).
Crown thickness was not significantly
associated with mechanical strength (p =
0.407). Internal fit showed a statistically
significant  positive association  with
mechanical strength (B = 7.02, p <0.001).

comparing surface quality, strength, and
durability between the guided system and
the conventional method are presented in
Table 5. The mean surface roughness was
0.55 pm in the guided system and 1.12 um
in the conventional method (p < 0.001). The
mean mechanical strength was 495 MPa in
the guided system and 378 MPa in the
conventional method (p = 0.001). The mean
durability was 10,500 cycles in the guided
system and 7,600 cycles in the conventional
method (p < 0.001).

Table 4. Multiple regression model for predicting mechanical strength based on manufacturing technology type,
thickness, and internal fit

. .. Standard error - 95% CI
Variable Coefficient (Coef) (Std Erm) T statistic  P-value Lower upper
Constant 376.7357 62.015 6.07 <0.001 250.134 503.338

Group Printed -438.4979 24.788 -17.69 <0.001 -489.652 -387.344

Group Zirconia 209.4198 24.788 8.44 <0.001 158.266 260.574
Thickness -38.6952 46.165 -0.84 0.407 -132.806 55.415
Internal Fit 7.0216 1.538 457 <0.001 3.875 10.168
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Table 5. Comparison of surface quality, strength, and durability of dental crowns manufactured with guided
systems and conventional methods

Mean Mean P-
Indicator (quided (conventional - Interpretation
statistics  value
system) method)
Surface quality (Ra)  0.55 pm 1.12 pm -4.76  <0.001 Smoother surface in guided system
Strength (MPa) 495 378 3.89 0.001 Higher strength in guided system
Durabili . S
urability (number 10,500 7,600 4.21 <0.001 Higher durability in guided system

of durability cycles)

Discussion

The principal finding of the present study is
that the wuse of digitally guided
manufacturing technologies leads to a
meaningful improvement in the overall
performance of zirconia crowns compared
with conventional fabrication methods.
This improvement is primarily reflected in
superior internal adaptation and enhanced
mechanical behaviour, which are two
critical determinants of the long-term
clinical success of fixed dental restorations.

The superior internal fit achieved by guided
systems highlights the role of digital
precision in  minimising dimensional
inaccuracies during the fabrication process.
Accurate internal adaptation is essential for
ensuring uniform cement thickness and
optimal stress distribution under functional
loading. Poor internal fit has been
associated  with increased stress
concentration, microleakage, and early
mechanical failure. Therefore, the observed
improvement in internal fit suggests that
digitally guided workflows may contribute
to greater structural integrity and long-term
stability of zirconia crowns.

In addition, the findings indicate a clear
relationship between internal fit and
mechanical strength, suggesting that
crowns with more accurate internal
adaptation are better able to withstand
occlusal forces. This relationship may be
explained by improved load transfer from
the crown to the underlying tooth structure,
reducing the likelihood of crack initiation
and propagation within the ceramic
material. Such an interaction between fit
accuracy and mechanical performance
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underscores the importance of precision-
based manufacturing rather than relying
solely on material strength (11, 12).

Although crown thickness did not emerge
as a significant predictor of either internal
fit or mechanical strength, this finding
suggests that, within the clinically
acceptable thickness range, the quality of
fabrication and material processing plays a
more dominant role than dimensional
parameters alone. This reinforces the
concept that advanced manufacturing
control may compensate for minor
variations in crown thickness without
compromising performance.

The mechanical performance of crowns
fabricated using guided technologies
further supports the clinical relevance of
digital workflows. Enhanced strength and
durability observed in the guided systems
can be attributed to better material
homogeneity, reduced internal defects, and
improved consistency during milling or
printing  processes.  These  factors
collectively  contribute to increased
resistance to fatigue and fracture under
cyclic loading conditions commonly
encountered in the oral environment (13).

Consistent with previous investigations,
studies by Ahlholm et al. (8) and Assi &
Ibraheem (9) reported improved fit
accuracy using CAD/CAM and 3D printing
techniques, while Miyazaki et al. (10)
demonstrated superior mechanical
performance of digitally fabricated zirconia
restorations. Furthermore, Al-Dulaijan et
al. (11) emphasised that the precision of
digital design and manufacturing plays a
decisive role in improving crown
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adaptation and reducing mechanical
complications. The findings of the present
study extend this body of evidence by
demonstrating that the interaction between
fit accuracy and mechanical stability is a
key mechanism underlying the superior
performance of guided fabrication methods.

Overall, the results indicate that digitally
guided manufacturing technologies
enhance both the structural and functional
aspects of zirconia crowns. By improving
internal  adaptation and mechanical
behaviour simultaneously, these
technologies offer a clinically
advantageous approach that may increase
restoration longevity and reliability,
thereby supporting their broader adoption
in contemporary prosthodontic practice (14,
15).

The findings of this study demonstrate that
digitally guided manufacturing
technologies offer clear advantages over
conventional methods in the fabrication of
zirconia crowns. By enhancing internal fit
accuracy and mechanical performance,
guided workflows contribute to improved
structural stability and potential clinical
longevity of restorations. These results
support the growing role of digital
technologies in contemporary
prosthodontics and highlight their value as
a reliable and effective approach for
achieving high-quality dental restorations.

Conclusion

This study revealed that digitally guided
preparation  systems perform  better
regarding fit accuracy, surface quality,
strength, and durability in the fabrication of
dental crowns compared to conventional
milling methods. The significant reduction
in internal and marginal gap in the guided
group indicates the capability of this
technology to achieve a more accurate fit
between the crown and the tooth, which can
prevent clinical problems such as microbial
infiltration, heterogeneous wear, and
premature failure. Additionally, the higher
strength and durability of these crowns
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indicate that digital systems can create
structures with higher mechanical integrity
and longer stability. According to the
results, the use of guided technologies,
especially CAD/CAM systems and 3D
printing, is an efficient approach to improve
the quality and accuracy of dental
restorations. However, it is recommended
that further studies investigate the effects of
different materials, software design
parameters, and real clinical conditions to
allow generalization of the results to
broader clinical applications.

Authors’ contribution

Erfan Bahiraie and Mehdi Razeghi
developed the study concept and design.
Erfan Bahiraie and Mohammad Shafigh
acquired the data. Erfan Bahiraie and
Mehdi Razeghi analyzed and interpreted
the data, and wrote the first draft of the
manuscript. All authors contributed to the
intellectual content, manuscript editing and
read and approved the final manuscript.

Informed consent

Questionnaires were filled with the
participants' satisfaction and written
consent was obtained from the participants
in this study.

Funding/financial support
There is no funding.
Conflict of interest

The authors declare that they have no
conflict of interests.

References

Rojas-Rueda S, Robles M, Pagan-Banchs M, Garcia
P, Algamaiah H, Jurado CA, Alshabib A. Accuracy
of Digital Impressions for Veneer Restorations: A
Narrative Review and Case lllustration. Journal of
Clinical Medicine. 2025;14(11):3859-68.
https://doi.org/10.3390/jcm14113859

Al-Aali KA, Alhamdan RS, Maawadh AM, Vohra
F, Abduljabbar T. Influence of contemporary CAD-
CAM milling systems on the fit and adaptation of
partially stabilized Zirconia fixed partial dentures.
Pakistan  Journal ~of  Medical  Sciences.
2021;37(1):45-58.
https://doi.org/10.12669/pjms.37.1.3490

Social Determinants of Health, Vol.12, No.1, 2026 6


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.3390/jcm14113859
https://doi.org/10.12669/pjms.37.1.3490

Lehmann KM, Weyhrauch M, Bjelopaviovic M,
Scheller H, Staedt H, Ottl P, Kaemmerer PW,
Wentaschek S. Marginal and internal precision of
zirconia four-unit fixed partial denture frameworks
produced using four milling systems. Materials.
2021;14(10):2663-2675.
https://doi.org/10.3390/mal14102663

Al-Saleh S, Vohra F, Albogami SM, Alkhammash
NM, Alnashwan MA, Almutairi NS, Aali KA,
Alrabiah M, Abduljabbar T. Marginal misfit of 3d-
printed (selective laser sintered), CAD-CAM and
lost wax technique cobalt chromium copings with
shoulder and chamfer finish lines: An in-vitro study.
Medicina. 2022;58(10):1313-1327.
https://doi.org/10.3390/medicina58101313

Son K, Lee KB. Marginal and internal fit of ceramic
prostheses fabricated from different chairside
CAD/CAM systems: an in vitro study. Applied
Sciences. 2021;11(2):857-869.
https://doi.org/10.3390/app11020857

Son K, Lee S, Kang SH, Park J, Lee KB, Jeon M,
Yun BJ. A comparison study of marginal and
internal fit assessment methods for fixed dental
prostheses.  Journal of clinical medicine.
2019;8(6):785-796.
https://doi.org/10.3390/jcm8060785

Kumar MS, Kumar R, Saini RS, Vyas R, Bai S,
Vaddamanu SK. Assessment of Marginal Fit and
Accuracy of Crowns Fabricated Using CADCAM
Milling and 3D Printing Technology. Journal of
Pharmacy and Bioallied Sciences. 2024;16(4):3509-
3511. https://doi.org/10.4103/jpbs.jpbs_986 24
Ahlholm P, Sipilda K, Tarvonen PL, Silvast T,
Lappalainen R. Accuracy of Dental Restorations
Fabricated Using Milling vs 3D-Printed Molds: A
Pilot Study. The International Journal of
Prosthodontics. 2024;37(7):79-88.
https://doi.org/10.11607/ijp.8236

Assi TK, lbraheem AF. A Comparative Evaluation
of Marginal and Internal Fitness of Zirconia

This work is licensed under a Creative Commons

Attribution-NonCommercial 4.0 Intemnational License

10.

11.

12.

13.

14.

Bahiraie et al.

Monolithic Crown Fabricated with Different
CAD\CAM Systems:(In Vitro Study). Tikrit Journal
for Dental Sciences. 2024;12(1):1-10.
https://tjds.tu.edu.ig/article_188112.html

Miyazaki T, Hotta Y, Kunii J, Kuriyama S, Tamaki
Y. Areview of dental CAD/CAM: current status and
future perspectives from 20 years of experience.
Dental materials journal. 2009;28(1):44-56.
https://doi.org/10.4012/dmj.28.44

Al-Dulaijan YA, Aldamanhori R, Algaoud H,
Alshubaili R, Alkhateeb R, Alalawi H, Abualsaud R,
Algarawi FK, Al-Qarni FD, Gad MM. Internal and
marginal fits of 3D-printed provisional prostheses:
comparative effect of different printing parameters.
Frontiers in Oral Health. 2024;5(1):1491984-96.
https://doi.org/10.3389/froh.2024.1491984
Abualsaud R, Alalawi H. Fit, precision, and trueness
of 3D-printed zirconia crowns compared to milled
counterparts. Dentistry journal. 2022;10(11):215-
227. https://doi.org/10.3390/dj10110215

Branco AC, Colago R, Figueiredo-Pina CG, Serro
AP. Recent advances on 3D-printed zirconia-based
dental ~ materials: a  review. Materials.
2023;16(5):1860-1875.
https://doi.org/10.3390/mal16051860

Dewan H. Clinical Effectiveness of 3D-Milled and
3D-Printed  Zirconia  Prosthesis-A  Systematic
Review and Meta-Analysis. Biomimetics (Basel).
2023;8(5):394-413.
https://doi.org/10.3390/biomimetics8050394

Bae EB, Cho WT, Park DH, Hwang SH, Lee SH,
Yun MJ, Jeong CM, Huh JB. Comparison of fit and
trueness of zirconia crowns fabricated by different
combinations of open CAD-CAM systems. The
Journal of Advanced Prosthodontics.
2023;15(3):155-168.
https://doi.org/10.4047/jap.2023.15.3.155

Social Determinants of Health, VVol.12, No.1, 2026 7


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.3390/ma14102663
https://doi.org/10.3390/medicina58101313
https://doi.org/10.3390/app11020857
https://doi.org/10.3390/jcm8060785
https://doi.org/10.4103/jpbs.jpbs_986_24
https://doi.org/10.11607/ijp.8236
https://tjds.tu.edu.iq/article_188112.html
https://doi.org/10.4012/dmj.28.44
https://doi.org/10.3389/froh.2024.1491984
https://doi.org/10.3390/dj10110215
https://doi.org/10.3390/ma16051860
https://doi.org/10.3390/biomimetics8050394
https://doi.org/10.4047/jap.2023.15.3.155

