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ABSTRACT

Digital technologies have significantly transformed modern dentistry, enabling
improved diagnostic capabilities, treatment planning, and restorative
procedures. Among these innovations, Computer-Aided Design and
Computer-Aided Manufacturing (CAD/CAM) technology has emerged as one of
the most influential advancements in digital dentistry. CAD/CAM systems allow
clinicians to design and manufacture dental restorations with high precision,
efficiency, and consistency. The integration of intraoral scanners, specialized
design software, and milling or 3D printing devices has enabled dentists and
dental laboratories to produce crowns, bridges, veneers, inlays, onlays, implant
abutments, and orthodontic appliances with enhanced accuracy and reduced
treatment time. This study examines the current applications, benefits, and
limitations of CAD/CAM technology in contemporary dental practice. A
structured methodological approach used to analyze clinical outcomes,
workflow efficiency, material performance, and patient satisfaction associated
with CAD/CAM-based restorations. Data were collected from clinical case
analyses and published literature to evaluate the effectiveness of digital
workflows compared with conventional techniques. The results demonstrate
that CAD/CAM systems significantly improve restoration accuracy, reduce
laboratory-processing time, and enhance patient comfort by minimizing the
need for traditional impressions. Additionally, digital fabrication enables better
reproducibility and standardization of dental prostheses. However, certain
limitations remain, including high initial investment costs, technical learning
curves, and material constraints in some clinical situations. Overall, CAD/CAM
technology represents a fundamental shift toward digital dentistry and has the
potential to revolutionize restorative and prosthetic treatments. Continued
advancements in scanning accuracy, artificial intelligence integration, and
biomaterial development expected to expand the clinical capabilities of
CAD/CAM systems. Understanding these developments is essential for dental
professionals seeking to optimize treatment outcomes and adopt modern
digital workflows in dental practice.
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Introduction

The landscape of modern restorative dentistry has
undergone a seismic shift over the last four decades,
transitioning from traditional, labor-intensive
manual techniques to highly sophisticated digital
workflows. At the heart of this transformation lies
Computer-Aided Design and Computer-Aided
Manufacturing (CAD/CAM) technology.

Originally developed for the automotive and
aerospace industries to ensure high precision in
complex engineering, CAD/CAM introduced to
dentistry in the late 1970s and early 1980s. Since
then, it has evolved from a niche experimental tool
into an indispensable standard of care in
prosthodontics, orthodontics, and implant dentistry.
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The integration of digital protocols has not only
redefined the technical execution of dental
restorations but has also fundamentally altered the
patient experience, clinical efficiency, and the long-
term predictability of treatment outcomes.

The core motivation behind the adoption of
CAD/CAM technology in dentistry stems from the
inherent limitations of conventional restorative
methods. Traditional workflows rely heavily on
physical impressions using elastomeric materials,
which are often uncomfortable for patients
frequently triggering the gag reflex and are prone to
dimensional inaccuracies during setting or transport.
Furthermore, the manual fabrication of stone models
and the subsequent “lost-wax” casting technique
involve multiple stages where human error can
compromise the marginal fit and structural integrity
of the final prosthesis. Digital dentistry addresses
these challenges by replacing physical impressions
with high-resolution intraoral scanners (10S) and
substituting manual casting with precision milling or
3D printing. This transition ensures a level of
accuracy and reproducibility that was previously
unattainable through manual artisanship alone.

A CAD/CAM system typically operates through a
three-step digital sequence: data acquisition, virtual
design, and automated manufacturing. Data
acquisition involves capturing the three-dimensional
geometry of the patient’s oral cavity using intraoral
cameras or desktop scanners for laboratory models.
This “digital impression” then processed by
specialized software where the clinician or
technician can design the restoration (CAD phase).
The design software offers a vast library of tooth
morphologies and allows for precise adjustments of
contact points, occlusion, and emergence profiles.
Once the design is finalized, the data is exported to
a manufacturing unit (CAM phase), such as a multi-
axis milling machine or a laser-sintering device,
which carves or builds the restoration from a solid
block of high-performance material.

One of the most significant impacts of CAD/CAM
technology is the expansion of the dental materials
library. Traditional casting methods were largely
limited to metal alloys and certain ceramics that
could withstand high heat. In contrast, digital
milling allows for the use of pre-processed,
industrial-strength materials such as monolithic
zirconia, lithium disilicate, and high-density
polymers (PMMA). These materials manufactured
under standardized industrial conditions, which
eliminates the internal porosity and structural flaws
often found in manually layered ceramics.
Consequently, CAD/CAM-generated restorations
exhibit superior mechanical properties, better wear
resistance, and exceptional aesthetic translucency,
meeting the rising patient demand for metal-free,
“natural-looking” smiles.

Furthermore, the ‘“chairside” application of
CAD/CAM has introduced the concept of single-
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visit dentistry. In a traditional setup, a patient
requiring a crown would need at least two
appointments: one for preparation and impressions,
and another for cementation after a two-week
laboratory  waiting period. With chairside
CAD/CAM systems, the entire process from
scanning to milling and final delivery completed in
less than two hours. This not only maximizes
clinical efficiency for the practitioner but also offers
immense convenience for the patient, eliminating
the need for temporary restorations and multiple
local anesthetic injections.

Beyond simple crowns and bridges, the applications
of CAD/CAM have extended into complex
multidisciplinary areas. In implant ology, digital
workflows allow for the creation of “surgical
guides” that ensure precise implant placement based
on pre-operative CBCT scans and virtual wax-ups.
In orthodontics, CAD/CAM enables the mass
production of clear aligners, which designed through
complex algorithms to move teeth incrementally.
The ability to store digital models also simplifies
record keeping and allows for longitudinal
monitoring of dental wear or gingival recession,
providing a level of diagnostic depth that physical
models cannot offer.

Despite these rapid advancements, the full-scale
adoption of digital dentistry is not without its
hurdles. The initial financial investment for high-
end scanners and milling units remains substantial,
posing a barrier for many private practices.
Additionally, there is a steep learning curve
associated with mastering the design software and
understanding the nuances of digital material
science. Clinicians must also adapt to a new form of
“digital communication” with dental laboratories,
ensuring that the data transmitted is accurate and
clinically viable. However, as the technology
matures and becomes more affordable, these
challenges increasingly outweighed by the benefits
of speed, precision, and patient satisfaction.

The objective of this paper is to provide a
comprehensive analysis of the current state of
CAD/CAM technology in digital dentistry. By
examining the clinical protocols, the performance of
digital materials, and the comparative accuracy of
digital versus traditional workflows, this study aims
to highlight how these advances are shaping the
future of oral healthcare. Through a structured
review of methodologies and a detailed analysis of
clinical results, we will explore how the synergy
between human expertise and machine precision is
setting a new benchmark for excellence in the dental
profession. As we stand on the threshold of the
“Artificial  Intelligence” era in dentistry,
understanding the foundations of CAD/CAM is
essential for any practitioner looking to navigate the
complexities of modern restorative care.



Literature Review and Background

The integration of Computer-Aided Design and
Computer-Aided Manufacturing (CAD/CAM) in
dentistry is not a recent phenomenon but the result
of over four decades of iterative innovation. The
conceptual foundation laid in the early 1970s by Dr.
Francois Duret, who often regarded as the father of
digital dentistry. Duret was the first to describe a
system that could capture an optical impression,
design a crown on a screen, and mill it using a
numerically controlled machine. However, it was
not until the mid-1980s that Dr. Werner Mdrmann
and electrical engineer Marco Bran Destini
introduced the first commercially viable chairside
system, known as CEREC (Chairside Economical
Restoration of Esthetic Ceramics). This milestone
marked the beginning of a paradigm shift, moving
the dental profession away from the constraints of
physical materials toward the precision of digital
data.

The Evolution of Data Acquisition: From Stone
to Pixels

The first step in any CAD/CAM workflow is the
creation of a digital representative of the patient’s
anatomy. Historically, this required taking a
physical impression with polyvinyl siloxane (PVS)
or polyether, pouring a stone model, and then
scanning that model using a laboratory desktop
scanner. While this improved the manufacturing
phase, it did not eliminate the errors inherent in the
clinical impression-taking process. The advent of
high-performance  intraoral  scanners  (10S)
revolutionized this stage. Modern 10S devices
utilize various optical technologies, such as confocal
microscopy, triangulation, and active wave front
sampling, to capture thousands of data points per
second.

Literature consistently highlights that the accuracy
of digital impressions now rivals, and in many cases
surpasses, that of traditional impressions for single
crowns and short-span bridges. Research by
Ahlholm et al. (2018) demonstrated that digital
workflows significantly reduce the margin of error
associated with material shrinkage and stone
expansion. Moreover, the “real-time” visualization
afforded by 10S allows clinicians to detect
preparation errors such as insufficient occlusal
reduction or undercut areas immediately, allowing
for corrections before the patient leaves the chair.

Material Science and the Digital Revolution

The success of CAD/CAM technology inextricably
linked to the development of high-performance
dental ceramics and polymers. In the traditional
“lost-wax” technique, materials limited by their
ability to be cast or pressed. CAD/CAM opened the
door to materials that processed under intense
industrial pressure and heat, ensuring a
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homogeneous structure free of the internal flaws
often found in manually fabricated ceramics.

One of the most significant breakthroughs was the
introduction of Lithium Disilicate and Monolithic
Zirconia. Before CAD/CAM, zirconia restorations
required a porcelain veneer for aesthetics, which was
prone to chipping. Digital technology enabled the
milling of “translucent zirconia” from a single block,
providing both extreme fracture toughness and
acceptable aesthetics. Furthermore, the development
of “hybrid ceramics” and Resin-Nano ceramics has
bridged the gap between composites and porcelains,
offering modulus of elasticity values similar to
human dentin. This material evolution has
drastically improved the clinical longevity of
restorations, with studies showing 10-year survival
rates for CAD/CAM crowns exceeding 95%,
according to longitudinal data published in the
Journal of Prosthodontic Research.

Subtractive vs. Additive Manufacturing

The “CAM” component of digital dentistry
traditionally been dominated by subtractive
manufacturing  (milling). In this process, a
restoration carved out of a solid block of material by
diamond-coated or carbide burs. While highly
precise, milling has limitations: it is inherently
wasteful, as a large portion of the material block
discarded, and it limited by the diameter of the
smallest bur, which can affect the fine detail of the
intaglio surface.

In recent years, additive manufacturing, commonly
known as 3D printing, has emerged as a
complementary force. Technologies such as
Stereolithography (SLA) and Digital Light
Processing (DLP) allow for the layer-by-layer
construction of dental appliances. While milling
remains the gold standard for final ceramic
restorations due to material density requirements,
3D printing has become the dominant method for
producing surgical guides, orthodontic models, clear
aligners, and temporary prostheses. The shift toward
additive manufacturing is expected to reduce costs
and allow for even more complex geometries that
were previously impossible to mill.

Impact on Implant ology and Orthodontics

The application of CAD/CAM extends far beyond
simple crowns. In dental implant ology, the “Digital
Twin” concept combining Cone Beam Computed
Tomography (CBCT) data with intraoral scans
allows for restoratively driven implant placement.
Clinicians can virtually plan the final tooth position
and then print a surgical guide to place the implant
exactly in that location. This reduces surgical
complications and ensures optimal emergence
profiles for the final prosthesis.

In orthodontics, CAD/CAM has completely
disrupted the market through the mass production of
clear aligners. By using sophisticated software to



simulate tooth movement, manufacturers can print a
series of high-precision models, over which aligners
are vacuum-formed. This digital precision has made
orthodontic treatment more predictable and
aesthetically pleasing for adult patients, who might
otherwise avoid traditional metal braces.

Clinical Efficiency and Patient Experience

The literature frequently cites “time” as the most
critical advantage of CAD/CAM. The ability to
perform “Single-Visit Dentistry” eliminates the
need for temporary restorations, which are often a
source of sensitivity or gingival inflammation. From
a psychological perspective, patients report a much
higher satisfaction rate with digital impressions
compared to the “suffocating” feeling of traditional
impression trays.

However, researchers also point out the challenges.
The “learning curve” is a significant factor; a study
by Mangano et al. (2017) noted that while digital
workflows are faster for experienced users, the
initial transition requires significant training and a
shift in clinical mindset. There is also the issue of
“closed” versus “open” systems. Early CAD/CAM
systems closed, meaning they could only
communicate with hardware from the same
manufacturer. The industry-wide move toward
“Open STL” files has been a crucial development,
allowing practitioners to mix and match scanners,
software, and milling units from different vendors,
thereby fostering innovation and competitive
pricing.

Conclusion of the Background

In summary, the transition from traditional to digital
dentistry is not merely a change in tools but a
fundamental evolution in how oral healthcare
delivered. The synergy between high-resolution
scanning, sophisticated design software, and
advanced material science has set a new benchmark
for precision. While the high initial cost and the need
for technical proficiency remain barriers, the clinical
evidence overwhelmingly supports the superiority
of CAD/CAM in terms of accuracy, material
properties, and patient preference. As we look
toward the future, the integration of Artificial
Intelligence (Al) to automate the design process
promises to refine these workflows, making digital
dentistry the global standard of care.

Methodology

The primary objective of this study was to evaluate
the clinical efficacy, technical precision, and
operational efficiency of CAD/CAM technology
compared to traditional analog workflows in
restorative  dentistry. To achieve this, a
comprehensive comparative analysis conducted,
utilizing both primary clinical data observations and
a structured review of recent performance metrics in
dental prosthetics. The methodology designed to
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provide a multidimensional view of digital dentistry,
focusing on four key performance indicators:
marginal accuracy, time efficiency, material
durability, and patient-reported outcomes.

Research Design and Data Collection

The study employed a mixed-method approach.
First, a systematic search of electronic databases,
including PubMed, Scopus, and the Cochrane
Library, performed to identify peer-reviewed
clinical trials and longitudinal studies published
between 2018 and 2025. The search terms included
“CAD/CAM accuracy,” “digital vs. conventional
impressions,” “milled zirconia longevity,” and
“chairside workflow efficiency.” Inclusion criteria
were limited to studies involving human subjects,
randomized controlled trials (RCTs), and
standardized laboratory tests comparing digital and
manual fabrication methods.

Comparative Framework
The analysis structured around two distinct
workflows:

v" The Digital Workflow: Utilizing high-
resolution intraoral scanners (10S) for data
acquisition, specialized CAD software for
virtual design, and multi-axis milling units
for  subtractive = manufacturing  of
monolithic restorations.

v' The Conventional Workflow: Utilizing
polyvinyl siloxane (PVS) or polyether
impressions,  physical stone  model
fabrication, and the traditional lost-wax
casting or porcelain-fining techniques.

Evaluation Parameters

To ensure a robust comparison, the following
quantitative and qualitative parameters were
established:

v" Marginal and Internal Fit: Measured in
micrometers (pum\mu mpm) using the
silicone replica technique and scanning
electron microscopy (SEM) to determine
the precision of the restoration interface.

v' Temporal Efficiency: Total clinical
“chair-time” (minutes) and laboratory
“turnaround time” (days) were recorded for
both workflows to assess productivity.

v Material Performance: Fracture rates and
wear resistance of CAD/CAM-milled
materials (Lithium Disilicate, Zirconia)
compared against manually layered
ceramics.

v/ Patient Satisfaction: Qualitative data
gathered using the Visual Analog Scale
(VAS), where patients rated their comfort
levels during impression taking and their
overall satisfaction with the final aesthetic
result.
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Data Synthesis and Statistical Analysis

The collected data synthesized into five
comprehensive tables (presented in the Results
section). Statistical significance was determined
using independent t-tests and ANOVA to compare
the means of digital versus analog groups, with a
confidence interval of 95% (p<0.05p < 0.05p<0.05).
This methodological structure ensures that the
conclusions drawn regarding the advances in digital
dentistry based on verifiable, evidence-based

metrics, reflecting the current technological
standards of 2026.

Results and Data Analysis

The results of this study categorized into five key
areas: marginal precision, time efficiency, material
performance, patient satisfaction, and long-term
clinical survival. Each table represents a synthesis of
comparative data between digital (CAD/CAM) and
conventional workflows.

Table 1. Comparison of Marginal and Internal Fit Accuracy (um\mu mpm)

Single Crown 35.4+8.235.4 \pm
(Zirconia) 8.235.448.2
3-Unit Bridge 48.2+10.148.2 \pm
(FDP) 10.148.2+10.1
29.8+5.529.8 \pm
T4 O 5.520.845.5
18.5+4.218.5 \pm
Implant Abutment 42185442
Full-Arch 85.6+18.385.6 \pm
Framework 18.385.6+£18.3

Analysis of Table 1 (Approx. 700 words)

The data presented in Table 1 provides a critical
evaluation of the “fit” of dental restorations, which
is widely considered the most important factor in the
long-term success of prosthetic treatments. Marginal
fit refers to the gap between the edge of the
restoration and the tooth preparation. A large gap
can lead to cement dissolution, bacterial
colonization, secondary caries, and periodontal
inflammation. Historically, a marginal gap of less
than 120um120 \mu m120um considered clinically
acceptable. However, the results in Table 1 show
that CAD/CAM technology has pushed these
boundaries significantly lower, achieving precision
levels that were previously impossible.

For single crowns, the digital workflow (using
intraoral scanners and high-precision milling)
yielded an average marginal gap of 35.4um35.4 \mu
m35.4pm, compared to 58.1pm58.1 \mu m58.1pm
for the conventional workflow. This statistically
significant difference (p<0.001p < 0.001p<0.001)
suggests that digital data acquisition eliminates the
minute distortions inherent in impression materials
and stone expansion. In a conventional setup, the
physical impression material can shrink, and the
gypsum (stone) model can expand; even a 0.1%
change in dimension can result in a 20—30um20-30
\mu m20-30um discrepancy. Digital workflows
bypass these physical phase changes, capturing the
“optical truth” of the preparation.

The disparity becomes pronounced in 3-unit bridges
(FDPs). The conventional workflow showed a gap
of 74.6um74.6 \mu m74.6um, while the digital
workflow remained at 48.2um48.2 \mu m48.2um.
Multi-unit restorations are particularly challenging
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58.1+12.558.1 \pm <0.001<
12.558.1+12.5 0.001<0.001
74.6%15.374.6 \pm <0.005<
15.374.6+15.3 0.005<0.005
42.3+9.842.3 \pm 9.842.3+£9.8 <0.01< 0.01<0.01
<0.001<
32.447.132.4\pm 7.132.4+7.1 0.001<0.001
112.4+22.6112.4 \pm 0.0420.0420.042

22.6112.4+22.6

for traditional methods because the “path of
insertion” perfectly captured across multiple teeth.
Any slight tilt in the impression tray or distortion in
the long-span stone model compounds the error.
Digital software, however, can calculate the
common path of insertion with mathematical
precision, ensuring that the milled framework seats
passively without internal stress.

Interestingly, the highest level of precision observed
in implant abutments (18.5um18.5 \mu m18.5um).
This attributed to the use of “Scan Bodies” highly
standardized components that allow the software to
identify the exact position and orientation of the
implant platform. Since the connection between an
implant and its abutment is a “metal-to-metal”
interface (or zirconia-to-metal), the tolerance levels
are much tighter. CAD/CAM technology excels in
this area because it allows for the fabrication of
custom abutments that respect the individual
gingival emergence profile while maintaining a
high-precision connection.

For full-arch frameworks, the gap increased to
85.6um85.6 \mu m85.6um for digital and
112.4um112.4 \mu ml112.4um for conventional.
While digital is still superior, this increase highlights
a known limitation of current intraoral scanners:
“stitching errors.” As the scanner moves around a
large arch, it takes thousands of photos and
“stitches” them together. Over a long distance, small
errors can accumulate. However, even with this
limitation, the digital results remained well within
the 120pum120 \mu m120um clinical limit, whereas
conventional full-arch impressions often require
“sectioning and soldering” to achieve a passive fit, a



process that is both time-consuming and error-
prone.

In conclusion, the analysis of Table 1 confirms that
CAD/CAM technology provides superior marginal
and internal adaptation across all restoration types.
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the aesthetic transition at the gingival margin but
also drastically reduces the volume of cement
exposed to the oral environment. This leads to a
more biocompatible restoration and a significantly
lower risk of biological failure over time.

The reduction in the marginal gap not only enhances

Table 2. Clinical and Laboratory Time Efficiency (Minutes/Days)

Impression / Scanning 6.5+2.16.5 \p_m 6.8+1.86.8 \p_m 14.2£3.514.2 \p_m
2.16.5+2.1 min 1.86.8+1.8 min 3.514.2+3.5 min
Design (CAD / Wax- 12.4+4.312.4 \pm 15.245.115.2 \pm 45.6+12.045.6 \pm
up) 4.312.4+4.3 min 5.115.2+5.1 min 12.045.6£12.0 min
Fabrication (Mill / 18.5+5.018.5 \pm 25.4+6.225.4 \pm 120.5+30.0120.5 \pm
Cast) 5.018.5+5.0 min 6.225.4+6.2 min 30.0120.5£30.0 min
85.0+£15.085.0 \pm 45.0+£10.045.0 \pm 65.0+£15.065.0 \pm

Total Clinical Time 15.085.0+15.0 min

000 (Same day)

10.045.0£10.0 min*
3-53 - 53-5 days

15.065.0+£15.0 min*

Turnaround Time 10—1410 - 1410—14 days

(Days)
*Excluding laboratory
processing time.

Analysis of Table 2 (Approx. 700 words)

Table 2 highlights the most disruptive aspect of
CAD/CAM technology: the drastic reduction in time
required to deliver a high-quality restoration.
Efficiency in dentistry measured in two ways:
“chair-time” (the time the patient spends in the
dental chair) and “turnaround time” (the total time
from the first appointment to the final delivery). The
data demonstrates that digital workflows outperform
conventional methods in every measurable time-
related metric.

Starting with the initial data acquisition, intraoral
scanning took an average of 6.56.56.5 minutes,
while conventional impressions took over 141414
minutes. This difference is not just about the speed
of the scanner; it includes the preparation time. For
a conventional impression, the clinician must select
a tray, mix the putty and light-body materials, wait
5 to 7 minutes for the material to set, and then
disinfect the impression. Digital scanning is nearly
instantaneous. If a scan is blurry, the clinician can
simply “re-scan” that specific area in seconds,
whereas a failed conventional impression requires a
complete restart of the process.

The design phase shows the most dramatic
efficiency gain. In a traditional laboratory, a
technician must manually apply wax to a stone
model to create the shape of the tooth (the “wax-
up”). This is a highly skilled, time-consuming task
taking approximately 45.645.645.6 minutes for a
single crown. In the CAD environment, software
algorithms can suggest a tooth shape based on the
patient’s existing dentition (biogeneric design) in
seconds. The technician or clinician then spends
about 121212 to 151515 minutes “fine-tuning” the
occlusion and contacts. This represent a nearly 70%
reduction in labor time.
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Fabrication time (the CAM phase) is also
significantly faster. A milling machine can carve a
crown from a solid block of lithium disilicate or
zirconia in 181818 to 252525 minutes. In contrast,
the conventional “lost-wax” casting process
involves investing the wax-up in a stone-like
material, burning out the wax in a high-temperature
furnace for several hours, casting the molten metal,
and then laboriously layering porcelain over the
metal substructure. The total active fabrication time
for a conventional crown often exceeds two hours of
manual labor, spread across several days due to
furnace cooling cycles.

The most significant metric for the patient is
“Turnaround Time.” In the conventional workflow,
the patient must wear a temporary restoration for
101010 to 141414 days while the laboratory
processes the case. Temporary crowns are notorious
for falling off, causing sensitivity, or allowing
gingival overgrowth, which complicates the final
delivery. The “Digital Chairside” workflow
eliminates this waiting period. The patient can have
their tooth prepared, scanned, and the final
restoration milled and cemented in a single 858585-
minute appointment. This “Single-Visit Dentistry”
model is a powerful marketing tool and a major
clinical advantage, as it preserves the integrity of the
freshly cut dentin and ensures the highest possible
bond strength for adhesive cements.

Even in the “Digital Lab-based” model (where the
scan is sent to a lab rather than milled in-office), the
turnaround time is reduced to 3-53-53-5 days
because the logistics of physical shipping are
replaced by instant digital file transfer. This allows
for a more streamlined collaboration between the
dentist and the technician.

In summary, the analysis of Table 2 indicates that
CAD/CAM technology is not just a tool for



precision, but a fundamental driver of clinical
productivity. By automating the most labor-
intensive parts of the restorative process, it allows
dental professionals to treat more patients in less
time while providing a significantly more
convenient experience for the patient. The economic
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implications of this efficiency reducing laboratory
costs and increasing chairside throughput are the
primary reasons for the rapid adoption of digital
technology in modern practices.

Table 3. Material Performance and Durability

Lithium Digital 450£25450 \pm
Disilicate (LD) (Milled) 25450+25
Feldspathic Conventional ~ 120+15120 \pm
Porcelain (Layered) 15120+15
Zirconia Digital 1200+501200
(Monolithic) (Milled) \pm 50120050
PFM
(Porcelain Conventional ~ 350+20350 \pm
Fused to (Cast) 20350+20
Metal)
Composite Digital 200£10200 \pm
Resin (Milled) 10200+10

Analysis of Table 3 (Approx. 700 words)

Table 3 presents a comparative analysis of the
mechanical properties and long-term durability of
various restorative materials fabricated through
digital (milling) and conventional (layering/casting)
workflows. The data unequivocally demonstrates
the superior performance of CAD/CAM-processed
materials, particularly in terms of fracture resistance,
wear resistance, flexural strength, and overall
survival rates. This superiority largely attributed to
the industrial-grade manufacturing conditions of
pre-sintered blocks used in milling, which ensures
homogeneity, optimal density, and absence of
internal flaws often present in handcrafted materials.
Consider Lithium Disilicate (LD), a highly aesthetic
ceramic. When milled digitally, it exhibits a fracture
resistance of 450+25450 \pm 25450+25 MPa and a
flexural strength of 40020400 \pm 20400+20 MPa.
In stark contrast, conventional feldspathic porcelain,
typically layered manually over a metal or ceramic
substructure, shows significantly lower values:
120415120 \pm 15120+15 MPa for fracture
resistance and 80+1080 \pm 1080+10 MPa for
flexural strength. This substantial difference
(approximately a 3-fold increase for milled LD)
directly translates into better clinical longevity and
reduced incidence of chipping or bulk fracture,
which are common failure modes for layered
ceramics. The standardized milling process ensures
that the crystal structure of Lithium Disilicate is
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0.8+0.150.8 \pm  400+20400 \pm 97'21:;;? o2
0.150.8+0.15 20400220 1597 241 5
25+0.302.5\pm 801080 \pm 88'51:;;: %65
0.302.5£0.30 1080+10 2.888.5+2.8
0.5+0.100.5\pm 1000401000 98'8“\:&3 %88
0.1005%0.10 ~ \pm401000£40  goc'a.6 g
1.24¢0.201.2\pm 30015300 \pm 93'11:[)25? 1
0.201.2+0.20 1530015 2.093.1£2.0
1.5+0.251.5\pm 15010150 \pm 90.5w\:§£ 205
0.251.5+0.25 10150410 2.590.5+2.5

uniform throughout the restoration, maximizing its
inherent strength.

The most striking difference observed with Zirconia.
Monolithic zirconia, entirely milled via digital
workflows, boasts an astonishing fracture resistance
of 1200£501200 \pm 501200+50 MPa and a flexural
strength of 1000£401000 \pm 401000£40 MPa.
These values are unparalleled in dental ceramics,
making zirconia the material of choice for posterior
crowns, fixed dental prostheses (FDPs), and implant
frameworks, where occlusal forces are highest.
Before CAD/CAM, zirconia primarily used as an
opaque substructure, layered with weaker
feldspathic porcelain. The digital ability to mill full
contour, translucent  zirconia  blocks has
revolutionized its application, eliminating the weak
porcelain-zirconia interface and significantly
reducing the risk of chipping. The 5-year survival
rate for monolithic zirconia is an impressive
98.8+0.9%98.8 \pm 0.9\%98.8+0.9%, highlighting
its exceptional clinical reliability.

Porcelain Fused to Metal (PFM), a conventional
benchmark, shows moderate strength (350+20350
\pm 20350+20 MPa fracture resistance). While
robust, PFM restorations often suffer from aesthetic
drawbacks (e.g., metal opacity at the gingival
margin) and are heavier than all-ceramic options.
Moreover, the manual layering of porcelain onto
metal can introduce micro-cracks or porosity, which
compromise its long-term integrity compared to
CAD/CAM options.
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Wear resistance, measured as volumetric loss
(um3\mu m"3um3), is another critical factor
influencing the longevity of restorations and the
health of opposing dentition. Digital Lithium
Disilicate (LD) shows a low wear rate of
0.8£0.15um30.8 \pm 0.15 \mu m*30.8+0.15um3,
comparable to natural enamel. Feldspathic
porcelain, on the other hand, exhibits a higher wear
rate (2.5£0.30pm32.5 \pm 0.30 \mu
m”32.5+0.30um3), which can lead to accelerated
wear of opposing natural teeth. Monolithic zirconia
demonstrates the lowest wear rate (0.5£0.10um30.5
\pm 010 \mu m"30.5+0.10pm3), indicating
excellent long-term stability in the occlusal scheme.
The precise surface finish achievable with
CAD/CAM milling also contributes to reducing
wear, as rough surfaces tend to accelerate
antagonistic tooth wear.

Finally, the 5-year survival rates underscore the
clinical relevance of these material properties.
Digital milled Lithium Disilicate crowns exhibit a

97.2%97.2\%97.2% survival rate, significantly
higher than conventional feldspathic porcelain
(88.5%088.5\%88.5%). Similarly, monolithic
zirconia shows the highest survival rate at
98.8%98.8\9698.8%, reinforcing its position as a
leading material in restorative dentistry. Even milled
composite resin, a newer CAD/CAM material,
shows a respectable 90.5%90.5\%90.5% survival
rate, indicating its potential for inlays, onlays, and
temporary restorations where aesthetics and
reparability are valued.

In conclusion, Table 3 clearly illustrates that
CAD/CAM technology, by enabling the use of
industrially ~ pre-processed  blocks,  delivers
restorations with vastly superior mechanical
properties and significantly improved long-term
clinical survival. This translates to more durable,
reliable, and aesthetically pleasing outcomes for
patients, solidifying the material advantages of
digital manufacturing.

Table 4. Patient Satisfaction and Clinical Experience

Impression Comfort (VAS 0- 8.9+0.68.9 \pm
10) 0.68.9£0.6

Gagging Reflex Incidence (%) 2.5%2.5\%2.5%
Need for Temporaries (%) 0%0\%0%

Esthetic Satisfaction (VAS 0- 9.240.59.2 \pm
10) 0.59.2+0.5

Overall Treatment Convenience 9.5£0.49.5 \pm
(VAS 0-10) 0.49.5+0.4

Analysis of Table 4 (Approx. 700 words)

Table 4 investigates the patient’s perspective on
dental treatment, comparing satisfaction and
comfort levels between digital and conventional
restorative workflows. This data is crucial because
patient experience, beyond mere technical precision,
plays a significant role in compliance, treatment
acceptance, and the overall perception of dental care
quality. The results demonstrate an overwhelming
preference for digital methods, particularly
concerning the impression-taking process and the
convenience of single-visit dentistry.

Impression comfort, measured on a Visual Analog
Scale (VAS) from 0 (very uncomfortable) to 10
(very comfortable), shows a dramatic difference.
Patients reported an average comfort score of
8.94£0.68.9 \pm 0.68.9+0.6 for intraoral scanning
(10S), which involves a small camera gently guided
over the teeth. In contrast, conventional impressions
using bulky trays and viscous materials scored a
mere 3.5+£1.23.5 \pm 1.23.5+1.2. This statistically
significant difference (p<0.001p < 0.001p<0.001) is
a direct reflection of the physical discomfort
associated with traditional methods, where patients
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<0.001<
3.5+1.23.5\pm 1.23.5+1.2 0.001<0.001
<0.001<
0 0 9
28.1%28.1\%28.1% 0.001<0.001
. . . <0.001<
100%100\%100% 0.001<0.001
8.8+£0.78.8 \pm 0.78.8+0.7 0.0380.0380.038
<0.001<
6.0+£1.06.0 \pm 1.06.0+1.0 0.001<0.001

often experience pressure, taste aversion, and a
sensation of suffocation. The absence of foreign
materials setting in the mouth makes the digital
impression process tolerable.

The incidence of gagging reflex is another critical
indicator of patient comfort. The data reveals that
only 2.5%2.5\%2.5% of patients experienced a
gagging reflex during intraoral scanning, compared
to a substantial 28.1%28.1\%28.1% during
conventional impression-taking (p<0.001, p<0.001,
p<0.001). The gag reflex is a common physiological
response to foreign objects or tastes in the oral cavity
and pharynx. Intraoral scanners, being smaller and
having no taste or odor, significantly reduce the
triggers for this reflex. This is particularly beneficial
for anxious patients or those with sensitive gag
reflexes, for whom conventional impressions can be
a traumatic experience, sometimes-requiring
sedation or multiple attempts.

Perhaps the most impactful finding in terms of
convenience is the “Need for Temporaries.” In the
digital chairside workflow, the final restoration is
delivered in the same appointment, meaning the
need for a temporary crown is 0%0\ % 0%.



Conversely, the conventional workflow inherently
requires a temporary restoration for 100%100\ %
100% of cases while the final crown is fabricated in
the lab. Temporary restorations are a frequent source
of patient complaints: they can fall off, cause
sensitivity, fracture, or trap food, leading to gingival
irritation. Eliminating this step streamlines the
treatment, reduces potential complications, and
enhances patient satisfaction.

Esthetic satisfaction, also measured on a VAS,
showed slightly higher scores for digital restorations
(9.2£0.59.2 \pm 0.59.2+0.5) compared to
conventional ones (8.8+0.78.8 \pm 0.78.8+0.7).
While both methods generally achieve high aesthetic
outcomes, the digital workflow offers advantages in
virtual design, allowing for precise shade matching
and morphological adjustments on screen before
milling. This immediate feedback and ability to
preview the restoration can contribute to a more
predictable and pleasing aesthetic result. The
statistical significance (p=0.038, p=0.038, p=0.038)
suggests a subtle but consistent aesthetic advantage
for digital fabrication.

Finally, “Overall Treatment Convenience” scores
were overwhelmingly in favor of the digital
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workflow (9.5+0.49.5 \pm 0.49.5£0.4) compared to
the conventional (6.0£1.06.0 \pm 1.06.0+1.0)
(p<0.001, p<0.001, p<0.001). This metric
encapsulates all aspects of the patient’s journey,
from fewer appointments, reduced waiting times to
the absence of temporaries and a more comfortable
experience. The single-visit model, in particular,
resonates strongly with modern lifestyles, where
time is a premium. Patients appreciate not having to
take multiple days off work or arrange for multiple
trips to the dental office.

In conclusion, Table 4 unequivocally demonstrates
that CAD/CAM technology dramatically improves
the patient experience. By offering superior comfort
during impressions, eliminating the need for
temporaries, and delivering high-quality restorations
in a single visit, digital dentistry meets and exceeds
patient expectations for convenience, comfort, and
aesthetic outcomes. This patient-centric advantage is
a major driving force behind the widespread
adoption of digital workflows in contemporary
dental practice.

Table 5. Long-term Clinical Performance and Failure Modes (5-Year Follow-up)

Secondary Caries 1.8%1.8\%1.8% 4.5%4.5\%4.5% 0.400.400.40  0.0240.0240.024
1 1 1 0, 0, 0, 0, 0, 0, <0001<
Ceramic Chipping 2.29%2.2\%2.2% 7.8%7.8\%7.8% 0.280.280.28 0.001<0.001
Debonding / 1.5%1.5\%1.5% 3.2963.2\%3.2% 0.470.470.47  0.0450.0450.045
Retention Loss
Bulk Fracture 0.8%0.8\%0.8% 2.5%2.5\%2.5% 0.320.320.32  0.0120.0120.012
Ir':ﬁ;';‘:ﬁ;‘tﬁfn 3.1%3.1\%3.1% 6.4%6.4\%6.4% 0.480.480.48  0.0310.0310.031

Table 5 evaluates the long-term clinical performance
and specific failure modes of dental restorations
over a 5-year follow-up period. While the previous
tables focused on immediate precision and material
properties, Table 5 provides the ultimate proof of
clinical efficacy: how these restorations perform in
the demanding biological environment of the human
mouth. The data indicates that digital restorations
not only have higher precision but also exhibit
significantly lower failure rates across all major
categories, leading to a much higher “success” (as
opposed to just “survival”) rate.

Secondary caries, often cited as the primary reason
for the replacement of fixed prosthodontics,
occurred in only 1.8%1.8\%1.8% of CAD/CAM
restorations compared to 4.5%4.5\%4.5% in
conventional ones (p=0.024, p=0.024, p=0.024).
This lower incidence directly linked to the superior
marginal fit highlighted in Table 1. A tighter
marginal seal (<40um< 40 \mu m<40pum for digital
vs. >55um> 55 \mu m>55um for analog) reduces the
volume of the “cement line” exposed at the
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restoration-tooth interface. In the oral cavity, dental
cements even modern resin-based ones can slowly
degrade over time. A thicker cement line is more
susceptible to dissolution, creating a microscopic
“ditch” where plaque can accumulate, leading to
secondary caries. By minimizing this gap through
digital precision, CAD/CAM technology effectively
creates a more biologically resistant environment.

Ceramic chipping, the most frequent mechanical
complication in conventional prosthodontics,
showed a dramatic reduction in the digital group
(2.2%2.2\%2.2% vs. 7.8%7.8\%7.8%, RR=0.28RR
= 0.28RR=0.28). In traditional workflows, chipping
usually occurs at the interface between the
metal/zirconia frame and the hand-layered
veneering porcelain. The hand-layering process
involves multiple firing cycles in a furnace, which
can introduce thermal stresses and microscopic
voids within the ceramic. CAD/CAM restorations,
particularly “monolithic” designs (milled from a
single, uniform block), eliminate this vulnerable
interface. The material is structurally homogeneous,



with zero internal porosity, which makes it far more
resistant to the cyclic occlusal loads of mastication.
The incidence of deboning or loss of retention was
also significantly lower for digital restorations
(1.5%1.5\9%1.5% vs. 3.2%3.2\%3.2%). Retention is
a function of both the geometric design of the
preparation and the precision of the fit. CAD/CAM
software allows for a “virtual seating” analysis,
where the clinician can ensure that the internal walls
of the restoration are perfectly adapted to the
preparation with a calibrated cement space (usually
30-50um30-50 \mu m30-50um). In conventional
casting, internal discrepancies or “bubbles” in the
stone model can prevent the restoration from seating
fully, leading to an uneven cement film that is prone
to failure. The digital workflow ensures an
optimized, uniform cement layer, which maximizes
the adhesive bond strength.

Bulk fracture, though rare, observed less frequently
in the digital group (0.8%0.8\%0.8% vs.
2.5%2.5\%2.5%). This is likely due to the superior
industrial manufacturing of the ceramic and zirconia
blocks used in milling. These blocks pressed under
high pressure and temperature in factory settings,
ensuring that the crystalline structure optimized for
strength. Conventional techniques, which rely on
manual buildup or casting, cannot match this level
of material integrity.

Finally, the rate of periodontal inflammation around
the restorative margins nearly halved in the digital
group (3.1%3.1\%3.1% vs. 6.4%6.4\%6.4%).
Periodontal health is highly sensitive to the surface
roughness and marginal overhangs of a restoration.
Digital workflows allow for precise control over the
“emergence profile” the way the crown transitions
from the gingiva. Furthermore, CAD/CAM
materials like zirconia and lithium disilicate are
highly biocompatible and polished to a mirror-like
finish that is resistant to plaque accumulation.

In summary, Table 5 demonstrates that the technical
advantages of CAD/CAM namely precision and
material homogeneity translate into tangible clinical
benefits. The reduction in secondary caries,
chipping, and periodontal complications over 5
years proves that digital dentistry is not just a faster
or more modern approach, but a clinically superior
one that enhances the longevity of dental treatments
and the health of the patient’s oral tissues.

Discussion

The transition from conventional analog techniques
to digital CAD/CAM workflows represents the most
significant paradigm shift in the history of
restorative dentistry. The results of this study, as
synthesized through the five key performance areas,
provide a comprehensive validation of the digital
revolution. This discussion contextualizes these
findings within the broader clinical landscape,
exploring the implications of precision, efficiency,
material science, and patient-centered care, while

355

J. Adv. Med. Pharm. Biomed. Res.; (2026), Volume 2, Issue 4, 346-358

also acknowledging the inherent challenges and
future trajectories of the field.

The Precision-Efficiency Paradox

Historically, there has often been a trade-off in
dentistry: higher precision required more time and
laboratory effort. This study, however, demonstrates
that CAD/CAM technology effectively breaks this
“precision-efficiency paradox.” The data from Table
1 and Table 2 shows that digital workflows are
simultaneously more accurate (marginal gaps of
~35um\approx. 35 \mu m~35um) and significantly
faster (70% reduction in laboratory time). This dual
improvement achieved by replacing physical, error-
prone steps (impression materials, gypsum
expansion, wax-ups, and casting) with a streamlined
digital thread. The intraoral scanner captures the
“optical truth” of the preparation, and the CAD
software applies mathematical algorithms to ensure
the perfect fit. This elimination of human and
material variables not only produces a superior
product but also does so with a predictability that
conventional methods struggle to match.

Material Science and the Monolithic Revolution

One of the most profound impacts of CAD/CAM is
the “monolithic revolution” in dental materials, as
reflected in Table 3 and Table 5. Traditional
restorations relied heavily on layering weak
aesthetic porcelain over a strong substructure. This
interface was the “Achilles’ heel” of prosthodontics,
frequently failing due to delamination or chipping.
Digital technology has enabled the use of high-
strength, industrially processed materials like
monolithic zirconia and lithium disilicate. These
materials milled from solid, flawless blocks,
resulting in a restoration that is structurally uniform
and mechanically robust. The 5-year survival data
proves that these “single-block” restorations are far
more durable than their multi-layered predecessors
are.

Patient-Centered Outcomes and Single-Visit
Dentistry

The results in Table 4 highlight a critical, often
overlooked aspect of digital dentistry: the patient
experience. The overwhelming preference for
intraoral scanning over conventional impressions
(comfort score 8.9 vs. 3.5) and the near-elimination
of the gag reflex are transformative for patient
satisfaction. Furthermore, “Single-Visit Dentistry”
is perhaps the ultimate manifestation of patient-
centered care. By eliminating the 2-week waiting
period and the need for bothersome temporary
crowns, clinicians can offer a level of convenience
that aligns with the expectations of the modern
consumer. This not only improves the patient’s
quality of life during treatment but also enhances
clinical outcomes; cementing a restoration
immediately after preparation ensures the best



possible bond to cut dentin, reducing post-operative
sensitivity and the risk of bacterial contamination.

Economic and Practical Considerations

While the clinical and technical benefits are clear,
the adoption of CAD/CAM technology is not
without its hurdles. The initial capital investment for
an intraoral scanner, design software, and a milling
unit is substantial. For many practitioners, the
transition requires a “break-even” analysis based on
the volume of restorations produced. However, as
shown in Table 2, the reduction in laboratory costs
and the increase in chairside efficiency provide a
strong economic justification over time.
Furthermore, the “learning curve” associated with
digital dentistry is significant. Clinicians must
master new software interfaces and adapt their
preparation styles to the requirements of milling
machines (e.g., rounded internal line angles).
However, once this proficiency achieved, the
consistency of digital results far exceeds that of
manual techniques.

Limitations and Future Perspectives

Despite its advantages, digital dentistry is not a
panacea. This study noted that “stitching errors” in
full-arch scans remain a challenge for current
intraoral scanners, potentially affecting the fit of
large-span restorations. Additionally, the physics of
light (reflection from saliva or blood) can
occasionally interfere with scan accuracy, requiring
meticulous moisture control.

Looking forward, the integration of Artificial
Intelligence (Al) and Additive Manufacturing (3D
Printing) is poised to take digital dentistry even
further. Al algorithms already being used to
automate the CAD design process, predicting tooth
morphology with human-like artistry but in a
fraction of the time. Meanwhile, 3D printing
(additive manufacturing) offers a more sustainable
alternative to milling (subtractive manufacturing) by
reducing material waste and allowing for the
fabrication of complex, multi-material geometries
that were previously impossible to mill.

In conclusion, the findings of this study confirm that
CAD/CAM technology provides a superior platform
for modern restorative dentistry. By combining
unprecedented precision with enhanced material
performance and a vastly improved patient
experience, digital workflows are no longer an
“optional luxury” but are becoming the standard of
care. The data suggests that while the analog-to-
digital transition requires investment and training,
the long-term biological and mechanical benefits for
the patient, and the efficiency gains for the clinician,
are irrefutable. As technology continues to evolve,
the gap between digital and conventional methods
will only widen, further solidifying the role of
CAD/CAM as the cornerstone of 21st-century
prosthodontics.
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Conclusion

The comprehensive evaluation conducted in this
study provides definitive evidence that the
integration of CAD/CAM technology into
restorative dentistry represents a significant
advancement over traditional analog workflows.
Through the analysis of marginal precision,
laboratory efficiency, material durability, patient
satisfaction, and long-term clinical performance, it
is clear that digital dentistry is no longer a peripheral
innovation but a central pillar of modern clinical
excellence.

The technical findings regarding marginal fit (Table
1) are perhaps the most critical. By achieving
marginal gaps consistently below the 40pm40 \mu
m40um threshold well within the biologically
acceptable limit of 120um120 \mu m120um digital
workflows offer a level of precision that traditional
casting and manual layering simply cannot
guarantee. This precision is not merely a technical
achievement; it is a biological necessity. As shown
in our 5-year follow-up (Table 5), this superior seal
directly correlates with a significant reduction in
secondary caries and periodontal inflammation.
Therefore, the adoption of CAD/CAM is a proactive
step toward improving the long-term oral health
outcomes of patients.

Furthermore, the transition to digital workflows
addresses the increasing demand for efficiency and
convenience in the healthcare sector. The 70%
reduction in laboratory turnaround time (Table 2)
and the realization of “Single-Visit Dentistry”
represent a paradigm shift in practice management.
This efficiency does not come at the cost of quality;
rather, it achieved through the elimination of error-
prone physical steps, such as material shrinkage and
human manual variability. The ability to produce
high-strength monolithic restorations (Table 3) that
exhibit superior fracture resistance and longevity
further solidifies the clinical case for digital
manufacturing.

However, it is important to conclude that digital
dentistry is a tool, not a substitute for clinical skill.
The success of a CAD/CAM restoration still relies
on the clinician’s ability to perform high-quality
preparations and the technician understands of
dental anatomy and material science. While the
initial investment and the learning curve are
challenges, the data presented in this study suggests
that the return on investment measured in clinical
predictability, patient comfort, and restoration
longevity is substantial.

In summary, digital dentistry and CAD/CAM
technology have proven to be superior to
conventional methods across every major clinical
and technical metric evaluated. As the technology
continues to evolve with the integration of Artificial
Intelligence and additive manufacturing, the gap
between digital and analog performance will only
continue to widen. This study concludes that the



digital workflow considered the current “gold
standard” in restorative dentistry, offering a path
toward more predictable, durable, and patient-
friendly dental care in the 21st century.
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