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Abstract

Objectives: To comprehensively overview the computer-aided design/computer-aided manufacturing (CAD/CAM) technology,
focusing primarily on subtractive manufacturing or Computer Numerical Control (CNC) milling, with special attention to advance-
ments and future requirements. Materials and Methods: A comprehensive web search was conducted in April 2024 across PubMed,
Scopus, and Web of Science databases. The inclusion criteria focused on English peer-reviewed studies addressing technological
advancements, grinding modes, and limitations. However, non-English articles, case reports, opinion pieces, and studies without
substantial technological focus were excluded. Identified studies underwent a two-stage screening process, followed by thematic
categorization into three areas: historical development, classification of milling machines, and applications in dentistry. Results:
CNC milling technology remains the predominant production method to this day, while interest in additive manufacturing con-
tinues to grow. The 5-axis milling machines are the most advanced in dentistry; however, higher axes of milling have yet to be
introduced. Recent advancements have seen hybridization, incorporating integrated lathes or 3D printing, as explored by manufac-
turing companies and researchers. Conclusion: Understanding the subtractive manufacturing pros and cons is crucial to addressing
the challenges associated with material waste, time-intensive production, and accuracy concerns. Additive manufacturing or lathe
technology with 5-axis milling machines creates new opportunities for beneficial hybridization. Furthermore, the compact and
steady design of milling machines, combined with the integration of Al and innovative manufacturing techniques, has the potential
to significantly enhance the efficiency, speed, and quality of dental parts production. This promotes remote monitoring, simplifies
CAD/CAM processing steps, ensures ergonomic posture, and facilitates a fluent workflow.

Keywords:
computer-aided design/computer-aided manufacturing (CAD/CAM); computer numerical control (CNC) milling; micromilling;
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|I. Introduction ciency, and simplicity, while also providing standardized

approaches [1,2]. The digital workflow offers conserva-
Digitization has become the new reality in everyday den- tjve approaches in all dental fields, including orthodontic
tal practice, revolutionizing dental procedures, in par- gurgery [3], virtual implant planning, and guided implant
ticular, restorative, prosthetic, surgical, and orthodontic  placement [4], especially for delicate and thin restorations
approaches. This advancement improves precision, effi-  that cannot be created using conventional manual tech-
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niques [5—7]. In addition to avoiding complex traditional
clinical procedures and laboratory steps, this technology
provides acceptable, less stressful, and more comfortable
treatments [8], resulting in enhanced patient oral health-
related quality of life [1].

The Computer-aided design/computer-aided manu-
facturing (CAD/CAM) technology encompasses several
steps in the production of dental parts, namely data acqui-
sition, CAD software designing, and the actual production
(CAM) of the dental parts, Figure 1. The CAM process
can be achieved using three main technologies. Firstly,
robotics is the least utilized CAM technique and is pri-
marily employed for orthodontic purposes [9]. It should
be noted that robotics in the dental field is still in its early
stages [10]. The second CAM technology is subtractive
manufacturing, also known as computer numerical con-
trol (CNC) milling. This technology is the primary and
most commonly used method to date [2,5,11]. Lastly, ad-
ditive manufacturing (3D printing) involves the produc-
tion of parts layer by layer [2]. Apart from the growing
adoption and application of 3D printing in several dental
fields, it hasn’t reached the simplicity, availability, and
popularity of the CNC milling technology. Therefore, this
review aims to examine subtractive manufacturing, partic-
ularly CNC milling, by providing a comprehensive anal-
ysis of advancements in CAD/CAM technology. The re-
view highlights emerging innovations and identifies future
requirements within the field.

2. Methods

A comprehensive literature search was conducted across
three major databases: PubMed, Scopus, and Web of Sci-
ence, encompassing publications up to April 2024. The
search strategy was meticulously crafted to identify all rel-
evant records that evaluate or report on subtractive manu-
facturing technologies in dentistry.

The search terms comprised a combination of key-
words and Boolean operators, including “subtractive man-
ufacturing,” “dental milling,” “CAD/CAM dentistry,”
“milling machines,” and “dental prosthesis.” Search fil-
ters were applied to include only peer-reviewed studies
published in English. The search strategy underwent it-
erative refinement to ensure comprehensive coverage of
the topic.

Inclusion criteria were established to focus on peer-
reviewed studies, reviews, and reports that directly ad-
dressed subtractive manufacturing technologies and their
applications in dentistry. Studies were included if they
examined technological advancements in terms of system
evolution, number of milling axes, grinding modes, and as-
sociated limitations. Exclusion criteria were implemented

to omit non-English articles, case reports, opinion pieces,
and studies lacking substantial technological focus.

Identified studies were screened in two stages: Ti-
tle and Abstract Screening—initial selection based on rel-
evance to the predefined themes, and Full-Text Review—
detailed assessment to ensure alignment with the inclu-
sion criteria.

The first web search in all databases (PubMed, Sco-
pus, Web of Science, and Cochrane) resulted in
3249 records. These records were downloaded to the
EndNote reference manager (EndNote 20.5X, Clarivate)
for further processing. Sixteen records were initially re-
moved; they were conference abstracts. Fifteen studies
were duplicates and hence omitted from the library. The ti-
tle and abstract of 1241 records were screened for illegibil-
ity, 247 seen relative to the topic. Moreover, a manual web
search was conducted on websites such as Google Scholar
to broaden the search. Ultimately, 193 studies were in-
cluded, among which 28 records focused on milling tech-
nology in dentistry, 31 records focused on micromilling
and laser micromachinery, and the rest were interested
in milled dental products, milled dental materials, and
applications in the dental fields. The included records
were systematically categorized into four primary themes.
The first theme, Historical and Developmental Aspects,
focused on examining the evolution and advancements
in subtractive manufacturing technologies. The second
theme, Classification of Milling Machines, involved iden-
tifying and categorizing the various types of milling ma-
chines utilized in dental applications. The third theme,
Applications in Dentistry, explored the diverse roles of
subtractive manufacturing in dental restorations, prosthet-
ics, and other clinical applications. Finally, the fourth
theme, Materials Employed, analyzed the types of mate-
rials processed through subtractive techniques and their
implications for dental outcomes.

3. History and Concepts

Numerically controlled (NC) manufacturing has a history
spanning almost 80 years. The origin of NC milling can
be traced back to the period between the 1940s and 1950s.
The evolution of computer manufacturing in the 1960s
was further propelled by the necessity for more accurate
products, surpassing the limitations associated with tradi-
tional manual fabrication. The technology operates based
on a series of commands that control the cutting tools and
dictate the magnitude and direction of movement [12].
Accordingly, the definition of modern CNC milling
is the production of parts by cutting through prefabricated
blocks or discs of particular material until reaching the de-
sired predesigned form [13]. The process needs CAD 3D
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Figure I: The clinical and laboratory steps of the subtractive manufacturing procedure. 1la. Data acquisition using intraoral scanner
(Trios 4, 3Shape), 1b. Data acquisition using laboratory scanner of dental models (E Series 3Shape), impressions, and bite registration,
lc. Data acquisition using facial scanning and imaging procedures (Zebris JMA jaw registration system), 2. CAD designing (CEREC
CAD system), 3. CAM manipulation of the design before the milling process (Hexagon AB), 4. Selection of suitable materials, which
can be done manually or automatically in modern machines, 5. Milling of the design from the selected block or disc, 6. Finishing and
sintering of the milled prostheses/restorations (inLab Profire, Dentsply Sirona).

digital pattern, CAM software, a milling machine, and pre-
fabricated discs or blocks. The CAM software transforms
the CAD model into a toolpath for the CNC machine, per-
forming complex calculations to generate a sequence of
commands [14].

In the field of dentistry, a significant milestone was
reached in 1971 when Prof. Fran¢ois Duret introduced
the fabrication of dental crowns using optical impres-
sions [15,16]. This groundbreaking development laid the
foundation for future advancements in dental CAD/CAM
technology. The first clinically applicable system was
the CEREC in-office system in the 1980s, which was

to produce single ceramic intracoronal restorations [17],
developed by Mérmann and Brandestini [18]. This de-
vice played a crucial role in the advancement of den-
tal CAD/CAM technology by facilitating the develop-
ment of intraoral scanners and in-office dental milling ma-
chines [16]. Building upon these innovations, Dr. Matts
Anderson further expanded the application of this technol-
ogy to include metal restoration fabrication [19]. Figure 2
refers to a visual representation of these developments.
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History of dental milling machine
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dry milling in one unit.

Sirona launches CEREC MC XL, a
4-axis in-lab milling machine.

Dr. Matts Andersson develops the
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dental crowns.
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DWX series of dental milling
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50, a 5-axis dental milling Pr One,a hairside market with CEREC Primemill with high- dental milling with faster and
machine. 5-axis machine. PlanMill 30S. speed grinding. more precise machines.

Figure 2: Historical development of milling machines in the dental field.

4. Classifications

4.1. According to the System Used

The CAD/CAM system used in the dental field is roughly
classified into in-office and in-lab systems. In this re-
view, the differentiation involved the milling machines
and their advancement. In general, the main differences
meet the size of the machines and their applications, par-
ticularly the degree of advancement, the ability to mill var-
ious materials, and the ability to mill complex and large
prostheses. These differences shrank gradually with the
continuous development of technology. For instance, the
chairside CEREC Prime mill is; a 4-axes milling machine
that can grind blocks up to 70 mm to produce inlay, on-
lay, crowns, veneers, screw retained crowns for implants,
multilayer abutment, and bridges. The machine can grind
zirconia and other ceramic materials from various manu-
facturers. The machine possesses many features and op-
tions, including milling modes and speed protocols, which
can finish a single restoration in 5 minutes at the highest
speed [20]. Figure 3 shows the differences between chair-
side and laboratory systems with their modern interlacing.

4.1.1. In-Office (Chairside) CNC Milling

There are only three known milling machines that belong
to complete chairside systems: the father of all and the
leader of the chairside, the CEREC system, Planmeca, and
Fastmill.io from Glidewell. Although Fastmill.io intrao-
ral data acquisition devices featuring third party intraoral
scanners from Medit. Several other chairside machines
that are highly advanced have been introduced recently,
such as the 5-axis Programill one from Ivoclar, among oth-
ers that apply third-party data-acquisition devices and de-
signing software [21]. Figure 4 revealed the differences
between chairside and laboratory milling machines. A
detailed description of the available in-office milling ma-
chines is listed in Table 1, and an extended version of other
milling machines capable of in-office production is listed
in Supplementary Table S1 (available online).
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Figure 3: The steps of CAD/CAM procedures for the chairside system above and classic laboratory systems below. The arrow
indicates the modern transition of laboratory systems, surpassing the conventional data acquisition process. Top left to right: CEREC
chairside system, CEREC CAD design, and CEREC chairside milling. Bottom left to right: Analogue impression, stone dental model
(OCTA-STONE®, Kulzer), Inlab Dental Scanner (E series, 3Shape), CAD designing (Exocad), Milling of single crown and 3-Unit
prosthesis (vhf milling machine).
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AUTHORIZED.
or IPS B.MAX

Figure 4: (A). Chairman milling machine from Robots and Design company for a chairside procedure, (B). The compartment
of V4 from VHF, which is capable of milling only glass ceramic and resin blocks, is ideal for chairside milling. (C). Zenotec T1
laboratory milling machine from Wieland, (D). The holding base of the laboratory machine fits up to 6 blocks or one disc. (E)
Milling compartment of laboratory machine, with implant-supported frameworks being milled from a metal disc (M2 milling machine
from Zirkonzahn).
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Table I: The most commonly used chairside milling machines, as a complete system or depending on third-party data acquisition and CAD software, with brief descriptions (more
machines are in Supplementary Table S1).

Main Company CAM View of the Machine Milling Burs Milling Fabrication Main Drawbacks Research
System and and Country Driving Speed and Materials Features Findings
Model of Origin and  Software Time for a
Release Date Single Crown
CEREC 3 Sirona CEREC SW e 2 stepping 40.000 rpm Feldspathic 4-axis milling, Limited to CEREC 3
Germany E} l motors ceramic both wet and specific reliably
2000 b = Step Bur 10 blocks, dry milling, ceramic produces
- Step bur 12 specifically complete blocks (Vita dental
Cylinder Vita Mark II. chairside Mark II), restorations
Pointed Bur system, high potentially with a good
Cylinder Bur precision limiting marginal fit
1.2 mm material [22].
Cylinder Bur options Crowns
1.6 mm maintain good
accuracy with
a luting space
set at 30 pm
[23].
CEREC MC Sirona CEREC SW Step Bur 12 approximately — Feldspar 4-axis milling  The limited The study
X Mill Germany ' ' and 128 10 minutes ceramic, Complete block size for ~ found similar
2007 . Cylinder Glass- digital chairside margin
- ' Pointed Bur ceramics, Full ~ workflow treatment. accuracy for
12S and 12 EF contour Precise and Restricted to both CEREC
[ Step Bur 20 zirconia, fast, can take 40 millimeters 3 and CEREC
S Cylinder Hybrid 10 minutes for MC X Mill
Pointed Bur ceramic, a single crown machines
20 Polymer Can produce a [22].
Shaper 25 RZ blocks surgical guide
Finisher 10 It can be used
Shaper 25 in lab.
CEREC Sirona CEREC Bur 2.5 ZrO2 about five Zirconia, 4- axis milling ~ Very Superfast,
Primemill Germany Software 5 CS minutes glass, and Multiple expensive fast, and fine
2019 Bur 2.5 hybrid speeds, Provides only  milling all
PMMA CS ceramics including dry milling produce
Bur 1.0 CS superfast Limited to surface
Bur 0.5 CS milling, simple roughness
finishing restorations within the
zirconia and acceptable
crown in less prostheses. range [20].
than 5
minutes.
It can mill a
wide variety
of materials.
Alghauli et al. Biomaterials Connect


https://scifiniti.com/
https://scifiniti.com/journals/biomaterials-connect

CS)) SCIFINITI

2025, Vol. 2, Article ID. 2025.0013
https://doi.org/10.69709/BIOMATC.2025.138037

Table I: Cont.
Main Company CAM View of the Machine Milling Burs Milling Fabrication Main Drawbacks Research
System and and Country Driving Speed and Materials Features Findings
Model of Origin and  Software Time for a
Release Date Single Crown
Planmeca Planmeca Oy.  Planmeca = Diamond 100,000 RPM  Glass- single-spindle ~ Limited to Demonstrated
Planmill 30s  Finland Romexis® T:' | D Grinders 16to 18 ceramics, milling unit wet a marginal
one spindle 2017 software i (tapered, min/crown hybrid designed for processing discrepancy
E E conical, materials, wet milling. only averaging
| ellipsoidal) zirconia Offering 85-96

I CT= affordability, microns,

- | precision, and suggesting
ease of use for good accuracy
dental for ceramic
practices. restorations

[24].
Planmeca Planmeca Oy. PlanCAD Diamond 100,000 RPM  Ceramics, 5-axis, wet Relatively The Planmeca
Planmill 40s Finland Easy Grinders 10 min/crown  Hybrid and dry high weight PlanMill 40S
two spindles 2020 (tapered, Ceramics, milling, (160 1bs). offers higher
conical, Zirconia, and automatic accuracy
ellipsoidal) Resin-Based changer for 12 compared to
Materials tools, the PlanMill
integrated PC 30S model
with [24].
touchscreen,
Open
platform for
importing and
editing files
Planmeca Planmeca Oy.  Planmeca CUTTER 1 100,000 rpm/ Glass-ceramic ~ 4-axis, wet Require
PlanMill 35 Finland PlanCAD e || MM BALL 11-13 PMMACom- and dry additional
Milling Unit 2023 B END minutes positeHybrid milling, high setup for dry
Grinder ceramicZirco-  precision, milling
ellipsoidal tip nia future-proof capabilities
RTI 4 mm investment,
shank easy operation
Compatible
with various
parties
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Table I: Cont.
Main Company CAM View of the Machine Milling Burs Milling Fabrication Main Drawbacks Research
System and and Country Driving Speed and Materials Features Findings
Model of Origin and  Software Time for a
Release Date Single Crown
Carestream Carestream Carestream Single bur Up to 60,000 VITABLOCS  4-axis milling, Limited
Dental Dental Dental milling RPM Mark I1 wet milling, milling
CS 3000 United States,  imaging Four-axis 15 min/crown complete capabilities
2013 software brushless chairside (single-unit
motor system for restorations
single-unit only), may
restorations require a
separate
acquisition
unit
Carestream Carestream exocad Chair- Up to 100,000  Hybrid resin, A self- The system
Dental Dental sideCAD rpm/Less than ~ ceramic, and contained may have
CS 3100 United States,  software an hour. zirconia. 4-axis wet limited
2019 milling with compatibility
CAD with certain
software; CAD software
Suited for or scanners.
crowns,
bridges,
inlays, onlays,
and veneers;
Smart Milling
Queue
Management
Chairman Robots and Go2CAM o Shank 100,000 RPM,  Glass-ceramic  3-axis with The lack of
from Robots Design, e, N diameter: 8to 15 (Lithium dual spindles,  automatic
and Design South Korea, Ty 3 mm, ATC minutes Silicate, integrated material-
MAXX 2021 ( % /3 6 tools Lithium with Exocad,  changing
Series = Sl ‘,/ 3 tools for left Disilicate), and featuring functionality
‘ spindles and 3 Zirconia, remote means that
) / tools for right PMMA, operation via users must
spindles Hybrid MAXXLink, manually
ceramic streamlines switch
workflow materials
effortlessly.
Produce
ultra-thin
veneers (0.3
mm or less)
Alghauli et al. Biomaterials Connect
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Table I: Cont.
Main Company CAM View of the Machine Milling Burs Milling Fabrication Main Drawbacks Research
System and and Country Driving Speed and Materials Features Findings
Model of Origin and  Software Time for a
Release Date Single Crown
Versamill the  Axsys Dental Open system Shank 100,000 rpm, glass-ceramic,  5-axis, easy, Limited to
chairmaxx Solution, diameter: 8—15 minutes hybrid- high accuracy ~ wet milling
From Axsys USA, 2023 3 mm, ATC ceramic, (precision up only
Dental 6 tools zirconia, and to less than 20
Solution 3 tools for left PMMA. micrometers)
spindles and 3 Open system,
tools for right compact, and
spindles quiet design
Glidewell Glidewell Open system BUR Obsidian™ Open-system,  Primarily for
Laboratories Laboratories, WRENCH 11 Lithium for glass crowns,
10S TS150 USA, 2013 mm X 9 Silicate ceramic limiting its
Chairside mm-3 mm Ceramic, crowns, resin versatility.
Mill shank BruxZir® nano ceramic,
Solid Zirconia  and PMMA
materials.
150,000 RPM,
20 minutes
Dynamic Dynamic Three models  Up to 60,000 Zirconia, Five-axis wet Air
Chairside Medical included: 0.5 rpm / PMMA, Wax, and dry compressor
milling Technology, mm, 1.0 mm, Hybrid, milling, required
machine China, 2023 2.0 mm. feldspathic high-precision  (minimum air
and glass spindle, large pressure 0.45
ceramics, etc. angle cutting, Mpa), limited
compact to three bur
design, sizes.
flexible and
efficient
cutting,
thickness
down to
0.3mm for
ultra-thin
veneer.
Biomaterials Connect Alghauli et al.
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4.1.2. Laboratory CNC Milling System

The laboratory milling machines were inspired by the first
CEREC system in the 1980s. However, the complete lab-
oratory system was first introduced in 2000 with the labo-
ratory scanner and CAD software [17]. The main purpose
is to manufacture complex restorations that could take a
longer time via chairside, use high-strength materials, or
need long grinding and processing time, indicating their
laboratory manufacturing [25], Figure 4, and Supplemen-
tary Table S2 (available online). For single restorations,
a chairside system could be preferable to save time and
reduce visits [26].

4.2. Classifications According to the
Number of Axes

The classification and definition of the number of milling
axes in dentistry is very ambiguous and differs from the
classifications applied in other industrial realms due to dif-
ferences in the machine’s components, design, and pur-
pose, Figure 5. Generally, in dentistry, the classification
should refer to the spindle axes and the object base move-
ments, Figure 6.

CNC machines in dentistry are 3-, 4, or 5-axis milling
machines. In 3-axis milling, the tools move in three di-
mensions (X, y, and z axes) based on the pre-calculated
path, or the spindles and base move in two axes and have
an extra rotational move. The simplicity and reduced time
for calculation and milling are what characterized the 3-
axis machines [19]. Large and complex prostheses are not
typically produced using 3-axis machines [13]. Examples
of such machines include the first introduced machines
from inLab (Sirona), Lava (3M ESPE), and Cercon brain
(DeguDent) [19].

Four-axis milling machines add another direction of
movement, primarily characterized by a single-direction
rotational movement of the object base. This feature is par-
ticularly useful for shaping larger blanks and creating ex-
tensive frameworks [13]. The Planmeca PlanMill 35, and
the last introduced Primemill from Sirona, are examples
of a 4-axis chairside machine [20]. Typical and widely
used 4-axis laboratory milling machines are Zenotec mini
(Wieland-Imes) [19], CEREC inlab MC XL [27], and Ce-
ramel motion 2 from Amman Girrbach, besides a lot of
other laboratory machines support 4-axis milling such as
DWX-4 from Roland, 88mill from 88dent, and Z4 from
vhf. The available milling machines are listed in Supple-
mentary Tables S1 and S2 (available online).

The transition to 5-axis milling machines includes
adding rotating movements in two different directions of
either the milling tool or the blank. This includes X-, Y-,

and Z-axis translation, along with A- and C-axis rotation
(Figure 4), enabling the creation of complex geometries
and smoother external surfaces [ 13]. In industrial settings,
these machines are essential for fabricating intricate parts
like curved holes [13]. In dental applications, 5-axis ma-
chines excel in crafting complex shapes, such as acrylic
denture bases [28]. The adaptation of digital complete
dentures favors the 5-axis milling rather than the pack-and-
press conventional method [29]. Today, 5-axis milling ma-
chines are the most widely introduced in the dental field,
particularly in the literature data. Some of the modern
examples include Zenotec select and T1 from Wieland,
DWX-50, Everest Engine (KaVo), and HSC Milling De-
vice (etkon), more examples are listed in Table S2 (avail-
able online).

Dental restorations and prostheses quality doesn’t
solely depend on the number of milling axes; rather, it’s
more about how the work-pieces are processed and the
execution of the CAD-designed milling path [19]. Never-
theless, the number of axes of the milling machines is in-
deed a ruling factor on the trueness, precision, and surface
characteristics of the end product [30]. The comparison of
the 3-axis with advanced milling machines showed a sig-
nificantly higher marginal gap and higher surface rough-
ness of the produced restorations [31]. For simple dental
restorations such as lithium disilicate crowns, 3- and 5-
axis milling machines both produced crowns with accept-
able marginal discrepancies. However, the marginal gap
was higher in 3-axis machines [32]. Planmill 30s or 40s
or CEREC MCX produced molar crowns with comparable
marginal, axial, and occlusal gaps [24]. Planmill 30s has
a 3-axis spindle and rotating object base, while the latter
two machines have two spindles moving simultaneously
within 3-axis capability, confirming the non-significant ef-
fect of spindle numbers [24]. Nevertheless, intracoronal
restorations of a 5-axis milling machine could show better
adaptation than those of a 3-axes milling machine that pro-
duced restorations in laboratory study, and both showed
discrepancies <100 wm [33]. There is a significant corre-
lation between the number of milling axes, the surface of
the restoration measured, and the optical impression de-
vice on the marginal and internal fit of inlay/onlay restora-
tions; these differences are more prominent with retentive
designs [34].

The role of 4-axis over 3-axis CNC milling shines
more in laboratory-produced dental parts [35], exhibiting
good potential to produce implant-supported frameworks
from titanium and zirconia. The accuracy of fit matters
more than the type of material in terms of framework pas-
sivity [36]. Moreover, the 4-axis milling was applied suc-
cessfully for the production of detailed, thin, and delicate
restorations, such as resin-bonded fixed dental prosthe-
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Figure 5: The common movement of the milling machines in industry, characterized mainly by the transitional movement of the
spindle and the base, besides the rotational movements of the base.

Figure 6: Showing the 5-axis milling machine transitional movements of the spindle and the rotation movement of the base, the first
draft image was taken from VH-256879 milling machine-VHF.

ses [37,38], customized post and core crowns [39], and than the full arch single prostheses, the accuracy of fit was
full arch prostheses [40]. However, for full mouth reha- dependent on the type of restoration, the location of the
bilitations, the single crowns could be twice more accurate  tooth, and the surface being measured [40].
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The 5-axis milling machine showed high trueness
of delicate restorations as partial crowns when compared
with the original CAD design [41]. The marginal discrep-
ancies and cement space were lower for the 5-axis com-
pared with the 4-axis milling machine [42]. Research com-
paring two distinct milling units, while utilizing identical
scanning systems and CAD software revealed that 4-axis
milling units exhibited lower precision in fit when com-
pared to their 5-axis counterparts. This difference was es-
pecially noticeable in terms of the occlusal marginal gap
and axial internal gap [33,43,44]. The 5-axis machines
offer the advantage of milling steep walls, narrow angles,
and undercuts from various orientations [11,45]. Further-
more, the dimensions and design of the milling unit’s ro-
tary instrument are critical in influencing the adaptation
quality of restoration [11,45-51]. Any surface intricacies
smaller than the diameter of the milling rotary tool can po-
tentially result in compromised restoration accuracy, par-
ticularly at the line angles of the preparation [11,47,52,53].
Nevertheless, all dental milling machines inherited lim-
ited access to mill complex prosthetic parts and different
geometrical structures, which is still reflected in the prod-
uct’s accuracy [2,44,45,54].

In industry, more advanced machines are applied
with 6 to 12 milling axes, these machines differ in form
and shape and purpose to be adopted for dental practice.
The 9-axis milling machine comprises a 5-axis milling
machine for the surface and a 4-axis lathe for inner struc-
tures. This type of milling device can give a future insight
into the customized milling of intricate dental parts with
inner geometrical designs such as dental implant fixtures
and superstructures. The 12-axis laser micromachinery
has been available since the beginning of the third millen-
nium [55]. The 6-axis milling machine is the closest to
be adopted for dental applications, sharing the same de-
sign as 5-axis machines with an extra vertical transverse
movement of the holding base as depicted in Figure 7.

4.3. Classifications According to the
Mode of Milling

The majority of milling machines offer one of two options:
wet milling or dry milling, such as VHF milling machines.
Recent technologies have incorporated both options in the
same milling unit, such as the 5-axis W52 milling machine
from DERBAG and Zenotec select hybrid. The applica-
tion of each grinding technique depends mainly on the
material being processed [57], and the operator’s prefer-
ence [58,59].

4.3.1. Hard Milling or Wet Processing

Hard milling is predominantly employed for hard materi-
als grinding, such as metals, and densely sintered zirco-
nia [60]. It demands a robust CNC system capable of han-
dling the intense cutting forces necessary for accurately
shaping hard materials [13,60]. A considerable amount
of heat is generated during this process, particularly when
working with materials that have low thermal conductiv-
ity, such as titanium and zirconia [12,61]. This heat can
reduce the lifespan of milling tools and potentially affect
the integrity of the milled material [61]. Therefore, con-
tinuous cooling systems are imperative in this method to
prevent any overheating issues [13].

The challenge of CNC milling depends on the re-
spective material [5]. Materials, such as lithium disil-
icate, composite resin, zirconia-reinforced lithium disili-

cate, zirconia-reinforced lithia silicate, polymethyl methacry-

late, and resin matrix ceramic provided in prefabricated
blocks or discs are processed by wet milling mode to avoid
heat generation and cracking of the produced parts [11,62].
Moreover, fully sintered zirconia blocks and discs are pre-
ferred to be wet ground to avoid cracks and fracture, ti-
tanium discs wet milling is also the protocol of choice to
avoid overheating and damage to the milling tools, and
Co-Cr alloys can be both dry and wet milled relied on the
installed system [11].

Wet processing has shown quite an improvement in
the life span of cutting tools and in preventing undesirable
dust generation [63]. Despite being highly effective, hard
milling is a time-intensive process and may lead to un-
desirable phase transformations in materials like zirconia,
which could result in surface micro-cracking and thermal
degradation [64—66]. This effect on the zirconia surface
is also dependent on the cutting tools and the material’s
inherited properties [67].

4.3.2. Soft Milling or Dry Processing

This grinding approach is indicated for relatively low-
hardness materials or those that imply dry milling [13,60],
presintered zirconia, Co-Cr alloys, and wax are typical
examples of dry-milled materials [11]. Soft milling has
been adopted by numerous manufacturers due to its abil-
ity to streamline the milling process and enhance time
efficiency. Soft milling in the recently introduced devices
is very impressive, such as Primemill for chairside pro-
cedures, grinding a single zirconia crown efficiently in
less than 5 minutes [20]. Following the milling process,
the material undergoes sintering, resulting in a shrinkage
of the final product. The percentage of post-processing
volumetric change depends on the material itself, com-
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C

Figure 7: (A). The axis of movements of the spindle and holding base for the 5-axis milling machine. (B). The 6-axis milling machines
contain extra vertical movement of the base (blue arrow at the H plane). (C). Links reference systems and parameters of 5-axis milling
machines. (D). Links reference systems and parameters of the 6-axis milling machines [56].

prising approximately 23% for zirconia [68], while it is
much lower for other materials, for instance, the shrinkage
of lithium disilicate is about 0.2%-0.3% [69], However,
these changes do not require any manual adjustments be-
fore milling, as the materials are pre-programmed into the
device system.

This grinding system expedited milling operations,
decreased cutting forces, prolonged tool durability, and
posed the potential for surface quality enhancement and
the absorption of moisture elimination in discs and blocks,
thereby eliminating the necessity for pre-sintering dry-
ing protocols [19,64,70]. Nevertheless, this method does
carry the risk of increased dimensional discrepancies com-
pared to hard milling, as noted in both laboratory and clin-
ical studies [13,69]. Wet-ground zirconia exhibited bet-

ter mechanical properties than dry-milled specimens [63].
However, wet milling using impregnated water should be
avoided, as it leads to the saturation of alumina particles in
the ground zirconia, negatively affecting the translucency
of zirconia restorations [59]. Despite these challenges, on-
going advancements in the soft milling process are contin-
ually improving the accuracy of shrinkage compensation
mechanisms [71].

4.4. Milling Scale Subclassification: Micro
Milling Technology

4.4.1. Burs Dependent Micromilling

Microscopically detailed milling is feasible using cutting
tools as small as 0.1 mm, and even smaller tools might
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be available for special object production [72]. Very fine
microscopic details have been able to be carved on the
surfaces of PEEK material using 0.0167-0.025 mm and
0.05-0.15 mm cutting tips, the surface finish of the pro-
duced part depends on the milling process used [73]. This
high-tech micro-milling might be suitable for producing
featured dental parts like implant fixtures and screws [74].
Nevertheless, this process is also not efficient in produc-
ing hollow and complex structures, even if it could pro-
duce the desired surface’s fine details. Besides that, it will
be very costly; the cutting tools are rapidly worn by cutting
certain materials as PEEK. The known main application of
micro-milling found its benefit in the characterizations of
additively manufactured objects [75], the combination of
the latter two technologies might raise production in den-
tistry to the next level.

The micromilling is applied mostly to produce indus-
trial metal parts, with the diameter of the tools ranging be-
tween 100-300 pm. The smallest cutting tools applied in
dentistry come with a 0.3 mm diameter or larger as shown
in Figure 8. Smaller, high-tech milling dimensions are
available for ultimate precision. However, these advanced
technologies may not be strongly indicated for dental pur-
poses, as micrometer- and nanometer-scale surfaces and
structures are not yet applied in the dental field. However,
in the medical field, they are true of great advantage, used
for high-tech complex and intricate Nanoscale drug deliv-
ery systems [76], microneedles [77], and titanium bone
implants with surface roughness made by micromilling to
induce osseointegration [78]. The latter application might
benefit implant dentistry, featuring implant surfaces, cre-
ating precise custom-made connections, and improving
overall efficiency.

4.4.2. Laser Micromachinery

Laser technology has been applied in various medical and
dental fields, including healing, surgical procedures, ma-
chinery, and production. In this section, lasers were dis-
cussed in terms of micromilling and their applications in
the dental and medical fields.

4.4.2.1. Laser Micromilling and Surface Featuring

Precise and efficient micromachinery was achieved using
laser, with half-micron surface roughness, and high ac-
curacy and precision matching the original CAD model.
This technology proved successful for medical device ap-
plications, such as lithium-anobate-based resonant sen-
sors [79]. The production of biodegradable stents for pe-
ripheral blood vessels with 100 pm diameter was feasible
and practical [80]. Moreover, the laser is capable of sub-5
pum featuring, and 1.5 pum shadow masks [81].

Laser micromachinery is used primarily in dentistry
to feature dental implant surfaces, as a key method for
enhancing osseointegration, cellular proliferation, and an-
tibacterial potential, contributing significantly to implant
success and longevity. Research on laser-modified tita-
nium surfaces has demonstrated its ability to influence var-
ious biological and mechanical aspects of dental implan-
tology. Laser treatment plays a pivotal role in enhancing
osseointegration, the process by which the implant inte-
grates with bone. Multiple studies have shown that laser-
modified surfaces improve the biomechanical stability of
implants. For instance, Faeda et al. [82] demonstrated that
Nd: YAG laser-modified titanium implants exhibited sig-
nificantly higher removal torque (RTQ) values over vari-
ous healing periods, reflecting enhanced bone-to-implant
contact and stability over time. Other research, such as
that by Hallgren et al., revealed that laser-treated implants,
which feature grid-like pits, increased interfacial surface
area and retention forces, potentially promoting better os-
seointegration compared to untreated surfaces [83]. A
hydrophilic surface tends to enhance initial cell adhesion,
proliferation, and bone mineralization, resulting in im-
proved osseointegration compared to hydrophobic sur-
faces [84]. Research indicates that laser-textured surfaces
with specific patterns, such as micro-grooves or pits, can
improve bone-to-implant contact (BIC) by facilitating di-
rectional cell alignment and migration. These topographi-
cal modifications are crucial for enhancing implant stabil-
ity and bone formation [85].

Laser-modified implant surfaces show a positive in-
fluence on osteoblast vitality, adhesion, and proliferation.
In particular, laser-induced modifications can create sur-
face textures that enhance the attachment of bone-forming
cells. Gyorgyey et al., conducted in vitro studies and con-
cluded that despite some damage to titanium oxide layers,
the modified surfaces promoted robust osteoblast cell pro-
liferation [86]. Additionally, studies by Zwahr et al. re-
ported an increase in osteoblast vitality and wettability on
laser-modified titanium surfaces, which are critical factors
in facilitating cellular attachment and proliferation [87].
Laser surface texturing influences cellular responses at the
tissue-implant interface. Regular patterns created through
laser treatment encourage the alignment, migration, and
proliferation of cells [88]. For instance, mesenchymal
stem cells cultured on laser-textured surfaces align along
the groove direction, which enhances osteogenic differ-
entiation and metabolic activity. This accelerates bone
formation and reduces implant healing time [89]. More-
over, laser-treated implants with micro-grooves increase
BIC and improve overall biological responses compared
to non-textured implants [90].
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Figure 8: (A). A package of commercially available milling tools in dentistry, the smallest diameter of the cutting head is 0.5 mm,
and the tools used for different purposes rely on the structural material and the head coating. (B). Commercially available milling
tools, with the smallest known diameter of the cutting head. (C). The luggage of the Roland DG Shape milling machine shows stored
milling tools in place, ready for automated selection. (D). CEREC MCXL machine, in which the spindles contain multiple tools with
different dimensions and purposes, these four cutting tools need to be changed manually.

Laser-modified surfaces also exhibit antibacterial can mimic natural periodontal ligament structures, thus

properties, which help reduce peri-implantitis—a leading enhancing force transmission and potentially reducing
cause of implant failure due to bacterial inflammation. bone resorption [95]. Furthermore, a study by Man et al.
Cunha et al., demonstrated that laser-modified titanium demonstrated that surface textures generated by laser ir-
surfaces reduced bacterial adhesion and biofilm forma- radiation improved nutrient circulation, which could lead
tion, specifically against Staphylococcus aureus, one of to the deeper migration of bone cells and better implant
the primary pathogens responsible for peri-implantitis. retention [96].
The study showed that surface textures created by the
laser, such as nano-spikes, played a significant role in
preventing bacterial colonization [91]. Superhydrophobic
and superhydrophilic surfaces created by laser processing
are effective in reducing biofilm formation on implant sur-
faces [92]. Additionally, Laser-Induced Periodic Surface
Structures (LIPSS), which have feature sizes smaller than
bacteria, can further reduce bacterial adhesion and biofilm
formation [93]. Combining laser surface texturing with
antibacterial coatings, such as gold and silver nanoparti-
cles, has also been explored as a strategy to enhance the
antibacterial properties of implants [94].

Laser treatments can also improve force distribution
in dental implants, as shown by Celen and Ozden [95]. By
creating specific surface patterns like honeycombs, lasers

4.4.2.2. Role in Ceramic Adhesion and Veneering

Several research and trials have been conducted to im-
prove the adhesion potentials of prosthetic and restora-
tive parts. Development is continuing in adhesive lut-
ing agents and their corresponding bonding agents and
primers. Other aspects of adhesion represented by sur-
face treatment of the substrates are pivotal in utilizing
strong, reliable, and durable adhesion, particularly for
surface treatment of chemically inert materials, such as
zirconia [37].

Metal and metal alloys were acid-etched or tin-plated
in vintage adhesion protocols. Nowadays, metal surfaces
are treated by air-particle abrasion using mostly AL,O;
particles with different dimensions and air pressure. Glass-
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ceramic materials, such as lithium disilicate, are etched
with a suitable acid-etchant—5% hydrofluoric acid for 20
seconds [97]. In contrast, high-strength oxide ceramics,
such as zirconia, are chemically inert and are treated us-
ing air particle abrasion (APA) or silica coating [98].

Although adhesion potential increased with phos-
phate monomer-containing adhesives [37], micromechan-
ical retentive means utilized from surface roughness is
the standard step in which all the adhesive protocol suc-
cess is built. To increase surface roughness without de-
stroying the microstructure of the part intended for ad-
hesion, laser micromilling of intaglio surfaces is recom-
mended. This is done by creating microgrooves and wafer
forms on the restorative and prosthetic parts, aiming to en-
hance their resistance to debonding [99]. Moreover, the
laser surface texturing was applied to lithium disilicate ce-
ramic and could enhance adhesion reliability and durabil-
ity [99,100]. A femtosecond laser was able to create very
fine microgrooves with 2.5 um diameter [101], Figure 9
Given that air particle abrasion is not recommended for
lithium disilicate ceramics, laser surface texturing might
be a viable substitute for HF acid etching [102].

Laser micromilling of zirconia surface results in
well-oriented and designed micro features, with increased
wettability and adhesion potential and no signs of micro-
cracks or structural changes [100]. Clinical application
of laser micromilling is not recommended due to the high
hazard of the technology. Besides, repair of broken zirco-
nia core and ceramic veneering restorations revealed no
significant enhancement of repair bond [103]. Confirming
that these costly and hazardous devices are better installed
in dental labor and manipulated by highly professional and
skilled practitioners to avoid any risky complications.

5. Applications

5.1. Intracoronal Restorations and Fixed
Dental Prostheses

In the realm of indirect restorations, the main procedure
predominantly involves chairside milling of glass ceramic
and composite resin blocks [34]. The idea of milling
restorations from blocks was first applied by Dr. Mor-
mann, with the requirement of decent hardness for machin-
ability and good quality for restoration and tool integrity
after the milling process. Feldspathic ceramic blocks
(Vita Zahnfabrik) were first adopted [17]. The devel-
opment of the technology led to the adoption of more
metal and ceramic materials, such as lithium disilicate
glass-ceramic [104]. Moreover, it led to the development
of only digital manufacturing materials, such as zirconia
and alumina oxide ceramics, zirconia-reinforced lithia sil-

icate [104,105], and polymer-infiltrated ceramic network
(PICN) [106].

In terms of restoration design and geometric com-
plexity, inlays and onlays present more intricate designs
compared to crowns [34]. This plays a pivotal role in
discerning the disparities in adaptation [45,47,107,108].
The type of milling device utilized can influence the out-
come of adaptation, especially for restorations with intri-
cate shapes, deep grooves, and internal angles [11,33,43—
45,48,109].

For over two decades, CAD/CAM technology has
revolutionized esthetic dentistry, transforming diagnosis,
planning, and treatment. Thanks to technology, the resin-
bonded bridges utilize zirconia and alumina esthetic wings
instead of the traditional veneered metal prostheses, with
very high clinical survival, reaching 95% after 15 years in
the case of zirconia [38], reflecting the excellent physical-
mechanical properties of zirconia restorations and their re-
liable bonding potential [37].

In the context of milled veneers, the use of CAD/CAM
technology has been documented to deliver exceptional
precision and operational efficiency [110]. Likewise, the
CAD/CAM technology succeeded in producing thin and
ultrathin occlusal veneers with thicknesses ranging from
0.3-0.5 mm, utilizing a wide variety of materials and in-
vestigated for both clinical and laboratory records [111,
112].  The fabrication of ultrathin restorations with a
minimum of 0.1 mm thickness was feasible, PICN non-
prep technique full mouth rehabilitation of wear dentition
showed promising results. However, the very thin mar-
gins were more prone to chipping at the posterior region of
the mouth, particularly in occlusal risk factors [111,113].
A new design of posterior cantilever prostheses with thin
occlusal veneer retainer was feasible, the restorations sur-
vived the clinical simulation and possess a durable adhe-
sion with an excellent debonding resistance [37]. Further-
more, the CAD/CAM production of special design zirco-
nia attachment showed clinically high esthetic outcomes
compared with the traditional attachment systems [114].
With all these capabilities, challenges always facing CNC
milling procedures, such as chipping of thin margins or
fracture of constricted areas [68], discrepancies in the in-
cisal overlap, labial or occlusal surfaces of occlusal and
laminate veneer restorations, which are better overcome
by the rising 3D printing technology [2,5].

In terms of full coverage restorations, metal crowns
made through traditional casting, 3D printing, and CNC
milling revealed clinically acceptable margins within 120
um [16,115]. However, CNC milling might offer supe-
rior internal and marginal fit compared to the conven-
tional method [16], and better marginal fit compared with
3D printing [2]. The 5-axis Kavo Everest milling sys-
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Figure 9: Laser micromachinery; macroscopic and microscopic images of the grooves and ridges created on the surface of zirconia

disc [101].

tem produced a titanium crown with a 60—-80 pm ver-
tical gap, significantly higher than the cast noble metal
crowns [116,117]. Nevertheless, the conventional tech-
nique marginal gap is relevant depending on the skills
of the technician, while CAD/CAM is more standardized
and less influenced by human-induced errors [2,5].

The duration of the milling process is primarily de-
termined by the tool path, which is influenced by cutting
parameters such as the step-over distance, feed rate, spin-
dle speed, and cutting depth [118]. The modern advanced
machines have paved the way for high-speed milling, fin-
ishing a single dental crown in less than 5 minutes [20].
For milled composite resin crowns, the surface smooth-
ness can be enhanced by reducing the step-over distance;
however, this adjustment tends to increase the processing
time [118]. Despite the varying cutting conditions, the
flexural strength of milled composite resin remains within
clinically acceptable limits, even under the roughest con-
ditions. Nonetheless, it’s important to avoid milling condi-
tions that make the surface rougher than a sandblasted fin-
ish, as this might compromise the flexural strength of the
material [118]. This was evident in the modern CEREC
chairside Primemill, the ultrafast milling produced crown
with a rougher surface than fine milling, however, all the
speed options; Super-Fast/Good, Super-Fast/Very Good,
Fast, and Fine; produce zirconia crown within the ex-
pected range of surface roughness [20], see Supplemen-
tary Table S1, available online.

According to a study by Liichtenborg et al., sub-
tractive manufacturing of zirconia FDPs was more accu-
rate than 3D printed FDPs, with mean deviations smaller
than 50 pum in all areas, aligning with previous reports
of marginal discrepancies ranging from 17 to 118 um for
milled zirconia bridges [119—135]. These results empha-
size the exceptional quality of subtractively manufactured
FDPs [134]. Subtractive manufacturing relies on pre-
made blanks to guarantee uniform powder compaction,
manageable shrinkage, and precise predictability of di-
mensional alterations during sintering. Conversely, the
homogeneity of the 3D-printed green body can be dis-
rupted, for example, by its layered structure, leading to
anisotropic shrinkage during sintering [136,137]. This
has the potential to detrimentally impact the predictability
and ultimate precision of 3D-printed components [134].

5.2. Implant Fixture, Abutments, and
Superstructure

The integration of CAD/CAM technology in milling im-
plant fixtures has revolutionized dental implantology, en-
hancing accuracy, robustness, and aesthetic quality [138].
These fixtures, made from biocompatible materials such
as pure titanium, titanium alloys, and high-grade ceram-
ics like alumina and zirconia, are essential for supporting
prosthetic elements attached to the bone [139].

The CAD/CAM system generates a digital blueprint
of the required fixture using advanced software, which the
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milling machines use to carve the implant from a solid ma-
terial block with exceptional precision. This accuracy is
essential for ensuring the implant fits seamlessly into the
jawbone, minimizing the risk of failure due to improper
fitting [140,141]. The system’s ability to process various
materials allows for individualized dental implant prac-
tices. Moreover, precise surface treatments applied during
milling enhance osseointegration, which is crucial for the
implant’s long-term viability and stability [141,142]. This
cleared the way for improving surface characterization
by laser treatment, surface coatings, or 3D bioprinting to
CNC milled implant fixtures, which further enhanced the
biological reaction of tissues, osteoinduction, and osseoin-
tegration of dental implants, contributing significantly to
long-term survival [143].

Custom abutments are mainly made from titanium
or zirconia ceramic and less commonly from lithium dis-
ilicate, polymer-infiltrated ceramics, and PEEK. Milled
titanium and zirconia abutments exhibit vertical gaps of
2.5-3.2 wm and minimal rotational movement [144,145].
Milling consistently produces highly accurate implant
frameworks with a vertical fit of 1 to 27 wm [13], un-
affected by the prosthesis span, unlike cast metal frame-
works [36,146,147]. Milled abutments also have min-
imal surface roughness, precise geometric edges, and
a vertical gap of 0.7 um, outperforming selective laser
melting (11.3 pwm) and casting (9.1 um) methods [148].
CAD/CAM milled Co-Cr bars possess superior internal
fit at the implant-abutment interface compared to those
made by selective laser melting (SLM) 3D printing or tra-
ditional lost wax techniques [149—151].

5.3. Resins and Waxes for the
Conventional Lost Wax Method

Traditionally, handcrafted natural wax patterns have been
the norm, requiring highly skilled technicians and precise
building of the pattern but prone to human-related errors
affecting the accuracy of the fabricated crowns [152—154].
For standardization of the produced resin and wax pat-
terns, the production of wax patterns has transitioned to
various CAD/CAM methods [152]. These include sub-
tractive methods like milling and additive manufacturing,
which have effectively mitigated many limitations inher-
ent in conventional waxing techniques [155]. Crowns and
inlays cast from milled wax patterns showed higher accu-
racy of fit than crowns and inlays cast from manually built
patterns [156,157]. However, this is relevant to the skills
of the technician building the wax and the type of restora-
tion or prostheses, as simple heat-pressed ceramic restora-
tions might produce comparable accuracy [158] or higher
trueness than milled restorations [159].

5.4. Models’ Fabrication

Optical impressions have gained greater prominence, ne-
cessitating new methods for model fabrication. As alterna-
tives to poured stone casts, including milling and 3D print-
ing of dental models [160—163]. Yau et al. demonstrated
that the accuracy of dental models manufactured through
milling surpassed those produced by 3D printing [162].
The decreased precision observed in 3D printed models
was ascribed to the staircase effect on the surfaces formed
through layer-by-layer deposition and model distortion
stemming from polymerization shrinkage [160,163]. Con-
versely, a study demonstrated that the accuracy of milled
and 3D-printed PMMA working models showed similari-
ties [164].

5.5. Removable Partial and Complete
Dentures

The fabrication of removable partial denture (RPD) frame-
works has seen a shift toward using resin-based polymers,
replacing the traditional cobalt chromium. These inno-
vative polymers are typically produced in puck or disc
forms and are subjected to milling processes to create the
final denture frameworks [165]. A significant advantage
of these materials is that they generally require minimal
post-milling adjustments, finishing, and polishing [165].

Milling metal frameworks for RPDs, particularly
from cobalt chromium or titanium blocks, presents tech-
nical challenges, mainly due to the significant wear and
tear on milling burs, especially with base metals [166].
The metal frameworks could be produced indirectly by
casting milled wax or resin-milled patterns or directly by
milling the frameworks from metal alloy discs. Addi-
tionally, the denture base and teeth can be milled from
corresponding prefabricated discs and subsequently as-
sembled using adhesive binding (Figure 10). The term
“milled Co-Cr/Ti framework™ sometimes refers to resin or
wax patterns milled from wax or resin discs and then cast
traditionally [165].

Numerous records compared the fitting accuracy of
frameworks created from 3D-printed and milled resin pat-
terns to those made through traditional casting techniques.
The results vary from one record to another. However, all
three methods produce frameworks within clinically ac-
ceptable tolerances [168—172]. Efforts to mill frameworks
using titanium discs face challenges due to titanium’s dif-
ficult machinability compared with other alloys, resulting
in prolonged producing times and increased wear of cut-
ting tools [173,174]. This wear reduces milling accuracy
and increases material waste, making titanium milling in-
efficient [165].
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Figure 10: RPD fabricated by digital workflow with milling technology, A and B CAD virtual designing, (A) Offsetting metal framework,
(B) Combining the offset metal framework and denture base, (C) Metal framework seated on stone cast, (D) Milled denture base
and offset metal structure complex, (E) Completed removable partial denture [167].

Before incorporating CAD/CAM technology intore- challenging due to the polymerization shrinkage of the
movable prosthodontics, achieving perfect alignment be- resin [175]. This shrinkage often caused distortions in
tween the denture base and denture-bearing tissues was the denture base, negatively affecting the fit and reten-

Biomaterials Connect Alghauli et al.


https://scifiniti.com/
https://scifiniti.com/journals/biomaterials-connect

2025, Vol. 2, Article ID. 2025.0013
https://doi.org/10.69709/BIOMATC.2025.138037

CS’)) SCIFINITI

tion of complete removable dentures [176—178]. Subtrac-
tive manufacturing, which uses dense prefabricated poly-
methyl methacrylate (PMMA) discs pre-polymerized un-
der high-temperature and high-pressure conditions, elimi-
nates this issue. As a result, the final CNC-machined pros-
thesis does not undergo polymerization during manufac-
turing [179—-181], Figure 11. However, this method faces
challenges in accessing undercut areas due to the limita-
tions of milling bur size and milling axes [180—182].
Research shows that complete removable dentures
produced through CAD/CAM milling methods exhibit
superior retention, accuracy, and mechanical character-
istics while eliminating polymerization issues compared
to conventional or injection-molded dentures [183—186].
The CAD/CAM monolithic (fully-milled) processing tech-
nique demonstrated the highest accuracy in tooth move-
ments, followed by fluid resin, CAD-CAM-bonded, pack-
and-press, and injection molding [187]. Additionally,
milled complete dentures may reduce the occurrence of
Candida-associated denture stomatitis over time [ 188,189].

C

Figure I1: Directly milled complete denture, (A) Milled denture
base, (B) Milled denture teeth, (C) The finished denture base
and teeth for maxillary complete denture [190].

6. Limitations and Future
Developments

Subtractive manufacturing faces several limitations. Firstly,
the initial investment and the production costs for the CNC
milling system are quite high [191]. By CNC milling of
the discs or blocks, the greater mass of the prefabricated
raw material is wasted, resulting in excessive material con-
sumption [192,193], making it challenging to repurpose
the discarded material [194]. This waste represents both
an economic and environmental concern [194]. The cut-
ting tools are subjected to continuous wear and damage,
they can be used only for limited cutting cycles, implying
their constant replacement, as they can be used only for
limited milling cycles [195]. The CNC milling possesses
some inherited limitations in the milling of dental parts
with complex geometry or hollow structures. As the fab-
rication of hollow structures is impossible using milling
technology, the fabrication of intricate dental parts is very
time-consuming, as the computer numerically controlled

(CNC) unit is highly constrained to angulations [196],
which restricts access to small hollow areas bypassing the
undercuts [192]. Additionally, there are limitations im-
posed by drill accessibility, particularly for sharp interior
angles [197]. Moreover, the milling accuracy depends
on the size of the cutting tool and the number of milling
axes of the CNC machine [195]. In these scenarios, the
milling machine employs “drill compensation” to remove
material that should be cut away, which, in the context
of a dental crown, means that more material is removed
than intended [197]. This can result in areas with a thicker
layer of cement material than desired [197]. Furthermore,
the grinding of certain materials, such as dental ceramic
blocks or discs, can generate micro-cracks within the in-
ternal structures [198], and the grinding of polymeric ma-
terials such as PEEK is challenging. Polymeric materials
require special handling to reduce heat-related cracks and
internal stresses; annealing is necessary for such mate-
rials; the polymers do not dissipate heat well compared
with other materials, such as metal; by deep drilling, the
produced parts can crack.

Regardless of all these drawbacks, CNC milling
has been used successfully in the dental field for the last
four decades, producing several dental parts, from dental
restorations to implant fixtures and superstructures and
complete arch frameworks. CNC milling nowadays is
the first production technology in the dental field. These
mentioned drawbacks emphasize that there will always
be room for further investment and development of the
technology and their driving software.

It is not known yet if the utilization of more than 5-
axis milling machines could improve the efficiency and
speed of milling. Moreover, the utilization of lath parts
in the machine could be advantageous in the fabrication
of inner structures such as the screw housing of dental im-
plant fixtures. Highly specified CNC devices are not yet
utilized in the dental field, such as micromilling devices,
which can produce very refined and detailed features of
the surface. Combining milling technology and additive
manufacturing might improve hybridization in dentistry,
for example, the fabrication of hybrid root analog dental
implants [199]. Moreover, future ideas such as the charac-
terization of surfaces, surface coating of milled parts with
antibacterial bioactive materials [200], or building intri-
cate hollow structures within or over large simple geomet-
rical milled parts [201].

Within the domain of'intelligent manufacturing, there
is a growing emphasis on intelligent milling, particularly
in the context of online monitoring and milling parame-
ters optimization [202,203]. The monitoring of milling
conditions, encompassing aspects such as tool wear con-
dition, chatter, and vibration relative to machine stability,
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is emerging as a pivotal research domain in the realm of in-
telligent digitization and subtractive manufacturing [204].
Moreover, the tool wear prediction is garnering increased
attention to enhance part quality by minimizing attrition
rates, ultimately enhancing production efficiency and man-
ufacturing sustainability [205].

7. Conclusions

CNC milling has been successfully used in the dental field
for several decades and is currently the main production
technology. Some dental devices, such as orthodontic ap-
pliances, occlusal splints, surgical guides, and dental mod-
els, have been preferably produced by additive manufac-
turing, but in restorative and prosthetic dentistry, for chair-
side and laboratory production, CNC milling is the pre-
dominant and most preferable method up to date.
Although CNC-milled restorations, prostheses, and
other dental parts are reported to be successful, there is
still room for further investment and development to ad-
dress limitations such as material waste, time-consuming
fabrication of complex dental parts, and accuracy issues.
Moreover, the adoption of advanced milling machines
with more than 5 axes, incorporating lathe parts, and inte-
grating additive manufacturing techniques can potentially
enhance efficiency, speed, and the fabrication of intricate
structures in dentistry. Additionally, intelligent manufac-
turing focuses on online monitoring, optimizing milling
parameters, and predicting tool wear to improve part qual-
ity, minimize scrap rates, and enhance the sustainability

of manufacturing processes.
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