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Abstract

Purpose — The purpose of this in vitro study was to compare surface roughness of full

contour zirconia restorations produced by additive and subtractive manufacturing

Materials and Methods — Full contour restorations were designed using 3Shape Dental

System. The stl files were exported and utilized to guide production of all specimens.
Zirconia samples were manufactured by two methods — additive manufacturing (n=10)
and subtractive manufacturing (n=18). A two-step polishing protocol was used following
sintering. All specimens were subject to profilometry to measure average Ra values. Ra
values for both groups were compared. Statistical analysis was performed using t-test

(p=0.05).

Results — The average Ra value for zirconia restorations in the subtractive manufacturing
group was 0.35 +0.07pum while average Ra for additive manufacturing groups was 1.06

+0.49 um. Differences were statistically significant (p < 0.00001).

Conclusions — Zirconia restorations produced by subtractive manufacturing were
significantly smoother than those produced by additive manufacturing even after post-

sintering polishing.
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Introduction

As new technologies become available, industries are forced to reorganize and
adapt. Today, advancements in digital technology have revolutionized the way buyers
and sellers interact in the marketplace. The healthcare field, in particular, utilizes many
of these advancements to increase availability and efficiency of healthcare for patients.
In recent years, the field of dentistry has embraced this trend. Digital dentistry
streamlines ways in which dental practitioners acquire and process patient data. The
growing market for intraoral scanners, as well as the ability for easy file sharing
between dentists, dental laboratories, and other specialists has allowed for more
efficient patient care.! With respect to manufacturing of indirect dental restorations,
digital applications have greatly increased cost effectiveness, quality control, and have
reduced labor.? The digital workflow in dentistry is based on computer-aided
design/computer-aided manufacturing (CAD/CAM). The groundwork for CAD/CAM
technology in dentistry was laid by Francois Duret in the 1970s.2 However, CAD/CAM
dentistry did not become a reality until the introduction of the first CEREC system
(CEREC 1) in 1985 by Dr. Werner Mérmann and Marco Brandestini.* While the
original CEREC system was designed to allow practitioners to fabricate inlay
restorations chairside, CAD/CAM dentistry has since taken on a much-expanded role.
Today, computer-aided manufacturing processes have greatly increased the number of
materials available to dentists. The greatest influx of new materials has been dental
ceramics. ° Currently, there are two methods by which computer-aided manufacturing is

accomplished — subtractive and additive manufacturing.



Subtractive manufacturing

The predominant method by which dental manufacturing is accomplished today
is subtractive manufacturing. Subtractive manufacturing (also referred to as computer
numerically controlled machining or “milling”) begins with a solid block of material.
Based on a computer-aided design (CAD), the milling machine uses various cutting
instruments to reduce and shape a block of chosen material.! Today, subtractive
manufacturing is used to produce a multitude of restorations including inlays and
onlays, single crowns, fixed partial dentures, veneers, and dental implant restorations.
Ceramic restorations produced by this method have been shown to be highly accurate
with respect to marginal and internal fit when compared to conventional techniques.5”
With respect to surface roughness, while milling does increase surface roughness
initially for ceramic restorations, adequate post-milling processing is capable of

eliminating any roughness introduced by the milling process.®

Subtractive manufacturing has proven to be an efficient and accurate method for
fabricating dental restorations. However, it is not without drawbacks. Because the initial
block of material is significantly larger than the eventual end product, most of the
material goes unused. Because the block cannot be recycled, this remaining material

goes to waste. Additive manufacturing attempts to solve this problem.

Additive manufacturing

Additive manufacturing in dentistry

Additive manufacturing, or “3D printing”, is defined by the American Society

for Testing and Materials (ASTM) as “the process of joining materials to make objects



from 3D model data, usually layer upon layer”.! Because material is added layer by
layer, no material goes to waste. Currently, the use of additive manufacturing in
restorative dentistry is limited due to lack of experience and inconsistent results. With
respect to ceramics, regular use of additive manufacturing is currently limited to
production of tissue scaffolds as current methods struggle to regularly produce non-
porous ceramic structures.® However, as operators gain experience and more resources
are devoted to developing new methods, additive manufacturing shows great promise

for more consistent use in the production of dental ceramic.®

The potential advantages of additive manufacturing in the production of ceramic
restorations are obvious. Not only can material be conserved, but the potential to
produce highly esthetic restorations is limitless. Ceramists often struggle with layering
porcelain in a way to recreate the distribution of shades and textures that occur in
natural teeth. With additive manufacturing (which is naturally a layered process)
different shades in different layers can be easily accounted for in the computer aided
design. This potential in itself justifies consideration for additive manufacturing as a
method of producing ceramic restorations. The intricacy of surface detail achievable
with milling is also limited by the diameter of burs available. Additive manufacturing

has the potential to avoid this issue and produce highly detailed surface characteristics.
Methods of additive manufacturing

There are a multitude of additive manufacturing methods currently available.**
Historically, only a few have been used in the production of ceramics. These include

selective laser sintering (SLS), fused deposition modeling (FDM), stereolithography



(SLA), and ink-jet printing.® Selective laser sintering (SLS) uses a computer-controlled
CO:z2 laser. During production, a layer of powder is placed and the laser lightly sinters or
fuses that powder into a solid.** Tian et al. 2009 proposed a process of selective laser
sintering for the production of ceramic components that utilized a low laser energy
density and higher hatching space (i.e. the space between adjacent tracks). With this
process, Tian et al. 2009 were able to produce intricate ceramic designs with improved
mechanical properties. Maximum flexural strength was measured at approximately 34.0
MPa.*? However, this method has limited dental applications as 1) maximum strength is
significantly less than that seen in leucite-reinforced glass ceramics produced by
subtractive manufacturing and 2) the final products were porous.*® Bae et al. 2016 found
selective laser sintering to be more accurate than subtractive methods in fabrication of
inlay restorations.'* The authors, however, did not compare strength or porosity of the
final restorations. Fused deposition modeling (FDM) utilizes melted thermoplastic resin
which is extruded and subsequently re-solidified.!* To manufacture dense ceramics such
as alumina and zirconia, Scheithauer et al. 2015 proposed a fused deposition modeling
process using a high-filled ceramic suspension with a thermoplastic binder system. By
lowering the viscosity of the ceramic suspension, Scheithauer et al. 2015 were able to
achieve very high densities (approximately 99%) of alumina and zirconia with
improved resolution.® Stereolithography (SLA) utilizes a computer-controlled laser and
a pool of UV-curable photopolymer resin. During printing, the laser cures a portion of
the liquid resin at the surface. This layer then solidifies and is submerged. Subsequent
layers are cured over the top of the submerged layer as the printing process continues.!*

Based on the current literature, stereolithography seems to have the most promise for



regular use in production of dental ceramic restorations. Several articles demonstrate
stereolithography as an accurate method for printing ceramic restorations with ideal
physical properties. Using 40% Vol.% aqueous zirconia suspension and a scanning
speed 1,200 mm/s, Lian et al 2018 were able to produce zirconia ceramic fixed dental
prostheses with high density (98.58%), Vicker’s hardness of 2.06 um, and surface
roughness of 1,398 HV.16 Bae et al 2016 found stereolithography to be the most
accurate method for fabrication of ceramic inlay restorations when compared to
selective laser sintering and two subtractive manufacturing methods.*4 However,
lithography based printing is not without limitations. Using a digital light processing
method, Conti et al. 2020 showed that, while resolution down to 200 um could be
achieved, there was significant deviation from the original computer aided design for
any gaps less than 500 um." Ink-jet printing involves a conventional ink-jet printer that
has been modified to allow for 3D printing. Ebert et al. 2009 used a modified ink-jet
printer to assess direct ink-jet printing as a viable method for fabrication of zirconia
dental prostheses. Using a 27 VVol% zirconia based ceramic suspension, Ebert et al.
2009 were able to print zirconia (of similar size to a standard posterior restoration) with
physical properties similar to those in zirconia restorations produced by conventional
methods. The zirconia produced by this method showed an average strength of 763 MPa
and fracture toughness 6.7 MPa.'® While this process shows promise with respect to
additive manufacturing of zirconia, issues such as intermittent nozzle clogging requires
more advanced machinery to be developed before this process can be used on a large

scale.l’



Additive manufacturing of zirconia

Most recently, two articles produced by Revilla-Leon et al. (2020a, 2020b)
looked at fracture resistance, flexural strength, internal and marginal discrepancy of
zirconia produced by additive and subtractive manufacturing methods.'%2 In both
articles, the method of additive manufacturing utilized was stereolithography (SLA).
With respect to flexural strength and fracture resistance, Revilla-Leon et al. 2020a
found that milled zirconia specimens outperformed additive manufactured zirconia
significantly. The authors found, on average, fracture resistance of milled zirconia
specimens to be almost three times that found in zirconia produced by additive
manufacturing.'® With respect to flexural strength, the trend was the same.® Marginal
and internal discrepancies of additive manufactured zirconia were also found to be
significantly greater than discrepancies seen in milled zirconia specimens. The article
concluded that while clinically acceptable marginal and internal discrepancies could be
obtained with additive manufacturing of zirconia, there was a positive correlation
between restoration volume and marginal discrepancy for anatomic crowns produced by
additive manufacturing.?® Revilla-Leon et al. 2021 expanded on their findings from
2020 by assessing the effect of porosity on the volumetric shrinkage of zirconia
specimens produced by additive manufacturing. For pre-sintered zirconia specimens,
post-production sintering is always required. In subtractive manufacturing, each
zirconia puck has a specific shrinkage factor which compensates for the shrinkage
during the sintering process. However, quantifying this shrinkage factor is difficult for
zirconia produced by additive manufacturing. For this reason, Revilla-Leon et al. 2021

sought to determine how post-production sintering affects printed zirconia specimens



with differing levels of porosity. The authors found that as porosity decreased,
manufacturing accuracy decreased, and manufacturing volume change increased. The
authors also note that while the higher porosity, printed zirconia samples exhibit better
accuracy following sintering, none of the samples (across all groups) exhibited perfect
accuracy when compared to the original computer aided design.?* Branco et al. 2020
also demonstrated reduced physical properties for printed zirconia versus zirconia
produced by subtractive manufacturing. The authors demonstrated that the printed
zirconia exhibited reduced density, greater porosity, and lower fracture toughness than
milled zirconia specimens. The authors did however demonstrate that the printed
zirconia samples showed less antagonistic wear of enamel compared to milled
zirconia.?? There, however, currently appears to be disagreement in physical properties
recently reported for printed zirconia. Using a digital light processing (DLP) procedure,
Mei et al. 2021 found no statistical difference in fracture toughness of zirconia bars
produced by additive and subtractive manufacturing.?® However, the authors did
demonstrate that hardness values were reduced in printed zirconia when compared to
milled specimens. This was attributed to greater pore size at the surface of printed
specimens.?® Bergler et al. 2021 also assessed the flexural strength of milled versus
printed zirconia using digital light processing (DLP). While the authors did not
demonstrate statistically significant differences, they did demonstrate a reduction of
flexural strength when comparing milled and printed zirconia as well as comparing
thermo-cycled and non-cycled printed zirconia specimens.?* Ji et al. 2021 using
stereolithography and optimizing de-binding with thermogravimetry—differential

thermal analysis were able to produce zirconia specimens with favorable physical



characteristics. Each specimen was able to achieve a density of 99.95% and flexural
strength of greater then 1,000 MPa. While many authors have demonstrated comparable
strength characteristics of printed zirconia specimens, the printing process itself may
cause printed specimens to fracture more easily. This can occur when inadequate
binding during the layering process takes place.?® Marsico et al. 2020, using vat-
polymerization were able to produce zirconia specimens with physical characteristics
comparable to those produced by conventional methods. However, the authors did note
that a fracture initiated between layer lines occurred with relatively high frequency.?
Obviously, this observation requires further analysis of the additive manufacturing
process used. With respect to marginal fit, loannidis et al. 2020 showed that for printed
zirconia occlusal veneers, there was no significant differences with respect to marginal
fit.2” However, previous articles have demonstrated the accuracy of marginal and
internal fit may be dependent on the volume of the restoration being produced.?® Also
with respect to marginal fit, Li et al. 2021 sought to assess the effect different margin
finish lines have on the accuracy of milled and printed zirconia.?® The authors looked at
three different types of finish lines — rounded shoulder, chamfer, and knife-edge. It was
found that printed and milled zirconia showed similar margin accuracy for rounded and
chamfer margins, while both methods of production exhibited increased incidence of
marginal chipping with knife-edge margins. It appears, based on this study, neither
milled or printed zirconia adapts well to a knife-edge margin. The use of a knife-edge
margin should be avoided for this material regardless of manufacturing method.? While
a number of articles have addressed the marginal fit and physical properties of zirconia

restorations produced by additive manufacturing, few have addressed a third crucial



factor — surface roughness. Miura et al. 2021 found promising results with respect to
surface roughness of zirconia restorations produced by additive manufacturing.?® Using
stereolithography (SLA), Miura et al. 2021 were able to produce full contour zirconia
specimens that exhibited reduced surface roughness when compared to zirconia
specimens produced by conventional methods. A contact-free laser microscope was
used to quantify surface roughness of each specimen. While the results of this study are
promising, the limited number of samples (n=3) in their pilot study certainly warrants
further investigation into the surface roughness of zirconia produced by additive

manufacturing.

Profilometry

Measurements of surface roughness can be made with the use of profilometry.
There are two broad categories of profilometry — stylus profilometry and laser
profilometry.3® While stylus profilometry utilizes a diamond-tipped stylus that measures
surface roughness by making physical contact with the sample in question, laser
profilometry measures surface roughness indirectly by measuring deflection of the laser
beam as it is reflected from the surface of the sample. In both stylus and laser
profilometry, the peaks and valleys at the surface level of the sample are measured and
recorded.®® Stylus profilometry has historically been the standard for measuring surface
roughness, however it is not without limitations. The primary limitation of stylus
profilometry is the use of a stylus of finite size. This can limit the sensitivity of
profilometer to peaks and valleys greater than or equal to the size of the stylus. Those
smaller than the diameter of the stylus will not be recorded which may give an

incomplete picture of the surface topography of the sample in question. In recent years,



use of laser profilometry has expanded as technology has improved. Laser profilometry
avoids the above-mentioned issue as there is no direct contact of the stylus with the
sample. However, unlike stylus profilometry, laser profilometry can be adversely
affected by differences in color or transparency of the surface in question.®! The
primary way that surface roughness has been quantified in dentistry is the use of Ra. Ra
is the arithmetic mean of the absolute values of peaks and valleys as measured across a
surface. Ra has been described as a 2-Dimensional measurement of surface roughness.
Sa, on the other hand, represents a 3-Dimensional measurement of surface roughness.
Unlike Ra, which represents average surface roughness over a defined distance, Sa
takes into account the entire surface area of the sample. Generally speaking, stylus
profilometry will produce an Ra value while laser profilometry will produce an Sa
value.3! The use of one or the other in reporting of surface roughness characteristics has
largely been a matter of practically (most profilometers, historically, have only been

able to provide a measurement of Ra).3!

Purpose and hypothesis

The aim of this study is to assess additive manufacturing as a viable method of
producing indirect ceramic restorations compared to milling, with respect to zirconia.
Zirconia has gained popularity in recent years and is used regularly in the fabrication of
restorations due its favorable combination of esthetic and physical properties. For this
reason, zirconia was chosen for this study. Zirconia, or ““ yttria-stabilized tetragonal
zirconia polycrystal”, is a high strength dental ceramic composed of polycrystalline
particles in a metastable tetragonal crystal structure.®? Zirconia has traditionally been

used as a core material over which veneering porcelain is applied. However, fractures
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and stripping of the veneering porcelain has led to increased use of monolithic zirconia.
Monolithic zirconia shows considerably higher fracture strength when compared to
porcelain veneered zirconia cores.® The present study looks to compare additive
manufacturing of monolithic zirconia with subtractive manufacturing (i.e. milling).
Comparisons are made specifically with respect to surface roughness. Overall
roughness of 3D printed products is always a concern due to the use of binders. The
additive manufacturing process requires the use of a liquid suspension. This suspension
generally is composed of a dispersant, a powder (in this case ZrO2 ceramic powder),
and an organic binder.®* The binders are added to the suspension as carriers for the
powder and facilitate shaping of the final product.®® These binders are subsequently
eliminated during the process of debinding or thermal decomposition. This leaves
porosities in the final product. To eliminate these porosities, sintering (a process that
uses high temperatures and pressure to compact the ceramic particles into one, unified
mass) is often necessary. However, porosities may still remain leading to a rough
surface morphology.3® The clinical implications of surface roughness are well known.
While it is clear that rough surfaces promote more biofilm accumulation, it can also
influence the wear pattern on opposing dentition and lead to discoloration of
restorations. Increased antagonistic surface roughness leads to a significant increase in
wear observed in both composite and enamel.3¢ For these reasons, it is of great
importance to determine the effect of the manufacturing process (additive or
subtractive) on surface roughness to adequately assess clinical viability of the
procedure. The null hypothesis was that no significant difference would be found in the

surface roughness of additive manufactured and milled zirconia restorations.
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Materials and Methods

A computer aided design (3Shape, Copenhagen, Denmark) was utilized to create
full contour restorations of standardized dimensions. The stl file was then exported and
utilized as a guide for computer aid manufacturing. Specimens were produced by two
manufacturing methods — additive and subtractive manufacturing (Figures 1 & 2).
Specimens produced by subtractive manufacturing represent the control group, while
those produced by additive manufacturing represent the experimental group. The
control specimens were produced using a Roland DWX-51D 5-axis dental milling
machine (Roland, Irvine, CA) (Figure 3). The blocks utilized were monolithic, pre-
sintered zirconia (Vericore Unshaded Zirconia, Whipmix, Louisville, KY). Because the
sintering process leads to overall shrinkage of the pattern, all blocks of pre-sintered
zirconia include an enlargement factor to allow the operator to compensate for this
shrinkage in the computer aided design. The pre-sintered milled patterns were sintered
according to manufacturer recommendations utilizing a zirconia sintering furnace
(Infinity Zr Sintering Furnace, Whipmix, Louisville, KY) (Figure 4). A fast-heating
sintering process was utilized. This required that the zirconia patterns be fired at
10°C /minute up to 1000°C (1,832°F). After reaching 1000°C, the patterns were fired a
3-5°C /minute until a temperature of 1,500°C was reached. The patterns were then held
at this temperature for 2 hours and subsequently allowed to cool to room temperature

prior to removal and post-sintering processing.
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Figure 1. Subtractive manufacturing specimen. Specimens were produce using the
Roland DWX-51D 5-axis dental mill. All milled specimens were subject to post-
production sintering and polished using the 2-step zirconia polishing kit by Brasseler.
Type of zirconia used - Vericore Unshaded Zirconia, Whipmix

Figure 2. Additive manufacturing specimen. Specimens were produced by digital light
processing (DLP) using the Ember printer from Autodesk. Printed specimens were
subject to post-production sintering and polished using the 2-step zirconia polishing Kit
by Brasseler.
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Figure 3. Roland DWX-51D 5-axis dental mill. The milling unit used for production of
subtractive manufacturing specimens.
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Figure 4. Infinity Zr Sintering Furnace. All specimens were subject to post-production
sintering. A fast-heating process was utilized according to manufacturer
recommendations. The zirconia patterns were fired at 10°C /minute up to 1000°C
(1,832°F). After reaching 1000°C, the patterns were fired a 3-5°C /minute until a
temperature of 1,500°C was reached. The patterns were then held at this temperature for
2 hours and subsequently allowed to cool to room temperature prior to removal and
post-sintering processing.
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Specimens for the experimental group were fabricated by additive manufacturing. All
specimens were produced by a digital light processing (DLP) Ember printer from
Autodesk (Autodesk, San Rafael, California). This type of printer uses a liquid,
photopolymer resin which is able to solidify when subjected to a specific light source.
The digital light processing printer is similar to stereolithography (SLA) printers, except
for the fact that DLP printers use a single digital light projector screen. To produce
zirconia specimens, a sinterable zirconia powder and a photocurable resin must be used.
Because the composition of the printed zirconia specimens is proprietary of the
company the produced them, the exact composition cannot be known (Tati
Incorporated, Annapolis, MD). The printer utilized the same stl file described above to
produce full contour, pre-sintered zirconia patterns. After this pattern was produced,
each sample was sintered according to the same manufacturer recommendations

described above.

Once sintered, both samples (subtractive and additive) were subject to post-
milling/post-printing finishing. This was accomplished according to manufacturer
recommendations using the 2-step Brasseler zirconia polishing kit (Dialite ZR polishing

wheels, Brasseler, USA).

A total of 28 specimens were produced (N=28). 18 specimens were produced by
subtractive manufacturing (control group) while 10 specimens were produced by
additive manufacturing (experimental group). All specimens were subject to the use of
profilometry to assess surface roughness (Mitutoyo Surftest SV-400, Mitutoyo,
Kawasaki, Japan) (Figure 5a). A profilometer reflects overall surface roughness by use

of a probe or stylus that makes contact with the surface of the sample. Under a constant
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load, the stylus is moved along the sample (in this study a stylus of 5um tip radius at a
constant force of 3.9mN was utilized). The profilometer traveled at a speed of 0.100
mm/s with a range of 600 um. As the stylus was pulled across the surface,
measurements of the movements across the surface of the sample were made. These
movements were recorded and used to produce a profile or line scan of the surface
topography. Ra (arithmetic mean roughness) was be used to quantify the surface
roughness based off of the measurements taken from the profilometer. Ra is the average
of the absolute differences in the microscopic peaks and valleys based off the
profilometer measurements. This gives an overall sense of the average roughness of the
surface of each sample. The higher the Ra value, the greater the surface roughness of
the sample. Each specimen was passed through the profilometer five times to produce
five distinct Ra measurements. An average was then obtained to produce an Ra value
for each individual specimen in the control and experimental groups. As profilometry is
best performed on a flat surface, the flattest surface, closest to the buccal margin, was
measured and standardized for each full contour specimen. To ensure consistent
orientation of each specimen, a putty matrix was fabricated and secured to the
profilometer platform with double sided tape (Lab-Putty, Coltene, Altstatten,
Switzerland) (Figure 5b-d). Average Ra values were subject to a t-test for statistical

analysis.
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Figure 5. Profilometer. a) Image of the Mitutoyo Surftest SV-400 profilometer. b) Putty
matrix fabricated to standardize orientation of specimens within the profilometer
(Coltene laboratory putty). ¢) Specimens oriented within the profilometer to record
flattest surface closest to the buccal margin.

Results

Five values for Ra were obtained to produce an average Ra value for each
specimen in the subtractive and additive manufacturing groups. For each group, mean,
median and range were calculated (Tables 1 & 2). Based on the Ra values for each
specimen, standard deviation was calculated for each group and presented in Table 3. A
graphical presentation of this data is shown in Figure 6. Statistical analysis was
performed using a t-test. Based on the results of the t-test, the null hypothesis was
rejected as there was a significant difference between the control and experimental

groups with respect to surface roughness (p < 0.00001).
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The control group (subtractive manufacturing) exhibited significantly lower Ra
values (0.3525+0.07301um) compared to the experimental group (additive
manufacturing) (1.059 +0.4927 um) (Table 3). This indicates that the surfaces of milled
zirconia restorations were on average smoother than those of zirconia restorations

produced by additive manufacturing.

Table 1. Average Ra values or each subtractive manufacturing sample

Sample Ra (um)
M1 0.3926
M2 0.3994
M3 0.3960
M4 0.1960
M5 0.2534
M6 0.2662
M7 0.3818
M8 0.4568
M9 0.3100

M10 0.4122
M11 0.3380
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Table 1. Continued

M12 0.4356
M13 0.3336
M14 0.4486
M15 0.3980
M16 0.2824
M17 0.3168
M18 0.3324
Mean 0.3525
Median 0.3599
Range 0.2608

Table 2. Average Ra values for each additive manufacturing sample

Sample Ra (um)
P1 0.3670
P2 1.1795
P3 0.4648
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Table 2. Continued

P4 1.6246
PS 1.1298
P6 0.7320
P7 1.2672
P8 1.6864
P9 1.5548
P10 0.586
Mean 1.059
Median 1.155
Range 1.3194

Table 3. Average Ra and Standard Deviations for subtractive and additive
manufacturing groups

Group Ra value (um)

Mean =+ Standard Deviation

Subtractive Manufacturing (n=18) 0.35 +0.07

Additive Manufacturing (n=10) 1.06 +0.49*

* statistically significant difference p<0.00001
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Figure 6. Average Ra and standard deviation for subtractive and additive
manufacturing groups

Discussion

Based on the results of this study, the null hypothesis was rejected. The
manufacturing process of full contour zirconia restorations had a statistically significant
effect on surface characteristics. Zirconia restorations produced by additive
manufacturing, even after post-manufacturing polishing, showed significantly higher Ra
values compared to restorations produced by subtractive manufacturing. This indicates
that the surfaces of zirconia produced by additive manufacturing were significantly
rougher than those produced by milling. The clinical implications of rough surfaces in
the oral cavity are clear. Restorations with rough surfaces are prone to biofilm

accumulation, greater antagonistic wear, and lower color stability.37-42
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Porosities and rough surface characteristics provide reservoirs for adherence of
bacteria biofilms.37-3 When these roughened surfaces are present at the margins of the
restorations (as was assessed in the present study), recurrent caries and thus failure of
the restoration can occur. Abdalla et al. 2020, sought to determine the effect surface
roughness has on bacterial adhesion for various ceramic restorations. The authors
found that roughened ceramic surfaces exhibited a greater percentage of live bacteria
and biofilm coverage with respect to Streptococcus mutans.®” As Streptococcus mutans
is the primary microbe responsible for initiation of dental caries, it is clear, roughened
ceramic may allow accumulation of bacteria (especially at the margins) leading to
greater risk for recurrent caries and thus greater risk for failure of the restoration.
Checketts et al. 2014 assessed the effect dental prophylactic instrumentation has on
surface roughness of ceramic restorations as well as the adherence of common microbes
associated with dental caries (Streptococcus mutans, Lactobacillus acidophilus,
Actinomyces viscosus). The authors found that curettage with stainless steel scalers
created greater roughness in ceramic restorations. These roughened restorations
subsequently showed greater overall bacterial adhesion.3 While the surface roughness
in this study was not inherent of the material itself but rather induced by scaling, the

conclusions are the same — rough surfaces promote bacterial adhesion.

The smoothness of restorations can also influence wear patterns. When the
restorative material is rough, greater wear of opposing surfaces can be expected. This
can result in occlusal instability and irreversible damage to the opposing tooth,
requiring additional prosthetic intervention. These effects can be magnified in

individuals with parafunctional habits. Janyavula et al. 2013 effectively demonstrated
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that as surface roughness (measured as Ra) increased, wear of opposing enamel
increased significantly.3® With respect to zirconia restorations subject to different post-
processing finishing and polishing procedures, Park et al. 2014 showed a positive
correlation between surface roughness and antagonistic wear.*? However, a recent study
by Branco et al. 2020 showed more favorable antagonistic wear for printed zirconia
specimens compared to those that were produced by subtractive manufacturing, even
though the printed specimens in question were more porous. It is possible that the
reduced hardness observed in printed samples offset the increased surface roughness
resulting in decrease wear of enamel. With this in mind, further investigation into the

various factors that influence antagonistic wear is warranted.

The final characteristic of restorations negatively impacted by surface roughness
is color stability. The primary benefit of ceramic restorations has always been the ability
to mimic the color characteristics of natural teeth. Long term esthetic success of the
restoration is highly dependent on the ability of the restoration to maintain stability of
shade and avoid excessive staining compared to natural teeth. It is reasonable to assume
that if the surface of a restoration is not adequately polished or is excessively rough, that
staining can occur, leading to change in color, which could lead to esthetic failure
necessitating the premature replacement of the restoration. This assumption has been
supported by current literature. Petropoulou et al. 2020 showed a positive relationship
between surface roughness and color instability.*! While this article supports the
assumption that rougher surfaces accumulate stain more readily than smoother surfaces,
this article may be less generalizable to the present study as Petropoulou et al. 2020

were studying this effect on gingiva-colored resin composites.** Al-Zordk et al. 2020
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sought to determine the effect clinical adjustment (i.e. roughening of the surface) had on
the color stability of zirconia restorations. The authors found, that while stain
accumulation increased for restorations roughened by clinical adjustment, these color
changes were not outside the range of clinically acceptable.*? It appears that while the
assumption that greater roughness leads to significant color instability may be correct,
the changes expected in roughened zirconia restorations may require further

investigation.

The potential benefits of producing ceramic restorations by additive
manufacturing are known. An additive manufacturing process conserves material more
effectively than subtractive manufacturing, and for this reason could reduce material
costs. Additive manufacturing, being a layered process, also provides intriguing
advantages related to the fabrication of highly esthetic ceramic restorations as it may
allow the layering of different shades to be performed in a more systematic and
predictable way. However, the present study shows that the process is limited in its
ability to produce a restoration with adequate smoothness. When taken together with
other studies that have shown inconsistent results for flexural strength and marginal and
internal fit for zirconia produced by additive manufacturing, further advancements in
this process are certainly required until it can be used routinely for the fabrication of
zirconia restorations. This will require further research and development of additive

manufacturing techniques.

It is necessary to discuss limitations of the present study. The primary limitation
stems from the use of profilometry to measure surface roughness of the specimens.

Profilometry is best suited for measuring roughness on flat surfaces, however the
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specimens utilized in this study were full contour restorations with various convexities.

To combat this, the flattest surface closest to the buccal margin of the specimens was

identified and utilized as the region of interest for measuring surface roughness. A putty
matrix was fabricated to standardize the orientation of each sample within the
profilometer. Because all samples were full contour restorations and the same procedure
was utilized for each specimen, the effect of using profilometry to measure Ra values
for a non-flat specimen should be negligible. In addition, there are inherent drawbacks
of stylus profilometry. For one, sensitivity of the stylus to changes in surface
topography is limited by the diameter of the stylus itself.° Furthermore, stylus
profilometry only provides a 2-dimensional representation of the sample surface. Other
methods, such as laser profilometry (which produces an Sa rather than Ra value) are
more suited to assess the 3-Dimensional nature of the sample. It has been recommended
that using a combination of methods (i.e. stylus profilometry, laser profilometry, and
scanning electron microscopy) may provide a more complete picture of surface
topography.%° The use of stylus profilometry in the present study was due to practically
and availability of the necessary equipment. The other limitation of the present study is
the post-milling/post-printing finishing and polishing. For the present study, a two-step
polishing procedure was utilized. Because the printed zirconia specimens were received
after polishing had been completed, a comparison of pre- and post-polishing for printed
zirconia could not be completed. In addition, utilization of different post-printing
processing techniques was not assessed. All samples in the present study were polished

using the same procedure. Because of this, no comment can be made on whether a
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different polishing technique would produce printed specimens with smoother surfaces.

This is a question that should be addressed in future studies.
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