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The difficulty in obtaining human teeth that are caries-free that have similar environ-
mental exposure, e.g., diet intake and water fluoridation has lead researchers to opt
for bovine teeth as a substitute for erosion studies. Bovine mandibular incisors are
readily available at abattoirs and often originate from the same region and are likely to
consume similar dietary intake. The bovine teeth for erosion or abrasion studies usually
undergo specimen preparation to produce a “flat surface” baseline specimen. Among
other terms used to define baseline specimens for erosion and abrasion studies include
phrases like “optically flat” and “flat and smooth surface.” However, these terms might
have no quantitative value as it does not justify the actual surface characteristics of the
prepared flattened surface. In dentistry, roughness average (Ra) is the most commonly
used parameter when reporting the roughness of specimens Reporting Ra alone might
not be sufficient as it does not provide information regarding the surface texture as
there is no distinction between valleys and peaks, nor does it provide information
about the core structure of a material unlike the bearing area curve. The incorporation
of Ra and BAP values in baseline specimens has the potential in predicting the wear
or lubricating potential of these specimens. Furthermore, standardization of baseline
specimens by acknowledging its surface roughness values ensures comparability of
erosion and abrasion studies as different specimen preparation technique might influ-
ence the outcome or results of research.

General Introduction

Human teeth that are caries-free and originate from the
same environment are challenging to obtain in sufficient
numbers.! Currently, most erosion and abrasion studies use
bovine mandibular incisors as a substitute for human teeth.
Bovine teeth are more readily available? and often origi-
nate from the same region and environment.! Furthermore,
bovine teeth do not suffer from caries.?

In erosion and abrasion studies, the human or bovine
teeth require some form of preparation before exposing
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these specimens to any wear or acidic challenges. The spec-
imen preparation process typically involves the sectioning
and embedding of teeth in a mold. Once embedding is com-
pleted, these specimens are subjected to a specific lapping
and polishing procedure to produce a flat surface. The flat
surface is usually described as the baseline. The terms that
have been used to define the baseline for specimens are as
follows; “flat surface,” “optically flat,” “flat and smooth sur-
face,”® and “polished and ground flat.”” However, these terms
do not represent the actual surface characteristics of a spec-
imen. According to Las Casas et al, even the most carefully
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prepared surface of any material would vary in surface tex-
ture when observed at a microscopic scale.® Some studies go
further to report the baseline based on the roughness average
(Ra) value®'® and the bearing area parameters (BAPs),° while
others simply optically inspect the baseline surfaces for
visible defects.!

Due to the lack of standardization in lapping and polish-
ing regimes employed in published studies, there is likely
a considerable difference in enamel specimens at baseline.
Silicon carbide abrasive papers of various particle sizes are
commonly used for the lapping procedure with a range
of lapping sequences reported; 600 grit'?; 800 grit*; 400,
600, 800 grit'*; 800, 1,200, 4,000 grit,' and 1,200, 4,000
grit.!® When polishing, aluminum oxide of different particle
sizes has been used; for instance 0.05 pym®'®; 1 and 3 um?6;
0.25,1, 3, and 6 pm'” and 1 pm.'® However, further studies
are required to determine the effects of different lapping
and polishing methods on the surface roughness of enamel.
To date, there have been no studies comparing the rough-
ness parameters (Ra and BAPs) of bovine enamel specimens
prepared using different silicon carbide abrasive papers.
Results obtained will identify whether or not there is a need
to standardize specimen preparation methods to ensure
comparability between abrasion and erosion studies.

A possible way of establishing standardization of the
specimens at baseline is by preparing the samples with (1)
a standard lapping and polishing procedure and; (2) a stan-
dard depth of enamel removal.’® Thereafter, the measure-
ment of roughness is needed to ensure the effectiveness of
the lapping and polishing methods in producing baseline
specimens with similar roughness values. Ra is a possible
way of verifying the surface roughness for these specimens.
However, the Ra value has its limitation as it only proves the
mean values of roughness across the surface. The BAPs are
a potentially valuable measurement for roughness as they
can provide more comprehensive information regarding the
surface characteristics, e.g., proportions of peaks and val-
leys of the surface. Furthermore, with the understanding of
the roughness parameters of the specimens at baseline, the
behavior of these specimens toward wear or fluid retention
could be understood to a better degree. Field et al reported
that although bovine and human enamel specimens had sim-
ilar Ra at baseline and post-erosion, their BAP values differed.
Human enamel specimens had more peaks whereas bovine
enamel had more valleys at baseline suggesting that human
enamel is likely to suffer early enamel loss upon erosive
attacks when compared with bovine enamel.’

Bovine Teeth and Human Teeth

Bovine Teeth As a Substitute for Human Teeth in
Erosion or Abrasion Studies
Several species are currently used as human substitutes for
in vitro dental research involving dental hard tissues.?’ These
include shark,”' pig,?? horse,®* cow,?* sheep,”® and primate
teeth.”

In recent years, almost half of in vitro erosion and abra-
sion studies have involved the use of bovine samples
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instead of human samples.?® Bovine mandibular incisors
are used most often.?”?” The bovine mandibular incisors
are readily available? and have a large flat surface area
without defects and carious lesions.?® Furthermore, a large
flat surface can provide a specimen with a relatively uni-
form thickness of enamel?® Their increased size com-
pared with human teeth makes bovine teeth easier to
handle and mechanically process.?® In contrast, human
teeth are generally smaller, making it challenging to pro-
duce a specimen with a flat surface and uniform thickness
of enamel.?® The mean mesiodistal width of a human cen-
tral incisor was reported to be approximately 8.80 mm for
males and 8.67 mm for females.? In contrast, bovine incisors
could reach up to 20 mm in mesiodistal width. The human
teeth that have been used in erosion and abrasion studies
include impacted third molars** and nonimpacted third
molars.>! The impacted molars exhibit areas with aprismatic
enamel, surface irregularities, and projections and are less
susceptible to acid dissolution when compared with nonim-
pacted third molars.'*32 Besides third molars the use of sec-
ond molars,* first molars,*® premolars,’* incisors,*-* and
deciduous teeth?**°40 have also been reported as in =Table 1.

Other limitations of human teeth include the difficulty in
obtaining sufficient quality since many are often extracted
because of extensive caries and other defects.? Not only that,
but it is also challenging to control the age and source of the
collected human teeth, which can influence the outcome
measures of research.?® Conversely, healthy bovine teeth are
easier to obtain in sufficient quantities as they do not suffer
from caries.® For each reported study, the cattle from which
the teeth are derived usually originate from the same region
and are likely to be exposed to similar dietary and environ-
mental factors.! Hence, the bovine teeth used in research are
more similar to one another than teeth obtained from differ-
ent human subjects.’

Enamel Microstructure of Human and Bovine Teeth
Human dental enamel is the hardest tissue in the body being
composed of 1 to 2% organic material, 3 to 4% of water, and

Table 1 The type of human teeth that have been used in
previous erosion or abrasion studies

Type of human teeth used in previous erosion or abrasion
studies

Huysmans and Thijssen, 2000,
Ceci et al, 2015; Jameel et al,
2016

Lussi et al, 2000;
Wongkhantee et al, 2006

Lippert et al, 2004
Lipper et al, 2004

Gans et al, 2000;
Newman et al,1974

Eisenburger and Addy, 2001;
Ganss et al, 2000

Amaechi et al, 1999; Lussi et al,
2000; Cherian et al, 2020

1. Incisors

2. Premolars

3. First molars

4. Second molars

5. Third molars

6. Impacted third molars

7. Deciduous teeth
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92 to 96% of inorganic matter.*’ The inorganic component
consists mainly of calcium phosphate in the form of size-
able hexagonal hydroxyapatite (HAp) crystals,*? organized
into rods, or prisms which are, in turn, perpendicular to the
dentine-enamel junction. These rods form a keyhole-like
structure measuring approximately 5 pm in diameter.**44 The
hydroxyapatite crystals within the keyhole structure have dif-
ferent orientations in the head and tail area as in =Fig. 1.4

The mechanical properties of enamel are influenced
by the enamel rod orientation.**4’” The angle between
the amelodentinal junction (AD]) and the enamel rods in
bovine teeth ranges between 45 to 55 degrees®® whereas,
in human teeth, it ranges from 70 to 90 degrees.* Xu et al
reported that the occlusal section, which consists of enam-
els rods perpendicular to the surface was more resistant
to erosion when compared with the axial section.?’#8 In
the axial section, approximately half the enamel prisms
appeared parallel, and the other half appeared angled to
the surface.*” In contrast, another study concluded that
polished enamel samples showed no significant differ-
ence in erosive depth when tooth sides were compared.
However, the distal surfaces of unpolished enamel speci-
mens were more prone to acid dissolution when compared
with the occlusal, buccal, and mesial surfaces.'

The hardness value of enamel was observed to be the
highest at the external surface of enamel and decreased
with the depth toward the ADJ, approximately 3.5 GPa and
2 to 2.5 GPa, respectively*® or by 17%* suggesting that hard-
ness value differs between layers in a tooth and could have
an effect on the rate of wear.*

A study by Wang et al using scanning electron micros-
copy revealed two main characteristics of bovine enamel
that differs from human enamel, which are:

1. Alarger size of fiber-like enamel crystals.
2. A complicated spatial-relationship between interprisms
and prisms.

Interrod e——
Enamel

Head ——

Fig. 1 Schematic drawing of enamel microstructure showing
keyhole-like rods aligned in parallel. These rods measure approxi-
mately 5 ym in diameter. The area in between the rods is known as
interprism enamel. (Reproduced with permission of Habelitz et al*).
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A bovine enamel prism contains a bundle of HAp fiber-like
crystals measuring approximately 80 nm in diameter and
600 nm in length.?’ The bovine crystals are more significant
in both length and thickness than human crystals as reported
in studies measuring these crystals using the transmission
electron microscopy. These studies revealed that each human
enamel crystal is approximately 25 to 40 nm thick and 70 nm
wide, respectively.>*>! The length varied among studies rang-
ing from 50 to 100 nm in diameter.>> The larger crystals in
bovine enamel might be due to the rapid development during
tooth formation.> These large crystals contribute to the poros-
ity of bovine enamel which causes demineralization to occur
three times faster than human enamel.?*>> Demineralization
of bovine enamel is influenced by the acid-exposure times;
human and bovine enamel behaved similarly at short acid
exposure times (1-60 seconds). However, when the exposure
time was increased (1-60 minutes), bovine enamel tissue loss
progressed 30% faster than human enamel® The porosity
of bovine enamel causes a rapid diffusion of acid ions within
enamel upon subjecting it to acid challenges. As the softened
enamel layer increases in thickness, there is a greater distance
for the acid ions and dissolution products to travel to and from
the dissolving crystal surface causing demineralization to occur
faster in bovine enamel as compared with human enamel.%’

Wang et al also highlighted the difference in the orienta-
tion of the interprism crystals in bovine enamel compared
with human enamel. The interprisms of bovine enamel are
arranged in continuous plate-like structures between rows
of enamel prisms. Moreover, the interprisms are perpendic-
ular to the orientation of prism crystals at the prism/inter-
prism decussating planes.?’ In contrast, interprism crystals
in human enamel appeared to “lock” the prism crystals in
place®® or have a keyhole-like arrangement.** Therefore, the
interprism/prism decussating planes do not exist.>®

Although bovine enamel is a suitable substitute for human
enamel in demineralization studies, it is not recommended for
crack propagation studies due to its interprism/prism decus-
sating planes which results in a weak combination of prisms
causing easier crack propagation.?’ Besides that, due to the
prisms being parallel on the outer surface of bovine enamel
as in =Fig. 2, it possesses lower bond strengths as compared

Fig. 2 SEM micrograph of parallel prism in the horizontal section
of bovine enamel. A typical honeycomb pattern visible in the outer
enamel (x10,000, bar = 1 pm). SEM, scanning electron microscopy.
(Reproduced with permission of Wang et al?°).
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with human enamel® and might not be suitable for adhesive
studies either.

Enamel Specimen Preparation in Erosion and
Abrasion Studies

The main focus of this review was to establish the need for
developing a reference set for polished bovine enamel sam-
ples based on surface characteristics, specifically, rough-
ness. A search was conducted with Scopus (http://www.
scopus.com) using the following keywords “enamel” AND
“erosion or abrasion” AND “surface roughness.” Forty-eight
studies were identified under the keywords mentioned
above from the year 2000 to 2020. However, only nine
studies were relevant to the preparation of bovine enamel
specimens. Other studies that were not included involved
human enamel (adult or primary teeth), bovine dentin,
synthetic hydroxyapatite, or nondental-related enamel
specimens. The information needed for this review was
extracted and discussed in further detail based on these
following topics: sourcing specimens; storage medium for
specimens; sectioning of specimens; method of embed-
ding specimens; lapping and polishing technique.

Sourcing Specimens
Teeth or dental hard tissues used in clinical studies should
be representative of the population. Unfortunately, the
environment surrounding human teeth varies in terms of
fluoride therapy, salivary composition, oral hygiene, and
diet® making interpretation of findings more difficult.
Bovine teeth are often used as a substitute for human teeth
because they are more readily available and often orig-
inate from the same region with similar environmental
factors.? Additionally, as the bovine teeth composition has
less variation than human teeth, the use of bovine teeth
results in a more standardized test condition.’® Furthermore,
six permanent incisors are available for extraction from cat-
tle of 18 to 36 months of age.®°

In erosive or abrasive studies, bovine enamel remains the
substitute for evaluating remineralization and demineraliza-
tion of enamel®S! as it reacts similarly to acidic challenges
when compared with human enamel,? particularly during
short exposure times.>® However, longer exposure time fas-
tens the rate of demineralization of bovine enamel*® due to
its large hydroxyapatite crystals that cause porosity within
the enamel structure thus leading to increased permeability
of acid ions when compared with human enamel.>® However,
there is still a lack of research evaluating the influence of
the surface characteristics or texture of polished human and
bovine enamel on demineralization.?

Storage Medium for Specimens

The bovine enamel specimens must often be decontaminated
and stored before usage as extracted teeth are a potential
source of cross-contamination to personnel and laboratory
equipment.®? A variety of storage media are reported in
“in vitro” studies which include chloramine-T,%¢*%* tap
water,'¢ thymol,’*% and formaldehyde.!?
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Habelitz et al observed the reduction in hardness value of
enamel when stored in deionized water or in calcium chloride
(Ca-Cl,) buffered saline.”® The hardness value of enamel was
reported to range between 3.2 and 3.7 GPa prior to storage.
However, the hardness of enamel decreased by 10% within a
day of storage for both storage solutions. Furthermore, within
2 weeks, the decrease of enamel hardness was more promi-
nent in specimens stored in Ca-Cl,-saline buffered solution
when compared with deionized water, a reduction of hard-
ness value of 35 and 25%, respectively.® Storage solutions that
have been recommended by other authors are chloramine-T
and formaldehyde. Chloramine-T and formaldehyde solution
are disinfectants and does not alter the mechanical proper-
ties of specimen.57¢8

Another study reported the impact of storage conditions of
eroded bovine enamel and dentine specimens on profilomet-
ric analysis.®® They reported that desiccated dentine causes
shrinkage of exposed surface collagen and dentin bulk, thus
producing different profilometric readings when compared
with wet dentin samples. However, eroded enamel samples
stored in wet or ambient conditions or being exposed to
excessive rehydration and desiccation did not influence the
performance of the profilometric measurement.®

The choice of the storage medium is essential as it might
alter the mechanical properties of enamel, e.g., reduction in
hardness.® The storage condition of enamel, either wet or
desiccated, does not have an implication on the measure-
ment of roughness using a contact stylus profilometer.5

Sectioning of Specimens

Prior to embedding the bovine enamel specimens, the
bovine teeth are visually'"!* or microscopically®’ examined
to confirm the absence of physical damage such as cracks,
stains, or white spot lesions."" There are various ways to
section an intact bovine tooth to produce enamel slabs
which include using a low-speed water-cooled diamond
saw, 16176370 slow-speed water-cooled drill,’* high-speed
rotary diamond bur,®® or diamond disk.'*!

The dimension of the enamel slabs used in erosion or
abrasion studies ranged between 4 and 10 mm in width and
2 and 4 mm in height.'*161772 As this research involves the
roughness measurement of polished bovine enamel spec-
imens using a contact stylus profilometer, the size of the
enamel slabs should be determined based on the sampling
length and evaluation length, which is selected, based on the
Ra of the specimen. =Table 2 indicates the sampling length
recommended by the British Standard 1134-2:1990 for
nonperiodic profiles. Nonperiodic profiles refer to surfaces
that have undergone either grinding, polishing, lapping, or
super-finishing.”

Field et al and Nekrashevych et al observed anRa of 0.13 and
0.12 pm for polished bovine enamel specimens at a sam-
pling length of 0.3 mm and an evaluation length of 1.5 mm.
According to the British Standard BS1134-2: 1990, the Ra
value that ranges between 0.1 and 2.0 pm (refer ~Table 2)
requires a sampling length of 0.8 mm.” Furthermore, a sam-
pling length of 0.8 mm requires an evaluation length that
ranges between 2.40 and 8.00 mm, as seen in ~Table 3.
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Although the sampling and evaluation length chosen for
both studies mentioned above®!® might not adhere to the
standard recommended by the British Standard (BS) 1134
and Mitutoyo stylus profilometer guideline, which is 0.8 mm
(sampling length) and 2.4 to 8.0 mm (evaluation length),
respectively, instead of 0.3 and 1.5 mm, the Ra from both
studies could serve as a guide in the selection of sampling
length, evaluation length, and size of bovine enamel speci-
mens for this research.

Method of Embedding Specimens
The bovine enamel specimens are embedded for eas-
ier handling and manipulation.®® Resins used to embed
enamel specimens include styrene-based resins,*'%'® acrylic
resin,'®* epoxy resins,'” slow-setting composite resin,’® and
polyurethane.®

The casting process begins by placing the sectioned enamel
specimen at the base of the mold and ensuring it is centrally
located.” The specimen can be held in place by a sticky wax
to avoid movement of the specimen. Then, the casting resin
is poured into a plastic mold until the desired height.® The
casting material fully sets after 24 hours.*’* The removal of
the embedded specimen from the mold requires the base
to be removed before pressing it out of the plastic ring. Both
surfaces of the cylindrical blocks that contain the embedded

Ishak et al.

defined and have a standardized polishing procedure and
depth of material removed.'

Surface analysis requires the bovine enamel specimen’s
surface to be lapped flat. The silicon carbide abrasive papers
are the most commonly used material to achieve a flat sur-
face on samples before surface analysis.!*!36>

In erosive and abrasive studies, the lapping technique
mainly involves the use of silicon carbide abrasive papers
of descending coarseness denoted by the ascending grit
number to produce a smooth and flat surface. Among the
lapping sequence used for bovine enamel specimens are
600 grit'?; 800 grit*; 320, 600, and 1,200 grit''; 400, 600,
800 grit'; 600, 800, 1,000, 1,200 grit%; 800, 1,200, 4,000
grit,’* and 1,200, 4,000 grit.’° The grit number refers to the
size of particles of abrading materials embedded in the
silicon carbide papers which decreases as the grit number
increases as summarized in =Table 4. The particle sizes
vary despite having the same grit number. For example

Table4 Represents the standard conversion and average particle
diameter for the United States CAMI (Coated Manufacturers
Institute) and the European FEPA (Federation of European
Producers of Abrasives) “P” grading system. The FEPA system is
equivalent to the ISO 6344 standard (2011)

specimen should be parallel to ensure stability upon measure- ISO/FEPA Grit CAMI Grit Average particle
ment,’ e.g., microhardness or contact-profilometer analysis. designation designation diameter (um)
(P grade)
Lapping and Polishing Technique P60 269
The Workshop on Methodology in Erosion Research sug- 0 65
gested that the specimens at baseline should be carefully
P8O 210
80 190
Table 2 Sampling lengths for the measurement of Ra of P120 125
nonperiodic profiles reproduced from British Standard BS 1134 120 115
(e.g., ground profiles)
Ra Sampling length P180 180 82
Over Up to and (cut-off) P240 58.5
pm including pm i 240 53.0
0.02 0.08 P360 40.5
0.02 0.1 0.25 320 36.0
0.1 2.0 0.8 P400 35.0
2.0 10.0 2.5
360 28.0
10.0 80.0 8.0
P600 25.8
400 23.0
Table 3 The recommended evaluation length for each
sampling length, adapted from Mitutoyo Stylus Profilometer P800 21.8
guideline (2002) 500 20.0
Sampling length mm Evaluation length mm P1000 183
0.08 0.4-2.00
600 16.0
0.25 1.25-5.00
0.80 2.40-8.00 P1200 153
2.50 5.00-15.00 800 12.6
8.00 16.00-40.00 P2000 1,000 10.3
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(refer =Table 4), ISO Grit” designation of P600 and CAMI
Grit designation of 600, although it has the same grit num-
ber of 600, the particle size incorporated into these sili-
con carbide abrasive papers differs, at 25.8 and 16.0 um,
respectively.

The human enamel thickness for central incisors
ranges from 0.89 to 1.06 mm,”®* whereas the enamel
thickness for bovine mandibular incisors can reach up
to 1.5 mm.”” It is known that the flattening of specimens
causes a varying degree of enamel removal between 100 and
400 pm’10143334 and exposure of crystallites which might be
susceptible to abrasion.” Furthermore, the lapping process
causes removal of surface enamel, which is highly mineral-
ized and 100-pum thick® resulting in an artificially elevated
measurement of tooth surface loss upon acidic challenges.”

Various methods have been advocated to ensure uni-
formity in the removal of enamel during the flattening
procedure. Several studies have suggested these follow-
ing techniques for standardization of enamel removal:
(1) using a micrometer to measure the depth of enamel
removal'®; (2) consistent time for different polishing
papers, 30 seconds for 600 and 60 seconds for 1,000, 1,200,
and 4,000 silicon carbide abrasive papers'®; (3) constant
force, 2.83N%; and (4) consistent time and load, 172 g for
30 seconds.!®

Several studies have incorporated the use of polishing
paste of different particle sizes after the lapping procedure
to produce a smooth enamel surface.'>!® Among the particle
sizes that have been used are 0.05 to 6 um.*!>'® Furthermore,
some studies advocate the use of ultrasonication of speci-
mens to help remove debris caused by the lapping and pol-
ishing procedure.!17:5671

As mentioned earlier, there is a need in standardization
of specimens at baseline in terms of polishing method and
depth of material removed' as there has been a variety of
specimen preparation being employed in previous erosive
or abrasion studies. Other factors that also need to be taken
into consideration are the silicon carbide abrasive paper
selected as the European FEPA (ISO 6344 standard) and the
United States CAMI has different particle sizes despite having
the same grit number. For the measurement of roughness of
polished bovine enamel specimens undergoing profilomet-
ric analysis, the selection of sampling length and evaluation
length should be based on the recommendation of the British
Standard 1134:1990.

Measurement of Roughness

According to the British Standard 1134-2:1990, the mechan-
ical method or the contact profilometer remains the most
commonly used technique for measuring surface roughness
as compared with the optical technology.”

Contact Profilometer: Mechanical Stylus Method

The contact profilometer is the most frequently used tech-
nique in measuring surface roughness or surface changes of
dental hard tissues.® A contact profilometer consists of a stylus
that is mechanically connected to a transducer. As the stylus

European Journal of Dentistry © 2020.
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moves across the specimens’ surface, it detects the surface
deviations by producing an analogue signal that corresponds
to the vertical movement of the stylus. The signal undergoes
amplification, conditioning, and digitizing®°$! before analysis
using a commercial imaging and statistical software.?

Roughness values obtained from the stylus profilome-
try are dependent on the diameter of the diamond-tipped
stylus.®'82 The radius of the stylus tip has been reported to
range from 0.1 to 25 pm.5'$1-8283 A larger tip may distort sur-
face roughness values®?%4 due to the inability of the stylus tip
to reach the deep narrow grooves on the surface profile$®® as
in =Fig. 3.

Furthermore, the stylus tip is also capable of making visible
scratches on softer surfaces such as enamel and dentin,®® thus
causing damages and measurement errors.®*%5 The scratches
caused by profilers were seen on eroded human enamel
specimens ranging from 57.6 to 577.1 nm in-depth.®® The
low pH value (pH 2.3) and longer exposure time to acidic
solution (40 minutes) created the deepest scratch value.
However, scratches were not found on the noneroded human
enamel specimens that acted as the control group.® If neces-
sary, tolerances according to DIN ISO 8785 can be set for the
profilometer to filter surface imperfections, such as cracks,
scratches, and dents which are not part of the measured pro-
file.’” Nonetheless, if the extent of damage due to the stylus
is minimal and observed across all specimens, the possible
differences in measurement among samples might not be
affected.®®

The Ra of specimens determines the sampling length
selection. As suggested earlier, a sampling length of 0.8 pm
is suitable for the bovine enamel specimens as studies have
reported the Ra value ranging from 0.12'° to 0.13 pm.° It is
advisable to obtain the mean value of several observations
per specimen to eliminate the variations within a specimen.”®

Noncontact Profilometer: Optical Method

The optical method is a noncontact laser method that provides
the same information regarding roughness as the ones provided
by the contact profilometer technique.® The optical technique is
useful in generating a highly detailed image of the enamel sur-
face. However, the laser has potential in penetrating the trans-
lucent enamel surface, thus creating a background noise which

Fig. 3 The effect of stylus tip radius on the profile traced. (This
image is reproduced with permission of Radhakrishnan®?).
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affects the measurement of the surface profile.®® Furthermore,
a surface that has sharp edges at the bottom of a groove causes
the laser to “overshoot” hence providing misleading informa-
tion regarding the surface characteristics.*

Rodriguez et al concluded that that digitization of den-
tal materials on optical profilometers was effected by
color and transparency whereby darker materials showed
higher roughness values as compared with lighter mate-
rials (p < 0.05).°° The advantage of optical profilometer is
that it helps to overcome the need of applying a preset force
(e.g., contact profilometer) which could eventually distort
the research specimens.”® However, selection of impression
materials for the optical profilometry measurement is essen-
tial as darker colored impression materials produce a higher
surface roughness value®' and impression materials also have
the potential risk of dimensional errors while replicating the
dental tissue surfaces.”

Roughness Parameters: Roughness Average
and Bearing Area Parameters

Surface roughness refers to the variation in the height of
the surface relative to a reference plane.®’ In dentistry, Ra
is the most commonly used parameter in reporting surface
roughness.”

Ra is the arithmetic mean of the absolute values of the
vertical deviation from the mean line through the sam-
pling length,®® also known as the center line average.®* The
surface is considered rough if the deviations of the profile
from the mean line are large and smooth if the deviations
are small.®® Ra is useful in establishing a general guideline of
the surface texture of a specimen; however, it does not pro-
vide information on the surface with deep pits, sharp spikes,
or the general isotropy.>*® Field et al recommended supple-
menting the Ra value with BAPs which may have benefits in
predicting the behavior of human or bovine enamel toward
erosive or abrasion challenges.®

The BAC or Abbott-Firestone curve was first described by
Abbott and Firestone in 1933.% The BAC provides information
on the peaks, valleys, and the core structure of the material
by plotting the vertical deviations or height distribution of
a surface in a negatively skewed manner,®'*’ thus producing
parameters such as peak height (Rpk), core height (Rk), valley
depth (Rvk), the material ratio of peaks (Mr1), and material
ratio of valleys (Mr2)% as in ~Fig. 4 and =Table 5.

The resulting bearing curve
& - — S Upper intercept
al Eoe ~ d Rox I\ o
Ry Lower|intercept
\
- = ™
R\r'h' 1
Measured using profilometry (laser or stylus)
MR, MR;

Fig. 4 The bearing area curve and parameters. (Adapted from Field
et al®).

Ishak et al.

In engineering, the BAP is also known as the functional
parameters whereby it provides information on the surface
that are prone wear (Rpk), the ability of the surface to retain
fluid or the lubricant retention region (Rvk), and the surface
texture (Rk).%*%° The BAP serves the importance of develop-
ing a quality manufacturing process and to ensure consistent
part performance, for example, the production of clutch plate
design.®® In relation to dentistry, knowing the surface char-
acteristics using the BAC may provide information of early
tooth tissue loss, the ability to retain fluid components, and
the long-term resistance of dental hard tissues subjected to a
variety of chemical and mechanical insults.’ The proportion
of eroded peak profiles (Mr1) for human enamel specimens
decreased upon acid exposure suggesting that human enamel
tends to suffer early enamel loss when compared with bovine
enamel.® =Fig. 5 illustrates the importance of BAP instead
of Ra alone in evaluating the surface texture of specimens.
Sample A and B had similar Ra value, but upon obtaining the
BAC, sample A had deeper valleys (Rvk), whereas sample B
had higher peaks (Rpk).

Conclusion

In conclusion, there might be a need in standardization of
specimens at baseline based on the specimen preparation
method, particularly the lapping procedure and depth of

Table 5 The description of bearing area parameters (BAP)
based on =Fig. 4

Bearing area parameters Definition

Core roughness:

A straight template

covering 40% of the total is
offered to the central and
flattest portion of the BAC
and moved until the slope

is a minimum (red line in
=Fig. 4). This straight line is
projected through the axes.
The height that separates the
two intercepts is known as core
roughness, Rk.

Peak height:

The height of the right-angled
triangle constructed from the
area above the intercept (blue

1. Rk (Working region or
the base)

2. Rpk(first regionin contact)

arrow in =Fig. 4).

Valley depth:
The height of the triangle con-
structed below the intercept

3. Rvk (lubricant retention
region)

(green arrow in =Fig. 4).

4. Mr1 (Peak material) Material ratio peaks:
The percentage of bearing area
(peaks) found in the limits of

the core profile.

5. Mr2 (Valley material) Material ratio valleys:
The percentage of bearing area
(valleys) in the limits of the

core profile.

Abbreviation: BAC, bearing area curve.
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Sample A  font
Rvk
Sample B

Fig. 5 Sample A and B surface with similar Ra However, sample A
has deeper troughs (higher Rvk), whereas sample B has higher peaks
(Rpk) on the bearing area curve. (This schematic drawing is repro-
duced with permission of Field et al®).

enamel removal. The term “flat surface” or “optically flat” used
to describe the specimens at baseline has no quantitative value
as it does not justify the actual surface characteristics of the
prepared flattened specimen. Currently, there are no studies
on the Ra and BAP of bovine or human enamel specimens at
baseline that are lapped using different silicon carbide abra-
sive papers. Baseline specimens should incorporate Ra and BAP
values as it has potential in predicting the wear or lubricating
potential of these specimens. Furthermore, standardization of
baseline specimens by acknowledging its surface roughness
values ensures comparability of erosion and abrasion studies
as different specimen preparation technique might influence
the outcome or results of research.
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