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Abstract
Surface roughness has an important influence on the service performance and life of parts. Areal surface
roughness has the advantage of accurately and comprehensively characterizing surface microtopography.
Understanding the relationship and distinction between profile and areal surface roughness is conducive to
deepening the study of areal surface roughness and improving its application. In this paper, the concepts,
development, and applications of surface roughness in the profile and the areal are summarized from the
aspect of evaluation parameters. The relationships and differences between surface roughness in the profile
and the areal are analyzed for each aspect, and future development trends are identified.
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1. Introduction
A machined surface is composed of a series of peaks and valleys with different heights and
spacings. Surface roughness refers to microscopic geometric features of tiny peaks and valleys
on a machined surface, usually arranged in a non-deterministic way or at least with stochastic feature components. This microscopic property has an important influence on the sealing,
wear resistance, fatigue strength, contact stiffness, and corrosion resistance of the surface of
a part and the factors related with its performance and life [1]. Surface roughness is classified
as either profile or areal. The surface profile is obtained by intersecting the real surface with
a specified plane. Quantitative evaluation of profile surface roughness is performed on the profile of the surface to be measured, and the evaluation of areal roughness is performed on the
sampling area.
Early studies of surface roughness were qualitative. For example, in the 1930s, German
manufacturers used triangular symbols combined with visual methods to specify the roughness
of a machined surface. At the same time, Abbott in the United States and Schmaltz in Germany
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launched research on surface roughness parameters and instruments [2, 3]. Since the 1940s,
a number of countries have developed standards for assessment of surface roughness which are
based on the mean line system. After the development of international standards, the revised
standards of various countries have moved closer to international standards and are basically
consistent. The analysis of surface roughness has been developed for more than 100 years, and
the profile roughness analysis method has been widely used in manufacturing processes [4].
However, profile roughness has drawbacks; for example, a profile can poorly express surface
topography with a specific non-isotropic structure and care has to be taken of the orientation
of the profile with respect to lay. The limitations of profile roughness have encouraged the
development of areal roughness. The analysis of areal surface topography first appeared in
1967, and Williamson established the first micro-surface topography measurement system at that
time [5]. In the 1970s, Nayak, Sayles, and Thomas first defined peaks and valleys on measured
areal surface data on axes [6, 7]. In the late 1980s, the advent of personal computers made
it possible to analyze areal roughness [8]. Research on areal characterization experienced its
first important turning point in April 1990 with an areal roughness research project led by the
University of Birmingham which was strongly supported by the European Community. In this
project, Stout et al. made outstanding contributions [9]. The “Blue Book” published as a result
of the project presents a basic set of standards for areal roughness assessment [10]. In May 1998,
the European Union gave funds to the University of Huddersfield for the SURFSTAND project
which evaluated and improved the Birmingham 14 parameters, developed robust and wavelet
filtration techniques, and studied the calibration of areal roughness instruments [11]. After the
completion of large projects such as SURFSTAND and AUTOSURF (a project to solve surface
texture problems of the automotive industry), the International Standardization Organization
(ISO) began to develop areal roughness standards. In January 2003, ISO/TC 213 established
the working groups WG 16 to develop international standards on roughness parameters and
measurement instrumentation in particular with view to areal roughness and WG 15 to develop
the standards on filtration [12]. In May 2003, the “Green Book” containing all of the results of
the SURFSTAND project was published [13]. At the end of 2005 ISO assigned the number ISO
25178 to the areal surface topography standard, and the surface metrology changed from profile
to areal [14].
It can be seen that areal roughness is developed from the profile. However, the characterization
of areal roughness does not simply extend from the profile to the areal. In addition to extending the
profile part, areal roughness presents a new concept. Profile and areal roughness are correlated
to each other yet differences exist. Understanding the comparison between profile and areal
roughness can be of great help in understanding the topography and function of a surface being
measured. This paper will introduce the connections and distinctions between profile and areal
surface roughness parameters.

2. Filtering technique
The machined surface of a part is usually composed of surface components of different spatial
frequencies. Filtering out long-wave components in the measured surface data is a prerequisite
for assessing the microscopic surface topography by surface roughness parameters. International
standards divide filters into profile and areal ones. Gaussian filters are recommended in the current
international standards for surface roughness assessment because of their linear phase and ease
of calculation.
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2.1. Profile filtering
The profile filter can divide the profile into long- and short-wave components. The 2D surface
topography based on the lateral scale can be divided into three components: roughness, waviness
and primary profile. Components are divided by λ s , λ c , and λ f profile filters. λ s is the filter that
defines the intersection between the roughness and the even shorter wave components present
in a surface. λ c is the filter that defines the intersection between the roughness and waviness
components. λ f is the filter that defines the intersection between the waviness and the even longer
wave components. Different types of filters can be used to select the cut-off wavelength of long or
short waves. Long-wave filtering eliminates the effect of waviness on the roughness measurement
in the actual surface profile, and short-wave filtering removes components that are shorter than
the roughness wavelength.
The ISO 16610 series introduces both linear and robust types of Gaussian filters [15, 16].
A conventional profile Gaussian filter uses a convolution integral method to obtain a mean line.
However, since the Gaussian filter has end effects, the Gaussian filter mean line usually does not
define the end profile. The profile Gaussian regression filter uses least squares to fit the surface
profile. The mean line defines the function value of each point on the measured surface profile,
which can solve the end effects of the Gaussian filter. The robust profile Gaussian filter solves the
problem that the mean line is distorted by outliers (high peaks or deep valleys on the surface being
measured). The robust profile Gaussian regression filter can simultaneously exhibit the excellent
characteristics of the above two filters.
2.2. Areal filtering
The concept of areal filtering is derived from profile filtering. Areal filters can divide the
measured areal surface topography data into components of different scales. ISO 25178-2 divides
areal filters into three types: S-filter, L-filter, and F-operation. The S-filter can remove unwanted
small-scale components, such as measurement noise in the measured data, to obtain the primary
surface. The L-filter can remove unneeded large-scale components in the measurement data.
F-operation refers to the removal of the nominal form on the primary surface to avoid the surface
shape of the sample being measured from shifting the measured micromorphology. The S–F
surface is obtained by performing an F-operation on the primary surface, as shown in Fig. 1;
the S–L surface is obtained by removing the large-scale component using an L-filter on the S–F

Fig. 1. Relationship between scale-limited surface and surface filter.
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surface. The scale-limited surface refers to an S–F surface or S–L surface whose definition area
can be used to characterize areal roughness parameters.
Robust profile Gaussian filters have the advantage of being insensitive to outliers, and the
regression filtering technique including robust algorithms is also applicable to areal surface
filtering. The robust areal Gaussian regression filter is nonlinear, and is based on the areal
Gaussian weighting function, the dual weight function, and the complete polynomial modeling of the surface. The weighting function of the filter depends on the coordinate values of
the relative reference surface and the position of the weighting function on the surface. Since
the robust algorithm is derived from statistics, the robust areal Gaussian regression filter has
a wider range of application. The characteristics of the three areal Gaussian filters are shown in
Table 1.
Table 1. Characteristics of three areal Gaussian filters.
Filters

Characteristic

Applicable surface

Areal Gaussian filter

Recommended for international
standards

Smooth, no high peaks or deep valleys,
non-small size

Areal Gaussian
regression filter

The end effects are solved; the scale
separation is more accurate

Smooth, no high peaks or deep valleys

Robust areal Gaussian
regression filter

Reduce the impact of outliers

Honed, structured surface processed by
laser, metal matrix composite

2.3. Comparison between profile filtering and areal filtering
The areal filtering technique is developed from the profile filtering technique, and the types of
areal filters correspond to those of profile filters. The flow of parameters obtained by a profile filter
and by surface filters acting on surface topography at different scales is shown in Fig. 2. In the 2D
and areal roughness filtering process, the areal S–F surface corresponds to a 2D primary profile,
the S-filter corresponds to a λ s profile filter, and the F-operation corresponds to removal of the
nominal form. The areal S–L surface corresponds to a roughness profile defined by a 2D surface
topography, while the S-filter corresponds to a λ s profile filter, and the L-filter corresponds to
a λ c profile filter. In an areal S–F surface, when the S-filter corresponds to a λ c profile filter
and the effect of the F-operation corresponds to the removal of the nominal form, and the areal
surface corresponds to the waviness profile of the 2D surface.
The areal filtering technique has its own unique filtering method which is defined in both
spatial and frequency domains. The biggest difference between areal and 2D roughness evaluation
is the use of filters [17]. For example, the 2D profile extracted from the measured areal topography
is different from that measured according to the 2D roughness standard because they use different
algorithms. In addition, when 2D roughness is measured using a stylus instrument, the roughness
profile is mainly extracted by the profile filters, and the scanning path of the instrument is usually
perpendicular to the surface texture. However, the filtering process of areal filters is performed
simultaneously in the x- and y- directions, and the two directions are not necessarily perpendicular
to the surface texture. Therefore, even if the same parameters and the same type of profile and
areal filters are set on the same measured surface, the results are not necessarily the same. Similar
to profile filtering, before areal filtering, it is necessary to select appropriate types of filters
and nesting indices according to the type of surface to be measured to obtain the best filtering
effect.
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Fig. 2. Flowchart for profile filtering and areal filtering.

3. Characterization of surface roughness
3.1. Roughness evaluation parameters
Roughness evaluation parameters contain information such as amplitude and spacing of the
surface topography to be measured. The profile roughness parameter is based on the profile
of the surface to be measured, and the areal parameter is based on the measured area. Areal
roughness parameters are derived from profile roughness parameters, and they have similarities
and differences.
3.1.1. Profile roughness parameters and applications
Profile roughness parameters are usually calculated on the profile which is perpendicular
to the most prominent surface texture direction, and have the four main types of amplitude,
spacing, hybrid, and curves and related parameters. Calculation of the parameters depends on the
sampling or evaluation length. Sampling length is the length in the direction of the x axis used
for identifying the irregularities that characterise the profile under evaluation. Evaluation length
is the total length in the x axis used for the assessment of the profile under evaluation. It is normal
practice to evaluate roughness and waviness profiles over several successive sampling lengths,
the sum of which gives the evaluation length. Profile roughness evaluation parameters are widely
used in manufacturing processes. Table 2 summarizes the profile roughness parameters and their
applications [18–20].
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Amplitude
parameters

Class of
parameters

Average
of
ordinates

Peak and
valley

Rq

Rsk

Rku

Skewness of the
assessed profile

Kurtosis of the
assessed profile

Ra

Arithmetical mean
deviation of the
assessed profile

Root mean square
deviation of the
assessed profile

Rc

Mean height of
profile elements

Rt

Rz

Rv

Maximum profile
valley depth

Maximum height
of profile
Total height of
profile

Rp

Symbol

Maximum profile
peak height

Definition

√

√

√

√

√

√

√

√

Sampling
length

√

Evaluation
length

Determined within

Optical or electronic components [28]; detecting
defects in precision-machined surfaces [29]

Manufacturing control

Analysis of adhesion [27]

Mating part surface under high stress or alternating stress [24]; detecting outliers; safety analysis
of oil lubrication film of sliding bearing [25];
analysis of electrical contact effectiveness [26]

Parameters are greatly affected by
Plateau honing process with parameter Rku [30];
outliers; acquisition of parameters
lubricant retention; cleaning [31]; surface
requires use of specific filters; poor
wettability [32]
repeatability
Parameters are greatly affected by Tools-condition monitoring [33]; monitoring the
outliers; poor repeatability
surface wear of a part with parameter Rsk

Good statistical significance

Calculation of parameter values
must determine height and spacing
of profile elements
One of the most commonly used
and most readily available
roughness parameters,
characterizing precision machined
surfaces is not sensitive; Ra values
may be the same for surfaces with
different spatial periodicity

Measured parameter values may
be affected by dust, dirt, scratches,
and measurement areas; Rt ≥ Rz

Corrosion resistance [22]; detecting cracks on
surface [23]

Friction and wear [21]

Description and application
Measured parameter values may be
affected by dust and selection of
measurement areas
Measured parameter values may be
affected by dirt, scratches and
measurement areas

Table 2. Summary of profile roughness parameters.
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Root mean square slope of the
assessed profile

Hybrid
parameters

Curves and
related
parameters

Mean width of the profile
elements

Spacing
parameters

Rmr (c)

R∆q

Rsm

Symbol

ISO
13565-2:
1996

Material
portion
Reduced peak
height
Reduced valley
depths

Core roughness
depth

Rvk

Rpk

Mr 1 , Mr 2

Rk

Material ratio
Material
curve of the profile ratio curve
Profile section
ISO 4287:
R∆c
height difference
1997
Relative material
Rmr
ratio
profile
Profile height
height
amplitude curve
amplitude
curve

Material ratio of
the profile

Definition

Class of
parameters

√

√

Sampling
length

√

√

√

√

√

√

√

√

√

Evaluation
length

Determined within

Simulate and predict wear process;
bearing surface; inner surface of
a cylinder bore in the automotive
industry; wear; contact stiffness [42]

Extremely smooth surface, friction [39];
reflectivity; elasticity; wear [40];
noise [41]; adhesion [57]

This series of parameters can only be used with an S-shaped material ratio curve of
the profile; parameter value is affected by the shape of the tool; can be used for
functional evaluation of high-stress surfaces such as those with stratified functional
properties; honing, grinding and polishing; parameters correspond to surface
friction, wear, and lubrication properties [43]; Rk can be used to estimate the
cylinder life of a car [44]; Mr 1 and Mr 2 can be used to control product
quality [45]; Rpk can be used for run-in analysis of the surface of a part; Rvk can
be used to analyze surface lubricant retention of a part, but presence of pores may
cause a misleading parameter value [46]

This series of parameters can reflect the
running-in characteristics and life of the
mating surface, substrate properties of
the surface, and deep valley lubrication
characteristics; material ratio curve of
the profile and profile height amplitude
curve can be transformed by
differentiation and integration

Parameter values are sensitive to outliers

Tool-condition monitoring [34]; deciding
on correct filter, coating [35]; friction;
sealing [36]; punch forming [37]; fluid
flow [38]

Description and application
It is difficult to distinguish the surface of
a smooth waveform; these parameters
should usually be used in conjunction
with other parameters

Table 2 [cont.]
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3.1.2. Areal parameters and applications
Early areal parameters were mostly derived from profile parameters, and there was no uniform
areal parameter standard at that time. Therefore, areal roughness measuring instruments produced
by different manufacturers could produce different results. In the 1980s, Whitehouse and Phillips
defined three areal parameters in detail [47, 48]. In the 1990s, Stout et al. systematically studied
the areal parameters defined by the famous Birmingham 14 parameters. However, the actual
application of these 14 parameters was not confirmed [49]. In 1996, the ISO established a new
Technical Committee, TC 213; one of its main objectives is to carry out basic research work on
areal parameters. In 2005, ISO/TC 213 divided areal parameters into the five categories of spatial,
height, hybrid, functional, and volume parameters. Part 2 of the ISO 25178 International Standard,
which contains terms and definitions for areal surface texture parameters, was published in 2012.
Areal parameters are calculated on a scale-limited surface and consist mainly of field and
feature parameters. Field parameters are based on statistical principles and express information,
such as mean values, deviations, extreme values, and specific features of a scale-limited surface.
Field parameters consist mainly of S- and V -parameters. S-parameters mainly contain information
such as the height and spatial frequency of the surface to be measured. V -parameters provide
basic volume information of an areal surface based on the material ratio curve.
Table 3 summarizes field parameters and related applications [13, 50, 51]. A lot of researches
have stressed the significance of field parameters in quantifying surface features or textures. For
height parameters, the value of Sz of uncoated titanium plasma sprayed implant surfaces was
significantly higher than that of the TiN-coated titanium plasma sprayed surfaces [52]. SSk is
Table 3. Summary of field parameters.
Class of
parameter

Definition

Symbol

Arithmetical
mean height

Sa

Root mean
square height
of the
scale-limited
surface

Sq

Maximum
peak height

Sp

Height
Maximum pit
parameters
depth

Sv

Maximum
height of
scale limited
surface

Sz

Skewness of
the
scale-limited
surface

420

Ss k

Description

Application
Engineering surface

When characterizing different machined surfaces, parameter values
may not change much, parameter values may be the same for different surfaces; Sq is more statistically significant than S a

Related to the scattering of light on the
surface; [4] be used on surface of optical components; [60] surface of dental
implant bonding cement; [61] bacterial adhesion of composite resins; [62]
cell viability on anodic porous alumina substrates; [63] adhesion of dental restorative composite; [64]

Sliding mating surface [65]
Extreme type parameter is greatly affected by peak, dale, or pit of anomaly,
Lubrication, coating [66]
so must be measured multiple times,
and filter parameters adjusted to obtain more accurate values; S p is pos- S-F surface filtered with larger nesting index S-filter; detecting surface
itive and Sv is negative
anomalies (burrs); sealing; coating
Greatly affected by peak, dale, or pit
of anomaly, so must be measured multiple times, and filter parameters adjusted to obtain more accurate values;
parameter is related to symmetry of
surface, cannot distinguish between
height peak and deep dale or pit features, but can prove their existence

Bearing surface; honing processing;
bearing capacity analysis of surface
of part; porosity; wear; [67] surface
of nanocomposite thin films; [68] surface of glass-ceramic porous orbital
implants [69]
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Table 3 [cont.]
Class of
parameter

Definition

Height
parameters

Kurtosis of
the scalelimited
surface

Symbol

Description

Application

Sk u

This parameter is greatly affected by the peak, dale, or pit
of the anomaly, so it is necessary to measure multiple times
and adjust the filter parameters
to obtain more accurate values;
poor stability

Honing processing; defect detection on the surface of parts;
surface of nanocomposite thin
films; [68] surface of glassceramic porous orbital implants
[69]

Autocorrelation
length

S al

Texture
aspect ratio

St r

Spatial
parameters

Hybrid
parameters

Miscellaneous
parameters

Areal
parameters
for
scaleFunctions
limited
and
stratified
related
functional
parameters surfaces

Root mean
square
gradient of
the scalelimited
surface
Developed
interfacial
area ratio of
the scalelimited
surface
Texture
direction of
the scalelimited
surface
Areal
material
ratio of the
scalelimited
surface
Inverse
areal
material
ratio of the
scalelimited
surface
Peak
extreme
height

For anisotropic surfaces, parameter value is larger if surface
is dominated by low-frequency
components, and smaller with
high frequency
Parameter values are related
to intensity of surface texture
(uniformity of surface texture),
and the parameter value ranges
from 0 to 1. When St r is
close to 1, the measured surface is isotropic, otherwise, it
is anisotropic

Analysis of interaction of mating surfaces, friction and wear;
[70] surface texture detection;
[71] electromagnetic properties
of surface of part [72]

Surface of stratified functional
properties; [73] monitoring of
vibration of machine tool [74]

Sd q

Parameters are affected by amplitude and spacing of surface
Sealing; light reflex; [75] wear;
texture; for surfaces with the
electromagnetic contact; wettasame S a value, the wider the
bility; [76] appearance quality
surface spacing the smaller the
value of Sdq

S dr

The parameter is greatly affected by the number of sampling points in the x- and ydirections, along with the sampling interval

Complexity of surface; adhesion; [56] coating; osteopathic
medicine; [77] surfaces of implants before and after insertion
[78]

St d

Contains direction information
of surface texture; represent the
uniformity of the surface texture together with St r [79]

Reference positioning; [80] surface texture detection; sealing;
[81] monitoring of rough machining process [82]

Smr (c)

Smc (mr )

Sx p

Inner surface of cylinder bore in
automotive industry; analysis of
Height c can be calculated acbearing load-carrying capacity
cording to best fit least squares
reference plane or areal material ratio function of scalelimited surface
Sealing design [83]

Does not take into account a
small fraction of the highest
Analysis of surface bearing and
peak, represents height of area
wear resistance of parts
where surface friction property
plays a major role
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Table 3 [cont.]
Class of
parameter

Definition

Core height
Areal
parameters
for
scalelimited
Reduced
stratified peak height
functional
surfaces

Functions
and
related
parameters

Void
volume

Material
volume

Symbol

Sk

Sp k

Description

Material ratio curve based on
parameters is built on a areal
surface; robust areal Gaussian
filter is typically used before
calculation to mitigate effects of
outliers, before calculating the
series of parameters, the surface
is decomposed into peak, core,
and valley zones, and the amplitude or volume is calculated
based on the three parts

Reduced
dale height

Sp k

Material
ratio

Smr 11 ,
Smr 11

Dale void
volume of
the scalelimited
surface

Vv v

Characterises the volume of
fluid retention in the deepest
valleys of the surface, and less
affected by the wear process

Void core
volume of
the scalelimited
surface

Vv c

Represents core space available
for surface of part after run-in
period

Peak
material
volume of
the scalelimited
surface

Vm p

Similar to S p k , can be used
to analyze worn part of mating
surface, determined wear behaviour by comparison of the
Vm p before and after the abrasion

Core
material
volume of
the scalelimited
surface

Vmc

Indicates parts of surface that
do not touch each other during
part-fitting process; not related
to lubrication

Application
Automobile industry; for surfaces with height peak and deep
dale or pit characteristics; [84]
can be used instead of parameters such as Sz ; lower Sk allows better sliding contact between the contact surfaces; surfaces of functional protective
coatings [85]
Analysis of surface contact
stress, higher S p k values indicate higher contact stress
Lubricant retention; debris entrapment; the S p k /Sk , Sv k /Sk ,
S p k /Sv k can be used to measure load carrying capacity or
contact stress of machined surfaces
Running-in analysis of surface of
part, lubricant retention

Analysis
of
surface wear,
running-in, and
bearing; sealCan be used ing; lubricant
to
describe retention
surface shape
and distinguish
surface volume
of
characteristics Analysis
motion
with different fluid
on surface of
roughness
part; [87] lubrilevels [86]
cant retention;
debris entrapment; coating;
texture evaluation of mating
surface [88]

a measurement of symmetry of surface deviations for the mean reference plane. For a surface
with a symmetric height distribution, such as a Gaussian surface, SSk = 0. For an asymmetric
distribution of topography heights, SSk < 0 if the distribution has a longer tail in the downward
direction of the mean plane, or SSk > 0 if the distribution has a longer tail in the upward direction
of the mean plane. The smaller friction coefficient of the measured surface is accompanied by
a larger value of Sku and a smaller value of Ssk . [53] Sq and Sa have a strong linear correlation
with surface glossiness, and the smaller the parameter value, the higher the glossiness [54]. For
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hybrid parameters, Sdq could distinguish the surfaces with similar values of Sa parameter, and
Sdr and Sdq were able to distinguish the optical properties and coating performance between the
turned and etched surfaces which cannot be distinguished by height or spatial parameters [55].
Sdr and Sdq showed a good correlation to friction (R2 of 0.72 and 0.70) on the surface of the
milled die steel sheet [56]. For the functions and related parameters, the higher value of Smr©
indicates better bearing and wear properties [57]. The lubricant retention capacity increased with
the higher value of Vvc or Vvv within a certain range [58]. The values of Vmp decrease after the
abrasion [59].
3.1.3. Comparison between profile and areal roughness parameters
Surface roughness parameters are tolerance specifications and means of communication for
engineering design and manufacturing. Profile parameters use one -dimensional filters, whereas
areal roughness parameters use two = dimensional filters. Due to the difference of the algorithms
of these two filters, profile and areal roughness parameters cannot be directly compared. However,
this does not mean that they can completely differ from each other. They have similarities and
differences.
Profile parameters are named based on the profile type (roughness, waviness, and original
profile) used to calculate the parameters. For example, a profile roughness parameter has the prefix R. In areal surface topography analysis, the scales required for research in different directions
can differ, e.g. when applying surface topography in micro-elastohydrodynamic lubrication [89].
Areal parameters are classified as either S or V , according to the content information.
Profile roughness parameters are calculated according to sampling or evaluation length. Areal
parameters still define the concept of evaluation and definition areas, but these have the same
size by default. Calculating roughness requires reference to the measured height. The profile
parameter refers to the reference line, and the areal parameter corresponds to the reference plane
which is derived from profile roughness.
Areal height parameters can be used to describe the amplitude information on the surface
of the part to be measured. This type of parameter is derived from the corresponding profile
amplitude parameter. For example, there are also parameters from the Sq family: Spq, Svq and
Smq which have 2D equivalents: Rpq, Rvq and Rmq. Since the extreme values measured in
profile are usually not in the true extreme position on the areal surface, the height parameter
values representing the extreme values of areal roughness such as Sz , are generally larger than the
corresponding parameter values of the extreme value parameter Rz representing the amplitude of
a profile [90]. The values of Rz and Sz were compared in characterizing the surface subjected to
hard turning, belt grinding and superfinishing, and the results have showed that the values of Rz
were all smaller than Sz for the three surfaces [91, 92].
Profile spacing parameters describe the degree of density of peaks and valleys on the surface
profile. Areal spatial parameters are based on the areal autocorrelation function (ACF), and they
describe the spatial characteristics of the surface to be measured. In addition to information on
the dominant frequency component of the surface to be measured, areal parameters can also
be used to evaluate whether the surface is isotropic or anisotropic. The areal parameter Sal
is defined as the shortest horizontal distance at which ACF (t x, t y ) decays to a specified value
s(0 ≤ s ≤ 1). Str is defined as the ratio of the shortest to the longest horizontal distance of
ACF (t x, t y ) decaying to the specified value s. Str has no equivalent parameter in the profile
parameters. Surface information on an isotropic surface can be acquired using profile roughness
measurement methods and characterized by profile roughness parameters. When measuring an
anisotropic surface using profile measurement methods, it is necessary to consider the direction
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of the surface to be measured. For example, international standards recommend a measurement
direction perpendicular to surface texture. However, areal roughness measurement and parameter
characterization need not consider the isotropy or anisotropy of the surface [93].
The profile hybrid parameter R∆q is the root mean square value of the ordinate slope dZ/dX
within the sampling length. Areal hybrid parameters contain both the amplitude and spatial
information on the surface. Sdq and Sdr characterize the slope and developed interfacial area,
respectively, of the areal surface topography. Sdq is derived from the profile parameter relative
length of the profile (l 0 ), and Sdr is only applicable to areal surface topography analysis [94]. The
effect of surface topography on shear strength of lap adhesive joints was analyzed. Compared
with the height and spatial parameters, the areal hybrid parameters have stronger correlation with
the shear strength. The values of linear correlation coefficients R of the parameters Sdq , Sdr and
shear strength are 0.74 and 0.75 respectively, and the profile hybrid parameter R∆q and shear
strength is 0.72.
St d is a miscellaneous areal parameter. The angular spectrum f APS (s) is the power spectrum
for a given direction s with respect to the specified direction θ in the plane of the definition area,
and is expressed mathematically as:
f APS (s) =

ZR1

r |F [(r sin(s − θ), r cos(s − θ))]| 2 dr,

(1)

R2

where R1 and R2 define the integral range in the radial direction. St d is the angle of the absolute
maximum value of the angle spectrum with respect to the specified direction θ. This parameter
provides direction information for the areal surface texture, and has no corresponding profile
parameter.
Similar to profile, the areal functions and related parameters are based on the material ratio
curve. Material ratio curves can be developed by the same way in 2D and 3D analyses. The material
ratio curve of the profile is calculated from the maximum peak of the profile and is therefore
susceptible to outliers. However, the areal material ratio curve is calculated from the reference
plane and therefore has a higher reliability. The profile and areal curves are drawn using robust
Gaussian regression filters of different dimensions. The areal functions and related parameters
describe the support, lubrication, friction and wear properties of the surface to be measured.
Smr (c) is the ratio of the material area at a specified c to the evaluation area. This parameter can
more accurately reflect the surface topography of the bearing area compared to the corresponding
profile parameter Rmr (c). It can also provide information on volume parameters. The scalelimited stratified functional surfaces refer to the surfaces with composite machining features,
such as lapped or honed surfaces. The areal parameters for scale-limited stratified functional
surfaces (Sk series parameters) are derived from the Rk series parameters. The equivalent straight
line is calculated for the central region of the material ratio curve which includes 40% of the
measured profile points. This type of parameter is mainly used to evaluate parts with high
mechanical stress on the surface, and this type of evaluation is greatly affected by the resolution
of the measuring instruments [95]. Unlike the Rk series parameters, the basic mathematical theory
of the Sk series parameters is strengthened, and the determination of the equivalent straight line
makes the application of this series of parameters more general. The areal volume parameters
have evolved and improved since the Birmingham 14 parameters. Their meanings are more
related to the application of surface functions, and the functional information provided is more
stable. The volume parameters can describe the shape of a surface, and they can distinguish the
volume characteristics of the surface of a part with different roughness levels, which has practical
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significance [96]. For example, the parameter values of Sk series and the volume parameters
were compared for the surfaces (ground, honed and EDM surface) with different roughness
levels, and the results showed that the values of Sk and volume family varied significantly
for different roughness levels [97]. The profile and areal roughness of the cylinder liner after
plateau honing were analyzed in terms of parameter correlation. The parameters Rk and Rpk
(linear correlation coefficient R = 0.72), and Mr1 and Mr2 (R = 0.97) have a high correlation
among the Rk series parameters. Similar to the results of the Rk series parameters, Sk and
Spk (R = 0.8), Smr1 and Smr2 (R = 0.85) have a higher correlation as well. In the study of
combining process parameters, allthe parameters Rk , Rvk , and Mr2 maintained high correlations
with coarse honing pressure Pv and plateau honing time t. However, in the Sk series parameters,
Smr2 had a higher correlation with Pv and t, and Sk , Svk only maintained a higher correlation
with Pv . Therefore, the conclusions for application of areal parameters should be obtained by
experiment rather than by analogy with profile parameters [47]. The scattering ranges for the
surface roughness parameters were analyzed in the research of material of composite PBT+10%
glass beads. It was found that the averages of the areal parameters Sa , Sq and Ssk were 5%
to 15% larger than the values of the profile parameters Ra , Rq and Rsk , and the scattering
interval was narrower [100]. Table 4 summarizes the relationship between profile and areal
parameters.
Table 4. Relationship between profile and areal roughness parameters.
Profile

Areal

Relationship

Rp, Rv, Rz,
Rc, Rt, Ra,
Rq, Rsk,
Rku

Since the manufacturing industry user
wants coherence between the profile
amplitude parameters and areal height
parameters, the latter are derived from the
former; the value of the extremum
parameter in areal height parameters is
usually greater than its profile equivalent

Height
parameters

S p , Sv , Sz , S a ,
Sq , S s k , Sk u

Spacing
parameters

Rsm

Both profile and areal parameters contain
information on frequency components of
the surface to be measured, but the areal
spatial parameters can determine isotropy
or anisotropy of the surface of the part

Spatial
parameters

S al , St r

Hybrid
parameters

R∆q

Areal parameter S d q is derived from
profile parameter R∆q; the areal
parameter S dr is only suitable for areal
surface topography analysis

Hybrid
parameters

S d q , S dr

Provides direction information for areal
surface texture

Miscellaneous
parameters

St d

Areal functions and related parameters
are derived from profile equivalents; the
material ratio curve of the profile is
susceptible to outliers; an areal material
ratio curve calculated based on the
reference plane is more reliable; theory of
Sk series parameters is strengthened
compared to Rk series parameters;
volume parameters provide detailed
material and core volume information for
better numerical and functional
evaluation of surface topography

Functions and
related
parameters

Smr (c) ,
Smc (mr ) , S x p ,
Sk , S p k , Sv k ,
Smr 1 , Smr 2 ,
Vv v , Vv c ,
Vm p , Vmc

Amplitude
parameters

Curves and
related
parameters

Rmr (c),
R∆c, Rmr,
Rk, Rpk,
Rvk, Mr 1 ,
Mr 2
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3.2. Feature characterization
The surface of a part usually has surface features of different scales. The type, size and
composition of these features can greatly influence surface functions such as optical properties
and coating. Therefore, it is necessary to describe the geometric features of the surface of the
part. Feature characterization has two forms, profile and areal, and the characterization parameters
are also divided into two dimensions. The feature parameters can characterize the features and
relationships of the surface texture pattern being measured.
3.2.1. Profile motif method
The profile motif method was developed and applied in the French automotive industry in
the 1970s to solve the functional problems of surface textures based on roughness and waviness
parameters analysis [98].
The profile roughness motif is obtained by using the operation set with the limit value A
instead of using filters, and the recommended value of A is given in the ISO 12085 standard.
There are three roughness parameters in the profile motif method, namely, the mean spacing
of roughness motifs AR, mean depth of roughness motifs R, and maximum depth of profile
irregularity Rx. These parameters are calculated within the evaluation length and apply to the
16% rule. When calculating a series of parameters, it is usually necessary to first remove small
local peaks and find all of the peaks and valleys that define individual roughness motifs which are
combined, after which Rx is calculated. Finally, the depths of the peaks and valleys are corrected
andR and AR are calculated. Table 5 summarizes the roughness parameters of the profile motif
method and their related applications [99].
Table 5. Summary of profile motif parameters.
Symbol

Application

Mean spacing of roughness motifs

Definition

AR

Electroplating

Mean depth of roughness motifs

R

Analysis of lubricated slipping, rolling, dry friction, fluid
friction, dynamic sealing of mating surface; adherence;
electrolytic coating; corrosion resistance; appearance

Maximum depth of profile irregularity

Rx

Dynamic and static sealing; corrosion resistance; analysis of
fatigue strengths with stress

3.2.2. Areal feature characterization
It is often necessary to segment a surface before identifying the areal surface features. The
feature parameters have been included in Part 2 of ISO 25178, and the segmentation technique is
considered a class of filters included in ISO 16610 Part 85.
Areal feature characterization is mainly based on pattern-recognition techniques, and the
segmentation method is used to extract the topographic features predefined by the scale-defined
surface from the measured surface. The steps to determine the feature parameters are shown in
Fig. 3.
The format of the convention of the feature parameters is as follows: FC, feature, pruning,
purpose, attributes, statistics, where the feature characterization is indicated by FC. For example,
the density of peaks Spd can be expressed as: (FC; H; Wolf pruning: 5%; All; Count; Density).
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Fig. 3. Flowchart for areal feature characterization.

ISO 25178 Part 2 defines nine feature parameters. The density of peaks Spd is usually used
in conjunction with extreme height parameters such as S5p or S5v . Calculating the arithmetic
mean peak curvature Spc only takes into account significant peaks or dales. If the parameter
value is larger, the peak on the surface is steeper, and if it is smaller, the peak is less steep. The
parameter of ten-point height of surface S10z is calculated as S10z = S5p + S5v . The parameters
of five-point peak height S5p and five-point pit height S5v are positive, and they only consider
the peaks or pits of the five largest height values. The mean dale area Sda (c) and mean hill area
Sha (c) refer to the area projected to the horizontal plane. The parameters of the mean dale volume
Sdv (c), mean hill volume Shv (c), Sda (c), and Sha (c) can be calculated according to whether they
are open or closed at height c. Table 6 summarizes some of the applications of this series of
parameters.
In addition to the applications in Table 6, Spd can be used in the analysis of mating surfaces
and abrasion, and Spc can be used in the analysis of sliding friction and deformation of static
contact. Areal feature parameters have been continuously extended to applications such as thin
films [103, 104] and dental implants [105]. In addition, the edge extraction and segmentation
techniques used in feature characterization have important application prospects in structural
surfaces (micro-electromechanical) [106], random surfaces (grinding-wheel morphology), and
rapid automatic detection.
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Table 6. Some applications for areal feature parameters.
Symbol
Application
Flat lapping
Grinding

Spd
√

Turned surface with burnishing
Cartilage wear
Biomedical titanium surface texture

√

√

√

√

√

√

√

√

√

√

√

√

Anisotropic stone surface
Vapor blasting

√
√

Vertical milling
Laser surface treatment

Spc S10z S5p S5v Sda (c) Sha (c) Sdv (c) Shv (c) References
√

√

√
√

√

√
[100]

√

√
√

√
√

√

√
√

√
√

√

√

√

√

√

[101]
[102]

3.2.3. Comparison between profile motif method and areal feature characterization
Analyzing the surface texture facilitates control of the manufacturing process and part functions. This includes process monitoring and diagnostics, and control of part functions includes
functional prediction and diagnostics. The calculation of profile and areal parameters must take
into account surface profile points of the sample and the evaluation area. These parameters characterize surface topography properties and are mainly used to monitor the manufacturing process.
However, calculation of the feature parameters requires consideration of the points, lines and areas
specified on the surface being measured. The parameters characterize the surface features and
their interrelationships, and they have diagnostic functions [107].
Areal feature characterization follows the terms of the hills and dales used in the profile motif
method. The profile parameter corresponding to the feature parameter Spd is RPc in ISO 4287
Amendment 1. The areal parameter Sz is analogous to the profile parameter Rt, but this parameter
has a strong sensitivity to outliers and is difficult to apply to the robustness evaluation of surface
texture height characteristics. Areal feature characterization uses the segmentation method and
identifies the important hills and dales on the areal surface by pruning the change tree. Therefore,
the height parameters S5p , S5v and S10z established by this method are more robust. For example,
the measured values of Sz of cylinder liner surfaces were greater than S10z with the use of 2.5×
and 10× objectives in the literature [108].
Roughness and waviness parameters analysis based on engineering practice is not based on
complete mathematics, so analytical results may be unstable. In particular, slight changes such
as flipping the profile 180◦ or analyzing the position with a slight difference can cause large
differences in the results. However, important hills and dales on the measured areal surface are
considered in areal feature characterization. For example, when analyzing the mating surface,
the segmentation method can obtain important peaks by correctly using Wolf pruning, so the
identified contact points are more robust.
Segmentation techniques and feature parameters in areal feature characterization have been
proposed, but the application of this method in industry is still relatively novel. Area feature
characterization has great advantages in extracting features of specific texture for the structured
surface. However, this is still difficult for the profile motif method and even other areal roughness parameters. The trend of miniaturization of parts and development of structural surfaces
will further expand the application range of areal feature characterization in practical industrial
production.
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3.3. Fractal methods
An engineering surface can be analyzed using fractal methods over a range of scales. The two
basic characteristics of fractals are self-similarity and fractal dimension. The fractal dimension
D represents the geometric complexity of the fractal surface and is important in fractal analysis.
The Weierstrass-Mandelbrot fractal function, which was modified by Majumdar et al., can be
used to express surface height values in profile fractal methods [109]. The fractal dimension can
be found by fitting the slope in a double logarithmic coordinate system of the surface profile power
spectrum. Alternatively, it can also be found in the direct space, by the box-counting method,
which later on came to be the patchwork method.
In areal fractal methods, the volume-scale plot records the volume information obtained by
a morphological closing envelope and a morphological opening envelope of the surface using
a square horizontal flat structuring element. Uncertainty can be minimized when using this method
to calculate the fractal dimension. The relative area analysis method is based on the patchwork
method [110]. The fractal dimension of the relative area analysis method is:

D = (log N ) [log(1/r)] ,

(2)

where N is the number of linear or areal units, profile elements are line segments, areal elements
are triangular tiles, andr is the linear scaling ratio. The higher the fractal dimension, the more
complex the fractal surface. The fractal dimension is greater than or equal to the Euclidean
dimension. The fractal dimension of the profile surface is 1 ≤ D ≤ 2 and the fractal dimension
of the areal surface is 2 ≤ D < 3. The areal fractal method can be used for adhesion, friction,
polishing, dental restoration, porous materials, and elastoplastic contact deformation [111–114].
For example, the areal fractal method was used to obtain the relative area of a surface at different
roughness levels, and then a relationship was established with the carburizing performance [115].
Fractal shapes are usually generated by iterative algorithms or formulas, so fractal methods
are well suited for research in conjunction with computers. The areal fractal method is developed
on the basis of the profile fractal method. The range of the fractal is mainly limited by the
measurement area and sampling interval. Multi-directional profile fractal analysis can be used to
characterize the anisotropy of the surface being measured. The areal fractal method has excellent
development prospects in surface design and manufacturing.
4. Conclusions
The connections and distinctions between profile and areal surface roughness from the aspects
of characterization and application have been reviewed in this paper.
The areal parameters in principle capture much more of the complexity of surfaces and
provide much better understanding of surface morphology than traditional profile parameters,
and will be the future direction of development in the field. For example, profile parameters may
be limited and misleading when the surface is anisotropic. However, it should be noticed that
the profile roughness parameters are still dominant in the factory for surface quality evaluation
at present because the current international standards of two-dimensional measurement and
characterization are relatively complete. For example, some areal filtering standards are under
development, such as spline filters and morphological areal filters. Furthermore, it does not mean
that three -dimensional surface measurement and characterization can totally replace the two
-dimensional surface measurement and characterization although areal roughness measurement
has many advantages over the profile. For example, two dimensional parameters can be easily used
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to characterize the turning surface. In the industry, the profile parameter can better characterize
the paint on a steel surface. Therefore, profile parameters still have a certain value in the study of
longer-wavelength components on the surface or when there is a requirement of the measurement
cost control.
In the precision and ultra-precision fields, the surface function of parts is becoming more
and more demanding. The measurement and characterization of structured surfaces and freeform
surfaces have become a research hotspot. The development of surface roughness presents the
following trend: profile standards are being incorporated into areal standard systems, ?ltration
techniques and characterization methods are at the forefront of the areal roughness field, the correlations between the surface roughness parameters and the functions need to be further studied,
and areal roughness measurement is experiencing intelligent integration of online measurement,
high precision and high efficiency.
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