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Abstract: 3D surface roughness measurement is still a less mature procedure than its 2D version.
The size of the evaluation area is not as standardized as the measurement length in the 2D version.
The purpose of this study is to introduce a method for minimizing the evaluated surface area. This
could help industrial applications in minimizing the time and cost of measurements. Machining
experiments (hard turning and infeed grinding) and surface roughness measurements were carried
out for automotive industrial parts to demonstrate the introduced method. Some frequently used
roughness parameters were analyzed. Basic statistical calculations were applied to analyze the
relationship between the surface area and the roughness parameter values and regression analyses
were applied to validate the results in case of the applied technological data. The main finding
of the study is that minimum evaluation areas can be clearly designated and, depending on the
different roughness parameter–procedure version, different evaluation sizes (Sa: 1.3 × 1.3 mm; Sq:
1.4 × 1.4 mm; Ssk and Sku: 2 × 2 m; Sp and Sv: 1.7 × 1.7 mm) are recommended.

Keywords: 3D surface roughness; hard turning; grinding

1. Introduction

Surface roughness of machined surfaces has a high impact on the working characteris-
tics [1,2] and wear and therefore on the lifetime of the components built into automotive
industrial products. In cutting, the final surface topography depends on the tool and work-
piece material pair, the tool geometry and the kinematic characteristics of the machining
procedure. This effect can clearly be observed by studying theoretical roughness parameter
values in machining by fixed [3] or rotational tools [4,5]. Therefore, planning the machining
conditions and data requires special attention, particularly in finishing operations. Today in
precision machining it is not enough anymore to ensure a specific value of a certain surface
roughness parameter; instead, complex analysis of the surface topography is essential.
If, for example, the purpose is increasing the tool life in machining hardened surfaces, a
decision must be made among the hard machining procedures (machining by single-point
or abrasive tool). If a specified roughness value can be realized by not only grinding
but—e.g., by hard turning too—after the appropriate determination of the cutting data, a
more profound analysis is necessary to make the decision [6]. The deep analysis of surface
textures can act as a potential predictor of machining performance [7,8].

During the last decades, many scientists and constructors became convinced that
the third dimension should be added to the surface analysis. At present, 3D analysis
of the surface geometry is widely accepted [9]. Characterization of surface texture is
essential, particularly in high-tech applications [10] and 3D roughness parameters are
more suitable for this purpose than the 2D ones [11]. Surface texture metrology gives a
better understanding of the surface in its functional state [12]. In hard turning the 3D
parameters are useful in more detailed analyses of certain characteristic features of the
machined surface [13–15]. This can be stated for grinding too [16,17]. However, this
is hardly generalizable for the hard machining procedures, as the results are obtained
mostly for a single material and the cutting parameters are in a narrow range. Most
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of the studies analyze only a single or a few roughness parameters or the topography
diagram without analyzing a set of parameters in a complex manner. There are, however,
experimental studies with well-founded design serve as the basis of complex analyses
and can provide information about the sensitivity of the cutting data on the roughness
parameter values [18,19].

Several studies have recently been published in which 3D surface roughness measure-
ment was the focus of the analysis. It has been applied for various machining procedures
such as hard turning [20], turning [21], abrasive waterjet cutting (AWC) [22,23], diamond
turning [24], shot peening [18], micro milling [25], selective laser melting (SLM) [19,26],
or electrical discharge machining (EDM) [27]. There are studies that focus on the effect of
process parameters [18,19] or cutting data [21,25] on the surface roughness. At the same
time, 3D roughness parameters or studies can be applicable for wear prediction [12] or
cutting insert selection [28], or in analyzing surface erosion processes [10].

In this paper, the bore surfaces of gears built into transmission systems are analyzed.
Due to the wide use of gears, research studies must focus on these basic automotive
industrial components. The reason for this is not only scientific interest, but also a need by
the industry [29]. “The gear industry is a multi-million industry with a constant annual
increase in turnover that is projected to be worth over USD 210 billion in 2026. In order
to achieve the production rates needed, the use of efficient manufacturing processes is
crucial” [30].

The problem that led to this study was that several 3D topography research studies
are available but there is no exact advice for the evaluation area of the surface in them,
nor in the relevant standards. It is important to carry out experiments that focus on the
minimum size of the measured area. This could influence the values of surface roughness
parameters [9]. A survey of several studies revealed that the evaluation area seems to vary
in a random manner, i.e., no relationship can be observed between the evaluation area and
the applied machining procedure. Studies with the focus of minimization of the evaluation
area can hardly be found [31]. In Table A1, examples are collected to demonstrate this
phenomenon. In quite many studies important information is neglected, which means that
the experiment cannot be replicated. Such problems are for example no information on
evaluation area [32,33], the cut-off or filtering method [34,35], or all of these [36,37].

The purpose of this study is the reduction of measurement and therefore the evaluation
area in 3D roughness measurement. Parameters for height (Sa, Sq, Ssk, Sku, Sp, and Sv) are
measured and analyzed in different evaluation areas (from 2 × 2 mm to 0.2 × 0.2 mm) and
minimum areas were aimed to be determined by applying regression analysis and basic
statistical calculations.

For the minimization of the evaluation area first the changes in the analyzed roughness
values and their standard deviations were studied when reducing the evaluation area.
This step resulted in the observation that distortion in the roughness data occurs to some
extent. In the second step, the minimum evaluation areas were determined for each
roughness parameter based on the designated difference limit in the roughness data when
the evaluation area is decreased and on a designated standard deviation limit. In the
third step, regression analyses were carried out to validate the determined minimum
areas based on the deviation resulting from the randomness of the roughness data. In
surface roughness analysis this method is not unique. Kluz et al. applied it for testing the
characteristics of 2D roughness parameters [38]. In the present study, the minimization
is not generalizable, the results can be considered as those of a case study; they are valid
only for the analyzed procedure versions and technological parameters. The novelty lies in
the method of the minimization, which can be applied to a wider range of technological
parameters and machining procedures. The minimization method was tested by concrete
cutting experiments; therefore, the results can contribute to further studies.
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2. Experimental and Measurement Setup

In the experiment, internal cylindrical surfaces of gear wheels were machined. The
material of the workpieces was 20MnCr5; its physical and mechanical properties and
chemical composition are summarized in Tables 1 and 2.

Table 1. Physical and mechanical properties of 20MnCr5.

Yield Strength
σs (MPa)

Tensile Strength
σb (MPa)

Hardness
HRC

Thermal
Conductivity

k (W/mK)

Density
ρ (g/cm3)

Elastic Modulus
E (GPa)

1034 1158 62–64 11.7 7.7–8.03 190–210

Table 2. Chemical composition of 20MnCr5.

C Si Mp S P Cr Cu Al

0.17–0.22 ≤0.4 1.1–1.4 ≤0.035 ≤0.025 1.0–1.3 ≤0.4 0.02–0.04

The bore lengths of the workpieces were L = 34 mm and their diameters were
d = 88 mm. The bores were machined in the experiments on the whole bore length (L) Two
workpieces were machined by hard turning and one by infeed grinding. Both the hard
turning and the grinding were carried out on a hard turning lathe type EMAG VSC 400
(Figure 1a,b). The following tools were applied in the experiments:

• Turning insert: Sandvik CCGW 09T308 NC2
• Tool holder: E25T-SCLCR 09-R
• Grinding wheel: Norton 3AS80J8VET 01_36X37X13

Figure 1. Machining and measurement setup of the workpiece: (a) hard turning, (b) infeed grinding,
(c) measurement by inductive sensor.

Three procedure versions were applied in the experiments: M1 and M2 were hard
turning with different feeds and M3 was infeed grinding. The cutting parameters were
within the limits recommended by the tool manufacturer. The technological data of the
hard turning procedure versions:

• Feed: f = 0.1 mm/rev (M1); f = 0.3 mm/rev (M2)
• Depth-of-cut: ap = 0.2 mm
• Workpiece rpm: n = 615 min−1

The technological data of the grinding procedure version:

• Feed: f = 0.01 mm/rev
• Wheel width: L′ = 36 mm
• Infeed depth (radial allowance): ∆ = 0.2 mm
• Workpiece rpm: nw = 325 min−1

• Tool rpm: nt = 20,000 min−1

The 3D surface roughness measurements were carried out by the measuring machine
AltiSurf 520 (Figure 1c). The applied sensor was a contact type inductive sensor, the radius
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of the stylus was 2 µm. The nominal measurement range was 150–1500 µm, the resolution
in Z direction was 1 µm and in X and Y direction 2 µm. The standard applied for the
evaluation was ISO 25178-2:2012. The scanned area was 2.8 × 2.8 mm and the evaluation
area was 2 × 2 mm (the cut-off was 0.8 mm and Gauss filter was applied). The number of
scanned points per measurement was 1 million. The different evaluation area sizes were
designated by the data processing software of the measuring machine (Altimap Premium).
One area was scanned on each workpiece. A total of 19 areas of different sizes were
evaluated. The scheme of this is demonstrated in Figure 2.

Figure 2. Area sizes applied in the regression analyses.

The analyzed roughness parameters and their calculations (Equations (1)–(6)):

• Arithmetical mean height (Sa, µm): A relatively frequent roughness parameter in part
drawings.

Sa =
1
A

x

A

|Z(x, y)|dxdy (1)

• Root mean square height (Sq, µm): It can be used to qualify the topography of
relatively smooth surfaces. It is sensitive to the outlier surface peaks and valleys.

Sq =

√
1
A

x

A
Z2(x, y)dxdy (2)

• Skewness (Ssk, –): The working surfaces are characterized by the skewness; it charac-
terizes the tribological properties of the surface. A positive value means the dominance
of roughness peaks and a negative value means the dominance of valleys and usually
better lubrication.

Ssk =
1

Sq3

[
1
A

x

A
Z3(x, y)dxdy

]
(3)

• Kurtosis (Sku, –): It characterizes the tribological properties. It is generally considered
together with Ssk. It informs about the lubrication and wear resistance.

Sku =
1

Sq4

[
1
A

x

A
Z4(x, y)dxdy

]
(4)

• Maximum peak height (Sp, µm): It is the height of the highest peak within the
evaluation area.

Sp = max
A

z(x, y) (5)
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• Maximum pit height (Sv, µm): It is the absolute value of the height of the largest pit
within the evaluated area.

Sv =

∣∣∣∣min
A

z(x, y)
∣∣∣∣ (6)

3. Results and Discussion

The measured values of the roughness parameters are summarized in Appendix B
(Tables A2–A4). The 3D topography pictures are collected in Appendix C (Figure A1). In
Section 3.1, some observations are made based on the measured and calculated data and in
the proceeding sections the minimization of the evaluation area is described. In Figure 3,
the minimization process is drafted.

Figure 3. Process of the minimization of the evaluation area.

3.1. The Surface Roughness Values and Their Standard Deviations

With the decrease of the evaluation area the roughness values become distorted. To get
familiar with this phenomenon, it is useful to analyze the absolute values of the roughness
parameters and their standard deviations. The surface roughness measurement results
and their standard deviations were plotted in Figures 4–9. The first value of the standard
deviation was calculated for the first three (2 × 2 mm–1.8 × 1.8 mm) and the further values
for four, five, etc. roughness data. To facilitate the comparison of the procedure versions in
the case of a given roughness parameter, the maximum values of the axes (roughness and
standard deviation) were set to identical values for the three procedure versions.
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Figure 4. Sa parameters (black) and their standard deviations (green) as a function of the analyzed area (2 × 2 mm–
0.2 × 0.2 mm): (a) M1—hard turning, f = 0.1 mm/rev; (b) M2—hard turning, f = 0.3 mm/rev; (c) M3—grinding.

Figure 5. Sq parameters (black) and their standard deviations (green) as a function of the analyzed area (2 × 2 mm–0.2 ×
0.2 mm): (a) M1—hard turning, f = 0.1 mm/rev; (b) M2—hard turning, f = 0.3 mm/rev; (c) M3—grinding.

Figure 6. Ssk parameters (black) and their standard deviations (green) as a function of the analyzed area (2 × 2 mm–0.2 ×
0.2 mm): (a) M1—hard turning, f = 0.1 mm/rev; (b) M2—hard turning, f = 0.3 mm/rev; (c) M3—grinding.
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Figure 7. Sku parameters (black) and their standard deviations (green) as a function of the analyzed area (2 × 2 mm–0.2 ×
0.2 mm): (a) M1—hard turning, f = 0.1 mm/rev; (b) M2—hard turning, f = 0.3 mm/rev; (c) M3—grinding.

Figure 8. Sp parameters (black) and their standard deviations (green) as a function of the analyzed area (2 × 2 mm–0.2 ×
0.2 mm): (a) M1—hard turning, f = 0.1 mm/rev; (b) M2—hard turning, f = 0.3 mm/rev; (c) M3—grinding.

Figure 9. Sv parameters (black) and their standard deviations (green) as a function of the analyzed area (2 × 2 mm–0.2 ×
0.2 mm): (a) M1—hard turning, f = 0.1 mm/rev; (b) M2—hard turning, f = 0.3 mm/rev; (c) M3—grinding.

It has to be noted that some of the roughness values of the ground surface were higher
than those of the surface turned by f = 0.1 mm/rev feed. The reason for this is that the
feed value is significantly low compared to the radius of the insert (0.8 mm). Therefore, the
burnishing effect is determinant. When increasing the feed to 0.3 mm/rev, the imprint of
the insert become determinant in the topography.

The initial assumption was that the distortion of the surface roughness values (plotted
black curves) would increase with the decrease of the measured area.

In the case of the Sa—M2 roughness parameter—procedure version pair (Figure 4b)
it can be observed that with the decrease of the measured area an intense oscillation
occurs in the roughness value (on both sides of the average). Concerning the Sa—M3 pair
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(Figure 4c), a slight decrease in the roughness value can be observed with a fluctuation in
the background:

Concerning the Sq—M2 and the Sq—M3 pairs (Figure 5b,c), the same can be observed
as in the cases of the Sa—M2 and Sa—M3 pairs.

Concerning the Ssk—M2 and the Sku—M2 (Figures 6b and 7b) roughness parameter—
procedure version pairs, intense oscillations occur in the roughness values. The roughness
values of the surface hard turned by f = 0.1 mm/rev show only a negligible deviation
(Figures 6a and 7a) and there is no trend or periodicity in the roughness data of the ground
surface (Figures 6c and 7c).

Concerning the Sp—M1, Sp—M2 (Figure 8a,b), the Sv—M1 and Sv—M2 (Figure 9a,b)
pairs slight decreases can be observed with a fluctuation in the background. The maximum
peak height (Sp) and maximum pit height (Sv) are relatively sensitive to outliers, and
significant ‘jumps’ can be observed in the roughness parameter values: Sp—M3 (Figure 8c)
and Sv—M3 (Figure 9c). Here first the outlying surface points were within the evaluated
area (Figure 10) and when the measured area decreased to 1.6 × 1.6 mm, the outliers
disappeared and the Sp and Sv values started to show slight decreases.

Figure 10. Outliers on the ground surface (procedure version M3).

Because of these observations, the standard deviations of the data were calculated
and plotted. In the most cases the deviation increased with the decrease of the measured
area, e.g., Sa–M2 (Figure 4b); Sku–M2 (Figure 7b); Sp–M1 (Figure 8a). When there were
sudden changes in the parameter values, they showed up in the deviation values too. For
example, a clear decrease can be observed in the first five deviation values of the roughness
parameter—procedure version pair Sku–M3 (Figure 7c).

The observations connected to the roughness diagrams and standard deviation di-
agrams clearly show that there are deviations in the roughness values. However, more
detailed quantification of the deviation is necessary.

3.2. Designation of Minimum Evaluation Areas

With the decrease of the evaluation area, a trend or an oscillation or both can be
observed in the roughness curves. There is a difference between the roughness value of
the 2 × 2 mm area and that of a smaller area. Let the maximum limit of the absolute value
of this difference be 5%. This extent in this study and in industrial practice is considered
as a negligible error. Concerning the standard deviation values, a similar limit can be
designated. 2% of the roughness value measured on the 2 × 2 mm area (2%_S2×2) is
statistically low enough to serve as a limit for the standard deviation. With the decrease of
the evaluation area the standard deviation increases. Another minimum evaluation area is
where the standard deviation does not exceed the 2% limit. This different point of view
helps in refining the minimum areas designated by the 5% limit of the absolute roughness
values. The two methods are demonstrated in Figure 11.
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Figure 11. Schemes of designation minimum evaluation areas with limits set based on (a) roughness values and their
(b) standard deviations.

The absolute differences are collected in Table 3. The minimum evaluation area is
where this limit is not reached when the values from the 2 × 2 mm area to the direction of
the smaller ones are considered. In Table 3 the first differences which do not exceed the
limit are underlined. The minimum areas gained by this approach is considered as the first
step of the minimization.

Table 3. Changes in the roughness values (%) compared to the values measured on the area 2 × 2 mm.

Side Length of the Measured Area (Square) (mm)

2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2

Sa
(µm)

M1 0.0 0.1 0.1 0.2 0.2 0.1 0.0 0.1 0.1 0.0 0.3 0.5 0.9 1.5 1.9 1.3 2.0 1.4 2.0
M2 0.0 2.2 0.8 1.1 2.0 1.2 1.0 2.2 0.0 2.8 1.9 1.6 2.0 5.1 2.9 2.8 9.2 3.0 10
M3 0.0 2.9 2.2 1.6 1.6 1.0 0.1 3.4 5.2 3.0 2.6 8.9 18 18 21 31 31 27 46

Sq
(µm)

M1 0.0 0.0 0.1 0.2 0.1 0.0 0.1 0.3 0.4 0.4 0.7 0.9 1.4 1.9 2.2 1.4 2.1 1.1 2.1
M2 0.0 1.8 0.4 1.3 1.6 0.9 0.8 1.7 0.3 2.8 1.5 1.1 1.7 4.5 2.3 2.0 7.9 2.5 7.0
M3 0.0 1.9 1.0 0.6 0.2 0.5 1.8 6.4 4.7 3.0 2.3 8.8 18 18 21 31 32 28 45

Ssk
(–)

M1 0.0 2.0 0.7 1.5 4.6 5.6 9.0 11 9.3 14 13 18 20 16 16 10 10 4.8 32
M2 0.0 7.1 1.2 1.9 6.8 0.8 1.1 11 1.5 3.7 12 5.3 5.4 25 7.9 6.4 41 12 11
M3 0.0 13 19 17 1.2 11 16 68 65 67 70 38 68 65 14 71 71 69 35

Sku
(–)

M1 0.0 0.2 0.1 0.1 0.6 0.7 0.8 1.2 1.6 1.9 1.9 1.9 2.2 2.3 2.2 1.7 0.3 0.7 0.6
M2 0.0 5.6 2.5 0.7 5.2 2.0 1.4 7.3 2.5 0.1 6.9 2.9 2.3 12 3.4 4.4 22 3.5 13
M3 0.0 7.5 7.9 7.1 4.8 3.5 2.6 5.5 7.1 10 10 10 7.6 8.7 8.2 13 11 13 8.4

Sp
(µm)

M1 0.0 0.4 0.6 0.9 5.8 7.9 8.1 8.2 8.3 8.6 9.1 9.5 10 10 10 11 11 19 21
M2 0.0 1.2 0.5 0.4 1.1 0.3 0.9 1.1 0.0 0.2 2.4 0.4 0.3 1.9 4.1 7.8 3.6 8.2 11
M3 0.0 0.7 1.0 0.6 44 45 45 46 46 56 56 57 55 56 56 67 66 66 70

Sv
(µm)

M1 0.0 0.5 0.6 1.0 1.1 0.7 0.5 0.4 0.2 0.1 0.6 1.1 1.6 1.6 1.4 4.2 4.1 13 16
M2 0.0 1.4 0.6 0.5 6.2 7.3 6.6 8.9 7.6 8.9 11 9.3 8.5 24 22 21 28 29 29
M3 0.0 1.1 1.6 0.9 28 31 30 32 32 32 32 34 38 37 45 47 50 51 64

To get more exact minimum areas the consideration of the standard deviation values
can be useful. This can be considered as a modification of the results gained in the first step.
In Table 4, the minimum evaluation areas belong to the last standard deviations whose
values do not exceed 2% of the basis surface roughness value (measured on the 2 × 2 mm
area) are demonstrated.

When comparing the designated minimum areas based on the roughness values and
the standard deviation values, it can be observed that the minimum areas are mainly the
same. In case of the Sa–M3 pair the surface roughness-based limit is higher (1.3 × 1.3 mm)
that the standard deviation-based (1 × 1 mm). In case of the Ssk–M1 pair the standard
deviation-based limit (1.7 × 1.7 mm) is higher than the surface roughness-based limit
(1.6 × 1.6 mm). The highest areas are considered as minimum evaluation areas. The
Ssk and Sku parameters belonging to the M2 and M3 procedure versions resulted in the
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maximum area (2 × 2 mm) based on the surface roughness parameter. In these pairs the
first calculated standard deviations (for the 1.8 × 1.8 mm areas) exceed the limit, therefore
the surface roughness-based limits were considered as relevant. In a study of Yong et al. the
measurement area was in the focus. Four evaluation sizes were analyzed from 50 × 50 µm
to 5000× 5000 µm. In case of certain parameters (e.g., Sa, Sq) tendencies were demonstrated
in the values but other parameter values showed deviations (e.g., Ssk, Sku) [31].

Table 4. Designated minimum evaluation areas based on the 2% standard deviation limit.

Roughness parameters and
machining procedures

Sa
(µm)

Sa
(µm)

Sa
(µm)

Sq
(µm)

Sq
(µm)

Sq
(µm)

Ssk
(–)

Ssk
(–)

Ssk
(–)

M1 M2 M3 M1 M2 M3 M1 M2 M3

Roughness of the 2 × 2 mm
area 0.398 1.127 0.621 0.471 1.378 0.784 0.153 0.666 0.468

2% of the roughness value 0.008 0.023 0.012 0.009 0.028 0.016 0.003 0.013 0.009
Last stdev below the 2% limit 0.003 0.019 0.010 0.000 0.000 0.009 0.002 – –

Minimum evaluation area
(mm ×mm) 0.2 × 0.2 0.8 × 0.8 1 × 1 0.2 × 0.2 0.5 × 0.5 1.4 × 1.4 1.7 × 1.7 – –

Roughness parameters and
machining procedures

Sku
(–)

Sku
(–)

Sku
(–)

Sp
(µm)

Sp
(µm)

Sp
(µm)

Sv
(µm)

Sv
(µm)

Sv
(µm)

M1 M2 M3 M1 M2 M3 M1 M2 M3

Roughness of the 2 × 2 mm
area 2.180 2.713 3.279 1.582 3.936 5.862 1.387 3.465 3.598

2% of the roughness value 0.044 0.054 0.066 0.032 0.079 0.117 0.028 0.069 0.072
Last stdev below the 2% limit 0.020 – – 0.006 0.058 0.024 0.023 0.021 0.027

Minimum evaluation area
(mm ×mm) 0.2 × 0.2 – – 1.7 × 1.7 0.6 × 0.6 1.7 × 1.7 0.4 × 0.4 1.7 × 1.7 1.7 × 1.7

3.3. Validation of the Minimum Evaluation Areas
3.3.1. Theoretical Background

Regression analysis is a relatively widely applied tool in 3D roughness analysis.
Kumaran et al. stated that the regression model is applicable for analyzing the effect of
machining parameters on surface roughness in abrasive waterjet cutting experiments [23].
A similar analysis has been carried out by Kuo et al. in EDM experiments for surface
roughness parameter minimization [27].

To analyze the connection between the dependent (roughness parameter) and inde-
pendent (analyzed surface area) variables (first regression analysis), an estimated linear
regression function was determined. The predicted values and the residual values are
necessary for the analysis. The predicted values are the values of the regression function in
the analyzed points and they are calculated based on the ordinary least square method.
The residual values are the differences between the predicted and the measured values.
These differences help in determining the variances, i.e., they inform how the data points
deviate around the regression line. A residual value is 0 if there is no deviation in the data
(line of best fit). In the next step the residual sum of squares (RSS) were calculated in order
to eliminate negative values. Then another regression function was determined in order to
analyze the effect of the original independent variable to RSS, which measures the level
of variance in the residuals (new dependent variable). If the independent variable has no
effect on the new dependent variable, the residual value is considered as to be homoscedas-
tic. In this case, the deviation results only from the randomness. The alternative case is the
heteroscedasticity of the residual value: the residual value increases with the increase of
the independent variable. The value of the significance level was determined according to
the Breusch-Pagan test [39]. It informs about the connection between the dependent and
independent variables. The hypothesis H0 is considered as fulfilled if the independent
variable has no effect on the residual value. This is the homoscedastic case. The meaning
of hypothesis H1 is that there is an effect on the residual value (heteroscedasticity). If the
significance value (p) is higher than 5%, the hypothesis H0 can be accepted.
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3.3.2. Results of the Regression Analysis

Within the minimum evaluation area designated based on the surface roughness and
their standard deviation data, the surface roughness shows certain extent of deviation.
It has to be proved that the deviation remains low enough with a 95% confidence level.
Regression analysis was applied first for the roughness data that remained within the
designated limit and then for the residual values.

Regression analyses were carried out for the roughness data points that remain within
the limit. If based on the significance level homoscedasticity (p > 0.05) resulted for the
residuals, the original limit (determined by the highest from the roughness data or the
standard deviation) was accepted as the validated minimum evaluation area. In case
of heteroscedasticity, further regression analyses were carried out for highest evaluation
area limits. This modification was necessary in case of the following surface roughness—
machining procedure pairs: Sq–M2 (0.6 × 0.6 mm); Sku–M1 (0.4 × 0.4 mm); Sp–M2
(0.7 × 0.7 mm); Sv–M1 (0.6 × 0.6 mm). In Table 5, the results of the minimization are
summarized, and significance levels are given. The regression analysis was applied to
modify the minimum evaluation areas determined based on the±5% limit of the roughness
values and the 2% limit of the standard deviation (Section 3.2). The results of this third step
can be considered as final results. In Table 5, the minimum areas are underlined.

Table 5. Results of the minimization and the significance levels.

Surface Roughness
Parameter

Machining
Procedure

Minimum Evaluation Area (mm ×mm)
Significance

Level (p)5% Limit (Surface
Roughness)

2% Limit (Standard
Deviation)

Regression
Analyses

Sa (µm)

M1 0.2 × 0.2 0.2 × 0.2 0.2 × 0.2 0.823

M2 0.8 × 0.8 0.8 × 0.8 0.8 × 0.8 0.099

M3 1.3 × 1.3 1 × 1 1.3 × 1.3 0.512

Sq (µm)

M1 0.2 × 0.2 0.2 × 0.2 0.2 × 0.2 0.089

M2 0.5 × 0.5 0.5 × 0.5 0.6 × 0.6 0.122

M3 1.4 × 1.4 1.4 × 1.4 1.4 × 1.4 0.122

Ssk (–)

M1 1.6 × 1.6 1.7 × 1.7 1.7 × 1.7 0.909

M2 2 × 2 – 2 × 2 –

M3 2 × 2 – 2 × 2 –

Sku (–)

M1 0.2 × 0.2 0.2 × 0.2 0.4 × 0.4 0.059

M2 2 × 2 – 2 × 2 –

M3 2 × 2 – 2 × 2 –

Sp (µm)

M1 1.7 × 1.7 1.7 × 1.7 1.7 × 1.7 0.068

M2 0.6 × 0.6 0.6 × 0.6 0.7 × 0.7 0.167

M3 1.7 × 1.7 1.7 × 1.7 1.7 × 1.7 0.401

Sv (µm)

M1 0.4 × 0.4 0.4 × 0.4 0.6 × 0.6 0.576

M2 1.7 × 1.7 1.7 × 1.7 1.7 × 1.7 0.430

M3 1.7 × 1.7 1.7 × 1.7 1.7 × 1.7 0.401

4. Conclusions

In this study, a few frequently used 3D height parameters were analyzed with simple
descriptive statistical methods and regression analysis. The assumption was that the
measured data become more distorted as the size of the evaluated surface area decreases.
Hard turned and ground surfaces were analyzed in the study. Minimum evaluation areas
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were designated for each analyzed roughness parameter and regression analyses were
applied for validating the results.

The main findings of the study:

• There is no clear tendency in the analyzed roughness values when the evaluation area
is decreased: the data show oscillation/periodicity (e.g., in the Sa parameter when the
surface is hard turned by feed 0.1 mm/rev) in some cases and in others decreasing
values (e.g., in the Sq parameter when the surface is machined by infeed grinding)
or show irregularities (e.g., in the Sku parameter when the surface is machined by
infeed grinding).

• For the Sa, Sq, Sp, and Sv parameters, minimum evaluation areas were determined
and validated. Regardless of the machining procedure a 1.3 × 1.3 mm evaluation area
can be applied for the Sa parameter, 1.4 × 1.4 mm for Sq, and 1.7 × 1.7 mm for Sp and
Sv parameters. These statements are valid only for the analyzed technological data
and in the range of surface roughness Sa = 0.4–1.13 µm or Sz = 2.97–9.46 µm.

• Analyzing the Ssk and Sku parameters, valid evaluation areas were determined only
in the case of the M1 procedure version (hard turning, f = 0.1 mm/rev). 1.7 × 1.7 mm
and 0.4 × 0.4 mm evaluation areas are recommended for the Ssk and the Sku parame-
ters, respectively. In case of the surface hard turned by f = 0.3 mm/rev feed and the
ground surface 2 × 2 mm evaluation area is recommended. However, this resulted
from the surface roughness and standard deviation limits, and was not validated by
the regression analysis.

The novelty of the study is the relatively simple minimization method, which can
be expressed to many types of machining procedures. In this paper, it was shown that
minimum evaluation areas can be determined. However, generalization of the findings is a
necessary further step in surface roughness measurement. Clear designation of evaluation
areas could be useful in the industry because the minimization of the area can lead to
measurement time savings and therefore lower unit costs, which might be significant in
large scale production.

Further research directions based on the results of this study:

• Analysis of other machining procedures (e.g., milling, drilling)
• Analysis of the effects of changes in the technological data based on design of experi-

ment.
• Analysis of more or all roughness parameters.
• Calculation of measurement time savings.
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Appendix A

Examples of studies in 3D surface roughness measurement of surfaces machined by
different procedures and the evaluation areas applied.
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Table A1. Applied roughness evaluation areas in various cutting technologies.

Cutting Technology Evaluation Area of 3D Roughness Measurement (mm ×mm)

Burnishing 2.5 × 2.5 [40], 3.6 × 3.6 [41]
Direct Laser Deposition 1.2 × 0.9 [42]

Grinding 1.2 × 0.9 [42], 1.5 × 1 [43], 2.5 × 2.5 [16], 0.5 × 0.5 [44]
Hard turning 2.5 × 2.5 [40], 0.5 × 0.5 [44], 0.8 × 0.8 [45]

Honing 1.28 × 1.28 [46]
Milling 1.2 × 0.9 [42], 5 × 5 [47], 2.5 × 2.5 [48], 4 × 4 [49]

Polishing 1.9 × 2.5 [50], 1.75 × 1.75 [51]
Rolling 0.7 × 0.525 [52]
Turning 0.705 × 0.528 [53]

Appendix B

Surface roughness measurement data (area: 2 × 2 mm) and the values generated
by the reduction of the area (from 1.9 × 1.9 mm to 0.2 × 0.2 mm) for the three analyzed
procedure versions (M1, M2, and M3)

Table A2. Surface roughness values for the procedure version M1.

M1
Side Length of the Measured Area (Square) (mm)

2 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1

Sa (µm) 0.398 0.398 0.398 0.397 0.397 0.397 0.398 0.398 0.398 0.398
Sq (µm) 0.471 0.471 0.471 0.470 0.471 0.472 0.472 0.473 0.473 0.473
Ssk (–) 0.153 0.150 0.154 0.151 0.146 0.144 0.139 0.136 0.139 0.132
Sku (–) 2.180 2.184 2.183 2.183 2.193 2.196 2.198 2.207 2.216 2.221
Sp (µm) 1.582 1.575 1.573 1.568 1.491 1.457 1.454 1.452 1.451 1.445
Sv (µm) 1.387 1.394 1.396 1.400 1.403 1.377 1.380 1.382 1.384 1.389

M1
Side Length of the Measured Area (Square) (mm)

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2

Sa (µm) 0.399 0.400 0.401 0.404 0.405 0.403 0.406 0.403 0.406
Sq (µm) 0.475 0.476 0.478 0.480 0.482 0.478 0.481 0.477 0.481
Ssk (–) 0.132 0.125 0.123 0.128 0.128 0.138 0.168 0.146 0.104
Sku (–) 2.222 2.222 2.228 2.231 2.229 2.218 2.187 2.164 2.194
Sp (µm) 1.438 1.432 1.426 1.425 1.428 1.411 1.411 1.281 1.247
Sv (µm) 1.396 1.402 1.409 1.409 1.406 1.329 1.330 1.200 1.170

Table A3. Surface roughness values for the procedure version M2.

M2
Side Length of the Measured Area (Square) (mm)

2 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1

Sa (µm) 1.127 1.102 1.119 1.140 1.105 1.114 1.139 1.102 1.127 1.158
Sq (µm) 1.378 1.354 1.373 1.396 1.356 1.366 1.389 1.355 1.383 1.417
Ssk (–) 0.665 0.713 0.673 0.678 0.710 0.671 0.658 0.736 0.675 0.690
Sku (–) 2.715 2.867 2.784 2.734 2.856 2.770 2.677 2.914 2.782 2.711
Sp (µm) 3.936 3.985 3.957 3.951 3.977 3.925 3.899 3.979 3.935 3.942
Sv (µm) 3.465 3.416 3.444 3.449 3.250 3.211 3.237 3.158 3.201 3.157

M2
Side Length of the Measured Area (Square) (mm)

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2

Sa (µm) 1.106 1.109 1.150 1.069 1.095 1.159 1.024 1.093 1.240
Sq (µm) 1.358 1.363 1.402 1.316 1.346 1.406 1.269 1.344 1.475
Ssk (–) 0.742 0.701 0.701 0.831 0.718 0.708 0.935 0.746 0.741
Sku (–) 2.902 2.794 2.652 3.042 2.807 2.597 3.324 2.810 2.355
Sp (µm) 4.030 3.950 3.924 4.012 3.775 3.628 3.792 3.613 3.491
Sv (µm) 3.070 3.145 3.171 2.639 2.711 2.721 2.480 2.459 2.447
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Table A4. Surface roughness values for the procedure version M3.

M3
Side Length of the Measured Area (Square) (mm)

2 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1

Sa (µm) 0.621 0.603 0.608 0.611 0.611 0.615 0.622 0.600 0.589 0.602
Sq (µm) 0.784 0.769 0.776 0.780 0.782 0.788 0.798 0.734 0.747 0.760
Ssk (–) 0.468 0.528 0.557 0.550 0.474 0.415 0.394 0.150 0.164 0.155
Sku (–) 3.279 3.526 3.537 3.513 3.436 3.394 3.363 3.097 3.045 2.949
Sp (µm) 5.862 5.901 5.918 5.896 3.269 3.229 3.221 3.173 3.171 2.598
Sv (µm) 3.598 3.559 3.542 3.565 2.591 2.499 2.507 2.435 2.438 2.431

M3
Side Length of the Measured Area (Square) (mm)

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2

Sa (µm) 0.605 0.566 0.510 0.510 0.493 0.430 0.428 0.454 0.335
Sq (µm) 0.766 0.715 0.643 0.641 0.621 0.538 0.534 0.561 0.433
Ssk (–) 0.139 0.288 0.150 0.163 0.402 0.135 0.135 0.144 0.632
Sku (–) 2.943 2.966 3.031 2.994 3.010 2.853 2.906 2.848 3.554
Sp (µm) 2.597 2.542 2.621 2.588 2.580 1.936 1.982 2.010 1.742
Sv (µm) 2.432 2.382 2.241 2.274 1.993 1.912 1.792 1.764 1.282

Appendix C

Pictures of the surface topographies after Gauss filtering (scanned area: 2.8 × 2.8 mm;
evaluated area: 2 × 2 mm).

Figure A1. Surface topography of the (a) hard turned (f = 0.1) surface—M1 (b) hard turned (f = 0.3) surface—M2 (c) ground
surface—M3.
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