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In mechanical drawings, two-dimensional surface texture parameters are
commonly used to indicate surface texture; however, measurement
results may vary depending on the measurement position. As a result,
there is increasing interest in establishing a measurement method that
utilizes three-dimensional surface quality parameters, which can more
effectively evaluate fine surface irregularities. The application of three-
dimensional evaluation is proposed as essential in the design of sliding
surfaces for high-precision machined parts and overall machine design.
This study emphasizes the need to clarify design guidelines and
evaluation criteria when assessing products and designing machines. It
aims to evaluate the impact of surface roughness on the friction and wear
characteristics of reciprocating sliding surfaces, with a view to serving
as a guideline for designing sliding surfaces under light load conditions.
The experiment involved preparing three types of sliding surfaces -
ground and milled - each with different surface roughness. Results
indicate that the friction coefficient increases with sliding distance,
demonstrating significant wear on the surface crests. Thus, it was found
effective to use a combination of multiple surface quality parameters,
such as the arithmetic mean peak curvature Spc, in addition to the
arithmetic mean roughness Ra, for evaluating sliding surfaces. This
finding is expected to enhance the product value by enabling more
detailed evaluation of surface quality in the mechanical design of sliding
surfaces.

INTRODUCTION

In recent years, as international competitiveness in the manufacturing industry has intensified, machine
tools and industrial robots are increasingly required to provide added value through higher precision and
longer service life. In response to these demands, advanced technologies such as laser machining and
additive manufacturing have made significant progress alongside traditional cutting processes, driving
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reforms in manufacturing practices (Rahmatullah et al., 2021; Adeleke et al., 2024; Fukuoka & Seiyama,
2020; Cooke et al., 2020; Hashimoto, 2022). Similarly, measurement technologies used for inspecting and
evaluating machined parts now require a broader range of methods. For example, surface properties, which
indicate the surface condition and characteristics of the measured object, are one such area requiring
attention (Barsi¢ et al., 2023; Zeng et al., 2018).

In general, the arithmetic mean roughness Ra and the maximum height roughness Rz, as specified in
ISO standards, are commonly used to represent surface properties in mechanical drawings (1ISO 25178-2,
2021). Ra and Rz, which quantitatively assess the degree of surface roughness, are widely adopted due to
the global standardization of line evaluation using measured cross-sectional curves as a common industrial
practice (Gadelmawla et al., 2002; Sasaki, 2014). However, as shown in Fig 1, although both surfaces have
the same Ra and Rz values, the surface in Fig 1(a) is considered more susceptible to wear, while the surface
in Fig 1(b) is considered more resistant to wear in terms of functional properties. Therefore, despite identical
surface roughness specifications, differences in wear characteristics between the two surfaces remain a

concern.
[ A T %@
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Fig. 1. Surfaces with the same roughness but different functionality (a) patternl and (b) pattern2.

The challenge in evaluating two-dimensional surface texture parameters lies in the fact that it
essentially involves a line evaluation, where only a segment of the entire machined surface is represented
as a straight line. Consequently, measurement outcomes can vary depending on the location of the
measurement and the scanning direction. In contrast, three-dimensional surface property parameters, while
providing a more comprehensive analysis, have their own drawbacks, such as lengthy measurement times
and the vast data volume required to evaluate large surface areas. However, because this method evaluates
the entire surface, it allows for the detection of striations and microscopic irregularities often missed by
two-dimensional line evaluations, and it can assess surfaces specifically designed for functionality.
Consequently, machine designers and machining engineers have high hopes for the development of a
reliable evaluation method (He et al., 2021; Fu et al., 2020; Marrugo et al., 2020; Berglund et al., 2020).

Yonehara et al. (2003) investigated the effects of surface roughness on gloss and surface colour from
a product quality perspective. Their results showed that as Ra decreased, gloss levels increased while
surface colour diminished. Numerous studies on surface evaluation focus on texturing, which involves
deliberately introducing fine irregularities to a surface. For example, Kyoizumi et al. (2018) improved the
low friction coefficient and wear resistance of sliding surfaces by creating a microcavity and convexity
profile using the plasma shot method, followed by grinding, and then evaluating the resulting shape and
frictional wear. Their findings indicated that the friction coefficient decreased as the surface roughness from
grinding was reduced.

While many studies have focused on appearance, texture, and texturing of products as evaluation
criteria for surface properties, there is a lack of comprehensive proposals and evaluations based on
experimental data that serve as design guidelines for sliding surfaces (Sun et al., 2005; Gachot et al., 2017,
Mao et al., 2020; Pawlus et al., 2021; Yonehara et al., 2005). Therefore, the purpose of this study is to
evaluate the effects of three-dimensional surface property parameters on the friction and wear
characteristics of reciprocating sliding surfaces, providing guidelines for designing these surfaces under
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light load conditions. Furthermore, based on the findings, we propose surface texture parameters that can
aid in the design of sliding surfaces.

EXPERIMENTAL METHOD

Fig 2 shows a schematic diagram of the sliding device used in this experiment. The apparatus consists of a
driving unit on the left side and a driven unit on the right side, both performing reciprocating motions. The
load on the test specimen is adjusted by varying the thickness of the upper and lower test pieces. The friction
coefficient Fy/Fz during sliding was calculated from the measured values of Fy and Fz, obtained using a
dynamometer when the test pieces were positioned near the centre, with the sliding direction along the -y
axis. Additionally, frictional wear during sliding was monitored using a broadband AE sensor (Borghesani
et al., 2018), installed at the midpoint of the side of the lower specimen. Since the AE signal generated
during sliding is weak, data were acquired with a total gain of 70 dB, a high-pass filter set at 100 kHz, and
a sampling frequency of 8 MHz.

Table 1 presents the main experimental conditions. Prior to sliding, an average load of 150 N was
applied in the z direction, with a sliding speed of 10 mm/s. The contact area between the upper and lower
specimens was 46 x 46 mm. The test material used was S50C, a carbon steel for mechanical structures. The
upper specimen was ground to a surface roughness of Ra = 0.2 pm and a hardness of 227 HV (hereafter
referred to as the untreated upper specimen). Another upper specimen was hard chrome plated to a
roughness of Ra = 0.2 um and a hardness of 808 HV (hereafter referred to as the hard chrome-plated upper
specimen). The lower specimens were milled after grinding to achieve three different roughness levels: Ra
= 1.6 um, Ra = 3.2 um, and Ra = 6.3 um (referred to as Ra = 1.6 ym, Ra = 3.2 um, and Ra = 6.3 um,
respectively). The sliding direction corresponded to the cutting direction of the specimens. Here, the sliding
direction refers to the direction of motion in the device shown in Fig 2, while the cutting direction refers to
the grinding direction on the surface and the tool feed direction during milling. A thin layer of lubricating
oil was applied to the contact surfaces of the upper and lower specimens before starting the experiment.
Since the aim of this study was to evaluate the effect of surface roughness on wear and friction
characteristics, the experiments were conducted under lubricated wear conditions, with lubricant applied
only at the start of sliding. Subsequently, the experiments simulated a wear state in which the lubricant had
disappeared from the sliding surfaces. The experiment was repeated five times to ensure reproducibility,
confirming that the relationship between sliding distance and friction coefficient was qualitatively
consistent.

Top bridge

Upper test piece Actuator

Linear guide

Surface plate

Lower test piece
Dynamometer

Acoustic emission (AE)

Fig. 2. Schematic diagram of the experimental setup.
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Table 1. Experimental conditions

Upper test piece S50C Ground surface (Ra = 0.2 um)

Hard chrome-plated (808 HV) Untreated (227 HV)
Lower test piece S50C Milled surface (227 HV)

Ra=1.6 pm Ra = 3.2 um Ra = 6.3 um
Speed 10 mm/s
Load 150 N (7.2 x 10-*MPa)
Contact area 46 x 46 mm
Lubrication oil VG-68 (50 pl)

Table 2. Measurement conditions of the laser microscope

Microscope KeyenceVK-X1000
Lens x 20

- S-filter L-filter
Condition 2 um 0.5 mm
Area 500 x 500 um
Pixel 1024x768

The surface of the test piece undergoes noticeable changes before and after sliding due to abrasion.
This abrasion affects both the friction coefficient and the surface appearance. To assess these changes, we
measured the static friction coefficient, dynamic friction coefficient, and glossiness before and after sliding.
Additionally, a non-contact laser microscope was used to observe the specimen and to measure surface
texture parameters before and after sliding. The main measurement conditions for the microscope are listed
in Table 2. It was operated at a magnification of 20x, and surface texture parameters were calculated over
an area of 500 x 500 pm.

EXPERIMENTAL RESULTS AND DISCUSSION

Correlation between Sliding Distance, Friction Coefficient, and Arithmetic Mean Roughness

Fig 3 illustrates the relationship between sliding distance, friction coefficient, and arithmetic mean
roughness. In Fig 3(a), the lower test piece has an Ra = 1.6 um, and in Fig 3(b), it has an Ra = 6.3 pum. The
results show that the friction coefficient follows a similar increasing trend, regardless of the surface
roughness and hardness of the test piece. In Fig 3(a), for the upper plated surface, the friction coefficient
remains low from the beginning of sliding until around 80 m, after which it increases compared to the upper
ground surface. It is believed that when the upper surface is plated, the crests of the lower specimen wear
more readily than on a ground surface, leading to a rise in the friction coefficient. This occurs due to a
reduction in chip pockets as wear progresses, which diminishes the retention and discharge function of wear
debris. This finding aligns with the abrasive wear observations by Nitanai (2000), who reported that when
there is a hardness disparity between two contacting surfaces, the rough projections of the harder material
penetrate the softer one, cutting into it and forming grooves through relative movement. Conversely, in Fig
3(b), the friction coefficient is lower than that observed in the sliding test with the upper ground surface,
up to a sliding distance of about 230 m. Brunetiére & Tournerie (2012) reported that introducing dimples
to metal surfaces in contact can reduce friction. Consistent with this, the experimental results suggest that,
due to the large ridges, the chip pocket function is effective even as wear occurs, resulting in a lower friction
coefficient (Sedlacek et al., 2009; Kakegawa et al., 2015). Furthermore, no significant change in Ra was
observed before and after sliding for both the upper ground and upper plated surfaces.
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Fig. 3. Relationship between sliding distance, friction coefficient, and arithmetic mean roughness (a) lower specimen
milled surface Ra = 1.6 um and (b) lower specimen milled surface Ra = 6.3 um.

Fig 4 shows the measured cross-sectional curve. In Fig 4(a), the lower test piece has an Ra = 1.6 um,
and in Fig 4(b), it has an Ra = 6.3 um. Additionally, images of the lower test piece (Ra = 6.3 um) before
and after sliding are presented in Fig 5. In Fig 5(a), the upper test piece is untreated, while in Fig 5(b), it is
hard chrome-plated. These results indicate that the surface peaks were worn down before and after sliding.
For the upper ground part, particularly in the case of the ground surface, as the sliding distance increased
shortly after the start of sliding, the surface convexities experienced plastic deformation and were gradually
worn away, creating a wear surface. This process increased the friction coefficient. Once the wear surface
was fully established and the real contact area increased, the contact pressure from the applied load
decreased, which reduced the deformation of the convexities and stabilised the friction coefficient (Gachot
et al., 2017; Nogueira et al., 2002). Furthermore, in cases where the friction coefficient rose again after
stabilization, it is likely that the lubricating effect weakened due to wear debris causing adhesion on the
sliding surfaces (Miyoshi & Tsukamoto, 2023; Pettersson & Jacobson, 2004). The sharp rise in the friction
coefficient, highlighted by the blue circle on the upper plated surface in Fig 3(a), is likely due to valleys
acting as pseudo oil pockets. These pockets initially expel lubricant along with wear debris, but as the
effectiveness of the lubricant diminishes, scratches form on the sliding surface. This can be observed from
the sliding marks on the side of the test piece in the photograph taken immediately after sliding, as shown
in Fig 6. Additionally, when comparing Sz values before and after sliding, area B had a maximum height
Sz of 7.969 um before sliding and 7.323 um after sliding, while area A had an Sz of 7.322 um before sliding
and 9.061 um after. Experiments conducted under non-lubricated conditions confirmed that with larger Ra
values, wear debris took a longer distance to become trapped, demonstrating the effect of chip pockets in
the valleys.
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Fig. 4. Measurement cross-section curve (a) lower specimen milled surface Ra = 1.6 um and (b) lower specimen milled
surface Ra = 6.3 um.
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Fig. 5. Images of the lower test piece Ra = 6.3 um before and after sliding (a) upper untreated and (b) upper hard
chrome-plated.

NIV R

Fig. 6. An example image of the lower test piece with Ra = 1.6 um (The upper test piece is hard chrome-plated).

Fig 7 illustrates the relationship between sliding distance, glossiness, and arithmetic mean roughness
on the upper plated surface. The results indicate that as the sliding distance increases, glossiness slightly
improves from its initial level, regardless of surface roughness. This improvement is likely due to surface
peaks being worn down during sliding, which increases the amount of specularly reflected light (Yonehara
et al., 2003; Yonehara et al., 2005). However, since the change in Ra due to sliding is minimal, evaluating
the surface condition based solely on gloss remains challenging.

Relationship between Sliding Distance and Arithmetic Mean Curvature of the Peak

From the measured cross-sectional curve shown in Fig 4, it is inferred that changes in the friction coefficient
are partly influenced by alterations in the shape of the surface peaks. Accordingly, Fig 8 presents a bird's-
eye view of the lower surface with Ra = 6.3 um. Fig 8(a) illustrates the surface before sliding, Fig 8(b)
shows the surface after a sliding distance of 230 m for the untreated material, and Fig 8(c) depicts the
surface after a sliding distance of 230 m following a hard chrome-plating treatment. In the figure, red
represents the highest points, while blue represents the lowest points. The results indicate that, as sliding
distance increases, the peaks of the surface gradually wear down.
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Fig. 7. Relationship between sliding distance, glossiness and arithmetic mean roughness.

Next, we used the arithmetic mean peak curvature Spc at the summit point as a three-dimensional
surface property parameter to evaluate the shape of the peaks. The Spc peak identification method was set
to 5% of the maximum amplitude at the contour surface. Spc reflects the sharpness of the contact points,
with smaller values indicating more rounded peaks (1SO 25178-2, 2021). Fig 9 illustrates the relationship
between sliding distance, Spc, and the acoustic emission AE effective value. The results show that the AE
effective value is higher immediately after the start of sliding compared to other measurement points. This
is because the initial surface has sharp peaks that undergo significant wear during sliding. Additionally, the
AE effective value is higher on the upper plated surface than on the upper ground surface. This difference
is attributed to the varying hardness between the upper and lower specimens in the case of the upper plated
surface, causing the lower specimen to wear more rapidly. This suggests that softer surfaces experience
greater wear compared to harder surfaces (Suzuki et al., 2008; Kikuchi et al., 1998).

8331 -5 0 5 10 15.609  (un)
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Fig. 8. Bird's eye view, lower specimen milled surface Ra = 6.3 um (500 x 500 um) (a) before sliding 0 m, (b)
untreated 230 m, and (c) hard chrome-plated 230 m.

https://doi.org/10.24191/jmeche.v22i2.6179

©Keiichi Ninomiya et al, 2025



78 Keiichi Ninomiya et al. / Journal of Mechanical Engineering (2025) Vol. 22, No. 2

)
E 700 126
g Material $50C 1
8 Milled surface Ra e“ﬁAEpm 104 &
™ Upper test piece Spc AE RMS 1 =
= 600 4s. Untreated -i- - ] ‘ﬂ’:
3 |‘r¢v\ Hard chrome-plated -#- —w 422 =
- v, - 1 =
5 A m oo
g —~ ARy jzog
o E500 e =
RS (O - 1182
£3 v Voo
E00 Lo g
0 50 100 150 200 250 300
Sliding distance (m)

Fig. 9. Relationship between sliding distance, arithmetic mean curvature of mountain peak and AE effective value.

Relationship between Sliding Distance and Protruding Peak Height/Protruding Valley Depth

In a sliding experiment with the upper plated surface, the Spc value indicated that the shape of the peaks
changed due to sliding. A similar trend was observed in the sliding experiment with the upper ground
surface. At this point, a high effective AE value suggested that only the softer lower specimen was subjected
to wear. Therefore, the surface of the lower test piece, before and after sliding with the upper plated surface,
was characterized using load curve parameters: reduced peak height Spk and reduced valley depth Svk:
(I1SO 25178-2, 2021).

If the roughness curve is symmetrical about the centre line, then Spk/Svk = 1. An increase in this ratio
compared to the pre-sliding condition indicates a significant change in the peaks, while a decrease suggests
a smaller change. Fig 10 illustrates the relationship between sliding distance, Spk/Svk, and the friction
coefficient. The results show that Spk/Svk increased immediately after the start of sliding and then gradually
converged. This increase likely occurred because the initial sliding phase scraped away the protruding
peaks. As wear continued, the peaks were gradually milled down, creating a surface where the tops of the
peaks were removed, thus increasing the contact area. Consequently, Spk/Svk converged, and the friction
coefficient rose. In summary, Spk/Svk serves as an effective parameter for evaluating the friction coefficient
during sliding when there is a hardness difference between the contacting surfaces (Malkorra et al., 2020;
Dzierwa, 2017).
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Fig. 10. Relationship between sliding distance, protruding peak height/protruding valley depth, and friction coefficient.
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Proposal of Design Guidelines for Sliding Surfaces

The combined use of the two-dimensional surface texture parameter Ra and the three-dimensional surface
texture parameters Spc, Spk, and Svk has proven effective for evaluating sliding surfaces. Consequently, a
radar chart was developed to serve as a technical reference for designing sliding surfaces, incorporating
factors such as hardness, surface property parameters, friction coefficient, and gloss. Fig 11 illustrates this
radar chart. The values for each factor were obtained at a sliding distance of approximately 230 m, with the
hardness of the sliding surface expressed as the hardness ratio between the upper and lower test pieces. The
results indicate that the friction coefficient and surface property parameters after sliding can be determined
by establishing Ra and the hardness ratio of the upper and lower specimens, thereby providing processing
guidelines. For instance, roughening the sliding surface increases nearly all surface texture parameters. At
this stage, the friction coefficient is lowest at Ra = 3.2 um, indicating a correlation between the friction
coefficient and Spc. Designers can use radar charts as technical references during sliding surface design to
identify optimal parameters that align with the required specifications.

Furthermore, specifying surface properties with a single parameter can be challenging, as surface
irregularities result from multiple surface characteristics. Therefore, in practical drawing instructions, it is
advisable to include several parameters related to the required functions of the product, in addition to the
conventional Ra.

Ra 5.8um

HV Ratio Sa

1.0 r P . 5.8um

Gs : ) Sz
25.0pm
40%
Fy/Fz ™ Spe
0.30 2 600/mm
100
Spk/Svk

Fig. 11. Radar chart of surface texture parameters for untreated surfaces when surface roughness is specified.

CONCLUSION

As a guideline for designing sliding surfaces, we utilized an experimental device that simulates the sliding
components to evaluate the surface roughness of ferrous metals and the influence of surface texture
parameters on friction and wear characteristics. Additionally, we examined the effects of surface hardness
on the friction coefficient during sliding, as well as the surface texture parameters before and after sliding.
The findings are summarised below.

(i)  When sliding between untreated ground and milled surfaces, as well as between ground and
milled surfaces treated with hard chrome-plating, the coefficient of friction increased with
increasing sliding distance, irrespective of the hardness of the upper specimen and the
roughness of the lower specimen before sliding. In contrast, there was minimal change in the
arithmetic mean roughness Ra. This suggests that three-dimensional surface parameters may
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offer a more effective evaluation of friction and wear compared to traditional two-dimensional
surface parameters.

(if) The shape of the crest of the lower specimen changes with sliding distance due to wear.
Effective factors for evaluating the coefficient of friction during sliding include the arithmetic
mean peak curvature Spc of the crest, along with the reduced peak height/reduced valley depth
Spk/Svk when used in combination. Therefore, design guidelines should integrate Ra with
three-dimensional parameters to achieve optimal surface texture.

(iii) A radar chart was created to serve as a guideline for the design of sliding surfaces. The results
indicate that a combination of Ra, which provides a guideline for machining, and a factor that
offers detailed instructions for the uneven shape is necessary for fabricating sliding surfaces
that minimize the increase in the coefficient of friction.
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