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Multiscale characterization
and contact performance analysis
of machining surfaces

Ling Li, Wang Zhang, Jingjing Wang, Xiaoguang Ruan®’, Lixia Li & Miaoxia Xie

Accurately characterizing the surface topography of parts is crucial to improve the surface
measurement accuracy and analyze the surface contact performance. A method is proposed to
separate the morphological characteristics of the actual machined surface based on the layer-
by-layer error reconstruction method and the signal-to-noise ratio method during the wavelet
transform process, so as to evaluate the contact performance of the different joint surfaces. First,
the actual machined surface morphological features are separated by using the wavelet transform
method, the layer-by-layer error reconstruction method, and the signal-to-noise ratio method.
Second, the reconstructed three-dimensional surface contact model is established by the reverse
modeling engineering method. Third, the finite element method is used to analyze the impact of
processing methods and surface roughness on contact surface parameters. The result demonstrates
that the simplified and efficient three-dimensional reconstructed surface is achieved based on the
real machining surface in contrast to other existing approaches. The surface roughness has a more
significant influence on contact performance. The contact deformation increases with the increase of
surface roughness, while the curves of average contact stress, contact stiffness, and contact area have
the opposite trend.

The surface of the parts leaves slight and uneven scratches during the mechanical machining process, which are
composed of morphological features at different scales when viewed microscopically'~>. The asperities with differ-
ent scales and shapes only participate in contact when the surfaces of two parts are in contact, which significantly
affects the contact performance of mating surfaces*>. Therefore, accurately characterizing the surface topography
of parts is crucial to improve the surface measurement accuracy and analyze the surface contact performance.
Due to the limitations of the Fourier transform, the traditional surface filtering technology has problems such
as surface information homogenization and boundary distortion®®. Nevertheless, the wavelet transform theory
is more effective than Fourier transform in solving many problems. This is because the wavelet transform is the
combination of scaling and translation, which can carry out the comprehensive multi-scale analysis of various
frequency signals. However, the optimal wavelet basis function and the optimal decomposition level are directly
related to the correctness of the reconstructed surface extraction during the wavelet decomposition process. The
selections of wavelet basis function and decomposition level are of great significance to the accurate characteriza-
tion of the surface. Therefore, many scholars have conducted in-depth research on the optimizations of wavelet
basis functions and decomposition layers. Fu and Shi et al.> I* investigated the transmission and phase charac-
teristics of Daubechies, Coiflets, and Biorthogonal wavelet families and then employed the bior6.8 wavelet basis
functions to perform multi-scale decomposition and reconstruction of three-dimensional surfaces. Xin et al.'
compared the filtering performance of various Daubechies wavelet families on multiple groups of signals and
adopted the db6 as the optimal wavelet basis function to decompose input signals. Zou et al.'? selected multiple
wavelet basis functions to determine the optimal wavelet basis function by trial-and-error method for the multi-
scale characterization of the surface. By combining artificial neural network theory, Mezghani et al.’* were able
to determine the optimal wavelet function for multi-scale characterization of the surface. A method based on
the combination of power spectral density was proposed by Sun et al.’ to accurately obtain the characteristics of
various scales of the surface morphology of parts. An and Liu et al.'* * determined the maximum decomposi-
tion scale by evaluating the size of the surface sampling matrix and then employed wavelet transform theory to
effectively characterize the mechanical surface at multiple scales. According to the energy conservation method
and the characteristics of exponential change in the wavelet decomposition process, Liu et al.!® fitted the high-
frequency energy under the decomposition coeflicient of each layer exponentially and determined the number of
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decomposition layers corresponding to the energy mutation point as the maximum decomposition layer. Based
on the wavelet transform theory, Yuan et al.'” used energy entropy ratio and energy methods to characterize the
three-dimensional morphology of rock surfaces at multiple scales.

The above research determines the optimal wavelet basis function and decomposition level by analyzing the
characteristics of different wavelet basis functions and combining the research results of scholars. However, the
above optimization methods are cumbersome, and the experience summary method may not be accurate for
different surfaces. Therefore, further research is needed in the optimizations of the wavelet basis function and
the decomposition layer.

This study provides a more effective method for multi-scale characterization of surface morphology of
mechanical parts based on wavelet transform theory and provides necessary theoretical data support for ana-
lyzing the contact performance of joint surfaces and improving the surface quality of mechanical parts.

The remaining sections of this study are proposed in the following manner. The wavelet transform theory,
layer-by-layer reconstruction error method, and signal-to-noise ratio method are introduced respectively and the
multi-scale characterization of the measured surface is carried out in Sect. “Decompose the surface topography
parameter”. Section “Reconstruct the contact surface model” verifies the effectiveness of this research method
and establishes a three-dimensional surface finite element model. The finite element method is used to analyze
and discuss the contact performance of different mechanical surfaces in Sect. “Analysis of contact surface per-
formance”. Lastly, the conclusions are shown in Section “Conclusions”

Decompose the surface topography parameter
Wavelet decomposition model. The surface morphology is constructed by signals of various frequen-
cies. The mathematical model of wavelet decomposition of part surface can be expressed as'® 8.

f(X>J’) :S(X»)’)-i-h(x»)/)a (1)

where f(x,y) is the original surface morphology, h(x,y) is the high-frequency component, and s(x,y) is the low-
frequency component. The two-dimensional wavelet is applied to decompose the original surface topography
f(x,y) of parts. The three-dimensional surface topography f(x,y) is a space function on L*(R), so the expansion
of f(x,y) on orthogonal wavelet bases can be expressed as'’.

j
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where ¢ is the coefficient corresponding to the scale space, d; is the coefficient corresponding to the wavelet
space, ®;(x) is the two-dimensional wavelet scale function, and ;(x) is the two-dimensional wavelet function.
The definition of the two-dimensional wavelet function is as follows?.

P (x,y) = Px)P(y). €)

The two-dimensional wavelet has three wavelet functions in the horizontal, vertical, and diagonal directions,
which are defined as®.

o (x,y) = D))
9V (x,y) = () (4)
0P (x6,) = p(0)e (),

where f; is obtained by Eq. (2) and the next layer of decomposition is carried out, so f;=f., +g;,. After multi-scale
decomposition of surface topography f(x,y) layer-by-layer, the algorithm formula of wavelet extraction can be
written as®!.

fey) =fin=f+g+g-1+-+g (5)

Because h(x,y) belongs to the high-frequency component and s(x,y) belongs to the low-frequency component,
which can be acquired by Eq. (5).

h(x,y) =g +g-1+ .. + & (6)

s(x,y) = fs. (7)

In order to construct the wavelet decomposition model of surface topography better, it is necessary to select
the optimal wavelet basis function and the optimal decomposition level.

The multi-scale separation method of machining surfaces. The multi-scale separation method of
machining surfaces is proposed to determine the optimal wavelet basis function and decomposition level in this
section. Firstly, the approach of layer-by-layer reconstruction error is adopted to determine the optimal wavelet
basis function. Secondly, the method of signal-to-noise ratio is used to determine the optimal decomposition
layer.
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(1) The method of layer-by-layer reconstruction error is used to determine the optimal wavelet basis function.
The layer-by-layer reconstruction error method is defined as®.

E(i) = max (|Xo — X(i)|), (8)
g="0"0 ©)
E, = min(k)), (10)

where E(i) is the reconstruction error of the decomposition of the wavelet of the i layer, X, is the three-dimen-
sional shape of the original surface, X; is the reconstruction three-dimensional shape after decomposing the
i layer, k; is the slope of the straight line after the reconstruction error of N layers is fitted by the least square
method, b; is a straight line intercept with the minimum daily multiplication method, E,, is the minimum value
of the fit line slope, m is the wavelet basis function corresponding to the minimum slope of the fitted straight line
(that is, the optimal wavelet basis function), j is a various wavelet basis function, i takes 1 ~ N, N is the maximum
number of decomposition layer.

Combining Egs. (9) and (10), the slope of the straight line obtained by diverse wavelet basis functions is com-
pared and analyzed. The overall reconstruction error of the wavelet basis function decreases with the decrease
of the slope of the fitted line. Therefore, the wavelet basis function with the smallest slope of the fitted line is
selected as the optimal wavelet basis function.

(2) The optimal number of decomposition layer is discussed by the signal-to-noise ratio method. The signal-
to-noise ratio is the power ratio of the original three-dimensional surface topography to the layer-by-layer
decomposed high-frequency components of the surface, defined as follows?

. Py
SNR(i) = 101g 27, (11)

S, = max(SNR(3)), (12)

where SNR(i) is the signal-to-noise ratio value, P, is the original appearance power, P; is the power of high-
frequency components per layer, S, is the maximum value of signal-to-noise ratio, # is the number of small
wave analysis layers corresponding to the maximum signal-to-noise ratio (that is, the optimal decomposition
layer), j is a different small wave basis function selected, i takes 1 ~ N, n is the maximum decomposition layer.
The discrete summation method should be used in the calculation of power because the measured part surface
data is three-dimensional discrete. The original morphology and high-frequency component power calculation
are defined as follows™.

_ Zy:1f(xn»yn)2) (13)
N

P

where P is the power value, 7 is the number of three-dimensional points on the surface, and f(x,,y,) is the value
of three-dimensional points.

The decomposition layer corresponding to the peak signal-to-noise ratio is selected as the optimal decomposi-
tion layer according to Egs. (11) and (12). Because the high frequency component of the surface decreases with
the increase of signal-to-noise ratio. The surface high-frequency component is the smallest when the signal-to-
noise ratio is the largest. Therefore, the number of decomposition layer corresponding to the maximum signal-
to-noise ratio value is the optimal number of decomposition layer.

Experimental analysis. The samples used in this study are machined by the actual manufacturers with
processing qualifications in Xi'an, Shaanxi Province, China. The grinding and milling surfaces of 45 steel materi-
als are measured using a white light interference profilometer produced by the RTEC company in San Jose, USA.
The white light interference profilometer has a lateral resolution of 0.04 um and a field of view of 3.3x 3.3 mm.
The measured surface topography data is obtained by point-by-point scanning during the measurement process.
The three-dimensional topographies of the grinding and milling surface are obtained, as shown in Fig. 1.

The wavelets are frequently used include Daubechies (dbN) wavelet system, Biorthogonal (biorNr.Nd) wavelet
system, Coiflet (coifN) wavelet system, Symlets (symN) wavelet system and Morlet(morl) wavelet system, etc.
Three common wavelet systems, including dbN (3 ~ 10), symN (2 ~ 8) and coifN (1 ~ 4), are selected to determine
the optimal wavelet basis function!”. Based on the optimization method of the wavelet basis function proposed in
2.2, the reconstruction error and the slope of the fitted line are respectively calculated corresponding to diverse
wavelet basis functions by Eqgs. (8) and (9), and then the optimal wavelet basis function is determined by Eq. (10).

For the grinding surface, the reconstruction error corresponding to the wavelet basis function of the sym7
is small overall, and the minimum slope of the fitting line is 3.236e-15 according to Eq. (9) as shown in Fig. 2.
Consequently, the sym7 wavelet basis function is determined as the optimal wavelet basis function for the grind-
ing surface. Likewise, for the milling surface, the reconstruction error corresponding to the symé6 wavelet basis
function is small overall, and the slope of the fitting line is 2.77e-15 according to Eq. (9) as shown in Fig. 3.
Accordingly, the sym6 wavelet basis function is determined as the optimal wavelet basis function for the mill-
ing surface.
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Figure 1. Measured surfaces topography.
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Figure 2. The relationship between layer-by-layer reconstruction error and decomposition times of grinding
surface.

Based on the optimization method of the decomposition layer proposed in 2.2, the signal-to-noise ratio of
each layer is calculated by Egs. (11) and (13), and the optimal decomposition layer is determined by Eq. (12). As
shown in Fig. 4, the signal-to-noise ratio reaches a peak with the increase of the number of wavelet decomposi-
tion layer. This is because the resolution of the low-frequency component gradually improves in the process of
decomposition. However, the resolution of the high-frequency component gradually decreases. Accordingly,
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Figure 3. The relationship between layer-by-layer reconstruction error and decomposition times of milling
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Figure 4. Schematic diagram of signal-to-noise ratio and decomposition times.

the resolution of the high-frequency component of the surface is the smallest when the signal-to-noise ratio

reaches the peak.

As for the grinding surface, it can be seen from Fig. 4a that the maximum signal-to-noise ratio correspond-
ing to the sym7 wavelet basis function is 129.038, and the corresponding number of decomposition layers is
5. Consequently, the optimal number of decomposition layers on the grinding surface is determined to be 5.
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Similarly, for the milling surface, the maximum signal-to-noise ratio corresponding to the wavelet basis function
of sym6 is 118.766, and the corresponding number of decomposition layer is 7 as shown in Fig. 4b. Therefore,
the optimal number of decomposition layers on the grinding surface is determined to be 7.

In summary, the measured surface is characterized at multiple scales after determining the optimal wavelet
basis function and the optimal number of decomposition layer. The sym7 wavelet basis function is used to decom-
pose the grinding surface topography into the five layers, and the grinding surface topography characteristics of
different scales are obtained as shown in Fig. 5. Similarly, the symé6 wavelet basis function is used to decompose
the milling surface topography into seven layers, and then the milling surface topography characteristics of dif-
ferent scales can be obtained as illustrated in Fig. 6.

Reconstruct the contact surface model

Reconstruction of surface model validation. The different three-dimensional surface topography is
decomposed into multiple frequency components according to the analysis of the previous section. The high-
frequency component of the measured three-dimensional surface is deleted in order to improve the efficiency
and accuracy of the calculation. Therefore, the more realistic reconstructed surface topography data is obtained,
as illustrated in Fig. 7.
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Figure 5. Schematic diagram of multi-scale decomposition of the grinding three-dimensional surface.
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Figure 6. Schematic diagram of multi-scale decomposition of the milling three-dimensional surface.
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The parameters used to evaluate the three-dimensional surface roughness reflect the overall characteristics
of the surface in space. However, too many surface parameters may cause an explosion of parameters, which is
meaningless®®. Therefore, according to the structure of the machined surface features and the 1S025148-2 stand-
ard, the representative three-dimensional surface feature parameters are selected to characterize the machined
surface® 6. As shown in Table 1, Sa, Sq, Ssk, Sku, Sp, Sv, and Sz are height parameters; Sdg and Sdr are hybrid
parameters®” %, The surface parameter evaluation Gwyddion software is used to process the measured surface
data, and the roughness parameters of the grinding surface are obtained as shown in Table 2. In order to ensure
the accuracy of the measured data, the data of the three regions of the grinding surface are collected for analysis
and processing, and the average value of each parameter is used to characterize the grinding surface morphology.

Parameters

The meaning and function of parameters The formula for calculating parameters

Arithmetic mean height (Sa)

The arithmetic mean of the absolute values of the waviness profile. It char-

_ 1
acterizes the more widely spaced surface features Sa= % if ‘Z ) ‘ dxdy

. The root-mean-square of the surface roughness profile. It provides a meas- | §, = /4 [ Z2(x,y)dxdy
Root mean square height (Sq) ure of the deviation of the surface from a perfect flatness 1 A
The skewness of the surface roughness data. It reflects the surface inhomo- Sp = 1|1 rzs dxd
Skewness (Ssk) geneity and asymmetry sk 5 [A if (x, y)dxdy
. The kurtosis of surface height distribution. It can detect whether there is a S o= 1|1 rrpa dxd
Kurtosis (Sku) peak or valley defect on the surface =S A {f (oy)dxdy

Maximum peak height (Sp)

The maximum peak height of the surface

Sp = m}:\«lx Z(x,y)

Maximum pit height (Sv)

The maximum valley depth of the surface

S, = rrgnZ(x,y)

Maximum height (Sz)

The maximum surface height

S =S, +S,

Root mean square gradient (Sdq)

The root mean square slope of the three-dimensional surface. It can repre-
sent the average magnitude of surface local gradient

Sdq = \/% ./{f [(hgi,y))l 4 (%ﬁ”)z]dxdy

Developed interfacial area ratio (Sdr)

The ratio of surface expansion interface area. It reflects the ratio of the
expansion area of the definition area to the area of the definition area

so= [ ([ () (552 1 o

Table 1. Three-dimensional surface roughness parameters.
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The statistical The model of this | The method of The method of Relative error of Relative error of Relative error of
parameters Area l Mean value | article reference'* reference'® this article (%) reference'* (%) reference'® (%)
Sa (um) 0.16289 0.13572 0.13529 0.13530 0.13500 0.31365 0.30778 0.52939

Sq (um) 0.19539 0.16493 0.16433 0.16434 0.16410 0.36024 0.36969 0.50059

Ssk (-) -0.07602 | —0.09164 —0.08972 —-0.08972 —0.08477 2.08908 2.45852 7.49015

Sku (=) 2.51196 2.26122 2.61332 2.61234 2.60601 0.30154 0.33913 0.57745

Sp (mm) 8.54103 8.54104 8.54103 8.54102 8.54103 1.19E-04 1.34E-04 1.19E-04

Sv (mm) 8.53979 8.53979 8.53976 8.53980 8.53977 4.46E-04 6.64E-05 3.38E-04

Sz (um) 1.23868 1.23868 1.26657 1.2216 1.25741 2.25178 1.38059 1.51181

Sdq (-) 72.94016 72.94007 72.94007 72.94007 72.94007 3.09E-09 6.95E-09 6.57E-06

Sdr (%) 0.00657 0.005880 0.005755 0.005753 0.005759 2.11054 2.14408 2.05139

Table 2. Comparison of surface parameters between the original grind surface and the reconstructed grind
surface.

Due to the limitation of table size, only the data of the region 1 and the average value of each parameter are
added to Table 2.

In order to verify the accuracy of the reconstructed surface model, it is inevitable to characterize the recon-
structed three-dimensional surface information by surface roughness parameters. According to the formula
of roughness parameters in Table 1, the roughness parameters of the reconstructed surface are calculated by
MATLAB analysis software. By comparing with the methods used in reference'* and reference'®, the correctness
and effectiveness of the three-dimensional reconstructed surface obtained are verified in this study. The refer-
ence method' is used to select the db9 wavelet basis function and the nine decomposition layers for multi-scale
grinding surface characterization. Similarly, the sym5 wavelet basis function and the five decomposition layers
are selected using the reference method'®. The three-dimensional roughness parameters of the reconstructed
surface are calculated, and the results are shown in Table 2.

As can be seen from Table 2, according to the method of this study, the relative errors of Sa, Sq, Ssk, Sku, Sp,
Sv, Sz, Sdgq, and Sdr between the original grind surface and the reconstructed grinding surface are 0.31365%,
0.36024%, 2.08908%, 0.30154%, 1.19E-04%, 4.46E-04%, 2.25178%, 3.09E-09%, and 2.11054%. Except for the
relative error values of roughness parameters Sa and Sz, which are slightly higher than those calculated in
reference'®, the relative errors of other parameters are smaller than those of reference'®. Furthermore, the rela-
tive error of the roughness parameter Sdr is slightly greater than that calculated in reference’®, while the relative
errors of other parameters are smaller than those in reference!®.

In summary, compared with the methods used in reference' and reference’®, the relative error of three-
dimensional surface roughness obtained by the method proposed in this study is smaller, which shows the cor-
rectness and effectiveness of this research method. Meanwhile, the simplified and efficient three-dimensional
reconstructed surface is achieved based on the real machining surface. Because the milling surface and the
grinding surface adopt the same calculation model, it also shows the effectiveness of reconstructing the mill-
ing surface. Therefore, a more accurate and effective three-dimensional reconstructed surface model provides
necessary theoretical data support for analyzing the contact performance of the joint surface and improving the
surface quality of mechanical parts.

Finite element model construction. The contact analysis of the reconstructed three-dimensional sur-
face model is carried out according to Sect. “Reconstruction of surface model validation”. The average contact
pressure and normal deformation of the rough surface contact body are extracted and fitted in the form of the

power exponential function®.
§=cp™, (14)

where ¢ and m are the undetermined coeflicients affecting the normal deformation of the joint surface respec-
tively, and the local normal contact stiffness per unit area is expressed as*

__ 1w
k= s~ cmp ’ (15)
k = apP, (16)

where a=1/(cm) and f=1-m.

In order to explore the influence of different surfaces on contact performance, the surface contact parameters
are analyzed under different normal displacements. For a matching node i on the surface of 45 steel materials
with unusual processing methods, the contact pressure at the node is p;, which has the following relationship
with the contact state at the node® .
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0 Non contact state
o (0,00) Contact status
pi= (0,235MPa]  Elastic contact state ’

(235MPa, 00) Plastic contact state

The percentage of the surface contact area is defined as the percentage of the ratio between the real contact
area and the nominal contact area. The contact pressure is extracted at each node, and the nodes are divided into
contact nodes, elastic contact nodes, and plastic contact nodes according to the contact state. The percentage of
the total number of nodes in each contact state to the total number of nodes on the contact surface is calculated.
Therefore, the total contact area, the percentage of elastic contact area, and the percentage of plastic contact area
to nominal contact area can be obtained.

The three-dimensional reconstructed surface morphology data are extracted by MATLAB software. Then, the
extracted three-dimensional coordinate point data is imported into PROE drawing software for solid modeling.
Subsequently, the three-dimensional rough surface solid model is imported into ABAQUS finite element analysis
software for analysis. The three-dimensional surface finite element model is shown in Fig. 8. The contact surface
is set as friction contact, the normal contact as hard contact, the tangential friction coefficient is 0.15, and the
lower surface of the lower contact model is completely fixed.

Analysis of contact surface performance

The finite element method is used to analyze the grinding and milling surface contact models with different
roughness from the elastic—plastic contact performance of the contact surface in this section. The effective way
to improve surface contact performance is proposed by analyzing the effects of different machining methods
and three-dimensional surface roughness on surface performance.

Average contact stress. Different reconstructed grinding and milling surfaces are taken as research
objects in order to analyze the influence of different machining surfaces on contact performance. The meas-
ured surfaces mainly include smooth grinding reconstructed surface (Sa=0.6 um), medium rough grinding
reconstructed surface (Sa=0.8 um), rough grinding reconstructed surface (Sa=1.6 um), smooth milling recon-
structed surface (Sa=1.6 pm), medium rough milling reconstructed surface (Sa=3.2 um) and rough grinding
reconstructed surface (Sa=6.4 pm). The reconstructed surface contact model is established after the multi-scale
decomposition of the measured surface. For the convenience of description, the above reconstructed surfaces
are recorded as RS-1, RS-2, RS-3, etc.

The various surface contact pressure contours can be obtained by applying different Z-direction displace-
ments during the finite element analysis. This section only gives the contact pressure cloud diagram of the rough
grinding reconstructed surface (RS-3) with normal displacements of — 0.2 um, — 0.4 um, — 0.6 pum and — 1.0 um
due to limited space, as shown in Fig. 9. The normal displacement and average contact pressure stress curves
of different grinding and milling surfaces are obtained by extracting the corresponding values and using the
Eq. (14) for fitting.

The RS-3 and the RS-4 are taken in order to analyze the influence of different processing methods on the
average contact pressure as shown in Fig. 10. The average contact pressure of RS-3 is close to that of RS-4 when
the normal displacement is small. However, the average contact pressure of RS-3 is slightly larger than that of
RS-4 as the normal displacement increases. These indicate that different surface machining methods have a slight
effect on the surface average contact pressure in the same case.

The reconstructed surface with different roughness is used to explore the influence of surface roughness on
the average contact pressure. The average contact pressure decreases with the increase of surface roughness in
the same case as shown in Fig. 11. This is because the number of contact asperities decreases per unit area with
the increase of three-dimensional surface roughness, which leads to the decrease of surface pressure under the
same normal displacement.

Contact stiffness analysis. By analyzing the power exponential function fitting curve of average contact
pressure and normal displacement of different surfaces, the values of & and ff required are calculated by Eq. (15),

(a) Reverse modeling of measured surface (b) The finite element model of the contact surface

Figure 8. Reverse modeling method of three-dimensional surface.
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Figure 9. Cloud diagram of the RS-3 pressure changing with the contact displacement.
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Figure 10. Fitting curves of normal displacement and average contact stress of different machining methods.

and then the relationship between contact stiffness k per unit area and nominal contact pressure p is obtained

by Eq. (16).

The RS-3 and the RS-4 are calculated to analyze the impact of different machining methods on surface contact
stiffness. For the rough grinding reconstructed surface (RS-3), the local normal contact stiffness per unit area

can be expressed as

k3 = 34.2497p35%%7,

(17)
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Figure 11. Fitting curves of normal displacement and average contact stress of different three-dimensional
surface roughness.

Likewise, for the smooth milling reconstructed surface (RS-4), the local normal contact stiffness per unit
area can be expressed as

ky = 34.6058p0%3, (18)

The contact stiffness of the milling surface is slightly higher than that of the grinding surface under the same
contact pressure as indicated by Eqgs. (17) and (18). This shows that the different surface processing methods
have a slight impact on the surface contact stiffness under the same surface roughness.

The reconstructed surfaces with different roughness are used to analyze the influence of surface roughness on
the contact surface stiffness. The surface contact stiffness shows a trend of increasing sharply and then leveling
off as the surface contact pressure increases, as demonstrated by Fig. 12. The surface contact stiffness decreases
with the surface roughness increases when the surface contact pressure is constant. The surface contact stiffness
is more obviously affected by the three-dimensional surface roughness when the contact pressure increases. This
is because the ability of the surface to resist deformation decreases with the increase of the three-dimensional
surface roughness.

Contact area analysis. The percentage of elastic contact area, plastic contact area, and total contact area
of different surfaces to nominal contact area can be calculated according to the content of Sect. “Finite element
model construction”. On the one hand, it can be seen from Fig. 13 that the elastic contact area, plastic contact
area, and total contact area of RS-3 and RS-4 are close to the same normal displacement. This shows that the
machining method has little effect on the surface contact area.

On the other hand, as shown in Fig. 14, the surface elastic contact area gradually decreases and the surface
plastic contact area rises sharply when the normal displacement reaches a certain level. As shown in Fig. 14a—c,
the contact area of RS-1 increases faster than that of RS-2 and RS-3. The RS-1 changes from the elastic contact
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Figure 12. The relationship between normal displacement and contact stiffness of different three-dimensional
surface roughness.
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Figure 13. The relationship between normal displacement and contact area of different machining methods.

state to plastic contact state earlier when the normal displacement reaches a certain degree. The plastic contact
area of RS-3 is also slowly increasing with the increase of normal displacement. This is due to the different
roughness of the reconstructed grinding surface. The plastic contact area of RS-1 with smaller surface roughness
changes rapidly, while the plastic contact area of RS-3 with larger surface roughness changes slowly. As shown in
Fig. 14d-{, the contact area of RS-4, RS-5 and RS-6 increases slowly with the increase of normal displacement.
Compared with the surface with larger roughness, the total contact area of the reconstructed milling surface
with smaller roughness accounts for a larger proportion.

The normal displacement and the contact area have certain nonlinearity during the whole loading process,
as illustrated in Fig. 14. This is because the percentage of contact area in each contact state gradually increases
with the increase of normal displacement. At the same time, the contact state of each node on the surface has
undergone a sharp transition from elastic contact state to the plastic contact state when the normal displacement
reaches a certain degree. The reconstructed surface with smaller roughness has a larger contact area under the
same normal displacement. Compared with different processing methods, the influence of surface roughness
on contact performance parameters is more significant. This is because the number of asperities in contact per
unit area decreases with the increase of surface roughness, that is, the corresponding contact deformation is
obtained with only a small normal displacement, so the contact area is smaller.

Conclusions

A method is proposed to separate the morphological characteristics of the actual machined surface based on
the layer-by-layer error reconstruction method and the signal-to-noise ratio method during the wavelet trans-
form process, so as to evaluate the contact performance of the different joint surfaces. The optimal wavelet basis
functions of sym?7 and sym6 for the measured grinding surface and milling surface are established by using the
layer-by-layer reconstruction error method. Additionally, the optimal decomposition layers of the measured
grinding surface and the milling surface are determined to be five layers and seven layers by the signal-to-noise
ratio method. Compared with other methods, the relative error of the three-dimensional surface roughness
obtained by the method proposed in this study is smaller. Therefore, the simplified and efficient three-dimen-
sional reconstructed surface is achieved based on the real machining surface. By analyzing a three-dimensional
reconstructed surface finite element model, it is determined that the surface roughness has a more significant
impact on the contact performance parameters compared with the various machining methods. The contact
deformation increases with the increase of surface roughness in the same case, while the curves of average contact
stress, contact stiffness, and contact area have the opposite trend. The surface contact performance is mainly
obtained by applying different normal displacements to the reconstructed surface to obtain the surface contact
parameters in this study, without considering the change of the surface contact state during the service process.
Therefore, the evolution law of contact performance during service can be analyzed in the future to provide
theoretical support for improving the overall performance of mechanical structures.
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Figure 14. The relationship between normal displacement and contact area of different three-dimensional

surface roughness.

Data availability

The datasets used and/or analysed during the current study available from the corresponding author on reason-

able request.

Received: 4 April 2023; Accepted: 12 June 2023

Published online: 15 June 2023

Scientific Reports|  (2023) 13:9710 |

https://doi.org/10.1038/s41598-023-36907-6

nature portfolio



www.nature.com/scientificreports/

References
1. Thomas, T. R. Trends in surface roughness. Int. . Mach. Tools Manuf. 38(5-6), 405-411 (1998).
2. Sun, Q. et al. Substitutability analysis of a numerically simulated surface and an actual rough surface. AIP Adv. 8(8), 085022 (2018).
3. Sun, Q. et al. Characteristics extraction and numerical analysis of the rough surface macro-morphology. Eng. Comput. 36(3),
765-780 (2019).
4. Li, L. et al. A modified elastic contact stiffness model considering the deformation of bulk substrate. J. Mech. Sci. Technol. 34(2),
777-790 (2020).
5. Li, L. et al. Contact stiffness model of joint surface considering continuous smooth characteristics and asperity interaction. Tribol.
Lett. 69(2), 1-12 (2021).
6. Kaneko, S., Tomoda, M. & Matsuda, O. A method for the frequency control in time-resolved two-dimensional gigahertz surface
acoustic wave imaging. AIP Adv. 4(1), 017124 (2014).
7. Chen, S. L., Lee, P. H. & Toh, C. S. Modeling and control of an unbalanced magnetic rotor-bearing system as a bearingless motor.
Eng. Comput. 34(7), 2212-2227 (2017).
8. Talu, §, StEpien, K. & Caglayan, M. O. Topographic characterization of unworn contact lenses assessed by atomic force microscopy
and wavelet transform. Microsc. Res. Tech. 78(11), 1026-1031 (2015).
9. Fu, S., Muralikrishnan, B. & Raja, J. Engineering surface analysis with different wavelet bases. J. Manuf. Sci. Eng. 125(4), 844-852
(2003).
10. Shi, J. et al. On the multi-scale contact behavior of metal rough surface based on deterministic model. Chin. J. Mech. Eng. 53(03),
111-120 (2017).
11. Xin, L. et al. Composite wavelet decomposition algorithm combined with correlation analysis in white-light scanning interferom-
etry. Results Phys. 40, 105870 (2022).
12. Zou, L, Jing, L. & Cvetkovic, V. Roughness decomposition and nonlinear fluid flow in a single rock fracture. Int. J. Rock Mech.
Min. Sci. 75, 102-118 (2015).
13. Mezghani, S. Identification of relevant wavelet functions for multiscale characterization of manufactured surfaces using a geneti-
cally optimized neural network. Int. J. Adv. Manuf. Technol. 96, 1891-1903 (2018).
14. An, Q, Suo, S. & Bai, Y. A novel simulation method of micro-topography for grinding surface. Materials 14(18), 5128 (2021).
15. Liu, E., Xu, G. & Wang, N. Analysis of surface morphology of Ti-5553 based on wavelet transform. Integr. Ferroelectr. 217(1),
129-140 (2021).
16. Liu, L. et al. Evaluation method of soil surface roughness after ditching operation based on wavelet transform[C]//actuators. MDPI
11(3), 87 (2022).
17. Yuan, Z. et al. A new characterization method for rock joint roughness considering the mechanical contribution of each asperity
order. Appl. Sci. 11(15), 6734 (2021).
18. Liu, W. & Chen, W. Recent advancements in empirical wavelet transform and its applications. IEEE Access 7, 103770-103780
(2019).
19. Zhao, B. et al. Monomer model: An integrated characterization method of geometrical deviations for assembly accuracy analysis.
Assem. Autom. 41(4), 514-523 (2021).
20. Guo, P. et al. Surface texture characterisation with reduced boundary effect for diamond-turned micro-structured surfaces. Precis.
Eng. 79, 236-244 (2023).
21. Zou, Y. et al. Low-coherence interferometry based roughness measurement on turbine blade surfaces using wavelet analysis. Opt.
Lasers Eng. 82, 113-121 (2016).
22. Santos, V. V. et al. An application of wavelet analysis to assess partial discharge evolution by acoustic emission sensor. Eng. Proc.
2(1), 33 (2020).
23. Rakheja, P, Singh, P. & Vig, R. An asymmetric image encryption mechanism using QR decomposition in hybrid multi-resolution
wavelet domain. Opt. Lasers Eng. 134, 106177 (2020).
24. Jiang, H. et al. Evaluation of three-dimensional surface roughness in microgroove based on bidimensional empirical mode decom-
position. Micromachines 13(11), 2011 (2022).
25. Reichert, S., Lorentz, B. & Albers, A. Influence of flattening of rough surface profiles on the friction behaviour of mixed lubricated
contacts. Tribol. Int. 93, 614-619 (2016).
26. Specifications G P. Surface Texture: Areal—Part 2: Terms, Definitions and Surface Texture Parameters. International Standard ISO,
2012:25178-2.
27. Matos, R. S. et al. Stereometric characterization of kefir microbial films associated with Maytenus rigida extract. Microsc. Res. Tech.
83(11), 1401-1410 (2020).
28. Zare, M. et al. Evolution of rough-surface geometry and crystalline structures of aligned TiO, nanotubes for photoelectrochemical
water splitting. Sci. Rep. 8(1), 10870 (2018).
29. Wang, Y. et al. A high precision modeling technology of material surface microtopography and its influence on interface mechani-
cal properties. Materials 14(11), 2914 (2021).
30. Panagouli, O. K. & Mastrodimou, K. Dependence of friction coefficient on the resolution of asperities in metallic rough surfaces
under cyclic loading. Int. J. Solids Struct. 108, 85-97 (2017).
Acknowledgements

This work was supported by National Natural Science Foundation of China (Grant Number 51975449) and Key
Research and Development Program of Shaanxi (Grant Number 2021GY-309). The authors are grateful to other
participants of the project for their cooperation.

Author contributions

Conceptualization, methodology, resources, formal analysis and funding acquisition, L.L. (Ling Li); validation
and writing—original draft preparation, W.Z.; software and data curation, X.R.; visualization and editing, J.W.;
investigation and funding acquisition, L.L. (Lixia Li); methodology and project administration, M.X. All authors
have read and agreed to the pubulished version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.R.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports|  (2023) 13:9710 | https://doi.org/10.1038/s41598-023-36907-6 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:9710 | https://doi.org/10.1038/s41598-023-36907-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Multiscale characterization and contact performance analysis of machining surfaces
	Decompose the surface topography parameter
	Wavelet decomposition model. 
	The multi-scale separation method of machining surfaces. 
	Experimental analysis. 

	Reconstruct the contact surface model
	Reconstruction of surface model validation. 
	Finite element model construction. 

	Analysis of contact surface performance
	Average contact stress. 
	Contact stiffness analysis. 
	Contact area analysis. 

	Conclusions
	References
	Acknowledgements


