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Abstract
Roughness and curvature of diamond-like carbon (DLC) surface coatings change with both scale and direction of a meas-
urement. However, the changes are not detected by currently used standard parameters which are designed to work with 
isotropic surfaces at a single scale, thus providing only a limited information about multiscale and directional roughness 
and curvature. The problem of detailed roughness characterization of DLC-coated surfaces has been addressed in our pre-
vious work [Wolski et al. Multiscale characterization of 3D surface topography of DLC-coated and uncoated surfaces by 
directional blanket covering method. Wear 2017:388–389:47–56]. However, surface curvature description still remains an 
unresolved issue. To overcome this shortcoming, a directional blanket curvature covering (DBCC) method was developed. 
The method calculates curvature, peak and valley dimensions which quantify multiscale and directional curvature complex-
ity of surface topography, peaks and valleys, respectively. Higher values of the dimensions represent higher complexity. In 
the current study, the DBCC method was used to analyse DLC-coated and uncoated bearing steel samples with increasing 
roughness and curvature. Its ability to discriminate between these two groups of surfaces was evaluated. Results showed 
that the method could detect minute changes in surface curvature at individual scales and directions. The method would be 
of interest to those who design wear-resistant systems and surfaces.
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Nomenclature

Abbreviations
a-C	� Amorphous carbon
CD, PD, VD	� Curvature, peak and valley 

dimensions
CS, PS, VS	� Curvature, peak and valley 

signatures
DBC	� Directional blanket covering
DBCC	� Directional blanket curvature 

covering
DLC	� Diamond-like carbon
DLC-S, DLC-A, DLC-R	� Smooth, average and rough 

DLC-coated surfaces

FD	� Fractal dimension
FS	� Fractal signature
ISO	� International Organization for 

Standardization
NaN	� Not-a-number
SD	� Standard deviation
SE	� Structuring element
STE-S, STE-A, STE-R	� Smooth, average and rough 

uncoated surfaces

Symbols
a	� Coefficient of a quadratic 

polynomial
ε	� Scale
κ	� Curvature
N	� Number of pixels
P	� Statistical significance
Sa (μm)	� Arithmetic mean height
Sds (pks/mm2)	� Density of peaks
Ssc (1/mm)	� Mean curvature of summits
θ (degree)	� Direction
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Subscripts
1, 2, 3	� Indices
0, 45, 90	� Horizontal, diagonal and verti-

cal directions
S, M, L	� Small, medium and large scales
Sta	� Texture minor axis
Str	� Texture aspect ratio
x, y	� Horizontal and vertical 

coordinates
w, h	� Width and height

1  Introduction

Roughness (i.e. fine texture irregularities) and curvature 
(i.e. the amount of a surface bend from a plane at a particu-
lar point) of diamond-like carbon (DLC)-coated surfaces 
have been characterized using standard ISO parameters. 
For example, arithmetical mean height (Sa) and arithme-
tic mean peak/summit curvature (Spc/Ssc) parameters 
were used to study effects of roughness and curvature of 
DLC-coated injection cams on friction and wear in a truck 
engine [1]. These two parameters and a root-mean-square 
roughness (Sq) parameter were also used to study effects of 
surface topography on friction and wear behaviour of DLC 
coatings in hermetic compressors and to investigate the 
microbe adhesion and biofilm formation on stainless steel 
plates coated with DLC [2, 3]. Other investigations focus 
on effects of thin lubricants on topography and adhesion of 
DLC coated ultra-high density hard discs and the control of 
flash temperature in sliding contacts [4–6].

Although the standard surface characterization param-
eters are useful, their application is limited. As single and 
average values are calculated for an entire surface tex-
ture, the parameters do not account for the multiscale and 
anisotropic nature of DLC surfaces [7–9], i.e. changes in 
roughness and curvature at different scales and directions. 
Therefore, new parameters and methods that can provide 
the detailed information about DLC surface topography are 
required.

An initial attempt to solve the issue of directional and 
multiscale roughness characterization of DLC-coated sur-
faces was through the variance orientation transform (VOT) 
method [7]. The VOT method calculates fractal signatures 
(FSs) in different directions [10]. A FS is a set of fractal 
dimensions (FDs) calculated at individual scales and a FD 
is the most popular fractal measure of a surface roughness. 
Higher values of FD mean rougher texture. Despite promis-
ing results obtained in characterization of engineering sur-
faces (including DLC) [7, 11, 12], and even medical [13–15] 
textures, important limitations of the method have been iden-
tified. Namely, it does not automatically determine scales 
of calculations and it is dependent on the Brownian fractal 

motion condition. This condition is relatively strict, often 
not met by engineering surfaces, since it is satisfied when 
(i) grey-scale level differences calculated at different pixel 
distances for a surface image are normally distributed, and 
(ii) a log–log plot of variances of the differences against the 
distances is a straight line [16]. In order to overcome these 
limitations, a directional blanket covering (DBC) method 
was developed [17]. The method has been successfully 
tested on DLC-coated and uncoated surfaces [8], detecting 
minute dissimilarities in FSs between the surfaces. In other 
study, strong correlations were found between directional 
FSs and wear and friction characteristics of DLC-coated sur-
faces using multiscale numerical finite element (FE) mod-
els [9]. It was demonstrated that the FSs relate to surface 
cracking, plastic deformations, local stress–strain and initia-
tion of defects on DLC-coated surfaces at contact [9]. The 
contribution of surface topography features to the cracking 
and deformations was estimated to be < 40%. These stud-
ies could be complemented with characterization of surface 
curvature. However, a detailed multiscale curvature charac-
terization still remains an unresolved problem. For example, 
so far, multiscale curvature analysis has been limited only to 
two directions, while the real surfaces can change in many 
directions [18].

The problem could be addressed by recently developed 
directional blanket covering curvature (DBCC) method [19]. 
The method provides sets of curvature (CD), peak (PD) and 
valley (VD) dimensions over a range of scales in different 
directions. In the method, the range of scales is automati-
cally calculated for each surface texture image (spanning 
from the instrument resolution to 1/10 of the image short-
est size), while the directions are chosen by the user. Also, 
the method is independent of the Brownian condition, i.e. 
the condition that grey-scale level differences are normally 
distributed and the log–log plot of variances of the differ-
ences against distances follows a straight line [19]. Curva-
tures are calculated for local surface profiles of different 
lengths (scales) and orientations which are extracted from 
the surface 3D height image (called range-image). Using the 
profile curvatures, a curvature matrix is first constructed for 
each scale and direction and then CDs, PDs and VDs are 
obtained. The dimensions quantify the curvature complex-
ity (i.e. the amount of space filling with peaks and valleys 
over the unit area) of surface topography (CD), peaks (PD) 
and valleys (VD) at individual scales and directions. Higher 
values of the dimensions represent higher complexity. The 
DBCC method has so far been successfully used in char-
acterization of isotropic computer-generated surfaces with 
increasing curvature complexity, anisotropic surfaces with 
varying curvature complexity with direction, and also, iso-
tropic and anisotropic titanium alloy plates [19]. However, 
its usefulness in the characterization of DLC-coated surfaces 
has not yet been evaluated.
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The aim of the current study is to evaluate the perfor-
mance of the method in curvature characterization of 
DLC-coated surfaces. The evaluation is conducted using 
microscopic range-images of three bearing steel discs with 
increasing roughness and curvature (100 images per disc 
were obtained) with and without DLC coatings, respectively. 
Differences in curvature complexity between the uncoated 
and coated surfaces were investigated using statistical 
analyses.

2 � Materials and Methods

2.1 � The DBCC Method

The method calculates CDs, PDs and VDs at individual 
scales in different directions. In this section, steps for cal-
culation of the dimensions are briefly described as they are 
presented in detail in Podsiadlo et al. [19].

	 1.	 A square grid of size of Nw × Nh pixels is generated 
and placed over the surface image in such a way that 
the grid and image are concentric and their borders are 
parallel (Fig. 1a, b). Nw and Nh are equal to the number 
of surface image pixels in the horizontal (Nx) and verti-
cal (Ny) directions, respectively.

	 2.	 The grid rotates around its centre (Fig. 1c) by prede-
fined directions θ (e.g. θ ranges from 0° to 180° in 
steps of 5°). Directions are measured with respect to 
the image horizontal axis. For 0° ≤ θ ≤ 90°, the grid 
size of Nw × Nh is automatically adjusted to ensure that 
all surface image pixels are covered using the follow-
ing formulas [16]: 

		    For the remaining directions (i.e. 90° < θ < 180°), a 
negative value of θ is used in the above formulas.

	 3.	 For each rotation, a new image of size of Nw × Nh pix-
els (called rotated image) is generated. Initial values 
of the image are set to NaN (i.e. not-a-number). Grey-
scale level values of surface image pixels covered by 
the grid are then copied into the rotated image (Fig. 1d) 
using a procedure detailed in [20]. Since the rotated 
image is generally larger than the surface image, some 
of its values remain NaNs. These values are not used 
in the subsequent calculations.

	 4.	 Local grey-scale level surface profiles are extracted 
from the rotated image using horizontal line struc-
turing elements (SEs) of different lengths (Fig. 1d). 

Nw =
||
|

(
floor

(
Nxcos(�) + Nysin(�)

))||
|

Nh =
||
|

(
floor

(
Nxsin(�) + Nycos(�)

))||
|
.

SE length relates to scale ε as 2 × ε + 1. The scales lie 
between a surface topography measuring instrument’s 
spatial resolution and Nx/10 (or Ny/10 if Ny < Nx). The 
smallest scale is determined by the instrument spatial 
resolution while the largest (i.e. 1/10 of the short size 
of surface image) is based on the Rank Taylor Hobson 
empirical criterion [19]. According to the criterion, a 
sampling length should include about ten whole rough-
ness marks [21, 22].

	 5.	 A quadratic polynomial f (x) = a0 + a1x + a2x
2 is fit-

ted to each profile (Fig. 1e). The fitting was performed 
using the least square method. The method represents 
the best trade-off between accuracy and computational 
complexity [23]. The curvature κ of the polynomial is 
calculated as � = 2a2∕

(
1 + a2

1

) 3

2.
	 6.	 An Nw × Nh matrix (called curvature matrix) with ini-

tial values set to NaN is generated. Absolute values 
of the curvatures calculated are stored in the matrix 
(Fig. 1f).

	 7.	 The matrix is dilated and eroded using the horizon-
tal line SEs (Fig. 1h). NaN values still present in the 
matrix are ignored in the operations.

	 8.	 Differences between the dilated and eroded versions of 
the curvature matrix are calculated at each scale. The 
differences are called surface areas (Fig. 1h).

	 9.	 For each direction, log–log plots of the surface areas 
against scales are constructed (Fig. 1i). The log–log 
plot data points often do not follow the power law, 
instead they form a curve or change in a zigzag fashion. 
To quantify the changes, the data points are divided 
into subsets of five data points with a line fitted into 
each subset (Fig. 1i). The five points are a trade-off 
between the ability to quantify local changes and the 
minimization of the effects of local artefacts in image 
(e.g. noise, blur) [19].

	10.	 At each scale, rose plots are constructed by plotting the 
CDs obtained in polar coordinates (Fig. 1j).

Other two dimensions are calculated in the same way, 
with the difference that in the step 6, negative (PD) or posi-
tive (VD) values of the curvatures are stored in the matrix 
(Fig. 1f). Sets of CDs, PDs and VDs calculated at individual 
scales are called curvature (CS), peak (PS) and valley (VS) 
signatures, respectively.

2.2 � Curvature, Peak and Valley Texture Parameters

To each rose plot of the CDs, ellipses are fitted and the fol-
lowing texture parameters are calculated [19]:

•	 Texture major axis curvature signature (CSSta). The 
parameter is defined as the set of CDSta values obtained 
at individual scales. At each scale, CDSta is equal to the 
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Fig. 1   Schematic illustration of 
the DBCC method: a surface 
image, b rotating grid superim-
posed on the image, c rotated 
grid, d rotated image, e surface 
profile, f curvature matrices, g 
dilated and eroded matrices, h 
surface areas, i log–log plots, 
and j rose plots
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length of the major axis of the ellipse fitted and it rep-
resents dominating curvature component, i.e. a part of 
surface texture along direction with the most complex 
curvature.

•	 Texture aspect ratio curvature signature (CSStr). The set 
of CDStr values obtained at individual scales is calculated 
as the ratio of the minor to the major axes of the ellipses 
fitted. CDStr takes values between 0 and 1. For surface 
textures exhibiting the same curvature complexity in all 
directions (i.e. isotropic surfaces), Str is equal to one. For 
anisotropic surfaces, Str is less than one.

Ellipses are also fitted to the rose plots of PDs and VDs, 
and texture major axis and aspect ratio signatures for peaks 
(PSSta, PSStr) and valleys (VSSta, VSStr) are calculated, 
respectively.

2.3 � Example Applications of the DBCC Method

Two surfaces were analysed. The first surface was isotropic 
(Fig. 2a, c) and it was obtained by sandblasting, while the 
second surface (Fig. 2b, d) had anisotropy generated by rub-
bing a dry emery paper against the plate in one direction. 
3D topography of each surface was measured using a chro-
matic confocal surface profilometer (AltiSurf 530, Altimet, 

France) with the lateral sampling intervals equal to 5 µm. 
The sampling area was 700 × 700 µm. The 3D surface data 
measured were encoded into 256 (140 × 140 pixels) grey-
scale range-images. The direction of the grinding marks (i.e. 
162°) on the anisotropic surface image was determined by 
averaging individual directions of ten lines manually drawn 
along the marks. Each direction was defined as an angle 
between the line drawn and the horizontal image axis.

The DBCC method was applied to the range-images of 
these surfaces, and the rose plots of CDs, PDs and VDs 
were constructed at scales ranging from 20 to 60 µm. 
Examples of the rose plots obtained are shown in Fig. 3. 
The figure shows directional changes of the overall surface 
curvature complexity (CD), and the curvature complexities 
of peaks (PD) and valleys (VD) at individual scales [19]. It 
can be seen from the figure that the plots obtained for the 
sandblasted surface exhibit a circular shape at all scales. In 
contrast, the plots constructed for the ground surface devi-
ate considerably from the circular shape. These correctly 
indicate that the curvature of the sandblasted surface does 
not change considerably with direction, while the ground 
surface exhibits marked, directional curvature variations. 
This is further evidenced by the higher mean value of CSStr 
(0.880) obtained for the sandblasted, as compared to the 
ground surface’s value (0.825). Also, the mean value of 

Fig. 2   Range-images of a sandblasted and b ground surfaces and c, d corresponding 3D views of the surfaces. Each image area is 0.7 × 0.7 mm
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CSSta obtained for the ground surface (1.676) was higher 
than that for sandblasted surface (1.403). These results 
show that the grinding marks increase the complexity level 
of surface curvature.

At scales ranging from 20 to 25 µm, the plots obtained 
for the anisotropic surface show that CDs (Fig. 3a) are larg-
est in 165° direction which is approximately the direction 
of grinding marks. Also, values of PDs and VDs obtained 
in this direction are similar, indicating that contributions of 
peaks and valleys to the overall curvature complexity are 
approximately equal (Fig. 3b, c). In contrast, PDs obtained 
in 75° direction, which is approximately the direction per-
pendicular to the grinding marks, are noticeably larger than 
VDs (Fig. 3b, c). This indicates that in the direction of 75° 

peaks contribute more to the overall curvature complexity 
as compared to valleys.

The above results indicate that there are equal numbers 
of small sharp peaks and valleys generated by rubbing along 
165° direction and there are deformations of small peaks 
located between the grinding marks in the perpendicular 
direction of 75°.

For the scale range of 30–60 µm, CDs were largest (small-
est) in about 75° (165°) direction and there were no marked 
differences between PDs and VDs (Fig. 3d–i). These indi-
cate that the overall curvature of the anisotropic surface at 
these scales has the highest and lowest levels of complexity 
in 75° and 165°, respectively, and the contributions of peaks 
and valleys are approximately equal.

Fig. 3   Examples of rose plots of CDs, PDs and VDs obtained at scales of a–c 20 µm, d–f 40 µm and g–i 60 µm for the sandblasted (dashed line) 
and ground (solid line) surfaces shown in Fig. 2a, b, respectively



Tribology Letters (2018) 66:153	

1 3

Page 7 of 15  153

2.4 � Uncoated and DLC‑Coated Surfaces

Two groups of surface samples were used. In the first group, 
there were three bearing steel discs (AISI52100; diameter 
of 40 mm and thickness of 6 mm) ground in one direction 
[7]. Two discs were polished in such a way that one was 
smoother and less anisotropic than the other. The three discs 
are called smooth (STE-S), average (STE-A) and rough 
(STE-R), respectively. The STE-R represents the ground 
disc, while the STE-S and STE-A denote the two polished 
discs, respectively. The second group consisted of three 
hydrogen-free amorphous carbon (a-C) DLC-coated sur-
faces deposited on three steel discs of the same dimensions 
and type as the discs in the first group. The three discs were 
ground in one direction and two of them were also polished 
before the application of the coating [7]. The coatings (thick-
ness ~ 1.7 µm) were deposited using a magnetron sputtering 
UDP650/6 system (Teer Coatings Limited, UK). The three 
DLC-coated discs are marked as smooth (DLC-S), average 
(DLC-A) and rough (DLC-R), respectively.

The 3D surface topography of all six discs was meas-
ured using the Altimet 530 surface profilometer. The sur-
face scan areas were 10 × 10 mm with the lateral sampling 
intervals of 5 µm. Standard average roughness (Sa), density 
of summits (Sds) and mean summit curvature (Ssc) param-
eters were calculated for the surface areas scanned. Values 
of Sa obtained for the STE-S (DLC-S), STE-A (DLC-A) 
and STE-R (DLC-R) were 0.06 (0.14), 0.12 (0.47) and 0.23 
(0.74), respectively. The Ssc took values of 0.009 (0.045) for 
the STE-S (DLC-S), 0.013 (0.058) for the STE-A (DLC-A) 
and 0.013 (0.042) for the STE-R (DLC-R). The Sds param-
eter was 639 (271), 27 (250) and 1320 (935), respectively. 
These values show that smooth, average and rough surfaces 
exhibit increasing roughness (i.e. increasing values of Sa). 
Also, the coated surfaces have smaller radii of curvature (i.e. 
larger values of Ssc) and a lower number of peaks/summits 
per unit area (i.e. lower values of Sds) than the uncoated sur-
faces. The exception is the DLC-A disc which has a higher 
number of peaks as compared to the STE-A.

The 3D elevation data obtained from the surface topog-
raphy scans were encoded into range-images exhibiting 256 
grey-scale level values (Fig. 4). Each range-image was split 
into 100 non-overlapping sub-images of size 200 × 200 pix-
els (i.e. 1 × 1 mm) resulting in 600 sub-images (i.e. 100 per 
surface).

2.5 � The DBCC Method Setup

The DBCC method was applied to the sub-images of the 
coated and uncoated surfaces, and the CSSta, CSStr, PSSta, 
PSStr, VSSta and VSStr parameters were calculated at 15 
scales ranging from 0.20 to 0.90 µm in step of 5 µm. CSs, 
PSs and VSs were also calculated at the same scales in 

directions perpendicular (0°), diagonal (45°) and along (90°) 
the grinding marks, respectively. The reason is that these 
directions have been used in our previous study on wear 
and friction characteristics of DLC-coated surfaces [7–9]. 
The CSs (PSs, VSs) calculated in 0° direction are denoted 
as CS0 (PS0, VS0), 45° as CS45 (PS45, VS45) and 90° as CS90 
(PS90, VS90), respectively. Fifteen signature parameters were 
obtained per sub-image.

The scale range of CS0 was divided into three intervals, 
i.e. small (0.20–0.40 µm), medium (0.45–0.65 µm) and large 
(0.70–0.90 µm). Values of CDs obtained for each interval 
were averaged, resulting in three parameters per sub-image, 
i.e., CD0_S, CD0_M and CD0_L. The first and second sub-
scripts denote the direction and interval of scale of calcula-
tions, respectively.

The interval averaged parameters were also calculated for 
PS0, VS0, CS45, PS45, VS45, CS90, PS90, VS90, CSSta, PSSta, 
VSSta, CSStr, PSStr, VSStr.

2.6 � Statistical Analysis

Shapiro–Wilk tests were used to check normality of the 
texture parameters calculated and P values less than 0.01 
were considered as statistically significant. Unpaired stu-
dent t-tests (P ≤ 0.05, Mann–Whitney U whenever appropri-
ate) were used to compare mean values of the parameters 
obtained for the sub-images of coated and uncoated surfaces. 
A power analysis was used to determine how many images 
are required to achieve a statistical power of 80%. The sta-
tistical analyses were performed using SPSS Statistics 21 
(IBM, Corporation, Somers, NY) and G*Power 3 [24].

3 � Results

Power analysis showed that at least 57 images are required 
per disc to detect a standardized effect size of 0.8 with power 
of 80% and P = 0.001. The mean ± standard deviations (SDs) 
obtained for the parameters calculated for the coated and 
uncoated surfaces at small, medium and large scales are plot-
ted in Figs. 5, 6, 7.

3.1 � STE‑S and DLC‑S Surfaces

The CSSta, PSSta and VSSta parameters calculated for the 
STE-S images were significantly higher (P < 0.021) than 
those for the DLC-S images at all scales (Fig. 5a–c). Same 
results were obtained for the CS, PS and VS calculated in 
45° and 90° directions (Fig. 5d–i) and for the CS0, VS0, 
CSStr, PSStr and VSStr (Fig. 5j, l).

For the PS0 parameter, differences were found at small 
(PS0_S) and medium (PS0_M) scales (Fig. 5e). For example, 
the mean ± SDs of the CSSta, CS0, CS45, CS90 and CSStr 
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Fig. 4   Range-images and corresponding 3D views of a, d STE-S, b, e STE-A, c, f STE-R, g, j DLC-S, h, k DLC-A, and i, l DLC-R surfaces. 
Each image area is 10 × 10 mm
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Fig. 5   Mean and SDs (error bars) of the CS, PS and VS calculated for the STE-S (diagonal-down lines) and DLC-S (diagonal-up lines) surfaces 
at small, medium and large scales. Non-significant differences (P > 0.05) are marked by a star
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Fig. 6   Mean and SDs (error bars) of the CS, PS and VS calculated for the STE-A (diagonal-down lines) and DLC-A (diagonal-up lines) surfaces 
at small, medium and large scales. Non-significant differences (P > 0.05) are marked by a star
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Fig. 7   Mean and SDs (error bars) of CS, PS and VS calculated for the STE-R (diagonal-down lines) and DLC-R (diagonal-up lines) surfaces at 
small, medium and large scales. Non-significant differences (P > 0.05) are marked by a star
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obtained for the STE-S (DLC-S) surface at small scales are 
1.877 ± 0.248 (1.501 ± 0.178), 1.900 ± 0.228 (1.456 ± 0.171), 
1.864 ± 0.0238 (1.485 ± 0.182),  1.886 ± 0.0237 
(1.490 ± 0.182), 0.977 ± 0.005 (0.965 ± 0.002), respectively.

3.2 � STE‑A and DLC‑A Surfaces

As compared to the DLC-A, the CS, PS and VS obtained 
for STE-S surfaces in directions of dominating curvature 
complexity, 0° and 45°, were significantly lower (P < 0.022) 
at all scales (Fig. 6a–c, g–l). Examples of mean ± SDs values 
obtained for the uncoated surface are 1.220 ± 0.080 (CSSta_S), 
1.231 ± 0.072 (CS0_S) and 1.005 ± 0.057 (CS45_S). For the 
coated surfaces, the values are 1.652 ± 0.090 (CSSta_S), 
1.615 ± 0.081 (CS0_S) and 1.523 ± 0.068 (CS45_S). In the 
vertical direction, the CS, PS and VS obtained at medium 
and large scales for the STE-A surfaces (e.g. 1.567 ± 0.043 
for CS90_M) were higher than those for the DLC-A (e.g. 
1.509 ± 0.108 for CS90_M; Fig. 6j–l). The exception is the 
VS90_M for which no differences were found (Fig. 6l).

The CSStr (medium and large scales), PSStr (small and 
medium scales) and VSStr (all scales) calculated for the 
DLC-A surfaces were higher (P < 0.010) than those obtained 
for the STE-A surfaces (Fig. 6m–o). Example mean ± SDs 
values calculated for the CSStr_M are 0.8241 ± 0.05392 
(DLC-A) and 0.7838 ± 0.06232 (STE-A).

3.3 � STE‑R and DLC‑R Surfaces

All parameters calculated at all scales for the STE-R sur-
face were higher (P < 0.031) than those for the DLC-R 
surface (Fig.  7). The exceptions were CSStr_S, CSStr_L, 
PSStr_L and VSStr_L (Fig.  7m–o) which were higher for 
the coated surface, as compared to the uncoated sur-
faces. Examples of mean ± SDs values calculated for the 
STE-R surfaces are 1.428 ± 0.097 (CSSta_S), 1.382 ± 0.099 
(CS0_S), 1.3587 ± 0.080 (CS45_S), 1.678 ± 0.017 (CS90_S) 
and 0.8345 ± 0.05062 (CSStr_S). For the DLC-R surfaces, 
the values are 1.372 ± 0.095 (CSSta_S), 1.286 ± 0.107 
(CS0_S), 1.399 ± 0.083 (CS45_S), 1.603 ± 0.023 (CS90_S) and 
0.863 ± 0.052 (CSStr_S).

No differences were detected for CSStr_M, PSStr_S, VSStr_S 
and VSStr_M (Fig. 7m–o).

4 � Discussion

In this study, the recently developed DBCC method has 
been applied to images of uncoated and DLC-coated sur-
faces with increasing roughness and curvature. The method 
has a unique ability to precisely quantify a surface curvature 
complexity at individual scales and directions. Our study 
evidenced that the DBCC method detects minute differences 

in curvature between DLC-coated and uncoated surfaces. 
This suggests that the method has a potential to become a 
useful tool in design and optimization of such surfaces.

4.1 � STE‑S and DLC‑S Surfaces

Curvature signatures calculated for the STE-S surfaces in the 
dominating curvature, 0°, 45° and 90° directions were higher 
than those for the DLC-S surfaces at all scales. The higher 
curvature complexity of the uncoated surfaces agrees with 
the higher roughness (higher values of FDs) of uncoated 
surfaces found in our previous study [8]. We reported in 
that study that the STE-S surfaces exhibit higher FDs than 
the DLC-S surfaces [8] and curvature complexity increases 
with FD [19]. Also, the density of summits (Sds) calculated 
for the STE-S surfaces are approximately twice higher than 
for the DLC-S surfaces.

Differences between the coated and uncoated surfaces 
were generally larger for the VS parameters as compared 
to the PS parameters. This suggests that valleys are a major 
contributor to the overall curvature complexity. To investi-
gate this further, the peak and valley curvature matrices, i.e. 
the matrices generated in step 6 (Sect. 2.1 and Fig. 1f), were 
visually examined. Examples of the matrices obtained in the 
horizontal direction at scale of 30 µm are shown in Fig. 8b, 
c, e, f. The examination indicates that the matrices obtained 
for the DLC-S surfaces contain relatively flat large parts as 
compared to the STE-S surfaces. Also it was observed that 
the valley curvature matrices constructed for the DLC-S are 
sparser and the curvature values stored in these matrices are 
generally higher than those of peaks.

Coated surfaces were found to exhibit larger changes of 
curvature complexity with direction (i.e. more anisotropic) 
than the uncoated surfaces. This could be explained by the 
fact that the structure of DLC coating is heterogeneous, 
containing impurities [7]. This results in an uneven distri-
bution of peaks and valleys on the coated disc. Peaks and 
valleys are almost evenly distributed on the STE-S surfaces 
(Fig. 8b, c), whereas the opposite is true for the DLC-S sur-
faces (Fig. 8e, f).

4.2 � STE‑A and DLC‑A Surfaces

The CS, PS and VS parameters calculated for the average 
coated surfaces were higher than the uncoated surfaces 
in the dominating curvature complexity (all scales), 0° 
(all scales), 45° (all scales) and 90° (small scales) direc-
tions. The results showed that the coated surfaces exhibit 
a higher complexity of curvature than the uncoated in 
these directions. A possible explanation could be that the 
DLC-A surfaces are rougher (i.e. higher FDs) than the 
STE-A surfaces at small scales in the 0° and 45° directions 
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Fig. 8   Example sub-images of the a, g, m STE and b, j, p DLC sur-
faces and the corresponding visual representations of b, e, h, k, n, 
q peak and c, f, i, l, o, r valley curvature matrices obtained in the 

horizontal direction at the scale of 30 µm. The colour bars represent 
absolute values of the curvatures calculated
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[8]. Also, the Sds obtained for the DLC-A disc was about 
ten times higher than for the STE-A disc.

Similar differences were found in the PS and VS param-
eters between STE-A and DLC-A surfaces. Visual exami-
nation of the peak and valley curvature matrices (Fig. 8h, 
i, k, l) shows that they are similar. These suggest that 
valleys and peaks have an approximately equal contribu-
tion to the overall curvature complexity of the coated and 
uncoated surfaces analysed.

Variation with direction in curvature complexity of 
the STE-A surfaces was higher than that of the DLC-A 
surfaces. This agrees with observation that the grinding 
marks deviate from the vertical direction more on the 
coated than on the uncoated discs, and also, the valley and 
peak curvature matrices exhibit uniform columnar patterns 
(Fig. 8h, i, k, l).

4.3 � STE‑R and DLC‑R Surfaces

The CS, PS and VS parameters took higher values for the 
STE-R surfaces, as compared to the DLC-R surfaces. This 
agrees with our previous study showing that the uncoated 
surfaces are rougher than the coated surfaces [8], and the 
STE-R disc has the high values of Sds parameter.

Similar differences were detected between the STE-A 
and DLC-A surfaces using the PS and VS parameters. This 
indicates that valleys and peaks contribute approximately 
equally to the overall curvature complexity. This is further 
evidenced by the fact that peak and valley curvature matrices 
obtained for these two surfaces are similar (Fig. 8n, o, q, r).

No significant differences in the Str parameter were found 
between the rough coated and uncoated surfaces. The lack 
of changes of curvature with direction could be explained by 
the dominance of the vertical grinding marks. Visual exami-
nation of curvature matrices (Fig. 8n, o, q, r) obtained for 
these surfaces shows virtually same spatial distributions for 
peaks and valleys.

4.4 � Limitations

The study conducted has some limitations. First, only a 
limited number of DLC-coated surfaces were analysed and 
only one type of DLC coatings was used (i.e. hydrogen-free 
DLC). It is unknown to what extent findings from this study 
could be generalized to other coatings (e.g. hydrogenated 
DLC [25]). Second, P-values calculated were not corrected 
for multiplicity. However, such correction could result in 
finding no differences where dissimilarities between coated 
and uncoated surfaces are present [26]. Third, the curvature 
parameters were calculated at three directions. Other direc-
tions might provide different results.

5 � Conclusions

The following conclusions can be drawn from this study:

•	 Roughness and curvature of DLC-coated surfaces are dif-
ficult to characterize at individual scales and directions. 
The problem of the multiscale and directional roughness 
analysis of the coated surfaces has been addressed in our 
previous work using the DBC method. In the present 
work, a multiscale curvature characterization of the sur-
faces has been successfully completed using the DBCC 
method.

•	 The DBCC method is able to correctly detect minute dif-
ferences in curvature at individual scales and in differ-
ent directions between uncoated and DLC-coated bearing 
steel discs.

•	 The method can be used to assess contributions of sur-
face features into the overall curvature complexity. It was 
found that peaks and valleys contribute approximately 
equally into the curvature complexity of average and 
rough coated and uncoated surfaces. For the smooth 
surfaces, valleys are a major contributor.

•	 Curvature directionality can be assessed using the DBCC 
method. Curvature of smooth coated surfaces exhib-
its greater changes with direction as compared to the 
uncoated surfaces. The opposite is true for the average 
surfaces. For the rough surfaces, there are no clear dif-
ferences in curvature directionality.

•	 The detailed information about curvature provided by 
the DBCC method could be used to complement mul-
tiscale roughness analyses conducted using the DBC 
method. New relations between surface topography of 
DLC-coated surfaces and their wear and friction prop-
erties could be potentially found. This might be useful 
in designing of wear-resistant surfaces and tribological 
systems.
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