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Abstract

In recent years there has been increasing interest in the use of structured surfaces to provide
specific functional performance. Such surfaces often consist of localised micro-scale surface features
with predetermined geometries. The performance of the feature manufacturing process affects the
functional performance of the surface, and can be assessed by measurement of the resulting surface
features. Measurement of the resulting micro-manufactured surface features necessitates use of areal
optical surface topography instruments. However, conventional characterisation methods, based on
areal surface texture parameters, often prove inadequate, and may fail to capture the relevant
geometric properties needed for an effective dimensional verification. This paper investigates an
alternative route to verification, based on the determination of geometric attributes of the
micro-fabricated features. This approach allows for direct assessment of manufacturing process
performance, by comparison of the geometric attributes with their nominal values. An example
application is shown in which a micromachining process (laser texturing) is used to fabricate a periodic
pattern of dimples, which provide a low friction bearing surface. In this paper, manufacturing process
performance is assessed by characterisation of the diameter and out-of-roundness. Sources of
uncertainty associated with these geometric parameters are also considered.

Keywords: Structured surfaces, Laser texturing, Surface metrology

1. Introduction

Structured surfaces are surfaces whose topography consists of deterministic features, designed to
provide specific functional performance [1]. Structured surfaces are becoming increasingly popular due
to their ability to provide improved functional performance for a number of applications, including:
friction reduction, wettability and optical effects [2—7]. To manufacture such surfaces efficiently, fast,
repeatable, low-cost micro-manufacturing techniques are required. Laser surface texturing (LST) is one
such technique and is popular for the production of low-friction, structured surfaces [8—-12].

Surface inspection and verification requires the capability to measure and analyse the geometries of
the micro-fabricated features in comparison to their nominal counterparts. The ability to perform
geometric assessment at the feature level can also serve as a tool to understand manufacturing
process behaviour and performance, optimise process parameters, and compare manufacturing
process variants. When manufacturing micro-scale features there is often a lack of geometrical
specification and tolerances [13]. Additionally, there may be a poor understanding of how the surface
geometry affects the functional performance. In such cases it is necessary for the geometry of the
surface features to be well understood and highly repeatable.

The conventional surface metrology approach for analysing three-dimensional topography data is
based on determining areal parameters (ISO 25178-2 [14]). However, the areal surface texture
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parameters are statistical properties of the entire surface and so not ideally suited to characterising the
geometric properties of individual surface features.

Recently, an alternative characterisation approach for structured surfaces has been proposed, in
which individual surface features are identified and extracted as standalone units, so that they can be
subjected to geometric verification [6,12,15,16]. When applied to micro-manufactured features of a
structured surface, this approach enables the implementation of verification procedures similar to
those used for quality inspection of standard-sized parts.

This work builds on previous research by the authors [15,17] and considers the analysis of a test
case consisting of cylindrical dimples in a periodic pattern, with the aim of producing a low friction
structured surface for bearing applications. Several pattern designs with different nominal diameters
are considered, while other geometric properties of the dimples are kept constant.

Dimple diameter and out-of-roundness are computed from measurements of a sample of the
dimples in order to determine the reproducibility [18] of the manufacturing process, which could be
considered as an indicator of process performance. Additionally, uncertainty in the measurements is
considered. One component of the uncertainty is reproducibility of an individual measurement. This is
considered separately from the component of reproducibility due to manufacturing. If reproducibility
in the measurement is poor, good manufacturing quality may be masked by poor measurement data.

The diameter and out-of-roundness results for the test case are used to demonstrate how such a
characterisation procedure, aimed at individual surface features, can be used to investigate
manufacturing process behaviour and performance. This demonstration highlights the advantages and
open issues of the approach.

Section 2 describes the samples and measurement approach used in this paper. Section 3 describes
the analysis steps to determine dimple diameter and out-of-roundness, and how the data is
considered. Section 4 presents the results of the initial measurements. Section 5 assesses the
repeatability in measuring a single dimple. Section 6 considers effect of position in the field of view on
the repeatability. Section 7 discusses the implications of these results as well as the strengths and
limitations of the presented method.

2. Specimens and sampling

Three physical specimens with nominal diameters 50 um, 150 um and 300 um respectively were
considered. Each specimen consisted of a silicon nitride disk with and a regular pattern of nominally
cylindrical pits (dimples) designed for friction reduction. Dimples were manufactured via
femtosecond-pulsed laser texturing with nominally 10 um depth and 20 % coverage density. For each
disk, a sample of 100 dimples, chosen at random from the several thousand on the surface, were
measured using an Alicona InfiniteFocus G4 focus variation microscope. The microscope was setup
with 20x objective lens, 0.40 numerical aperture, field of view 0.715 mm x 0.544 mm and pixel size
0.438 um x 0.438 um. Using this configuration, the result of each measurement is a height-map
containing one complete dimple topography. Figure 1 shows an example height-map (150 um diameter
dimple). The magnification was chosen as the highest magnification that would allow the largest
dimples to fit into a single image.

In this paper, it was assumed that measurements of different dimples are independent and normally
distributed. It is expected that there will be some spatial correlation between dimples on a disk.
However, this correlation has been neglected due to the relatively small fraction of the population
being sampled. Initial tests on the measurement data found that the results were approximately
normally distributed.
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Figure 1: Height-map of a dimple with nominal diameter 150 um. Image was cropped to exclude partial
dimples appearing at the image boundaries.

3. Computation and analysis of dimple diameter and out-of-roundness

A dedicated procedure was developed to compute the dimple diameter and out-of-roundness from
a measured topography. The procedure follows previous work on characterising structured surfaces in
which individual features are identified and analysed geometrically. The general approach is illustrated
in detail elsewhere [12,15,17,19]. The procedure consists of multiple steps, described below and
summarised in figure 2.

The procedure to identify and analyse measured dimples consists of five main steps. These are:

1. Pre-processing: The raw height map was filtered using a Gaussian kernel with 1.6 um standard
deviation. The surface was then levelled by subtraction of a least-squares mean reference plane fitted
to the background surface surrounding the dimples. This selective levelling ensures that different
dimples are all referred to the same planar reference surface. Further details can be found in previous
work [16].

2. Segmentation: A thresholding operation on the local image gradient was used to segment the
surface. The local gradient was computed as the magnitude of the Sobel operator [20], as shown in
figure 2a. A binary classification map was then obtained by applying a threshold at a gradient of 0.3
(figure 2b). Various other methods exist which could be used to perform a similar segmentation
[15,17]. The importance of the choice of segmentation method and setting the correct threshold value
is discussed further in section 7.

3. Post-processing and identification of the surface feature: The binary classification map
produced by segmentation was further processed in order to better isolate the central dimple from its
surroundings, as shown in figure 2c. The background surface should be flat compared to the dimples.
Therefore, dimple regions were identified as high gradient areas, whereas low gradients were
background regions. After this step, background regions, which are enclosed by dimple regions, were
filled in and marked as part of the dimple. This filling accounts for misclassification of some dimple
regions due to low local slope. Similarly, some background regions with high local slope may be
misclassified as dimple regions. These regions were accounted for by reclassifying any small dimple
regions (< 5000 pixels in area) as background. This reclassification should also account for incomplete
dimples on the image boundary. The result after this step is a binary map with a single, connected
region identifying the feature.

4. Determination of reference geometry: Since the nominal feature shape is cylindrical, a circular
reference geometry was fitted to the boundary of the identified dimple. The resultant circle provides a



suitable reference when determining the geometric properties of the feature. Figure 2d shows the
fitted circle superimposed onto the original topography.

5. Computation of the geometric properties: Dimple diameter error and out-of-roundness were
calculated for each dimple. Dimple diameter was defined as the diameter of the fitted reference circle.
The diameter error was calculated as the difference between the nominal and measured diameters.
Using diameter error rather than measured diameter allows for comparison between dimples with
different nominal diameter. The out-of-roundness was calculated as a peak to valley deviation of the
dimple boundary from the fitted circle, i.e. the sum of the maximum positive and negative radial
deviations from the fitted circle.

Due to the manufacturing process used, the magnitude of both the diameter error and
out-of-roundness may be dependent on the nominal diameter. If this dependence is linear it can be
accounted for by normalising the diameter error and out-of-roundness by the associated nominal
diameter. This normalisation facilitates comparison of the significance of the geometric properties
relative to the nominal diameter.

c) d)

Figure 2: The dedicated procedure for computing dimple diameter and out-of-roundness: a) gradient
map calculated from the height data; b) segmentation map; c) post-processed map and feature
identification; d) least-squares reference circle (black) fitted to the dimple boundary and superimposed
onto the height-map.

4. Assessment of measurement results

The results of the measurements, described in section 3, are summarised in table 1. The table
contains absolute values (see figure 3) and values normalised by associated nominal diameter
(figure 4).

Table 1: Mean and standard deviation (std) of diameter error and out-of-roundness for each set
of samples.

Nominal diameter/um 50 150 300




mean std mean std mean std

Diameter error/um -4.64 3.38 5.79 1.69 1.67 4.19
Normalised dia. error -0.093 0.068 0.039 0.011 0.006 0.014
Out-of-roundness/um 8.63 3.18 15.36 2.59 18.29 5.45
Normalised OoR 0.17 0.064 0.10 0.017 0.061 0.018
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Figure 3: Means and standard deviation (std) values for diameter error and out-of-roundness (OoR) for
each set of samples. Error bars indicate 95 % confidence intervals, determined from repeatability of the
measurements.

There appears to be no significant correlation between nominal diameter and either absolute or
normalised mean diameter error. This lack of correlation may be the combined result of how the
manufacturing process was optimised individually for each setup and the choice of threshold applied to
the measurement data during the segmentation step. For the out-of-roundness there does appear to
be some correlation with nominal diameter. From figure 4 the out-of-roundness becomes more
significant relative to the nominal diameter as nominal diameter decreases. This relationship could be
interpreted as a decrease in the quality of the edge as diameter decreases, which may be an important
factor to consider if manufacturing smaller dimples.

The error bars in figures 3 and 4 do not account for type B measurement uncertainty components
[21]. These components are assumed to be strongly correlated between measurements and were
considered as an unknown bias in the results. Therefore, when comparing between measurements
these components were ignored. It is assumed that any residual random component is small compared
to the type A uncertainty components. However, if it was important to know the absolute value of the
diameter error and out-of-roundness, then type B uncertainty components would have to be
considered. An initial estimate of the magnitude of such components is given in section 7.
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Figure 4: Means and standard deviation (std) values for diameter error and out-of-roundness (OoR) or
each set of samples, after normalisation by the nominal diameter of the associated sample. Error bars
indicate 95 % confidence intervals, determined from repeatability of the measurements.

5. Assessment of measurement reproducibility

The requirement for measurement reproducibility to be significantly better than the
manufacturing reproducibility was discussed in section 1. One way to assess the measurement
reproducibility is to measure the same dimple multiple times with the same measurement setup, with
the position of the dimple in the field of view of the instrument varied for each measurement.

The measurement reproducibility was determined from measurements of three dimples on
each disk. The use of multiple dimples per disk reduces the influence of variations in geometry and
outliers on the determination of measurement reproducibility. Each dimple was measured at multiple
positions within the field of view, defined by a 5x5 grid. The spacing of the grid varied with nominal
dimple size to ensure the field of view was entirely covered as shown in figure 5. At each position, ten
repeat measurements were made, for a total of 250 measurements per dimple. The measured
topography data was processed using the procedure described in section 3, and the resulting
diameters and out-of-roundness were used to determine the measurement reproducibility.
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Figure 5: Grid of dimple centre positions for different nominal diameters in the field of view, in um.
Axes cover the entire 715 pm x 544 um field of view of the instrument.

The measurement reproducibility is required to estimate the manufacturing reproducibility. The
total reproducibility of geometric properties of measurements of random dimples can be
approximated by the variance, "’ , calculated as

o> =on+oy (1)
where csfl is the variance in their actual diameters, i.e. the manufacturing reproducibility, and 0,%, is the

variance between difference measurements of the same dimple, i.e. the measurement reproducibility.
2 2
The value of ¢~ can be calculated from the full set of measurement results and o, can be calculated

from the repeated measurements of a single dimple. Using these values, the relative importance of the
manufacturing reproducibility, csf,, can be assessed.

The reproducibility results on a single dimple, summarised in table 2, show that the standard
deviation of the diameter error is small compared to the standard deviation from measurements of
multiple dimples and consistent across the three dimples considered. However, for the
out-of-roundness, the standard deviation is much larger and has some extreme values, such as dimple
2 at 300 um. This increased variability is to be expected, as the out-of-roundness is sensitive to
extreme boundary positions. Therefore, small changes in the detected boundary could have a
significant effect on the out-of-roundness, whereas the same changes would be insignificant when
calculating the diameter through circle fitting.

Table 2: Summary of results of reproducibility tests showing diameter error and out-of-roundness
(OoR).

Diameter/um 50 150 300

Dimple no 1 2 3 1 2 3 1 2 3
Mean dia. error/um -5.62 -2.08 -4.83 6.29 4.24 6.59 2.45 6.70 -0.16
Std. dia. error/um 0.17 0.16 0.14 0.14 0.14 0.11 0.083 0.090 0.082
Mean OoR/um 6.97 8.92 7.67 18.70 11.40 13,51 1452 10.32 8.49

Std. OoR/pum 0.25 0.25 0.44 0.68 0.23 0.39 0.53 1.23 0.25




Based on (1), the importance of the measurement reproducibility of a single dimple can be
considered as a fraction of the reproducibility when measuring multiple dimples, as shown in table 3.
The maximum variance from the three dimples in the reproducibility measurements has been used to
avoid underestimating the importance of the measurement reproducibility. Measurement
reproducibility was found to be approximately 5% of the reproducibility when measuring multiple
dimples in the out-of-roundness and less than 1% in the diameter. Therefore, the measurement
reproducibility is insignificant compared to other sources of uncertainty, such as the manufacturing
reproducibility, and reproducibility in the measurement of multiple dimples is a good estimate of the
manufacturing reproducibility.

Table 3: Ratios of the variance for diameter error and out-of-roundness (OoR) for the three dimple
sizes. The ratio is calculated as the maximum variance due to measurement reproducibility on a single
dimple as a percentage of the total variance when measuring multiple dimples.

Diameter/um 50 150 300
Dia. error 0.26 0.71 0.046
ratio

OoR ratio 1.96 6.83 5.12

6. Position dependence of measurement reproducibility

In general, measurement data from optical instruments may contain position dependant distortions,
such as the pin cushion effect [22]. Such distortions may contribute a significant position dependent
term to the measurement reproducibility. This could be modelled by splitting the measurement
reproducibility into position independent and position dependent components

O = Gr + O(X, V) (2)

where 0,2,, estimates the total measurement reproducibility, 0%, is the position independent
component and cﬁ(x, y) is the position dependent component. The relative significance of the position

dependant component can be determined from the reproducibility measurements on a single dimple.

For the diameter, position dependence can be visualised by plotting mean diameter error as a
function of grid position, using bicubic interpolation between the grid points. This is shown in figure 6
for the three 300 um dimples. These results indicate that there is some correlated dependence on
position across the three dimples. The residual differences between the position dependence map for
each of the three dimples are to be expected due to the differences in: the actual geometry of the
nominally identical dimples; the exact position of the dimples in the field of view; and the
reproducibility of the measurement system.

A correction map can be produced by taking the average of these three maps, subtracting the mean
of the full resultant average map to centre the map at zero, and normalising the map by the associated
nominal diameter. The accuracy of the correction map is limited by the differences between the input
maps. The correction maps for each dimple diameter are shown in figure 7.
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Figure 6: Mean diameter at different centre positions (in micrometres), for the 300 um diameter disk
reproducibility tests using bicubic interpolation. a), b) and c) show the three dimples measured.
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Figure 7: Correction maps for diameter for the three disks. Dimple centre position (in micrometres) is
plotted against correction factor. Correction factor is a percent of the nominal diameter. a), b) and c)
show the 50, 150 and 300 um diameter disks respectively.

For these disks, the correction is very small; less than 1 % in all cases. Therefore, it was deemed
insignificant and not applied to the measurement data of multiple dimples, which has a far larger
variance. For other situations, this may not be the case and it would be necessary to apply such a

correction.

The dependence of out-of-roundness on position also was investigated. However, no correlation
could be identified from the measurements (see figure 8 for data for the 300 um disk). The absence of
correlation indicates that the position dependent variation in out-of-roundness appears to be

insignificant relative to position independent variation in out-of-roundness.
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Figure 8: Mean out-of-roundness at different centre positions (in micrometres), for the 300 um
diameter disk reproducibility tests using bicubic interpolation. a), b) and c) show the three dimples
measured.

7. Discussion

It is important to consider why deviations in the dimple boundary occur when the same feature is
measured multiple times. Closer analysis shows that significant deviations can occur when there is a
ridge on the boundary with a saddle close to the threshold value. When segmentation occurs as
described in step 2 of section 3 noise in the measurement can cause the saddle to drop below the
threshold creating a break in the boundary that will not be filled in during post processing described in
section 3. This effect is demonstrated in figure 9. It is not straightforward to predict when such a
situation will occur and it can cause significant changes in the results, particularly the
out-of-roundness. These changes can lead to higher than expected standard deviation in some
measurements such as in table 2 for 300 um dimple 2. This is a limitation in the characterisation
method used and for other applications it may be of interest to investigate other segmentation
methods, such as morphological segmentation [23,24] or active contours [25], which should be more
stable in this respect. Alternatively additional post-processing steps could be added to mitigate the
issue.
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Figure 9: Example of instability in thresholding algorithm. a) Section of gradient map of 300 um dimple.
b) Binary map after segmentation (yellow shows regions marked as features). c) Segmentation of
another measurement of the same feature. Note the break in the boundary in the centre right of the
image. d) Image b) after post-processing. e) Image c) after post-processing. The gap in the boundary
has not been filled in distorting the boundary.

In this paper it has been assumed that, because a random sample of dimples was selected, the
measurements of different features were uncorrelated. However, there may be significant spatial
correlation between features nearby on the surface. Such correlation is related to the manufacturing
process and is outside the scope of this work. Further research is necessary to assess, quantify and
account for any correlation and the effect it has on the statistics of the measured properties. For the
results in this paper, samples were randomly selected from across the entire disk and are a very small
fraction of the total population, so the effect of any correlation should be negligible for these
measurements.

The methods presented here do not account for any Type B errors in the measurement. Such errors
can be caused by many factors, such as amplification in the lateral or vertical scales. The focus variation
instrument used in this paper is calibrated to an uncertainty in the lateral scales of 2 %. This
corresponds to a type B uncertainty of 1 um, 3 um and 6 pm in the diameter of the 50 um, 150 um and
300 um disks respectively. This lateral scales uncertainty term is a significant component to the
uncertainty in the measurement of diameter error, and larger than the type A uncertainty in the mean
reported in figure 3. The lateral scales uncertainty term is a much less significant component of the
uncertainty of the out-of-roundness measurement. Due to the comparative nature of the parameter
the uncertainty will be 2 % of the out-of-roundness value, which is small compared to other sources of
uncertainty.

However, it can be assumed that the effect of lateral scales is constant between different
measurements. Therefore, the lateral scale results in a constant scaling factor, which will cancel when
comparing between measurements. If this were not the case then the position dependant repeatability
would be much higher.

An additional source of uncertainty is the lateral resolution. For focus variation microscopes, the
lateral resolution is determined by the software and for all experiments was set to 3 um. One way to



model the effect of the lateral resolution on the position of the feature boundary is by a triangular
distribution with a base length of twice the lateral resolution. For these experiments, the standard
deviation of this distribution is 1.2 um. The primary effect of lateral resolution will be on the
out-of-roundness, where it will affect both the minimum and maximum points. The combined
uncertainty of these two points corresponds to an additional uncertainty in the out-of-roundness of 1.7
um. For the diameter, the effect of lateral resolution will be negligible, as the variations are assumed to
average out around the circle. However, this is an overly simplified model; in practice the effect of
lateral resolution is highly dependent on local geometry and must have significant spatial correlation,
otherwise the detected boundaries would not appear smooth. It is reasonable to assume, due to the
similar geometries between dimples, that the effect of the lateral resolution will be similar between
different measurements. Therefore, when comparing between results lateral resolution terms will
approximately cancel and can be neglected.

The effect of the analysis process on the measurement should also be considered. The dimple
boundary is only defined by the method used in the analysis. If the analysis method is changed, either
by using a different algorithm or by changing the threshold used, then the detected boundary and
corresponding dimple properties will change. A deeper understanding of how these properties are
defined in the manufacturing process is needed to determine the optimal way to define the boundary.
For example, by changing the threshold a different boundary can be produced with different
dimensional properties. However, this boundary may still reasonable, but different, results. Further
research is needed understand how these choices should be made and how they effect the
measurement results and associated uncertainties. In general, the choice of threshold should be
strongly influenced by the intended function of the surface.

8. Conclusions

This paper has developed an approach to measure geometric properties of micro-scale features on
structured surfaces and to consider the sources of uncertainty associated with such measurements.
The manufacturing process performance of laser manufactured dimples of different nominal diameters
was used as an example to demonstrate this approach. There was found to be a strong correlation
between out-of-roundness and nominal diameter, although this was not the case for diameter error.

The measurement reproducibility was investigated by repeated measurement of a single dimple. It
was found that the measurement reproducibility was small compared to the manufacturing
reproducibility. Therefore, the reproducibility when measuring multiple dimples provides a good
estimate of manufacturing reproducibility. A small amount of position dependence in the diameter was
also detected. However, this was insignificant compared to other sources of uncertainty.

An initial consideration of type B uncertainties associated with such measurements was also given.
However further work is necessary to give a better estimate of type B uncertainties and the correlation
between uncertainties in different measurements.
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