N

N

Multiscale assessment of the accuracy of surface
replication

Julie Marteau, M Wieczorowski, Y Xia, Maxence Bigerelle

» To cite this version:

Julie Marteau, M Wieczorowski, Y Xia, Maxence Bigerelle. Multiscale assessment of the accu-
racy of surface replication. Surface Topography: Metrology and Properties, 2014, 2 (4), pp.044002.
10.1088/2051-672X/2/4/044002 . hal-02968726

HAL Id: hal-02968726
https://hal.utc.fr /hal-02968726

Submitted on 3 Apr 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.utc.fr/hal-02968726
https://hal.archives-ouvertes.fr

Multiscale assessment of the accuracy of

surface replication

J Marteau', M Wieczorowski’, Y Xia® and M Bigerelle'

'"LAMIH, UMR-CNRS 8201, Batiment CISIT, Université de Valenciennes et du Hainaut-Cambrésis, Le
Mont Houy, F59313 Valenciennes CEDEX 9, France

2 Poznan University of Technology, Faculty of Mechanical Engineering and Management, Institute of
Mechanical Technology, Piotrowo 3, 60-965 Poznan, Poland

? Laboratoire Roberval, UMR-CNRS 7337, Université de Technologie de Compiégne, Centre de
Recherches de Royallieu, CS 60319, 60203 Compiegne Cedex, France

E-mail: julie.marteaul @gmail.com

Abstract

This paper presents a methodology for the assessment of replication accuracy using a multiscale
approach. It focuses on the quantification of ‘metrological replication accuracy’, which is a direct
comparison of the topography of a surface and its replica. This methodology uses an analysis of
variance and takes into account the variability of the experimental results. To assess replication
accuracy, the differences in either one or several roughness parameter values of a surface and its
replica are assessed over different scales, using the F-value as an indicator. In order to get a
multiscale comparison, the surfaces are examined using 17 cut-off lengths with three types of
filters (high-pass, low-pass and band-pass). This methodology enables us to identify the scales at
which the topography features are best replicated. Transfer functions of roughness parameters
are also observed to quantify the differences between the studied surface and its replica. This
methodology is applied to the study of the replication of ground titanium alloy specimens having
rough to mirror-like surfaces. It enables us to show that the studied replica material enables the
accurate reproduction of rough surfaces but gives inaccurate results for the replication of smooth

surfaces.
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1. Introduction

To be able to measure inaccessible mechanical components
such as the interior surface of Nb superconducting radio-
frequency accelerator cavities [1] and aircraft engines [2],
surface replication is a widely used tool. It is also frequently
used in order to characterize body parts [3], skin [4, 5], or
components that are either too large (e.g. foils [6], rock
fracture [7]) or too heavy to be directly measured, or else that
simply cannot be measured without dismantling an entire
system. Motivations for using replica techniques for surface
characterization also arise from the fact that they enable the
creation of biocompatible surfaces (e.g. [8]). The use of
replication also enables one to keep a record of surface
changes. Replicas can be used as a kind of data storage when
studying phenomena such as wear [9-12], crack detection
[13, 14], skin diseases or aging [15, 16]. Finally, replication is

also used to explore the manufacturing of biomimetic sur-
faces [17, 18].

However, in any replication, there is loss of information.
Replicas are not a perfect negative image of the parent sur-
face. Their quality depends on the replica material, the
topography and the process conditions (e.g. gas bubbles
forming pores). Several types of materials were developed for
the replication of surface features from the macroscale to the
nanoscale. Liu et al [19] studied the accuracy of three dif-
ferent replica materials (Repliset, Technovit and Press-O-
Film) by replicating four engineering ground surfaces with
average roughness values ranging from 0.2 ym to 1.6 ym. To
assess replica accuracy, they used the same locations for the
measurement of profiles on the replicas and the original sur-
faces. They qualitatively compared the replicas and the ori-
ginal surfaces and then used the arithmetic mean roughness R,
using cut-off lengths equal to 0.2, 0.4, 0.8 and 1.6 ym. The
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use of this roughness parameter gives a good general
description of height variations but remains insufficient to
describe the peaks and valleys in detail. Nilsson et al [20]
tested three different replica materials (Araldite, Microset and
Technovit) on five types of machined surfaces varying from
smooth to rough and covering stochastic as well as determi-
nistic surfaces (shot-blasted texturing, electron beam textur-
ing, surface grinding, crankshaft and cylinder liner). Similarly
to Liu et al [19], Nilsson et al [20] scanned areas having the
same locations on the replica and the original surface but they
used five three-dimensional (3D) surface parameters to assess
the accuracy of the replicas: S,, S, S,,, S and S,. Balcon et al
[21] discussed different ways to analyze the accuracy of
surface replication. First, they emphasized the need to think of
the analysis in terms of functionality relevance for the work
piece. Then, using simulated surfaces and replicas, they
assessed the information given by roughness parameters
(areal and volume related parameters), cross-correlation
indices (a measure of the similarity between two surfaces) and
Fourier-related parameters (periodic distributions and surface
orientation). These few examples show the main strategies
used to characterize replication accuracy. As underlined by
Hansen et al [22], the authors generally define the degree of
replication related to their specific investigations. This point
should be clarified. There are three ways to determine repli-
cation quality, depending on the analysis purpose:

(1) ‘Quantification of metrological replication accuracy’:
direct comparison of the topography of a given surface
and its replica.

(i) ‘Quantification of physical replication accuracy’: the
examined surfaces show different topographies caused
by the evolution of some physical phenomenon. An
answer to the following question is sought: Do the
replicas enable us to find a relation between the physical
phenomenon that created the surface topography and the
differences of roughness?

(iii) ‘Quantification of functionality replication accuracy’: the
examined series of surfaces is linked to some physical
phenomenon or functionality. A link is searched between
the replicas and the functionality of the original surfaces,
without taking into account the surface topography of the
original surface.

The aim of this article is to present a methodology
enabling us to quantify metrological replication accuracy. It is
designed to assess the quality of replicas calculating
approximately 50 types of roughness parameters over differ-
ent scales (17 cut-off lengths and three filter types).

2. Materials and methods

2.1. Original specimens

The original surfaces are titanium alloy (TiAl6V4) specimens
abraded with different silicon carbide grit-papers ranging
from 80 (rough surfaces) to 2400 (near mirror-like surfaces).
These grit sizes correspond to the size of the particles

embedded in the sandpaper, established by the European
Federation of European Producers of Abrasives (P grade). 80
grit paper means that the particle average diameter is equal to
201 ym. The particle average diameter of 2400 grit paper is
approximately equal to 8 ym.

Seven samples were first cut from a 30 mm diameter bar
into 20 mm thick discs. Then, they were all polished to 4000
grit paper with an automatic grinding machine in order to get
similar initial states. Next, several types of topography were
achieved by using different grit papers under identical force
and time conditions (150 N, 3 min) with water lubrication.
The different surfaces are hereafter named using the number
of the last abrasive grading scale of sandpaper i.e. 80, 120,
220, 500, 800, 1200 and 2400.

2.2. Replica material

The material used for the replicas is MD-3P from Plastiform®
(France). It is made of three components (resin, powder and
hardening agent), which polymerize at room temperature after
mixing. The mixture is opaque and has a liquid initial con-
sistency. After a curing time of 10 min, rigid impressions are
obtained.

2.3. Roughness measurements

The original surfaces and the replicas were measured using a 3D
non-contact optical profilometer (Zygo NewView™ 7300, Zygo
Corp., USA) with a x20 objective lens. The lateral resolution is
equal to 760 nm and the vertical resolution is about 3 nm. In
order to study large areas without deteriorating the field of view,
the stitching function was used. The dimensions of the stitched
surfaces are 1189 ym x 891 pum having 2176 x 1632 points. Each
surface was rectified using a polynomial of degree 3.

2.4. Multiscale roughness characterization

Typically, surface topography is quickly analyzed using the
arithmetic mean deviation S,. Other amplitude parameters are
sometimes used, such as the root-mean-square deviation of
the surface S, or the maximum height of the surface .. In the
following characterization, 49 roughness parameters [23-25]
were calculated in order to assess the quality of the replicas.
There were amplitude parameters, but also hybrid parameters
such as the density of summits Sy, functional volume para-
meters such as the void volume V,, or the material volume V,,,
or functional parameters such as the reduced peak height Sy
or the kernel roughness depth Sy. All these parameters were
evaluated using 17 cut-off lengths (equal to 6, 9, 10, 13, 15,
19, 23, 29, 36, 45, 56, 74, 99, 127, 178, 297 and 446 ym) with
three types of Robust Gaussian filters [26] (high pass, low
pass and band-pass) in order to get a multiscale roughness
characterization. For the band-pass filter, each indicated value
corresponds to the lower cut-off length, while the bandwidth
is equal to the following greater value subtracted by the lower
cut-off length. For example, when the cut-off length is equal
to 99 um then the bandwidth is equal to 127 —99=28 ym.
The intervals between each cut-off length were chosen in
order to get a resolution equal to the one of the bandwidth.
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Figure 1. Example of measurement of the specimen polished with 120 grit paper and the surfaces obtained using different types of filtering: a
high-pass filter (HP) with cut-off lengths equal to 6, 15 and 127 um; a low-pass filter (LP) with cut-off lengths equal to 13, 99 and 297 ym;
and a band-pass filter (BP) with cut-off lengths equal to 45 and 127 ym (with bandwidths equal to 11 and 51 um, respectively).

This choice enables us to decrease the number of analyzed
cut-off filters. Figure 1 shows one of the measurements of the
specimen polished with 120 grit paper and the surfaces
obtained using different kinds of filtering: a band-pass filter
with cut-off lengths equal to 45 and 127 ym (with bandwidths
equal to 11 and 51 um, respectively); a high-pass filter with
cut-off lengths equal to 6, 15 and 127 ym; and a low-pass
filter with cut-off lengths equal to 13, 99 and 297 um. This
figure shows that very different surface features are high-
lighted depending on the filtering.

Similarly, depending on the cut-off value, substantially
different results are obtained for the roughness parameters.
Figure 2 shows the variation of the arithmetic mean deviation
S, values with the use of different filters and cut-off lengths,
for the replica of the specimen polished with 80 grit paper.
The confidence intervals of figure 2 represent the variations of
mean obtained with the bootstrap technique, thoroughly
described in the following section. The use of a high-pass
filter leads to an increase of S, with an increase of the cut-off
length. This increase of roughness amplitude reflects a fractal
trend: as the cut-off length increases, more and more topo-
graphy details are observed. In fact, many engineering
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Figure 2. Arithmetic mean deviation S, versus cut-off lengths for the
replica of the specimen polished with 80 grit paper using low-pass,
high-pass and band-pass filters.

surfaces are fractal [27]. The authors [28, 29] showed that
ground surfaces are fractal. If the examined surfaces are self-
affine fractal, then they have a 1/f* spectrum (Hooge’s law of 1/
F noise [30]). It means that the decrease of the spectrum
amplitude component follows a power law [31]. The arithmetic
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Figure 3. Bootstrapped probability density function of the mean of S, values of (a) the original surface polished with 80 grit paper and its
replica using a high-pass filter and a cut-off length equal to 10 um, (b) the original surface polished with 80 grit paper and its replica using a
band-pass filter and a cut-off length equal to 13 um, (c) the original surface polished with 120 grit paper and its replica using a band-pass filter
and a cut-off length equal to 36 um, and (d) the original surface polished with 120 grit paper and its replica using a high-pass filter and a cut-

off length equal to 23 um.

mean deviation S, follows it too, under some conditions [32],
even if the surfaces are anisotropic [33]. The use of low-pass
filtering induces a surface defractalization: there are fewer details
with the use of larger cut-off lengths. For small cut-off lengths,
the removal of roughness created by small wavelengths has little
effect on roughness amplitude (fractal dimension). However,
when the cut-off length becomes larger than the surface auto-
correlation length, there is a clear drop of the amplitude of the
small frequencies. For the band-pass filter, the results are more
difficult to interpret. The arithmetic mean deviation seems
almost constant along the longitudinal axis. However, the
bandwidth varies with the indicated cut-off values as it follows a
power law. Besides, the impulse response of the filter probably
contributes to this effect.

2.5. Quantitative assessment of replication accuracy

Replication accuracy is assessed using an analysis of variance
(ANOVA) with a recent resampling technique called

bootstrap [34]. An algorithm was developed by the authors
using the capabilities of the SAS (statistical analysis system)
language to quantitatively determine the degree of resem-
blance of the replicas and original surfaces. For this purpose,
for each roughness parameter computed with a given cut-off
length and filter type, the F-statistic is calculated using one
class: the surface type. The latter has two levels: the original
surface and the replica. It is worth noting that a student test
could have been used instead of a Fisher test. Indeed, those
tests are perfectly equivalent when only one class is observed.
However, due to previous and future developments requiring
more than one class, the Fisher-test was preferred.

The F-index value enables us to rank the degree of
resemblance. If F is close to 1, then replication does not
change the filtered topography computed with the tested
roughness parameter. Conversely, the higher the value of F,
the higher the differences of results between the replica and
the original surface are for the studied roughness parameter
and filtering conditions.
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Figure 4. Mean of the F-statistic given by the comparison of the
arithmetic mean deviation S, of the replica and the original surface
of TiAl6V4 polished with (a) 80 grit paper (b) 120 grit paper as a
function of cut-off lengths, using a low-pass filter, high pass filter
and band-pass filter.

Small disturbances in the experimental data set are known
to influence the ANOVA results. Thus, the variability of F is
taken into account using the bootstrap method. The latter con-
sists in generating a large number N of simulated bootstrap
samples (N'=500 in this study) from an experimental data set of
size K (K =20 roughness measurements). A bootstrap sample is
obtained by randomly sampling with replacement experimental
data scores. Each score has a probability equal to 1/K to be
selected. A bootstrap sample is thus not identical to the original
experimental set as it contains a new selection of scores (some
values of the experimental set may appear once or twice
whereas others may not appear).

3. lllustration of the proposed methodology with the
arithmetic mean deviation S,

To begin with, the proposed methodology is described using a
single parameter: the arithmetic mean deviation S,. This
parameter was chosen because it remains the most used
parameter when analyzing roughness. After illustrating the
proposed methodology with this roughness parameter, it will
be applied to all the roughness parameters.

In order to assess replication accuracy, the differences of
S, values between the replica and the original surface must be
gauged. As previously stated, surfaces cannot be perfectly
replicated: there is always loss of information. Replication
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Figure 5. Transfer function of the arithmetic mean deviation S,
versus cut-off lengths using low-pass, high-pass and band-pass
filters, for the specimens polished with (a) 80 grit paper and (b) 120
grit paper.

may be successful for some features of the surface but not for
others i.e. the microroughness may be well reproduced, while
the waviness of the original surface may not be correctly
duplicated. To fully assess replication accuracy, a multiscale
study of roughness is required. It is done through the use of
three types of Robut Gaussian filters (low pass, high pass and
band-pass) and 17 cut-off lengths for the calculation of the
arithmetic mean deviation. Figure 3 shows intermediate and
extreme results obtained for Specimen 80 and 120: it depicts
the bootstrapped probability density function of the mean of
S, of both the original surfaces and corresponding replicas. It
can be seen that significantly different results are obtained
depending on the filtering conditions (i.e. the choice of filter
and cut-off length) and the examined topography. The boot-
strap enables us to observe the spread around the mean of the
S, values and thus to assess whether the differences of S,
values are significant. The bootstrapped probability density
function of the mean of S, of both the original surface
polished with 120 grit paper and its replica computed using a
band-pass filter with a cut-off length equal to 36 um
[figure 3(c)] overlap. Thus, it can be concluded that the mean
S, is similar for this filter, at the examined scale. Conversely,
figure 3(b) shows that the means of S, are significantly dif-
ferent for Specimen 80 when calculating this roughness
parameter with a band-pass filter and a cut-off equal to 13 ym.
Figures 3(a) and (c) show intermediate results: the
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bootstrapped probability density function of the mean of S, of
both the original surfaces and corresponding replicas overlap,
even if not perfectly.

These differences of mean S, values show that there are
differences of topography between the original surface and its
replica. These differences could be quantified by computing
the area of the probability density functions. However, the F-
values represent a more straightforward means of comparison
of the mean S, values of the original surface and its replica.
Figure 4 shows the mean of F obtained for the replicas and
original surfaces polished with (a) 80 grit paper and (b) 120
grit paper as a function of cut-off lengths using low pass, high
pass and band-pass filters. If F is near to unity, then the
differences between the arithmetic mean deviation S, of the
original surface and the one of the replica cannot be seen as
significant. The larger the number F, the greater the difference
between the S, values of the original surface and its replica.
Figure 4(a) shows F-values ranging from 2 to 100 while
figure 4(b) shows values ranging from 1 to 14. Thus, the S,
values of the original surface polished with 80 grit paper and
its replica are globally more significantly different than the
ones of Specimen 120 and its replica. Specimen 120 was thus
better replicated than Specimen 80 according to this rough-
ness parameter.
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Figure 8. Mean of F' versus relevance ranking for the specimens
polished with grit-paper 80, 120, 220, 500, 800, 1200 and 2400.
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Figure 9. Mean of the fastest decay autocorrelation rate S, of the
original surfaces and their replicas as a function of the specimen
numbers, calculated using a high-pass filter with a cut-off length
equal to 15 ym.

A quick comparison of the two specimens, using figure 4
also reveals that they show different trends. For instance,
Specimen 80 shows constant F-mean values approximately
equal to 15 for cut-off lengths ranging from 6 to 36 ym and
then F-mean decreases from 15 to 4 for cut-off lengths larger
than 36 um. Conversely, Specimen 120 shows constant F-
mean values approximately equal to 1 for cut-off lengths
ranging from 6 to 19 um, and then the F-mean slightly
increases from 1 to 3 for cut-off lengths larger than 19 ym.
Different variations are also found for the high-pass and band-
pass filters. Finding F-mean values larger than 1 for both
specimens whatever the cut-off length and the type of filter
means that the waviness (global shapes) and the micro-
roughness (small details) show different mean S, value. It
implies that the replication does not enable us to accurately
reproduce the topography amplitude of the specimens,
whatever the studied scale.

F-mean is a good indicator to assess the quality of
replication of roughness and waviness at different scales; it
enables us to indicate which topographical features are best
reproduced. However, it does not give details about the
topographical changes. For example, the value of F-mean
does not enable us to measure if the replica microroughness is
higher or lower than the one of the original surface. Another
indicator may then be used: the transfer function of the
examined roughness parameter. Figure 5 shows the results
found for the function transfer of S, (S, (replicay/Sa (originar)) Of
the replication of the surface polished with (a) 80 grit paper
and (b) 120 grit paper as a function of cut-off lengths for three



types of filter. For Specimen 80, the transfer function values
are globally larger than unity, whatever the filter type and cut-
off length values. Thus, the replica has larger S, values than
the original surface over all the scales. For Specimen 120, the
transfer function values are approximately equal to 1 for the
low-pass and band-pass filters. The bootstrapped values show
a large variability, particularly when using a low-pass filter or
a band-pass filter with cut-off lengths larger than 45 ym. The
transfer function values are significantly larger than one and
show less variability when using a high-pass filter with low
cut-off lengths. It thus seems that the replica microroughness
is larger than the original microroughness.

This first application of the methodology to the arith-
metic mean deviation S, enabled us to emphasize its rele-
vance and efficiency for the assessment of replication
accuracy. In the following section, the proposed methodology
is simultaneously applied to 49 roughness parameters.

4. Application of the proposed methodology to all
the calculated roughness parameters

In this section, the differences between the original surfaces
and their replica are assessed by simultaneously using 49
roughness parameters instead of only observing the variation
of the arithmetic mean deviation S, parameter. Thus, the F-
statistic now describes the differences observed in all the
parameters, between the original surface and its replica.
Figure 6 shows the mean of F as a function of cut-off lengths
for low pass, high pass and band-pass filters, for Specimen
120. The best results over the range of cut-off lengths (i.e. the
lowest F' values) are found using the band-pass filter. For the
low-pass filter, the mean of F is between 15 and 20 for cut-off
lengths lower than 29 ym. The best results for this filter are
obtained for large cut-off lengths. On the contrary, for the
high pass filter, the best results are obtained for small cut-off
lengths. Figure 6 gives an overview of the replication accu-
racy and enables to assess replication accuracy by simulta-
neously comparing several roughness parameters. It should be
noted that any combination of roughness parameters could be
used. For example, one may need to check if heights and
spacing of motifs are well replicated. In this case, the F-mean
corresponding to the needed roughness parameters could be
calculated and examined.

Transfer functions of particular roughness parameters
should be observed to better understand the differences of
topography between the original surface and its replica. For
example, figure 7 shows the transfer function of the void
volume at a material ratio equal to 10%. With the low pass
filter and high pass filter, the void volume of the replica is
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Figure 10. Mean of the maximum height of the surface S, of the
original surfaces and their replicas as a function of the specimen
numbers, calculated using a high-pass filter with a cut-off length
equal to 15 ym.
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Figure 11. Diagram of the roughness of the specimens polished with
80 grit, 220 grit and 2400 grit papers.

always larger than the one of the original surface. Thus, it
means that the replica lacks details.

For the sake of brevity, the methodology was presented
using only the results of the specimen polished with 120 grit
paper and its replica. However, all the analyses were con-
ducted on the seven polished specimens (80, 120, 220, 500,
800, 1200 and 2400) and their corresponding replicas.
Figure 8 shows the mean of F of all the specimens as a
function of the relevance ranking. The latter is only used to
view the mean of F of all the specimens on the same scale,
from the largest to the lowest value. Figure 8 shows that the
best results for the replication are obtained for Specimen 120.
Indeed, the lowest values are obtained for the mean of F,
which means that fewer differences are observed between the
49 roughness parameters of the original surface and its
replica. On the contrary, Specimen 2400 and 800 show the
greatest number of differences as the values of the mean of F
are particularly high.

Table 1. Values of the indicator of defaults Deft for the replication of the specimens polished with paper grit 80, 120, 220, 500, 800, 1200

and 2400.

120
0.73

220
0.86

Specimen 80
Deft 0.85

500

800
0.97

1200
0.96

2400

0.96 0.97
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Figure A1. Arithmetic mean deviation S, as a function of the cut-off length, for the original surfaces polished with 120 and 2400 grit paper
and their respective replicas, calculated using high-pass and low-pass Gaussian filters, Robust filters and Spline filters.
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Figure A2. Transfer function of the arithmetic mean deviation S, as a function of the cut-off length, for the original surfaces polished with 120 and
2400 grit paper and their respective replicas, calculated using high-pass and low-pass Gaussian filters, Robust filters and Spline filters.

A quicker comparison of the quality of replication of the
different surfaces can be achieved by observing the values of
the indicator Deft (table 1). The latter is the ratio of the
number of F-values that are larger than one, divided by the
total number of F-values. Thus, if Deft is equal to zero, then
no significant differences are observed in the examined
roughness parameters, whatever the scale and type of filter.
Conversely, if Deft is larger than zero, it means that some
differences are observed between the roughness parameters of
the replica and the original surface; one or more roughness
parameters have significantly different value at certain scales.

It can be seen that the lowest value of Deft is obtained for the
specimen polished with 120 grit paper, which means that the
lowest differences between the roughness parameters of the
original surface and its replica are observed.

Globally, it seems that, with the MD3P replica, there is a
smaller loss of replication fidelity for rough surfaces than for
smooth surfaces. A possible explanation of this trend is the
stress caused by polymerization. The latter may prevent an
accurate replication of features having small amplitude and
spacing. To test this hypothesis, the waviness and maximum
height of the specimens should be observed. The roughness



40000 T

<., 35000 Filter - :
O 30000} aeeld, ]
c —Robust U
@ 25000} ) ! |
g 20000F ~ Sp“ne |
@ 1s000f - - - - Gaussian ]
L 10000} 3 - ]
5000 } N ; ]
0 1 1 1 1 1 1 1 1 1 1 1 1 1
4 3 2 -1 0 1 2 3 4

Log1o (F)

Figure A3. Histograms of the F-values for the Gaussian filter, Robust filter and Spline filter.

Table A1. Values of the statistics calculated using a Gaussian filter, a
Robust filter and a Spline filter.

Statistics Gaussian  Robust  Spline
F<1 (%) 9.8 10.8 9.6

Mean 1.46 1.42 1.44
Standard deviation 1.08 1.10 1.16
P5 —-0.60 -0.60 -0.58
P95 3.12 3.56 3.53

parameter enabling to analyze roughness maximum height is
S, while the one enabling to describe the surface global pat-
tern is the autocorrelation length S,;. The latter represents the
profile memorys; it is the length from which the studied pattern
will not be statistically defined. Figure 9 and figure 10 pre-
sent, for the replica and the original surface, the auto-
correlation length S, and the maximum height of the surface
S,, respectively. It can be seen that the S, parameter first
decreases for grits ranging from 80 to 800 and then it
increases for larger grit numbers. Conversely, the S, para-
meter steadily decreases with an increase of the grit numbers.
Thus, for specimens polished with coarse grit papers (e.g.
Specimen 80), both the amplitude /# and the length L over
which it varies are large. Then, specimens polished with
slightly finer grit papers show a decrease of both the ampli-
tude and the variation length with certain proportionality of
the ratio h/L (e.g. Specimen 220). Finally, for specimens
polished with very fine grit papers (e.g. Specimen 2400), this
proportionality between the amplitude and the variation
length disappears; the amplitude keeps decreasing compared
with surfaces obtained with coarser grit papers, while the
variation length increases. This loss of proportionality occurs
because the surface waviness can no longer be neglected

compared to the surface roughness. These variations, sum-
marized in figure 11, probably explain why rough surfaces are
better replicated than smooth surfaces.

Physically, the resin undergoes volumetric shrinkage
during polymerization. Indeed, as more and more monomers
react, the developing polymer network becomes more rigid.
The shrinkage of the system results in stress that can no
longer be dissipated by the mobility of the monomers. This
stress is trapped within the replica and exerts forces on the
bonded interfaces. If a bonded surface is weaker than the
shrinkage force, then it will de-bond from the surface and will
cause a gap between the surface and the replica. When
waviness is larger than roughness, the stress state probably
tends to become unidirectional instead of bidirectional thus
explaining the loss of replication accuracy.

5. Conclusion

Depending on the analysis goals, three main ways of asses-
sing replication accuracy were identified: quantification of
‘metrological replication accuracy’, ‘physical replication
accuracy’ and ‘functional replication accuracy’. Metrological
replication accuracy was presented in this paper. It refers to
the direct comparison of the roughness of the studied surface
and its replica. A methodology enabling us to quantify
metrological replication was presented. It uses an analysis of
variance to rank the degree of resemblances of the original
surface and its replica, over different scales. The F-mean is a
good indicator for the assessment replication accuracy but
does not enable us to quantify the differences between the
replica and the original surface. The observation of the
transfer function of the studied roughness parameters enables
this quantification. Finally, the default indicator enables one

Table A2. Values of the indicator of defaults Deft for the replication of the specimens polished with paper grit 80, 120, 220, 500, 800, 1200
and 2400, calculated using a Gaussian filter, a Robust filter, a Spline filter and a Standard Gaussian filter.

Specimen 80 120 220 500 800 1200 2400

Gaussian 0.85 0.73 0.86 0.96 0.97 0.96 0.97
Robust 0.79 0.72 0.85 0.90 0.91 0.94 0.95
Spline 0.81 0.72 0.87 0.92 0.94 0.93 0.90
Standard Gaussian 0.82 0.75 0.87 0.91 0.94 0.94 0.94
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Figure A4. Histograms of the F-values for the Gaussian filter, Robust filter and Spline filter, for the specimens that were polished with 80,

120, 220, 500, 800, 1200 and 2400 grit paper.

to quickly compare the replication accuracy of a series of
surfaces. The observations of these parameters enabled us to
show that the tested replica material gives better results for
rough surfaces than smooth surfaces.

The following studies will be focused on the quantifi-
cation of physical and functional replication accuracy.

Appendix : Influence of the choice of filter on the
results

To assess replication accuracy, a Gaussian filter was used.
However, one question arises: Do the transfer function results
depend on the choice of filter? To answer this question, the
results of three different filters defined in roughness standards
were compared. The filters are a Gaussian filter (Standard
16610-61), a Robust filter (16610-71) and a Spline filter
(16610-62).

First, the values of different roughness parameters were
calculated using these three filters, either using a high-pass or
a low-pass. Figure Al shows the results for the arithmetic
mean deviation S,, for the original surfaces polished with
paper grit 120 and 2400 and their respective replicas. It can be
seen that the value of S, depends on the filter type for both
types of specimens. Indeed, globally, the S, values are sub-
jected to the same trends. As an example, when using a low
pass filter, S, tends to decrease with an increase of the cut-off
length for both specimens, whatever the type of filter that is
used. But for the replica, the low-pass Robust filter gives

lower S, values than the low-pass Spline and Gaussian filters,
which give similar values. Thus, the values of the calculated
roughness parameters statistically differ for a given scale, due
to the different filter responses. However, these values are not
relevant for the assessment of replication accuracy. The
relevant parameter is the ‘difference’ between the replication
and the original. Figure A2 shows the results given by the
transfer functions of S, when using low-pass and high-pass
Gaussian filters, Spline filters and Robust filters. Similar
results are obtained for the transfer function, whatever the
type of filter. Thus, the transfer function results do not depend
on the filter type. It means that the three filters provide the
same characterization for the calculation of the transfer
function of S,, for all paper grit numbers.

It is difficult to compare different types of filters. For this
analysis, the best filter is the one that:

- Identifies scales where there is a lack of replication
accuracy,

- Does not introduce bias i.e. it detects a difference that is
not due to experimental conditions (border effects,
sampling, ...),

- Gives robust values for the transfer functions,

- Detects discrepancies of amplitude, as well as frequency,
form and anisotropy.

Then, the meaning of ‘quality of filtering’ must be
defined. First, the effect of the filter choice is assessed by
taking into account all the roughness parameters and filtering
conditions (DE, LP and HP), for all the scales and paper grits.



For the assessment of filtering quality, the same approach as
the one used to test the difference between replication and
original specimens is used (i.e. ANOVA method). For a given
group of original and replication surfaces, the filter associated
with a cut-off and type of filtering that gives the highest F-
value for a roughness parameter will be considered as the best
one because it enables to characterize the topographical dif-
ference using this parameter at this scale. In order to analyze
all the F-values for the three examined filters, histograms and
descriptive statistics are computed and shown in figure A3
and table Al.

According to table Al, the means and standard devia-
tions are both similar. The 90% confidence intervals are also
similar. It is worth noting that the number of values lower
than 1 are the same whatever the examined filter (approxi-
mately equal to 10%). This means that good morphological
replication does not depend on the filter type. Thus, on
average, filters do not introduce artefacts preventing the good
assessment of replication accuracy. However, it is important
to note that having the same distribution does not imply that
all the examined comparisons will have identical results.
Indeed, a parameter associated with a filter may well distin-
guish the loss of replication accuracy for a given scale but
results may vary with another filter. As a consequence, all
filters defined by the standards have, on average, the same
ability to characterize replication. Table A2 illustrates this
point.

It is worth noting that, when analyzing the results by grit
number, the shapes of the histograms are similar whatever the
examined filter (as depicted by figure A4). On the contrary,
their shape varies when the paper grit number changes. It
means that the three filters enable us to quantify the studied
transfer function with the same relevance.
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