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Abstract: Premium car makers attach great importance to the visual appearance of the painted
car skin as an indication of product quality. The “orange peel” phenomenon constitutes a major
problem here. It is not only depending on the paint’s chemical composition and application
method, but also on possible waviness components in the sheet substrate. Therefore one is
searching hard for a valuable waviness parameter to quantify the substrate’s fitness for
purpose. A technically emerging problem is how to remove the form from the measured signal,
which is indeed not significant to the orange peel phenomenon. This paper will compare two
commonly used approaches: i.e. Fourier filtering versus polynomial regression and will reveal
and quantify some common aspects in terms of wavelengths.

ROUGHNESS, WAVINESS, FORM REMOVAL, FOURIER, LEGENDRE

1. INTRODUCTION: INDUSTRIAL RELEVANCE

Cars are sold in the showroom and emotion often comes before rational
reasoning. The automotive industry dedicates numerous studies to analyse the
consumer behaviour when purchasing a new car. The perceived quality of a car
is judged within the first 10 minutes of the “encounter”. While the outer skin of
the car constitutes a large area of “interface to the consumer”, the exterior paint
plays a dominant role here, see Figure 1. [Gerhardt, 2013]

Purchase Purchase Product
Consideration Decision Ownership

Exterior » i Interior

Perceptual § Hard
Quality [ i Quality

Importance of
Perceptual Quality

10sec.

Exposure Time to the Vehicle

Fig. 1: Perception of Product Quality and the role of the Exterior Appearance [Gerhardt, 2013]

Form Removal aspects on waviness parameters for steel sheet in automotive
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Carmakers set up special test rigs to assess the visual perception of painted
panels and are trying to establish the relation between personal judgments and
the quantitative measurements on the painted surface [Dauser, 2013]. In such a
setup, a straight line source is reflected towards the panels, and the operator
must decide on his preference, based on the distortion of the reflected line
source, see Figure 2, left.

Too Much wasann, |§ Too Much
Short Wave Long Wave

Fig. 2: Left: Reflection of straight line light on two panels with different quality [Dauser, 2013],
Right: Discriminating short and long waves in a painted panel [Gerhardt, 2013]

But very soon, one is confronted with the problem of discriminating the scale of
this distortion, see Figure 2, right. Moreover, there are still some debates on
how to correlate the paint measurements with the visual perception, but one
generally accepts that the longer waviness components are quite detrimental
and cause the so called “orange peel” aspect, as being in the range of ~1 mm
up to 10 or even 12 mm: [Gerhardt, 2013] and [Schneider, 2013].

Extensive research has been performed in the past and is still on-going on how
the topography of the subsequent layers is evolving. It is obvious that the
chemical paint composition and the paint process are dominating the formation
of the top layer when painting a sheet panel. It is found that fine surface
structures are easily levelled away due to surface tension effects during curing.
Coarser structures however cannot be hidden completely or are even
emphasized, especially on vertically painted panels. Research on this topic is
twofold. First, one has the purely experimental work based on 3D-profiling as
reported in e.g. [Meseure, 1996], Figure 3 and in [Deutscher, 2003] or on 2D-
profiling, e.g. Figure 4 [Kurzynski, 2015]. It finally leads to fundamental
modelling of the physical phenomena of wetting, gravity and rheology-effects,
curing, etc., as is done in e.g. [Schneider, 2013].

=
After primer

- To-po substrat

Fig. 3: Levelling effect of subsequent layers [Meseure, 1996]

Form Removal aspects on waviness parameters for steel sheet in automotive
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Fig. 4: Evolution of the power spectrum of subsequent layers during painting [Kurzynski, 2015]

During the last 5-10 years, environmental concerns have led to the use of water
based paints, while weight and cost savings considerations brought up a
reduction of layer thicknesses and even the omission of the primer layer. All
these elements together tend to emphasize the importance of the substrate
topography, see Figure 4 from [Kurzynski, 2015]. In this way steel producers
are forced to guarantee on their products not only some strict roughness ranges
(for both painting and stamping purposes, as per [EN10049, 2013]). These
products also have to remain below a limit value of waviness in order to
minimize the effect of the unpainted substrate topography on a potential
“orange peel” appearance on the final painted car skin.

2. PROBLEM DEFINITION: TOWARDS A WAVINESS PARAMETER?

The paint process essentially is a 3D phenomenon, and profound (modelling)
research should be validated by 3D measurements. As indicated before, the
area to be measured must be quite large, due to the wavelength range to be
covered and the fact that one needs 3 or preferably 5 times this length for an
adequate spectral analysis. One rapidly arrives at square or rectangular areas
of 30 to 50 mm size. Tactile 3D-profiling instruments are slow due to limitations
in traversing speed. Faster optical instruments are becoming more affordable
nowadays. They can acquire 3D areas in one single scan, but the area of a
“single shot” is limited: indeed intending for a high resolution drastically reduces
the field of view. Modern optical instruments do offer stitching possibilities.
However, harmful waviness components have amplitudes in the order of 0.1 to
1 um while the roughness range is up to 50 times larger. It is clear that one has
to be very careful with stitching - either software or hardware stitching - in order
to not introduce any “artificial waviness” that is physically not present in the real
surface.

For measurements in daily and possibly shop floor conditions, one is still forced
to rely on 2D measurements by profiling a set of (parallel) traces to reduce the
variability of the resulting parameters. Even in 2D one has to be aware of the
magnitude difference between waviness and roughness, i.e. only datum based
traversing units can be used, both for tactile and optical point sensors.

Form Removal aspects on waviness parameters for steel sheet in automotive
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Elaborating a waviness parameter, means treating the 2D measured profiles for
removing the roughness and the form; see Figure 5. Indeed, as said before,
roughness is virtually levelled away during the paint application and shouldn’t
affect the waviness parameter. Further, the general form of the sample is not a
defect, and should be eliminated by means of a form removal procedure.

Profile (Datum Based)

7/

Ao g B el
Roughness Waviness Form
(A>, A<) (A<, A>) CAD, Bend, (mis-)alignment

Fig. 5: Splitting the measured profile into roughness, waviness and form

Within the ISO TC213, current work on surface topography standardisation
concentrates a lot on filtering and mainly on different variants of “splitting”
roughness and waviness to be extracted from the raw measured data — both for
profiles and surfaces. Little emphasis is given so far to the not less important
problem of form removal, which is classified in general terms as a “F-operator”.

The analysis described hereafter originated within the VDEh-Arbeitskreis
Rauheit during the elaboration of a guideline for the steel and automotive
industry. Within this working group, first basic work was performed in a
European Project CARSTEEL [Deutscher, 2009]. In this project a multitude of
waviness parameters were compared as they were practised in former days.
The CARSTEEL project resulted in a guideline [SEP1941, 2012] which includes
the two remaining methods as they are used nowadays.

3. FORM REMOVAL

The SEP1941 describes the waviness parameters Wsa(1-5) and Wa0.8 and
two different methods for form removal are included, see Figure 6.

Calculation of waviness-parameter (SEP1941)

1 (L,
Wa = afo |Z(x) — Z,,(x)|.dx

Wsa(1-5) Wa0.8
¢ |.=25mm (l: 30 mm tracing) ¢ | =1=50mm (tracing = eval.)
¢ Z(x) filtered signal constructed « Z(x) constructed by
by Gaussian Filter with: — Form removal by polynomial
}zc =1 mm {roughness removal) regression order 5
74=5 mm (Form removal) — Roughness removal by
+ Z.: mean line Gaussian F'\Ite_r_' ho=0.8mm
N * Z.:mean line ‘: :

Fig. 6: Definition of Waviness Parameters Wsa(1-5) and Wa0.8 [SEP1941, 2012]

Form Removal aspects on waviness parameters for steel sheet in automotive
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In addition to a difference in measuring length, one main difference is the way
how form removal is performed: either Fourier (Gaussian) filtering or polynomial
regression. A recently finished Project WAVENORM [Kurzynski, 2015] intended
to acquire practical experience with both methods. In the following, differences
and similarities will be investigated in more detail.

3.1 Fourier decomposition and form removal by Gaussian filtering

Before tackling the two above mentioned approaches, it is necessary to recall
some basics in signal decomposition. In principle there are several methods,
e.g. Fourier, wavelets, etc. Wavelet decomposition is used throughout the world
of audio and video for data compression, but will not be discussed here.

Fourier decomposition is probably the best known. It is most popular in noise
and vibration problems and was originally developed for time signals. It is
however also vastly applied to 2D-profiles and even to 3D-surfaces. Fourier
(°1768-"1830) demonstrated that any function of length Lt can be written as a
sum of sine functions of well-defined frequencies, each with an amplitude b, and
a phase ¢,. If applied to a digital format with N samples within Lt, one gets:

z=f(x) = by+ ¥"%b, .sinQnf,.x + ¢, ), with f, =n.Af and Af = 1/Lt (1)

In surface topography, one is merely interested to use wavelengths i.s.o.
frequencies; each component’s wavelength is then:

o= 1/fn = Lt/n (2

A plot with the amplitudes b, versus frequencies contains equally spaced
frequency components. However if plotted versus wavelengths the gap between
adjacent points is variable; especially the longer wavelengths are spaced quite
far apart. As an example, the theoretical profile of the CARSTEEL Waviness
gauge is used to demonstrate this effect, see Figure 7. The profile consists of a
random roughness taken from a real sample, which is cut-off at 2.5 mm and 3
sine signals with amplitudes A and wavelengths A of respectively:
(i)S1: A=0.7um & A =4.52 mm, (ii)) S2: A=1.2 ym & A =3.31 mm and (iii)
S3:A=0.8 ym & A=1.5 mm. In addition a parabolic bow of 30 um is
introduced, representing some bend as found in real samples.

[km]

—4—Ampl. CARSTEEL

1.2
PMA# " . -4 Trans G_1-10 I
»WWW | -®TransG_1-5 P R e o

-10 0 1 2 3 4 5 Almm] g

Fig. 7: Left: The theoretical CARSTEEL waviness Gauge profile; top curve includes a bow,
Right: Amplitude versus wavelength with the transmission curves for Gaussian band filtering,
according to SEP1941 but with two different cut-offs for the form removal

Form Removal aspects on waviness parameters for steel sheet in automotive
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Remark that increasing the sampling rate or decreasing the spacing Ax
between adjacent measured points (i.e. increase of N), doesn’t affect this
variable spacing phenomenon. The only way to improve the resolution in the
longer wavelength range is to increase the measurement length Lt. A measure
that is pretty hard to implement in practice, as this would result in even longer
measuring times and also in higher instrument costs.

Filtering a signal can then be performed by reducing or zeroing selected
spectral components. In the surface topography community one commonly uses
the Gaussian filter characteristic, given by its transmission curve for either low
pass, high pass [ISO 16610-21, 2011] or even band pass filter as e.g. in
[SEP1941, 2012]. The transmission curves are well described analytically in
both references. For a band pass filter with a roughness cut-off A and a form
cut-off s, equation (3) is given below with By and B, being the amplitudes of
respectively the original signal and of the band filtered components. The “cut-off
wavelength” means the point where the transmission is exactly 50% and one
uses the terms low and high from the wavelength point of view (and not in the
frequency space).

B,/By = 2—(1?/12).[1 - 2‘(%2‘”2)] (3)

Note that reconstructing the filtered signal is readily possible, as only the
amplitudes are reduced and the phase information remains unaffected. This
eliminates phase distortion, as was found in the earliest and now out-dated
analogue roughness devices.

3.2 Form removal by Polynomial regression

I's commonly known - although quite intuitive - that fitting a higher degree of
polynomial will lead to a more “flexible” fit, which includes higher frequencies (or
shorter wavelengths) to be subtracted from the raw data. However, in spite of
being available in most software packages, little attention has been given until
now to quantify these effects.

3.2.1.  “Pseudo transmission curves” for polynomial regression

A first somehow naive attempt is described hereafter by building “pseudo
transmission curves”. The aim is to get a first idea of how a classic polynomial
regression behaves and whether there is some cut-off effect, when looking as
from the Fourier point of view. Although we know that polynomial regression is
not comparable to a Gaussian filtering, one nevertheless can try to establish
“‘experimentally” a transmission curve. This has been done with the help of the
same approach as used in system identification problems, see thereto the
scheme of Figure 8. The system is “fed” with sine-signals of variable
wavelength but constant amplitude, e.g. 1 um, similar to the “sweeping method”
in system identification. Then either the Gaussian form filter is used or a
polynomial regression is performed. The Wa-parameter is calculated solely
based on the “filtered” profile, resulting in a set of Wa-values for various
wavelengths. These are divided by the theoretical value Waie, = 2A/TT, being

Form Removal aspects on waviness parameters for steel sheet in automotive
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independent of wavelength. From this, a “pseudo transmission curve” is built,
see Figure 8, right.

) =» Output signal 100 =
AAARAARA i A by
ﬂl‘\lm\l‘,ﬁf‘k“Iﬂu“ﬂ“ F- "ll“w'-ﬂ""‘ﬁl"\ﬁl"\l\l‘]ﬂfi‘”“‘\IMIH - Amplitude A, (1) [%] VoM Polyns
VYUYV VY operator by VY - Phase (1) 75 “ ‘.\ for Lt =50 mm
A A ern [ A KA A A => Calculate Wa(i) “ Gauss 7 = 10 mm
ANAAN AN YavA - :
v\ \J.f V' \\} \U \'i_?' b = Wa,,, = 2. A/n 50 \\\ \'\_
Gauss' Js=5mm ~ |
2 . Transmission curve 25 AN Na
,ff\\. !"\\\ / b ,-’P\ / \\ 2 ’,’/\ b\ >4 - el -
iyt Ay T\ Graph of Wa(W)Waye, TTee-oo L 0
R F for all 2. 0 5 10 15 20 25 [mm]

Fig. 8: Left: “Experimentally” building a transmission curve for polynomial regression,
Right: Result for “Pseudo transmission curve” for polynomial regression order 5, compared with
2 Gaussian curves for ;= 5and 10 mm

3.2.2. Legendre polynomials

The use of Legendre polynomials is rooted in the geometric structure of signal
processing, enabling a projection to replace the usual classic polynomial fitting,
and hence resulting in a substantial gain of computing time and facilitating a
straightforward interpretation in terms of wavelengths. Legendre (°1752-71833)
established a system of special polynomials, which are used in various scientific
areas, e.g. quantum mechanics. They are commonly expressed in their
normalised form, i.e. in the interval [-1, +1] for both x and Pn(x). The equations
for the first 5 polynomials, with their graphical representations are given in
Figure 9. When analysing the normalised Legendre polynomials, one can easily

identify "waves” with a wavelength, which is solely depending on the order n,
i.e. 2/(n-1).

Order Legendre Polynomial
n PL.(x)
0 x0
1 x!
2 1/2(3x%2 - 1)
3 1/2(5x% — 3x)
4 1/8(35x* — 30x2 + 3)
5 1/8(63x> — 70x3 + 15x)

Fig. 9: Left: Legendre polynomials (order n = 0 - 5), Right: graphical representation, with
indicating one “wave” for PL;

3.2.3. Classic polynomial regression versus Legendre polynomial
regression

It is interesting to look at the similarity between classic and Legendre
polynomials (PLn): see equations resp. (4) and (5).

Z(x) = ap x™ + -+ azx® + ax? + a;x' + aq, (4)
Z(x) = ATl " PLn (x*) + o + A3 - PLg(x*) + A2 " PLz(.x*) + Al - PLl(x*) + AO (5)

Form Removal aspects on waviness parameters for steel sheet in automotive
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Thereto, a rescaling is necessary for the Legendre polynomials from the interval
[-1, +1] to the measured profile with interval [0, Lt], using equation (6).

= (2x —Lt)/Lt (6)
This rescaling leads to adjust the cut-off wavelength for a measured profile into:
APL, =2/(n—1)-Lt with n>1 (7)

Introducing the full expressions of the Legendre polynomials in (5) and equalling
the coefficients of the same power in both equations (4) and (5) yield the
equations (8). For simplicity, only order 4 is written explicitly, but the general
form is valid.

(@) [1 0 -1/2 0 3/8 (Ao
la, | J0o 1 0o -3/2 0 A, !
4a2¥=lo 0 —3/2 0 —30/8|*{A$ (8a)
Lasl lo o o0 5/3 lA3|
a) lo o o 0 34/8 4,)

Or in general:
{a,} = [M,] = {A,} (8b)

Note that the Matrix M, is only depending on the coefficients of the normalised
Legendre polynomials. This means that with the help of a simple and unique
transformation matrix (one for each order), one can swap from “classic”
polynomials to the Legendre polynomials and vice-versa.

As seen above, one can allocate wavelengths to the Legendre polynomials, so
the unique transformation enables to extend this feature to the classic
polynomials. Each fit to another profile will yield other coefficients ay...a, and
Ao...An, but the transformation matrix M, remains unchanged, as it contains only
the coefficients of the normalised Legendre polynomials. This means that the
cut-off wavelength remains unaffected and is only depending on the order of
the polynomial fit AND the measuring length Lt. This is shown in Figure 10.

60
Polynomial Regression Cut-off A_PL,

50 -
E Lt =50 mm

30
-~
20 - > - ..Z.SN

10 == —

.....
o
------------------------

Fig. 10: Cut-off wavelength depending on the order of the fitted polynomial and the measuring
length Lt, for different Lt values 50, 25 and 5 mm
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For any profile of Lt = 50 mm, a P5 polynomial (i.e. order 5) gives a cut-off value
of ~25 mm. This is remarkably in agreement with the naive approach of
“pseudo transmissions curves” as shown in Figure 8. The curves for Lt = 25 mm
and especially for 5 mm indicate that one should be careful in applying
polynomial form removal on too short profiles. But of course this remark is
equally valid for Gaussian filtering, where the cut-off value also has to be
chosen carefully with respect to the measuring length.

4. APPLICATION TO THE CARSTEEL WAVINESS GAUGE

The example given in section 3.1 is further used to quantitatively compare the
polynomial regression with Gaussian filtering method for 2 different values of
the form cut-off As = 5mm and 10 mm, see Figure 11, left. It is clear and
expectable that a cut-off A; = 5 mm will heavily decrease the amplitude of the S3
component having a wavelength of 4.52 mm, being close to this cut-off value.
This is of course a result of the shape of the Gaussian Filter. It is even more
interesting to check the important influence of the 3 form removal methods on
the final Wa-parameter itself: see Figure 11, right. One observes that the
polynomial form removal is pretty close to the theoretical reference value, and
even better than a Gaussian filtering with A;= 10 mm.

1.25

: Wa_Carsteel S1+52+S3

: L0 0.93 001
0.84

A [pm]

0.8

0.66
0.6 -

0.4 -

0.2

0.0 -

— —— Reference] Wsa(1_5) WSa(1_10) Wa0.8P5
0 1 2 3 4 shImm]g S1+52+53

Fig. 11: Left: Reduction of the Fourier spectrum components for the CARSTEEL gauge profile,
Right: Influence of the different approaches for form removal on the deviations from the
theoretical Wa-parameter

5. CONCLUSION

The industrial importance of paint quality perception has been evoked, as well
as most influencing factors. Due to environmental and economic reasons, the
waviness on the unpainted sheet metal becomes increasingly important, hence
the need for a reliable and quantifiable waviness parameter. Such a parameter
should remain unaffected by the roughness and by any shape, whether it is a
bend in a laboratory sample or the intended (e.g. CAD) shape of a real
component.

Form Removal aspects on waviness parameters for steel sheet in automotive
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It was clearly demonstrated how classic polynomial regression can be
formulated in terms of wavelengths or frequencies, through the use of the
concept of Legendre polynomials. In this way one can use polynomial fitting as
a valuable tool for form removal.

This approach was applied to the industrially relevant example of a physical
waviness gauge as it was developed in the European CARSTEEL project. It
was demonstrated that deviations from the theoretical value of the waviness
parameter on this gauge, are acceptable when using a 5™ order polynomial
regression. These deviations are smaller than when a Gaussian band filtering is
used even with a form cut-off of 10 mm.
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