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Abstract

In manufacturing processes, the quality of a product often depends on its
surface, and careful control of surface properties is critical to meet customer
requirements. A thin layer of polyethylene (PE) is applied to paperboard to
increase barrier functionality and high optical quality of the product. For PE-
coated paperboard, product quality inspection is performed at the end of the
manufacturing process by taking a portion of the reel to the laboratory for
quality inspection. These associated offline characterization methods are de-
structive and time consuming and are representative of only a small portion
of the product.

The overall goal of this thesis is to provide new methods to characterize
the surface properties of PE-coated paperboard. Specifically, to determine
imaging techniques for measuring surface parameters that affect its barrier
functionality and surface roughness.

In this thesis, two methods for surface characterization of PE-coated pa-
perboard are presented to quantify the two most important product-related
quality parameters, i.e. barrier functionality and optical quality, which are
affected by the presence of defects in the coating and by the surface rough-
ness of the product, respectively. First, a full-Stokes imaging polarimeter
(FSIP) is used to detect the presence of PE-coated material and to distinguish
between coated and uncoated samples at the pixel level. Second, a three-
dimensional scanning electron microscope (3D SEM) is employed to calcu-
late the surface roughness of PE-coated paperboard. These surface charac-
terization techniques offer an advantage over the industry standard due to
the high speed and non-contact nature of the measurement, while increasing
the throughput of the sample surface parameters studied.

A classification accuracy of 99, 74% is achieved using a FSIP to distin-
guish between PE- and non-PE-coated paperboard at pixel level. Using the
3D SEM technique to measure the topography of PE-coated samples results
in a faster method that is comparable in accuracy to a chromatic confocal mi-
croscope (CCM). The surface roughness measured with the 3D SEM differs
from the standard method by up to 6% and good agreement with statistical
parameters is found.
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In general, surface analysis of PE-coated is often a complex and difficult
task for imaging techniques and suitable methods need to be evaluated for
their sensitivity to measure the desired surface parameters. The presented
characterization techniques inspect larger areas of PE-coated paperboard
compared to current industry standards. These methods provide a quanti-
tative solution for surface characterization to inspect the surface parameters
necessary to assure the product’s quality.

Sammanfattning

I tillverkningsprocesser är måttet på kvalitet ofta beroende på produk-
tens yta, och noggrann kontroll av ytors egenskaper är kritisk för att möta
kunders krav. Ett tunt lager polyetylen (PE) bestryks på kartong som fuk-
tbarriär, men även för att ge en hög upplevd visuell kvalitet till produk-
ten. För PE-bestruken kartong, utförs kvalitetsinspektion efter produkten
är tillverkad, genom att ta prover på en hel rulle (tambour) och testa för
kvalitet i lab. Dessa karakteriseringsmetoder görs offline och är destruktiva
och tidsödande. Dessutom representerar proverna bara en mycket liten del
av produkten.

Det övergripande målet med denna avhandling är att tillgängliggöra nya
metoder för att karakterisera ytans egenskaper på PE-bestruken kartong.
Mera specifikt, tas avbildande metoder fram för att mäta ytors parametrar
som påverkar funktionaliteten hos fuktbarriärer och ytråhet.

I denna avhandling presenteras två metoder för ytkarakterisering av PE-
bestruken kartong, för att kvantifiera de två viktigaste produktrelaterade
kvalitetsparametrarna, barriärfunktionalitet och och optisk kvalitet. Dessa
parametrar är beroende av ytdefekter i bestrykningen och av ytan ytråhet.
Först presenteras en full-Stokes avbildande polarimeter (FSIP), som används
för att detektera närvaron av PE-bestruket material och för att särskilja PE-
bestrukna ytor från icke PE-bestrukna ytor, på pixelnivå. Sedan används ett
tredimensionellt skannande elektronmikroskop (3D SEM) för att uppskatta
och beräkna ytråheten hos PE-bestruken kartong. Dessa ytkarakterisering-
stekniker erbjuder fördelar över karakteriseringstekniker som nu är industri-
standard, genom att möjliggöra mätning i hög hastighet och även kontaktlös
mätning. Antal mätningar per tidsenhet kan också ökas.
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En klassificeringsnoggrannhet på 99, 74% erhålls genom att använda FSIP
för att särskilja mellan PE-bestrukna ytor och icke PE-bestrukna ytor på pix-
elnivå. Genom att använda 3D SEM för att mäta topografin hos PE-bestrukna
prover kan en snabbare metod är industristandard erhållas som är jämförbar
i noggrannhet med ett kromatiskt konfokalmikroskop (CCM). Den uppmätta
ytråheten med 3D SEM skiljer sig från standardmetoden med 6%, och en god
överstämmelse finns med statistiska parametrar. Generellt sett är analys av
en PE-bestruken yta ofta en komplex och svår uppgift för avbildande system,
och lämpliga metoder behöver utvärderas för känslighet att mäta de önskade
ytparametrarna. De presenterade karakteriseringsteknikerna i denna avhan-
dling inspekterar större ytor av PE-bestruken kartong än nuvarande indus-
tristandard. Dessa metoder tillhandahåller en kvantitiv lösning för ytkarak-
terisering, för att inspektera ytparametrar som är nödvändiga för att garan-
tera produktkvalitet.
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Introduction

1.1 Motivation and background

Quality control is a fundamental part of any manufacturing process. Off-line
characterization, in-line process metrology, and on-machine process metrol-
ogy are different concepts where a sensor or method extracts relevant in-
formation from the product to adjust the process and achieve the intended
product quality. Inspection of the surface properties of the product plays an
important role in ensuring the intended appearance and functionality. An
example is the production of polyethylene coated (PE) paperboard, which is
used in the food packaging industry due to its excellent barrier properties
and visual appeal. Quality control of this product requires rigorous testing
of moisture barrier functionality and surface roughness to meet customer
specifications and industry standards.

Good measurement methods and practices are required to produce PE-
coated paperboard with proper optical and functional properties. Param-
eters related to product quality require validation of both equipment and
measurement methods according to standards. For optical methods, it is im-
portant to understand the conditions under which these methods are valid.
In the production of PE-coated paperboard, an understanding of the optical
interaction between the base paperboard and the coating layers is required.

Local coating defects, such as the appearance of holes, cracks, and thick-
ness variations in the coating, must be investigated under laboratory condi-
tions according to specific standards [1, 6]. To quantify the effects of holes
and cracks in the material, these characterization methods require the use of
a dye ink that penetrates the product through the defects to reveal the defec-
tive areas. Additionally, surface roughness is tested to monitor the smooth-
ness of the final product, a parameter directly related to optical quality, and
used for some products within the papermaking process to assign print func-
tionality [36]. The standard for measuring surface roughness in the paper
and paperboard industry is based on the air-leak method [28] and can be
found in the laboratory environment with various method configurations,
e.g. the Bendtsen, Bekk, and Parker print-surf method (PPS) [13]. Although
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these roughness characterization methods are well defined and represent a
good match between paper and paperboard grades, they cannot provide de-
tailed information about local variations in surface texture and are limited to
a limited range surface spatial frequencies (e.g., roughness variation). An-
other disadvantage of all these methods is that they are invasive and time-
consuming, which is inefficient for the quality control cycle [26].

The process of quality control of PE-coated paperboard requires alterna-
tive methods that are faster and non-invasive for both laboratory and in-
line inspection of product quality to increase yield. In the manufacture of
high-quality products, optical methods offer an advantage due to the non-
contact nature and high speed of measurements and are an attractive choice
for on-line inspection. While many optical systems and sensors have been
developed for inspecting the surface properties of industrially manufactured
products, PE-coated paperboard presents a challenge in selecting an optical
method for evaluating surface roughness and defects. Paperboard is an op-
tically complex composite material, light is scattered anisotropically [14, 20]
and to increase this complexity a thin layer of polyethylene is extruded at
the end of the production line to increase the smoothness of the final product
while having low light absorption to maintain optical quality. To measure
the properties that may affect the desired quality of this product, an optical
device must be sensitive to the surface geometry and optical characteristics
of the coating.

Optical methods based on the measurement of light polarization, such
as reflectometry and ellipsometry, are well suited for the characterization of
thin and structured films [31]. These optical instruments are used to deter-
mine surface parameters such as surface roughness and refractive index in
films and coatings. In a recent study, an online reflectometer was developed
to measure the surface properties of various coatings applied to paper [12].
The device was used to determine optical properties such as average sur-
face roughness and effective refractive index of various formulations of coat-
ings used on commercial papers, but not on plastics or transparent materi-
als. Some of the disadvantages associated with ellipsometry or reflectometry
techniques are that they require a priori knowledge of the optical properties
of the sample to measure the desired optical parameter, are generally point
measurement techniques that only allow measurement of small areas of the
samples [20, 12], and are bulky, limiting their applications to off-line charac-
terization.

The advent of camera systems with embedded micropolarization filter
arrays (Figure 1.1) that are sensitive to reflectance values and measure the
polarization of light has enabled new research on imaging polarimetry [19].
Traditionally, imaging polarimetry has been used in material classification
[37, 35, 2] for a variety of disciplines such as remote sensing [34], astronomy
[5], aerospace and defense [11], biomedical applications [18, 33, 15].
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Figure 1.1: RGB pixelated polariza-
tion camera sensor. The grid at each
pixel represents the polarizing filters
oriented at four different angles, i.e.
0˝, 45˝, 90˝, 135˝. Courtesy of Lucid
Vision Labs [19]

In recent years, there has been
a growing interest in incorporat-
ing imaging polarimetry for prod-
uct quality inspection in industrial
manufacturing processes [23, 25].
The main advantage of such imag-
ing systems is that they can deter-
mine the state of light polarization
with high spatial resolution and at
the pixel level.

The research outlined in this the-
sis covers two topics of optical sur-
face characterization. The first re-
lates to the polarimetric imaging
technique chosen in this research to
obtain the polarization information
of PE-coated paperboard products,
and the second considers the sur-
face roughness of the material as a

driving force to introduce new surface characterization techniques for this
application.

1.2 Problem formulation

The overall goal of this thesis is to find suitable methods for measuring sur-
face properties related to the quality of PE-coated paperboard.

Current techniques for measuring surface parameters that affect the qual-
ity of the product are invasive, time-consuming, and do not provide suffi-
cient detail on the associated defects. To investigate alternative methods,
the specific aims focused on two imaging techniques to characterize the
quality-related aspects regarding barrier functionality and surface rough-
ness. Therefore, the methodology described in Figure 1.2 follows the specific
aims, which are used to formulate the following research questions.

• Defects, such as holes in the coated film, expose the substrate to the en-
vironment. These defects affect the barrier function of the product. For
an optical system to detect such changes in the material, it is of utmost
importance to distinguish between the film and the substrate. Based
on the literature reviewed, imaging polarimetry is a suitable technique
to investigate changes in material properties, including thin films. The
research question in Paper-I: How to implement a method to distinguish
between PE- and non-PE coated paperboard based on imaging polarimetry?
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Paper-I Paper-II

Future Work

Figure 1.2: The scope of the thesis.

• Surface roughness of PE-coated paperboard is used to monitor and
evaluate the surface quality of the product [36]. Millimeter-sized areas
of PE-coated samples need to be measured with a high vertical and lat-
eral resolution, and a three-dimensional scanning electron microscope
(3D SEM) meets these requirements. The research question in Paper-
II: How accurately can 3D SEM measure the surface roughness of PE-coated
paperboard?

Each investigation in Paper-I and -II is motivated by the stated research
questions. The combination of these two methods can be used in the fu-
ture to establish a relationship between polarization properties and surface
roughness using a FSIP.
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Contribution

This section provides a summary of the articles included in this thesis and
the author’s contribution to each of the articles.

2.1 Paper I: Paperboard coating detection based on
full-Stokes imaging polarimetry

Published in Sensors, MDPI, 31/12/2020.
Author’s contribution: Conceptualization, investigation, formal analysis

and methodology, validation, and writing of the manuscript.
Main contribution: Polarimetry is a technique that measures the state

changes of light polarization, which is sensitive to both changes in surface
geometry and optical properties such as refractive index in a material. We are
exploring the use of a Stokes imaging polarimeter to obtain complete polar-
ization information from the surface of PE-coated paperboard samples. This
method allows us to determine the presence or absence of the coating with
pixel accuracy. To distinguish between PE-coated and non-PE coated paper-
board samples, a support vector machine (SVM) algorithm is implemented
to automate the process of classification. We propose that this technique is
useful for the events where the coating of the substrate has failed, such as
cracks or pinholes in the system, which is relevant to ensure the functional
barrier of the product; an important step in the quality control of this prod-
uct.

2.2 Paper II: Three-dimensional Scanning Electron
Microscopy used as a profilometer for the surface
characterization of polyethylene-coated paperboard

Published in Nordic Pulp & Paper Research Journal , 16/03/2021.
Author’s contribution: Conceptualization, investigation, formal analysis

and methodology, validation, and writing of the manuscript.
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Main contribution: We propose an alternative method for surface charac-
terization of coated paperboard based on a three-dimensional scanning elec-
tron microscope (3D SEM). We characterized the surface roughness of PE-
coated paperboard using a Scanning Electron Microscope (SEM) and avail-
able stereophotogrammetry technology to obtain topography measurements
of the samples. We compared the results with an optical reference method
listed on ISO 25178 Geometric Product Specifications, i.e., a chromatic con-
focal microscope (CCM), and found that our proposed technique provides a
faster and comparably accurate alternative profilometry method for charac-
terizing the surface roughness of PE-coated paperboard. Using 3D-SEM, we
can obtain topography measurements with lateral and vertical resolution in
the nanometer range, which is impossible to achieve with a CCM modern
profilometer.
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Theory

This chapter introduces the theoretical framework of polarization, its basic
concepts, formulas, and notation. Apart from this introduction to polariza-
tion, the reader will find a more detailed description in books such as those
by Born, M., & Wolf, Emil. [4], Chipman, R. [7], and Collett, E. [9].

3.1 Classical treatment of light polarization

x

y
a

b

E0y

E0x

ψ

Figure 3.1: Polarization ellipse

Consider a wave propagating in the z-
direction whose electric field oscillates in
any direction along the x- and y-planes of a
Cartesian coordinate system. The direction
of oscillation denotes the polarization of the
plane wave and, for two mutually orthogo-
nal electric field components moving along
the k-vector in the direction of propagation
z, can be described analytically as

Ex(z, t) = E0xcos(ωt´ kz + δx), Ey(z, t) = E0ycos(ωt´ kz + δy) (3.1)

where k = ωc is the wave number, ω is the angular wave frequency, and c
is the speed of light in vacuum, E0x and E0y are the nonnegative maximum
wave amplitudes, and δx and δy are the phase of the wave.

The superposition of these two waves, Ex(z, t) and Ey(z, t), results analo-
gously in the nonstandard equation of an ellipse,(

Ex(z, t)
E0x

)2

+

(
Ey(z, t)

E0y

)2

´

(
2 Ex(z, t)Ey(z, t)

E0xE0y

)
cos (δ) = sin2 (δ) (3.2)

where δ = δy´ δx. As shown in Figure 3.1, the resulting electric field vector at
a fixed point in space in the direction of propagation, say z = 0, continuously
draws an ellipse in the plane perpendicular to the plane of propagation called
polarization ellipse.
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Two angular components can be extracted from this ellipse. The orienta-
tion of the polarization ellipse is defined by the azimuth angle ψ (0 ă ψ ă π),
which is the angle formed from the major axis of the ellipse to the x-axis. A
second angle, defined as the ellipticity χ (´π/4 ă χ ď π/4), represents
the eccentricity of the ellipse and is calculated by the ratio of the major and
minor axes of the ellipse, i.e., b and a, respectively,

tan(χ) = ˘
b
a

(3.3)

where negative values of χ draw an ellipse with a resulting electric field mov-
ing counterclockwise and positive values moving clockwise. In general, the
electric field is described as elliptically polarized, but polarized light can also
be linearly and circularly polarized under special conditions. When χ = 0,
the polarized light is linearly polarized, while χ = ˘π/4 the resulting field
describes a circle and the light is circularly polarized.

3.2 Stokes Formalism

Detectors used to measure the polarization states of an optical wave register
signals proportional to its flux density. The flux density is defined as the
energy of the wave passing through a unit area perpendicular to the direction
of propagation per unit time, called intensity, and it is proportional to the
time average of the square of the electric field, i.e., for Ex0 = Ey0 = E0.
Follow by equation 3.1, the intensity is obtained by,

I = xE2
0x(z, t) + E2

0y(z, t)y =
E2

0
2

(3.4)

where I is the resulted intensity and x y denotes the averaging time during an
integrating time interval T. The Stokes vector S is a set of four real, experi-
mentally accessible quantities that can be formulated based on the intensity
of a detected optical wave,

S =


S0
S1
S2
S3

 =


E2

0x + E2
0y

E2
0x ´ E2

0y
2E0xE0y cos(δ)
2E0xE0y sin(δ)

 (3.5)

where S0, S1, S2 and S3 are the Stokes parameters. Similarly, one can define
the Stokes parameters as observed in operation,

S =


S0
S1
S2
S3

 =


I00 + I900

I00 ´ I900

I450 ´ I1350

ILC0 ´ IRC0

 (3.6)
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where I00 , I900 , I450 , I1350 are the detected intensities after passing through
a linear polarizing filter, which is at angles 00, 900, 450, 1350 and ILC, IRC
are the detected intensities after passing through a left-handed and a right-
handed circular polarizer, respectively.

The Stokes parameters are related to the polarization ellipse by the angles
χ and ψ,

S1 = S0 cos(2χ) cos(2ψ)

S2 = S0 cos(2χ) sin(2ψ) (3.7)

S3 = S0 sin(2χ)

S1

S2

S3

χ
ϕ

Figure 3.2: Poincaré sphere of
polarization states

A poincaré-sphere (see figure 3.2), first
introduced by Henri Poincaré in 1892, helps
to illustrate these angular relations between
the angular parameters 2χ and 2ψ, which
define the spherical coordinates, and the
Stokes parameters S1, S2 and S3, which de-
fine the axes of the Cartesian coordinate
systems. A point p in the coordinate space
represents the degree of polarization, DoP as,

p =

b

S1
2 + S2

2 + S3
2

S0
, (3.8)

where 0 ď p ď 1, for p = 0 a totally un-
polarized light and p = 1 a totally polar-

ized light, otherwise partially polarized light. For totally polarized light, the
measurement points are in the surface of the sphere, otherwise the measure-
ments are contained within the sphere. This leads to the general formulation
of the inequality of Stokes vectors, where a partially polarized light can be
described by,

S1
2 + S2

2 + S3
2 ď S2

0 (3.9)

In some cases it is convenient to factorize S0 out of the vector S to obtain
the normalized Stokes vector s,

S = S0 ˆ s = S0


1
s1
s2
s3

 (3.10)
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In the general case of partially polarized light, i.e. p ă 1, a polarized and
an unpolarized component of the light can be represented by the sum of both
parts: 

S0
S1
S2
S3

 =


p S0
S1
S2
S3

 + (1´ p)S0


1
0
0
0

 (3.11)

(pS0, S1, S2, S3)
T represents the elliptically polarized component and

(1, 0, 0, 0)T the unpolarized light, in the four-dimensional space of Stokes
vectors. The interaction of a fully polarized light with an optical element
rendering partially polarized light is associated with the process of depo-
larization. This process is associated with scattering at the surface of the
interface or in the bulk of a transparent material. Depolarization can be
quantified as the fraction of unpolarized light from the equation 3.11 (1´ p).
Other relations can be extracted from the Stokes parameters, which are
useful for describing the interaction of polarized light with an optical ele-
ment. The angles azimuth, ϕ, and ellipticity, χ, can be extracted from the
observable Stokes parameters,

χ = tan

1
2

arcsin

 S2
3

b

S2
1 + S2

2 + S2
3

 , ´π/4 ď χ ď +π/4 (3.12)

ϕ =
1
2

arctan
(

S2

S1

)
, 0 ď ϕ ă π (3.13)

where χ at the extremes of the inequality represents a fully circularly polar-
ized beam when points in the sphere are on either side of the poles; χ = 0 is
linearly polarized, otherwise the beam is elliptically polarized. The azimuth
angle, ϕ, is often referred to in the literature as the angle of linear polarization
(AoLP). It measures the linear relationship of the observed beam and affects
only the linear polarization components of the Stokes vector in the equation.
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Materials and methods

The methodology presented in this thesis is quantitative and was needed to
design the experiments. Two experimental characterization methods form
the basis of this study, and paperboard samples with and without the final
coated layer of polyethylene (PE) were selected as the study object. The two
surface characterization techniques presented in this chapter are based on
an extensive literature review presented in the two articles (Paper-I and -II),
which highlights the knowledge gap in this field and guides our choice for
each of the experiments.

4.1 PE- and non-PE coated paperboard samples

The paperboard samples were industrially produced by a local company and
taken in pairs with identical formulation from the manufacturing process, i.e.
before and after the application of the PE coating. The paired samples are
referred to throughout the text as PE- and non-PE coated paperboard. In the
studies presented in Paper-I and -II, 20ˆ 20 mm pieces were taken from the
original samples and prepared according to the experimental specifications
(description found in the articles).

4.2 Active FSIP for PE-coating detection

The core element of the active full Stokes imaging polarimeter is the RGB
full-Stokes camera. The RGB full Stokes camera system was developed by
the group of Prof. R. Liang at the Imaging and Applied Optics Lab at the
James C. Wyant College of Optical Science. It captures intensity, spectral,
and polarization information in a single image [32].

The device uses two cameras, each containing embedded linear microp-
olarizer arrays and a Bayer filter that measures linear polarization informa-
tion in a 4ˆ 4 pixel cluster (henceforth a superpixel), as shown in Figure 4.1.
Thus, to measure at each pixel the full polarization of the scene in terms of
the Stokes parameters, i.e. (S0, S1, S2, S3)

T, a non-polarization beam split-
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Figure 4.1: System layout for the RGB full-Stokes camera: Two pixelated
polarization cameras (PC1 and PC2); a lens; a non PBS: non polarized beam
splitter; an AQWP: achromatic quarter wave plate; a glass plate.

ter (non-PBS) separates the path to each of the polarization cameras. In one
path there is an achromatic quarter-wave plate (AQWP) and in the other path
there is a glass plate with the same thickness as the AQWP to compensate for
the path difference. In the path where the light passes through the AQWP,
its polarization is rotated so that the camera can acquire circular polarization
information while maintaining linear polarization in the other path towards
the other camera.

The spatial resolution obtained from a superpixel is reduced by the com-
bined microarrays, and image interpolation partially solves this problem.
With the advent of new polarimetric image sensors with more and smaller
pixels are on the market [19], which allow better performance. The advan-
tage of the full- Stokes imaging system is the ability to capture the four Stokes
parameters in one image without using mechanical moving parts. More de-
tails about the calibration, demosaicing algorithm and hardware design for
this optical system are described in [32].

For the experiment presented in Paper-I, an active full-Stokes imaging
polarimeter was designed with a turntable for the imaging system and a
light source polarized vertically at a fixed angle to illuminate the samples.
In-plane measurements of PE-coated paperboard and its substrate were per-
formed, with the imaging systems moving in 5˝ steps around the sample
while illuminated by a vertically polarized high luminosity light source LED
at an angle of 45˝.

14



0

1

0.75

0.5

0.25

20 25 30 35 40 45 50 55 60

PE-coated
non-PE coated

p 
(D

oP
)

θ (degrees)

Figure 4.2: The degree of polarization measured with the active Full Stokes
Imaging Polarimeter. Values represent the averages of a 400 by 400 pixel
area of two samples, PE- and non-PE coated paperboard. The samples were
illuminated with a vertically polarized, high-intensity LED.

To calculate the degree of polarization, measurement of the four Stokes
parameters is required. When linearly polarized light is reflected from a di-
electric interface, elliptically polarized light is produced, and the circular po-
larization component often reveals surface properties such as surface rough-
ness, spatial orientation of the material, and changes in optical properties
such as refractive index that are not otherwise present when polarization is
measured partially from the scene [8].

Figure 4.2 shows the degree of polarization (DoP) of the PE-coated pa-
perboard and its substrate for an area of 400 by 400 pixels, with the values of
each pixel averaged to one. The illumination was fixed at 45 degrees and the
camera moved around the sample to obtain specular reflections. This study
was exploratory and based on the highest contrast between the DoP and the
materials, imaging system position, and light source was selected. The DoP
is a good estimator because it includes all Stokes parameters in a single cal-
culation. In the method presented in Paper-I, the imaging system is fixed at
a near specular angle, i.e. 50 degrees, to the surface normal of the samples
and the illumination facing the sensor illuminates the sample at an angle of
´45, which gives the best contrast between the two materials.

From the spherical coordinates in the Poincaré sphere, the angular pa-
rameters can be derived from the Stokes parameters, i.e., azimuth, ϕ, and
ellipticity, χ. The angular parameters are associated with specific material
properties according to [2]. The combined relationship between the DoP and
angular polarization components were used as features to characterize both
samples. In Paper-I, a machine learning algorithm, i.e., a support vector ma-
chine (SVM), was implemented to automate the classification process. The
entire work has been implemented in Python using the scikit-learn super-
vised learning libraries based on the support vector machine (LIBSVM) li-
brary and the pipeline of the implementation is described in Paper-I.

The active full-Stokes polarimeter presented here proved useful for ma-
terial classification of PE-coated paperboard and its substrate. A major limi-
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Figure 4.3: Lateral and vertical resolution scales for measurement instru-
ments used in dimensional metrology. Adapted from [24].

tation in this experiment was the lack of samples with known defects. How-
ever, the basic assumption that the optical system is able to discriminate be-
tween the coated and substrate material shows the potential of the technique.

4.3 3D SEM surface profilometer for roughness
characterization of PE-coated paperboard

The surface roughness of the PE-coated sample is used industrially to quan-
tify the optical quality of the final product. The aim of the work presented in
Paper-II is to determine a suitable method for measuring the surface rough-
ness of PE-coated samples. An important factor in selecting such a method
is the relevant scales of surface roughness on a plastic-coated material.

Compared to other optical and profilometry methods as shown in Fig-
ure 4.3, scanning electron microscope (SEM) has the largest dynamic range
in lateral and vertical resolution and is well suited for submicron imaging
with high depth of field [24, 16]. This instrument is used to obtain detailed
texture information of samples but the acquired images lack quantitative to-
pographic information. Using a stereophotogrammetry technique that com-
bines two or more images taken from different perspectives, the surface to-
pography is obtained. This combined approach leads to a three-dimensional
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SEM (3D-SEM) profilometer and characterization of the surface topography
of PE-coated samples is obtained.

Validation of the accuracy of the topographic measurements obtained
with the 3D-SEM is done by comparison with a surface profilometer, i.e., a
chromatic confocal microscope (CCM). A CCM is a standardized profilome-
ter with nanometer depth resolution and micrometer lateral resolution. The
surface roughness parameters are crucial to find a match between the two
techniques. A major advantage of the SEM stereophotogrammetry technique
is discussed in Paper-II, but the most relevant to surface roughness charac-
terization of PE-coated paperboard is the large dynamic range and accuracy
obtained from the SEM micrographs. When stereophotogrammetry software
is used, the 3D-SEM profilometry results in a comparable (but slightly lower)
accuracy to CCM, which is slower when measuring millimeter-long samples
with micrometer side resolution. Another aspect not discussed in the paper
is that the SEM is available in our laboratories and can be used as a pro-
filometer with the software included in the instrument, providing a valuable
tool for future characterization of samples.

As discussed in the methodology presented in Paper-II, an important as-
pect of comparing profilometry techniques is the spatial bandwidth match-
ing approach [21]. To see if the two methods provide compatible measure-
ment results, it is of great importance to match the spatial bandwidth in
which the devices operate [10]. To this end, the SEM micrographs are ad-
justed according to the spatial resolution of the CCM measurements and fol-
low the conditions presented in Leach et al. [22].

These methods provide relevant information for characterizing the sur-
face roughness of PE-coated paperboard, and the results presented in Paper-
II suggest that the proposed technique, based on SEM stereophotogramme-
try, can be used to capture surface topography at the micrometer scale. The
article did not aim to generalize the use of SEM as a profilometry tool, and
certain limitations in the study of unstructured samples known to the pho-
togrammetry technique are presented.
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Results and discussion

This section discusses the main results of Paper-I and -II and answers the
research questions in the problem formulation. Based on the results from the
articles, this chapter presents the contributions and limitations of the studies.

5.1 Active FSIP for PE-coating detection

0.80

0.4 0.5 0.6

0.40

0.60

0.20

1.00

D
oP

χ

Non-PE

PE

Figure 5.1: Scatter plot showing
the relationship between the de-
gree of polarization (DoP) and el-
lipticity χ. Only 20% of the dataset
is shown to facilitate visualization.

The first research question aimed to in-
vestigate the use of FSIP to detect PE
coating in industrially produced card-
board samples at the pixel level. The
optical method presented in Paper-I
was used to capture the full Stokes vec-
tor of a series of PE-coated and its sub-
strate (non-PE coated) paperboard sam-
ples at near specular orientation. At
each pixel in the images, the measured
Stokes parameters were used to derive
the polarimetric component, i.e., the
DoP and angular polarization compo-
nents, ϕ and χ. A distance correla-
tion function (dCorr) for feature selec-
tion was derived based on the study by Szekely et al. [29], which provides
a metric for feature selection without prior knowledge of the data for small
datasets.

As shown in Table 5.1, the pairwise features DoP and χ had the highest
distance correlation and were selected as the features for classification, which
was consistent with the previous accuracy test using a manual feature selec-
tion approach. Figure 5.1 shows the relationship between the selected po-
larization parameters of two measured samples, i.e. PE- and non-PE coated
paperboard. These parameters are used as features to classify the materials
according to their polarization information.

19



Table 5.1: Distance correlation (dCorr) between polarimetric features. The
largest distance correlation is used to select the pair of features used for the
classification approach.

Dop vs ϕ χ vs ϕ Dop vs χ

dCorr 0.31 0.09 0.63

Now, to arrive at a classification solution, a Support Vector Machine
(SVM) algorithm was implemented on a set of 24 measurements, i.e. 12 mea-
surements each of PE- and non-PE coated paperboard samples, to build a
classification model. A 99.74% accuracy was obtained for the classification
between the PE- and non-PE coated paperboard dataset, which was vali-
dated using a 10-fold cross-validation algorithm described in Paper-I.

In Figure 5.2, a new measurement, which was not included in the train-
ing and validation dataset, of a PE- and non-PE coated paperboard sample
shows the classification at pixel level and the features used in the classifica-
tion task, i.e. DoP and χ. These results suggest that measuring the polar-
ization information of thin-film coatings from a substrate, such as PE-coated
paperboard, can be used to distinguish between the coated material and its
substrate with a low misclassification rate at a pixel level. Taken together,
these results provide important insight into the applicability of such a tech-
nique for defect inspection, such as holes or cracks in the manufacture of
PE-coated paperboard.
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Figure 5.2: PE- and non-PE coated paperboard classification.

5.2 3D SEM for surface roughness characterization of
PE-coated paperboard
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Figure 5.3: Topographic dataset of the
surface of a PE-coated paperboard
measured by (a) CCM and (b) 3D
SEM.

The second research question fo-
cused on investigating the character-
ization of the surface roughness of
PE-coated. In Paper-II, a profilom-
etry technique based on the use of a
three-dimensional scanning electron
microscope (3D SEM) is proposed to
measure the surface topography of
PE-coated paperboard. Figure 5.3
shows the topography obtained with
the 3D SEM technique and compares
it with that obtained with a chro-
matic confocal microscope (CCM).

Table 5.2 compares the obtained
statistical surface parameters root-
mean-square roughness (σrms), cal-
culated from the 1D power spectral
density function (1D PSD), and the
root-mean-square height (Sq), mea-

sured from the surface texture according to ISO 25178. Figure 5.4 shows the
1D PSD for the two topography measurements in the direction of the paper-
board manufacturing process, i.e. machine direction (MD), and across the
direction of the manufacturing process, i.e. cross-machine direction (CD).
The most striking result is the values of surface roughness measured by both
methods, which differ by only 6%, reported in Paper-II. In Figure 5.3, it is
clear that the 3D topographic dataset SEM contains a large amount of noise
due to errors in estimating the disparity map required to accurately represent
the topographic height. This is a common error known in SEM stereopho-
togrammetry when large areas in the scene are flat and lack texture[17, 27].
However, good agreement is obtained between surface roughness measure-
ments in the 3D SEM compared to those obtained with the CCM.

Table 5.2: Calculated statistical parameters: Sq from areal topography and
σrms from the 1D PSD in MD and CD.

Sq [µm] σCD [µm] σMD [µm]

3D-SEM 1.07 1.05 1.14
CCM 0.97 1.11 0.94

The comparison shows that 3D SEM is an accurate technique for surface
characterization of PE coatings, but more importantly, SEM is a tool with a
higher dynamic range and greater depth information than any optical pro-
filometer.
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5.3 Limitations

Several limitations can be derived from these two studies on the characteri-
zation of PE-coated paperboard:

• Paper-I describes the use of active full- Stokes imaging polarimetry to
distinguish the PE-coating and the substrate. While this is largely suc-
cessful, the motivation of the work is to detect defects such as the pres-
ence of pinholes or cracks in the material. The lack of samples with
these defects limited the results. By assuming that a lack of coated
material leads to the appearance of pinholes exposing the substrate on
the surface of the material, the proposed approach was validated. Ac-
cording to our understanding, the optical system can be redesigned to
satisfy the optical constraints imposed by the defect properties, such as
the size and depth of the defects.

• The lack of topographic detail in a smooth material, such as PE -coated
paperboard, presented a challenge for the stereophotogrammetry tech-
nique to reconstruct the surface topography of the material. This lim-
itation is well described in Paper- II and is one of the drawbacks of
choosing this technique as a surface profilometer. This limitation can be
partially overcome by choosing a larger magnification, but this means
a reduction in the field of view and therefore the area of the sample
measured.
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Conclusions

The main objective of this work was to investigate new characterization
methods for surface properties related to the quality of industrially produced
polyethylene (PE)-coated paperboard, and specifically to determine imaging
techniques for measuring the surface parameters that influence its barrier
functionality and visual appearance.

First, a full-Stokes imaging polarimeter (FSIP) was used to measure the
polarimetric properties of PE- and non-PE coated paperboard. The results
showed that 99.74% accurate classification was achieved when the polarimet-
ric features were measured at a near specular reflection and a classification
algorithm based on support vector machines was implemented. The current
implementation highlights the importance of measuring the complete polar-
ization state of complex material, such as PE-coated paperboard, to find local
information of the material properties. The scope of this experiment was lim-
ited by the samples collected, as it was not possible to obtain samples with
known defects. Despite the current limitations, the results suggest that po-
larization measurement can extract pixelated information about the nature
of the material, which is the case when the appearance of holes in the coating
exposes the substrate of the paperboard to the environment.

Second, a three-dimensional scanning electron microscope (3D SEM) is
used to obtain topographic information and characterize the surface rough-
ness of PE-coated paperboard. A standardized profilometer, a chromatic con-
focal microscope (CCM), is used to compare the measured surface rough-
ness from profilometry techniques. In this comparison, the methodology
was guided by the specifications of the new ISO 25178 standard for areal
surface characterization, with particular care taken to ensure that the spatial
bandwidth characteristics of the two techniques matched. SEM and CCM are
point scanning techniques with the difference that scanning the sample from
an SEM produces a two-dimensional image that lacks true topographic in-
formation. To obtain surface topography, SEM requires a stereophotogram-
metry technique to quantify sample height variations. This approach suf-
fers from several limitations that had to be considered in the implementa-
tion. However, the results obtained provided good agreement between the
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3D SEM and the CCM for measuring surface roughness in PE-coated paper-
board. The large dynamic range of the SEM is an advantage when evaluating
large areas of a sample with submicron surface roughness scales.

6.1 Future work

This thesis lays the foundation for exploring the use of the full-Stokes imag-
ing polarimeter as an inspection tool for general quality control of PE-coated
paperboard, as described in Figure 1.2. The challenge now is to improve the
accuracy and speed of the measurement technique to meet the requirements
of on-line industrial inspection. Future work can follow the upcoming ideas
in any order:

• To generalize the assumptions that a FSIP can be used to detect defects
such as holes and cracks in PE-coated paperboard, high-quality data
should be collected based on real defects in the sample. A preliminary
study to locate the defects in the samples is required.

• An essential part of process control is the integration of measurement
methods into the manufacturing process. To achieve the physical inte-
gration of FSIP into the manufacturing process, the design of the sensor
must be improved in terms of processing speed and accuracy.

• In this study, it is shown that 3D SEM is a valuable tool for measuring
the surface roughness of PE-coated paperboard samples. However, the
smooth surface of the sample led to deviations in the vertical dimen-
sion in large areas of the estimated topography, which is a well-known
problem from 3D SEM [17]. In photogrammetry, it is common practice
to calibrate the system against reference standards to improve the accu-
racy of the measurements. Recently, a number of calibration methods
[3] have been proposed to improve the accuracy and estimate the un-
certainty of the 3D SEM technique. This approach can be tested to ob-
tain a calibration before measurement of the samples and subsequent
estimate a more accurate surface topography.

• The FSIP can measure three wavelength components, i.e., red, blue,
and green, along the Stokes vectors. Depolarization, as described by
[7], is a quantitative effect of surface roughness, and elsewhere an FSIP
has been used to measure the depolarization effect in the three spec-
tral channels [30], showing that the shorter wavelength has stronger
depolarization when polarization information from biological samples
is measured. Similarly, measurements of DoP at each spectral chan-
nel from the surface of PE-coated paperboard can be used to correlate
surface roughness with depolarization at each wavelength.
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Abstract

The manufacturing of high-quality extruded low-density polyethy-
lene (PE) paperboard intended for the food packaging industry relies on
manual, intrusive, and destructive off-line inspection by the process op-
erators to assess the overall quality and functionality of the product. De-
fects such as cracks, pinholes, and local thickness variations in the coat-
ing can occur at any location in the reel, affecting the sealable property
of the product. To detect these defects locally, imaging systems must dis-
criminate between the substrate and the coating. We propose an active
full-Stokes imaging polarimetry for the classification of the PE-coated
paperboard and its substrate (before applying the PE coating) from in-
dustrially manufactured samples. The optical system is based on verti-
cally polarized illumination and a novel full-Stokes imaging polarime-
try camera system. From the various parameters obtained by polarime-
try measurements, we propose implementing feature selection based on
the distance correlation statistical method and, subsequently, the imple-
mentation of a support vector machine algorithm that uses a nonlinear
Gaussian kernel function. Our implementation achieves 99, 74% classifi-
cation accuracy. An imaging polarimetry system with high spatial reso-
lution and pixel-wise metrological characteristics to provide polarization
information, capable of material classification, can be used for in-process
control of manufacturing coated paperboard.

Introduction

Extruded and laminated plastic coatings are used on paperboard for food
packaging applications. Environmental concerns about the impact of such
polymers have increased the need for the development and application of
new types of coatings for packaging [1]. However, the low-cost production

35



and excellent barrier properties of plastic coatings on paperboard still out-
perform those novels’ environmentally friendly solutions. Different types of
plastic coatings have been formulated for different packaging end uses [22].
Low-density polyethylene (PE)-coated paperboard is the most widespread
plastic-coated paperboard used in the packaging industry due to its good
optical and mechanical properties. The barrier functionality and sealability
against liquids of PE coating are preferred for many food packaging prod-
ucts. To reduce the environmental impact of plastic coatings used in packag-
ing and to increase the yield of its manufacturing process, sensing technolo-
gies for the measurement of material parameters and detection of defects are
necessary to move towards an automated in-process control manufacturing.

To obtain the desired functionality, which is linked to overall product
quality, paperboard manufacturers rely mainly on off-line characterization.
Holes, cracks, and variation in coating thickness are the main defects affect-
ing overall product quality and its barrier properties after the manufactur-
ing process [16]. Off-line characterization offers a quantitative and qualita-
tive analysis of product quality and comprises standardized methods that
can be replicated by others. Several standards have been issued to quan-
tify pinhole formation [2, 7]. Local coatings defects, e.g., the appearance of
holes in the surface and thickness variation of the plastic coating, need to
be quantified according to the standards under laboratory conditions. The
methods require using a coloring ink that penetrates the product through
the defects, making them visible and pointing out the possible leak locations.
In a recent study, an optical light microscope, a polarized light microscope,
and a scanning electron microscope were used to characterize and quantify
the defects [19]. The disadvantage of this method of quality control lies in
the synchronization between machine parameters and characterization since
this method lacks real-time feedback to the process. Demands for higher
product quality and competitive products require more in-process metrol-
ogy for which online sensors are essential to predict or detect defects during
the manufacturing process. Pores and cracks are often undesired in packag-
ing, except when they are intended to add breathability to the material for
specific applications. Recent sensor developments for quantifying the size
and distribution of holes in the material along the production line have been
suggested in the literature. The sizes of holes in the coated paperboard can
be estimated by correlating the amount of current leaking between cathodes
positioned on both sides of the paperboard, which acts as a capacitor [23].
This method is considered non-destructive, but the high voltage applied by
the method can increase the initial size of the pores in the packaging. The
distribution of holes in the coating can be determined using reflectometry
[12], an optical system that uses polarization of light to determine the optical
properties of the material. Characteristics such as average surface roughness
and the material’s refractive index are found similar between the base layer
and its few-microns-thick PE coating. Based on these characteristics, defect



detection and classification become challenging when using traditional ma-
chine vision systems based on the intensity and/or spectral measurements.

Polarization is one of the main characteristics of light, along with inten-
sity and wavelength. For humans, perceived optical properties are limited to
colors and intensities; polarization is only available to us using instruments.
Similarly, in many industrial applications, machine vision often relies solely
on detecting color or intensity, or both. Polarization in a machine vision ap-
plication is used to filter out the haze created by surfaces where the specular
reflection in the scene hides the desired information. Machine vision has
been implemented in manufacturing to aid in-process product quality moni-
toring, defect inspection, and material classification, but highly specular and
transparent materials challenge the accuracy and robustness of the optical
method employed [4, 18].

In the last decades, there is an increased interest in the use of imaging
polarimeters for material classification [30, 28, 3]. The technique has been
employed in remote sensing [27], astronomy [6], aerospace and defence [10],
biomedical applications[15, 26, 14], and industrial manufacturing [20, 21].
Polarimeters can provide partial- or full-polarization information about the
captured incoming light, depending on the optical elements employed and
the imaging system configuration. Industrially, the metrological features of
polarization have been restricted to ellipsometry and reflectometry [11]. The
systems used are bulky, require a priori knowledge of the sample’s optical
properties, and can measure only small areas of the samples [17, 12]. Imaging
polarimetry offers an alternative for measuring larger areas with high spatial
resolution and including radiance values directly related to polarization. The
pixel information is presented in the form of the Stokes parameters:

~S = (S0, S1, S2, S3)
T (1)

The mathematical formulation of the Stokes parameters is convenient be-
cause it has several degrees of freedom and can be further computed to ob-
tain complementary parameters related to physical material properties [8],
e.g., surface roughness, birefringence, and coating thickness. Stokes param-
eters are expressed in power reflectance units, like pixels in a commercial
camera system record intensity values. Different configurations of imaging
polarimeters found in the literature serve specific metrological purposes [20]
and are classified according to the temporal or spatial recording of the scene.
The advent of new camera systems with embedded micro-polarizer arrays
in the division-of-focal-plane configuration offers the possibility of a new
compact camera system for machine vision applications in industrial manu-
facturing processes. Linear imaging polarimeters provide information from
the first three Stokes parameters, i.e., intensity (S0) and linear polarization
component (S1 , S2), which can be in certain cases sufficient for the industrial
application. To measure the complete polarization cues in a scene, a fourth



component, i.e., the circular polarization component (S3), must be acquired.
In certain applications in which material properties are similar in terms of
surface roughness and spectral information, measuring the complete polar-
ization from the material reflection is desired; for example, in coating appli-
cations [13], instantaneous active imaging polarimetry has been employed
for measuring the polarization properties of the material. In certain appli-
cations in which material properties are similar in terms of surface rough-
ness and spectral information, measuring the complete polarization prop-
erties from the material’s light reflection is desired; for example, in paper
coating applications [13], different fillers and binders were applied to the pa-
per, and instantaneous active imaging polarimetry has been employed for
measuring the polarization properties of the material. In this study, no trans-
parent or thin-film was used to coat the paper material. From our study, we
measured the polarization properties of the PE-coated paperboard and its
substrate, i.e., the paperboard before applying the PE-coating. Instead of us-
ing a point-measurement system, we proposed used a pixelated camera sys-
tem that can obtain the full polarization properties of the material with high-
spatial-resolution. An image containing a set of polarization cues or features
represented in the form of Stokes parameters are obtained, and can directly
relate to the optical properties of each material. These features can then be
used as predictors of whether or not there exists a PE-coating on the paper-
board. Then, we use a supervised machine learning algorithm, i.e., support
vector machine (SVM), for classification based on these polarimetric features.
SVM [9] is a set of classification and regression algorithms widely adopted
in industrial applications. For the classification task, SVM requires to mod-
ify a few set of parameters to balance the performance and accuracy of the
result. In the context of non-linearly separable data, a kernel-function (e.g.,
polynomial or basis radial function) might transform the non-linear problem
into a linear problem, returning the maximal separable margin that divides
the classes.

In this article, we present an active full-Stokes imaging polarimeter ca-
pable of detecting the extruded PE coating on high-quality paperboard with
high spatial resolution and pixel-wise polarization metrology. The optical
system is based on full-Stokes imaging polarimetry and controlled polar-
ized white-light LED illumination. Generalizing the classification technique
proves that the system can discern the presence or absence of the extruded
coating on the paperboard. In our understanding, the classification solution
presented can be further exploited for detecting and quantifying defects such
as pinholes and cracks in large areas of paperboard manufactured for pack-
aging.



Material and methods

We summarize our strategy in three main parts as follows:

1. polarimetric measurement of PE- and non-PE coated paperboard sam-
ples using the full-Stokes imaging polarimeter, data acquisition, and
polarimeter parameter calculations;

2. implementation of the distance correlation function for the feature se-
lection of the polarimetric measurements; and

3. model training and validation for material classification using super-
vised learning algorithms, i.e., support vector machine (SVM) algo-
rithms.

Industrially manufactured paperboard samples were obtained from a lo-
cal paperboard manufacturer for use in this study. Before and after the ex-
truded low-density polyethylene (PE) coating was applied on one side of the
paperboard, A4 sheet-sized samples were extracted from the manufacturing
process, resulting in paired samples from the same process. The paperboard
is multi-ply in structure, consisting of a cellulose base layer coated with a
mixture of binders and fillers on the side of the PE coating before the PE coat-
ing is applied. This mixture of binders and fillers is added to the cellulose
material to increase the smoothness of the multi-ply structure, ensuring good
adhesion of the PE coating and resulting in a more even coating thickness.
This mixture also reduces the effects of undesired protruding cellulose fibres
that can puncture the extruded coating layer and cause cracks, pinholes, and
local inconsistencies in the PE thickness. These defects decrease the overall
quality of packaging material, degrading its most important properties as a
fat, oil, and moisture barrier [22]. We removed 20x20-mm pieces from the
original samples, placing them in a sample holder as shown in Figure I.1(a)
to make measurements using the imaging polarimeter. The average thick-
ness of the PE coating layer was 13 µm; in Figure I.1(b) this layer is shown in
a PE-coated sample cross-section as imaged using an SEM (TESCAN MAIA3
GMU 164 manufactured by TESCAN Brno, s.r.o.; Brno, Check Republic).

Figure I.2 shows the experimental set-up. An active imaging polarimeter
measures the sample at an oblique angle while a high-luminosity white LED
(Thorlabs, Inc. Ref. MWWHL4, 570 mW and spectral range 400´ 700nm)
illuminates it with vertically polarized light. The sensor in the active imag-
ing polarimeter is based on a novel full-Stokes imaging polarimetry cam-
era system constructed by the Imaging and Applied Optics Lab –Prof. R.
Liang’s group– at the School of Optical Science, University of Arizona. For
a complete description of the full-Stokes imaging polarimeter, the authors
refer the reader to Tu et al. [25], who provides details of the design, the cal-
ibration, and the demosaicing algorithm. A brief description of the optical
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Figure I.1: (a) adapted 20x20mm sample illuminated by the optical system.
(b) SEM cross-section image, (working distance 10-mm, field-of-view 200-µm), of
PE-coated paperboard . The paperboard is composed of a multi-ply cellulose
material, a coating layer of binders and fillers, and a top PE-coating layer
with an average thickness of 13 µm.

system’s components is presented here. Two linear polarimetric cameras in a
division-of-amplitude configuration are employed as the sensors of the sys-
tem, in which two balanced optical paths with complementary polarization
information are divided from the incoming light. This path division of the
light allows the instantaneous measurement of the complete polarization.
An imaging lens focusing on the measured surface is placed in front of the
polarimeter assembly. A 50/50 non-polarizing beam-splitter (nPBS) divides
the incident beam into two balanced paths. As mentioned, two complemen-
tary polarization measurements are required to obtain the full-Stokes vector.
In one arm, an achromatic quarter-wave plate (AQWP) in the visible spectral
range will divide the beam into its circularly polarized components. In the
second arm, to balance the path difference created by the AQWP, a planar
glass with a similar thickness as the AQWP is placed. Finally, in both arms,
linear Stokes polarimetric cameras capture the scene. With the appropriate
demosaicing and calibration algorithms, the calibration and synchronization
of the cameras make it possible to obtain pixel-wise polarization and spectral
radiance information on the scene in a single shot.

Figure I.3 shows the PE-coated paperboard sample image of each Stokes
parameter after being measured by the active full-Stokes imaging polarime-
ter. The 20 x 20-mm sample is resolved with a spatial resolution of 37 µm in
a single pixel. The on-axis set-up shown in Figure I.2 was built to rotate the
camera system around the sample, and illumination was fixed at 45 degrees
with respect to the sample’s surface normal. Several in-plane measurements
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Figure I.2: Active full-Stokes imaging polarimetry.

were made at different angles around the sample in 5-degree steps. Before
the parameter selection for the experiment, we analysed all the different po-
sitions to determine the best angle configuration. It was found that the best
angle between the camera and the normal to the sample surface was 40 and
55 degrees, i.e., around the specular direction. In dielectrics, when illumi-
nating with vertically polarized light, roughness increases greatly affect the
angles of polarization due to the retardation of the light wave phase compo-
nent [29].
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0.0
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Figure I.3: PE-coated sample polarization measurement: S0, S1, S2 and S3 are
the Stokes vector as captured by full-Stokes imaging polarimetry.



As opposed to passive imaging techniques in which the polarization state
of the illumination is uncontrolled, in an active polarimeter, the polarization
state of the incident light is known. In our proposed set-up, the illumina-
tion is vertically polarized. Then, the beam reflected by the samples is ei-
ther partially polarized or completely depolarized, in contrast to the incident
light. The sensor in our polarimeter is based on a full-Stokes imaging system,
which can obtain in one shot pixel-wise information in the form of the Stokes
vector (1). At dielectrics and interfaces, the polarization of a beam undergoes
different phase delays resulting in changes in polarization.

In imaging polarimetry systems used in remote sensing and biomedical
applications, the features used in algorithms for material classification are
parameters calculated from the measured Stokes vector. These polarimetric
parameters are related to the material’s optical properties and can be easily
mathematically formulated. We have calculated three parameters from the
initial Stokes vector, i.e., the degree of polarization (DoP), p, the azimuth, ϕ,
and the ellipticity, χ, and we first evaluated their statistical significance for
the classification task using a distance correlation function. The DoP, p, is
expressed as

p =

b

S1
2 + S2

2 + S3
2

S0
(2)

which is inversely related to the depolarization effect, i.e., the ratio at which
polarized light is partially polarized or unpolarized by the material under
polarized illumination. Using the three last components of the Stokes vector-
like axis in Cartesian coordinate space and representing the polarization
measurements inside this coordinate space, angular relations can be derived.
Two angles can be calculated, the azimuth, ϕ, and the ellipticity, χ, as

χ = tan

1
2

arcsin

 S2
3

b

S2
1 + S2

2 + S2
3

 , ´π/4 ď χ ď +π/4 (3)

ϕ =
1
2

arctan
(

S2

S1

)
, 0 ď ϕ ă π (4)

where χ, at the extremes of the inequality represents a fully circularly polar-
ized beam when points in the sphere are located at either side of the poles;
χ = 0 being linearly polarized otherwise the beam is elliptically polarized.
The azimuth angle, ϕ, is often described in the literature as the angle of lin-
ear polarization (AoLP). It measures the linear relation of the observed beam
and concerns only the linear polarization components of the Stokes vector in
the equation.

A Poincaré sphere, first presented by Henri Poincaré (1892), helps visu-
alize these angular relations (see Figure I.4). Figure I.5 shows the Poincaré



spheres for PE- and non-PE coated paperboard samples. In this figure, each
sphere represents three measurements for each class. Pixel-wise information
in the form of the Stokes vector (1) are obtained in each measurement and
then the vector is normalized concerning the intensity value of S0. In Figure
I.5, each point in the surface of the sphere represents the normalized Stokes
vector, resulting in a unit Poincaré sphere. The angular distributions of the
points on the surface of the sphere differ due to the unique optical properties
of the sampled material and the angles, ϕ and χ, from the spherical coordi-
nates system, are used as preliminary features for the material classification.

S1
S0

S2
S0

S3
S0

χ
ϕ

Figure I.4: Observable Poincaré sphere of polarization states. Associated
with any point on the sphere is a unique polarization state described ei-
ther by spherical angular coordinates (ϕ, χ) or normalized Stokes parameters
S1/S0 , S2/S0 and S3/S0.

We implemented a distance correlation metric, in which we look for the
pair of features ranking the highest and finally provided the best accuracy
for the classification. Sample correlation functions are employed to measure
the linear and nonlinear relations between variables. Distance correlation
functions based on measurements of the correlation between the features are
employed to rank the importance of the features. The distance correlation
function presented by Szekely et al. [24] has been demonstrated to be useful
in feature selection for relatively small datasets with high dimensionality [5].
This metric does not require any a priori knowledge of the feature distribu-
tion, and it has advantages over more commonly used statistical tests, such
as Pearson correlation, which cannot detect nonlinear relations between the
evaluated variables. A summary of the implementation according to [24] fol-
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Figure I.5: Poincaré unit sphere representation from imaging polarimetry
measurements of (a) PE-coated paperboard and (b) non-PE coated paper-
board. Each pixel value was normalized by its S0 pixel value, and three po-
larimetric measurements of each class are presented.

lows. We first obtain the defined distance covariance for each combination
of features,

dCov(Fx, Fy) =
1
n2

n
ÿ

i=1

n
ÿ

j=1

D( f xi, f xj)¨D( f yi, f yj) (5)

where D( f xi, f xj) = } f xi ´ f xj}, and D( f yi, f yj) = } f yi ´ f yj}, are the
centered Euclidean distances of the feature vectors Fx and Fy with scalar val-
ues f x and f y, respectively. Finally, we can calculate the distance correlation
(dCor),

dCor(Fx, Fy) =
dCov(Fx, Fy)

b

ν2
Fx¨ ν

2
Fy

(6)

where ν2
Fx and ν2

Fy are the positive feature variances. If Fx and Fy are inde-
pendent features, then the (dCor) will be equal zero. We are interested in fea-
tures with the largest distance correlation, as they benefit the class separation
and classification accuracy of the supervised learning algorithm. The result
is the selection of the best features, which is meant to be a preprocessing
step in our machine learning approach. This reduces the computational cost
without compromising the accuracy of the resulting classification model. We
have implemented this algorithm to rank and select the best pair of features
for the classification algorithm described in our machine learning pipeline.



SVM algorithm

For the classification process, we implemented a support vector machine
(SVM) algorithm with the use of a Gaussian kernel function using selected
features of the two sample classes, i.e., PE- and non-PE coated paperboard.
SVM algorithms have proven to be robust in implementation for industrial
classification problems. When the features in the dataset present non-linear
relations, the SVM algorithm can use kernel functions to find the maximum
separable hyperplane for classification. Gaussian and polynomial kernel
functions are an example of nonlinear kernel functions. The kernel func-
tion will map the nonlinear data from the original dimensional space into a
higher-dimensional space. This may result in a linearly separable problem
where a hyperplane can divide the classes with the maximum margin pos-
sible. In this experiment, we constructed the SVM model in Python using
scikit-learn libraries for supervised learning based on the library for support
vector machines (LIBSVM).

SVM algorithm pipeline

We obtained 24 polarimetric measurements for both classes (i.e., 12 polari-
metric measurements each for the PE- and non-PE coated paperboard) in-
cluded in the dataset. The measurements were taken from different regions
of the initial industrial samples. Each measurement contains 400 x 70 pixels
with the individual values of the Stokes vectors. We calculated the polarimet-
ric features at each pixel, as described in the previous section. The pipeline
of our classification approach is described in Figure I.6. After obtaining the
data, we implemented a feature selection-based distance correlation function
(dCorr) (6), selecting the two best-ranked features. We then partitioned in a 50
- 50 split of the dataset for training and validation. Because of dealing with
a limited number of samples, it is appropriate to determine the best possi-
ble combination for training and validation without degrading performance
or causing underfitting. We observed that by increasing the data for train-
ing and when reaching 50% of the complete dataset, there is no significant
increase in the score in either model. We presume that the simplicity in iden-
tifying the classes relies on the strong correlation between the polarimetric
features at each pixel in the recorded images and the surface homogeneity
resulted from the high quality of the samples.

We contrasted two nonlinear kernel functions for SVM, i.e., a Gaussian
and a second-degree polynomial kernel function based on statistical signif-
icance test from the classification accuracy after training and validation. To
obtain the statistical significance of the resulting model, we used 10-fold
cross-validation since SVM does not account for statistical score interpreta-
tion. We conducted the cross-validation twice. The first time was to obtain
the best parameter combination for each kernel. Then, we repeated 10-fold



cross-validation, in this case on each parameterized kernel function, and se-
lecting the one with the best performance. Finally, to test the generaliza-
tion of the model, we performed the classification of PE- and non-PE coated
paperboard using a polarimetry measurement that was not included in the
dataset used to train the classifier.

6. Using the validation dataset,
measure the final classification
scoring.

5. Selected SVM model from the
above iteration and validation.

4. Statistical validation method for
kernel selection and
parametrization of the classifier.

3. Dataset divided into training and
validation

1. Calculate parameters

2. Feature selection using the
statistical distance correlation
function.

K-fold
crossvalidation

Datase
(DoP, Az, El)

(Distance correlation)
Feature selection

Training
dataset

Validation
dataset

SVM model
(best parameters)

Classification
(Score)

Parametrization k-
tim

es

Figure I.6: Workflow pipeline for the training, validation and selection of the
classification algorithm.

Results and discussions

Feature selection

Pixel-wise polarimetric values of the degree of polarization (dop)(2), and az-
imuth (az) (4), and ellipticity (el) (3) angles were calculated from the mea-
sured Stokes parameters.

We evaluated the distance correlation between these three independent
parameters to assess the best of these parameters for the classification prob-
lem. In the feature selection step, we measured the correlation between these
polarization parameters. The metric for the distance correlation function
(dCorr (6)) is based on the distance covariance (dCov (5)) and was used as
a feature selection tool. Figure I.7 shows the pairwise relations among these



three parameters, i.e., DoP and the angular variables θ and χ, plotted in the
form of a scatter matrix. The diagonal of the matrix represents the parame-
ter distribution, the top corner shows the correlation between features in the
form of a scatterplot, and the bottom corner shows the value of the distance
correlation (dCorr) function for each pair of features.
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Figure I.7: Scatter matrix displaying the relation between features DoP, ϕ,
and χ. The dCorr value represents the distance correlation between the fea-
tures. All the features in the dataset are normalized and only 20% of the
dataset is shown to aid in the visualization.

From the scatter matrix, the combination of DoP and the angular parame-
ters could be tested for classification, while the angles themselves displayed
considerable overlapping. The relation between DoP and χ scored the high-
est in distance correlation, suggesting to be the best candidates for classifying
PE- and non-PE coated paperboard, and which we further selected for train-
ing the classifier.

Classifiers parametrization, training and validation

We next evaluate the classification performance of two SVM kernel functions,
i.e., Gaussian and second-degree polynomial kernel functions. Before com-
paring the kernels’ classification’s scores, it is necessary to find the best set of
parameters for each kernel. For each kernel, a set of predefined parameters
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Figure I.8: SVM Gaussian and second-degree polynomial kernel function ac-
curacy scores after 10-fold cross-validation.

is tested to determine the classification score and measure the recall of the
model, i.e., the true positives the model has correctly obtained as a percent-
age of all positive cases, so we can select the best combination. After apply-
ing the cross-validation, the Gaussian kernel with the hyperparameters C =
100 and γ =0.1 and the second-degree polynomial with the hyperparameter
C = 100 were selected. With these specified parameters, we proceed to eval-
uate and compare the scoring accuracy of both models. Figure I.8 shows the
difference in statistical significance between the two kernels after using 10-
fold cross-validation with the selected hyperparameters for each kernel func-
tion. We obtained a ratio of about 99.74 ˘0.12% for the Gaussian and 99.61
˘0.16% for the polynomial degree 2 kernel functions, suggesting a smaller
variation and higher score of the former after cross-validation.

Based on the previous results, we trained the model using the complete
training dataset. Figure I.9 shows the classification and class division by the
model’s hyperplane in the original space, where observes an area of over-
lap between the classes and the support vectors that will lead to misclassi-
fication. However, a good generalization for the classification is achieved
due to the robust relationship of the polarimetric parameters with the ex-
pected classes and the non-linear curved separation found by the SVM ker-
nels. Based on the parameter distribution the Gaussian kernel provides bet-
ter accuracy for the classification than the polynomial classifier.

We finally used the validation dataset on the resulting models of both
classifiers to compare their prediction accuracy. Figure I.10 shows the confu-
sion matrix after using the validation dataset. We can observe that a better
performance is achieved by the Gaussian kernel as expected from the cross-
validation results.
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Figure I.9: Feature space representation of the classification model of the bi-
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Classifier testing

In the previous section, a cross-validation test provided both statistical signif-
icances for the training and validation, while a validation dataset was used
to test the accuracy of the resulting models. We now test the classification
model using a new set of data from two new samples, i.e., PE- and non-
PE coated paperboard. The algorithm can separate the PE-coated from the
non-PE coated paperboard, indicating the robustness of the method with al-
most no misclassification as we can observe in Figure I.11. The misclassified
areas in both results can be associated with physical properties, like local



variations in the topography of the samples or imperfections within the PE
coating, which may required further investigation to associate them with the
changes in the polarization parameters.
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Figure I.11: Test dataset with non-PE and PE-coated paperboard samples
(left–right): model classification, DoP, and χ. The values of the features have
been normalized to a range of 0 to 1.

To extend the discussion of whether these areas can be regarded as mis-
classified, further experiments are required. In the case of PE-coated areas,
the scattering mechanism within the coating and reflection from the base
layer can affect the accuracy of the measurement. It is also possible that sub-
surface scattering from irregularities or defects within the extruded material
may generate these effects. In the case of the non-PE coated material, misclas-
sification can result from geometric constraints, areas with abrupt changes in
the surface roughness, or defects in the mixture coating. This analysis could
be performed in a later study, in which our understanding of the optical
properties of each material could be extended using complementary tech-
niques and instrumentation. However, for large-area manufacturing pro-
cesses of high-quality products, in which over 99% of the pixels measured
from the samples are of the expected class, the areas where misclassifica-
tion occurs can be tracked and investigated using current off-line production
methods.

Potentially, this system could eliminate some of the off-line quality-
control practices in the manufacturing of paperboard by instead using quan-
titative polarimetric imaging systems for the in-process control, where de-
fects such as pinhole and cracks, found in the coating need to be monitored.

Conclusions

We proposed using active imaging polarimetry to classify industrially man-
ufactured polyethylene (PE)-coated paperboard and its substrate. With high



spatial resolution, instantaneous acquisition, and pixel-wise metrological po-
larization information, we derived a set of polarimetric features, i.e., degree
of polarization (DoP), ellipticity, χ, and azimuth, ϕ, which were later anal-
ysed in the classification application. We proposed a robust feature selection
method based on distance correlation to reduce the computational cost of
the algorithm while not compromising the classification accuracy. From the
selected features, we implemented a support vector machine (SVM) classi-
fier that uses a nonlinear kernel trick, i.e., a Gaussian kernel function, ob-
taining 99.7% classification accuracy. We demonstrated active polarimetry
based on a full-Stokes imaging system with vertically polarized illumination
of the sample for in-process metrology, in which complete polarization in-
formation provides a set of robust features directly related to the material’s
optical properties that are undetectable by other machine vision systems. To
the author’s knowledge, no such study or implementation has so far been
proposed.

In future work, we will explore the relation between spectral informa-
tion and the polarization information that can be important in the surface
characterization of paper-based materials and it is available from the active
full-Stokes imaging polarimetry. This could increase the likelihood of find-
ing new correlations for surface parameters or, in the case of quality control,
other types of defects originating along the production line.
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Abstract

In food packaging, low-density polyethylene (PE) coating is applied
to paperboards to act as a functional barrier and to provide the smooth-
ness required to enhance printability. These characteristics are related
to the material’s surface roughness, the parameter monitored during the
manufacturing process. Measurement of surface roughness using opti-
cal profilometry has gained importance in the paper industry. The opti-
cal instruments used to measure surface roughness are limited spatially
by the relationship with the light wavelength at which they operate. A
scanning electron microscope (SEM) is an alternative for overcoming the
spatial resolution limitation, and the use of stereo-photogrammetry on
SEM images can be seen as an alternative profilometry technique to mea-
sure surface roughness. In this investigation, the surface topography of
industrially manufactured high-quality PE-coated paperboard was stud-
ied, comparing the SEM stereo-photogrammetry technique with a refer-
ence profilometry method, i.e., chromatic confocal microscopy (CCM).
We found close agreement between the calculated surface roughness
and the results of the techniques used and compared them according
to the new ISO 25178 Geometric Product Specifications. We concluded
that SEM stereo-photogrammetry provides comparable accurate alter-
native profilometry method for characterizing the surface roughness of
PE-coated paperboard in the micrometer scale.

Introduction

Paperboard grades are classified depending on their functionality, with food
packaging paperboard being higher in optical and surface quality. Different
surface finishes and coatings are specified to produce the desired product
functionalities and qualities. In the food packaging industry, polyethylene
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(PE) coating is applied to paperboards because of its excellent barrier func-
tionality against moisture and the resulting smooth final surface texture, both
of which are important for visual appeal and the intended product quality.
Surface roughness is measured on the paperboard through its correlation
with optical properties, such as gloss uniformity, which are related to the
final product specifications [3].

Industrial surface characterization of paperboard

In PE coating of paperboard, the measurement of surface roughness is used
to monitor the smoothness of the final product, which is a surface parame-
ter that affects printability. The standard for measuring surface roughness in
the paper and board industry is based on the air leak method, i.e. Bendtsen,
Bekk and Parker print surf (PPS) [9]. The measurement instrument estimates
surface roughness by measuring the rate at which air escapes from a system
consisting of metal plates sandwiched between paperboard samples, and the
results are correlated with the roughness parameter of the sample. The cali-
bration used to estimate roughness values is limited by the range of spatial
distribution of the surface of the product grade. Although what constitutes a
good agreement between paper and paperboard grades and their surface pa-
rameters is well defined, the associated measurement methods cannot pro-
vide detailed information on surface texture or its spatial distribution (e.g.
roughness variation) associated with product quality.

Emerging profilometry technologies for PE-coated paperboard
characterization

A recent study compares a set of optical profilometers used to measure the
surface roughness of various paper grades [16]. It demonstrated that the
preferred and selected instrument depends on the spatial distribution of
the surface roughness, and systematic deviations were present in all-optical
measurement techniques at different stages of the measurements. The sur-
face material’s optical and geometrical properties present a challenge when
it comes to establishing a common technique for characterizing all paper
grades. Optical devices such as confocal scanning microscopes [13] and scan-
ning electron microscopes (SEMs) [11] are valuable tools for surface char-
acterization. Chromatic confocal microscope (CCM) is a variation within
the former category of microscopes, and it has been included in the new
ISO 25178 Geometric Product Specifications [4] for areal surface characteri-
zation. Up to 1 cm2 (i.e., relatively large) areas of paperboard can be analyzed
by scanning the sample’s area laterally (i.e., along the Cartesian coordinate
axis X–Y) with micrometer lateral accuracy and a depth resolution of tens of
nanometers [16]. The high dynamic range of the SEM represents an advan-
tage over other imaging techniques. SEM is employed for the surface charac-



terization of paper and paperboard, with the paper and paperboard sample’s
cross-section commonly being analyzed under this microscope. This tech-
nique provides information about the local structures in the material com-
position and their relationships with different surface parameters affecting
the product quality. Cross-sectional micrographs of paperboard combined
with digital image analysis were used to find correlations between the base
sheet distribution of the board and its coating thickness uniformity [6]. This
approach has also been used to quantify different surface statistical param-
eters, including surface roughness, of commercial super-calender paper [5].
Although these methods provide agreement as to how the local composition
affects the paper quality, cross-sectional analysis is time-consuming and in-
vasive. The sample’s preparation can result in a modification of the original
structural properties, and the cross-section inspected is limited to small areas
of the product.

As an imaging system, an SEM provides a greater dynamic range than
does any optical system. Electrons have a shorter wavelength than do pho-
tons, allowing the SEM to analyze specimens using a larger field of view
with a greater depth of field and greater magnification. It also permits ob-
servation of surface details, such as topographic texture and material con-
trast, up to nanometer resolution. The highly detailed topographic images
acquired by an SEM are two-dimensional, and the gray-scale information
lacks quantified depth information about the specimen. Software develop-
ers are now integrating stereo-photogrammetry to estimate surface topogra-
phy [15] from SEM micrographs. Several photogrammetry techniques have
been proposed, with stereo-photogrammetry being one of the most popular
[12]. Stereo-photogrammetry with an SEM uses two (i.e., a stereo pair) or
more images of the same scene acquired from different angles of incidence.
In the SEM, a sample mounted on a stage can be oriented towards the de-
tector at different angles, contributing to changes in perspective relative to
the same region of interest (ROI). This profilometry technique for character-
izing paper samples using the SEM was reported by Enomae [8]. It used
stereo-photogrammetry after acquiring two images from two detectors po-
sitioned at both sides of the electron beam column, generating the disparity
map necessary for calculating depth in the sample image. Most recently,
instrument inter-comparison using optical coherence scanning interferome-
try and 3D SEM stereo-photogrammetry for dental implants was presented
[10]. Surface roughness analysis was compared among the instruments, with
the author selecting the root mean square roughness (Rq) and power spec-
tral density function (PSD) surface parameters for statistical validation. PSD
analysis provided a resource for instrument inter-comparison, using the spa-
tial bandwidth limits of the instruments and the resulting integration limits
for surface roughness calculations and to highlight the differences in the re-
sults.



Duparré [7] proposed studying larger-scale PSD in the topography of pa-
per samples of various grades. Two profilometers with overlapping spatial
bandwidth distributions were employed to extend the spatial wavelength
analysis of the PSD. Similarly, multi-scale analysis using a focus variation op-
tical profilometer has been proposed [18] for the analysis of different grades
of papers based on the new ISO 25178 specifications, with each measurement
providing scale-limited surfaces within a finite range of spatial distributions.
The surface parameters measured within different bandwidth limits describe
the instrument performance along with the different bandwidth limits. An
essential part of the inter-instrument comparison is to use the bandwidth
limits of the instruments as information for validating the surface parame-
ter characterization. To this end, bandwidth matching guidelines for inter-
instrument comparison have been formally introduced by Leach [14].

In this study, we compare surface parameters from different scanning
imaging systems. The imaging systems project a beam spot on the sample,
and the beam size defines both the spatial resolution of the instrument and
the spatial bandwidth limits of the measurement. To carry out comparative
instrumental studies, matching the number of pixels on the area of compar-
ison is necessary. The spatial resolutions of CCMs and SEMs are limited by
this beam spot characteristic and by the spectral wavelength of the particle
that generates the image, i.e., photons or electrons.

Outline of the article

In this study, we measured the surface topography of an industrially man-
ufactured, high-quality PE-coated paperboard using two complementary
imaging techniques. The aim was to provide an alternative instrumental
technique for the surface characterization of paperboard using 3D stereo-
photogrammetry with a scanning electron microscope (SEM) and a valid
comparison with reference optical profilometry using a chromatic confocal
microscope (CCM). We described the use of the software tool MeX 6.0 (Ali-
cona Imaging GmbH, Raaba/Graz, Austria), as it was included in the SEM
software tools for obtaining the surface topography dataset of the sample.
After obtaining the surface topography datasets, we calculated the areal sur-
face roughness parameter, Sq, and the 1D-PSD function from both the sam-
ple’s machine direction (MD) and cross-machine direction (CD) [2], using
the results for the inter-instrument comparison validation. From the PSD
curves, the one-dimensional roughness parameter, Rq, was calculated from
both datasets. The following section describes the sample preparation, the
instruments used in the measurements, and the methods for surface param-
eter extraction. Following that, we introduce the topography maps and the
results of the metrology analysis. Finally, conclusions and future work are
presented.



Material and methods

This section presents the sample preparation and instrument selection and
description. Furthermore, it describes the statistical parameters used for the
analysis and comparison of the topographic datasets.

Samples

The sample selected for this study is a 20 x 20-mm sample from an industri-
ally manufactured low-density polyethylene (PE)-coated paperboard sheet.
Figure II.1(a) shows the composition of the paperboard sample in a cross-
sectional image acquired by an SEM. The thickness, δT , of the PE coating
layer, ranges from 13-µm to 15-µm, corresponding to the expected thickness
after the manufacturing process. The surface topography of the sample was
measured using two microscopes, i.e., a CCM and an SEM. Figure II.1(b)
shows the sample being imaged by the SEM under normal incidence. We
located a region of interest (ROI) (A), used to generate identical topography
datasets. To accurately determine the center of the sample where the ROI
also has its center, a pattern (B) was engraved using a CNC laser machine to
more accurately and precisely locate the marks. The pattern also provides in-
formation regarding the orientation of the sample during the manufacturing
process, i.e., the machine direction (MD) and cross-machine direction (CD).
These directions are important when measuring the statistical parameters on
anisotropic surfaces like those found in paper and paperboard. The orien-
tation of the fibers is related to the gloss uniformity and the surface macro-
roughness of the paperboard products.

It was necessary to apply a metal coating on the sample surface to obtain
high-contrast SEM images while reducing the noise generated by electron
scattering from non-conductive materials in the sample. A 3-nm layer of
iridium was sputtered on top of the sample surface; this coating material was
selected because its smaller grain size would generate a more even coating
distribution, in contrast to other conventional materials such as gold. All
measurements used the same PE paperboard sample coated with a top layer
of iridium to finally obtain the same surface topography.

Instruments

Chromatic confocal microscope

Chromatic confocal microscope (FRT MicroProf; Fries Research & Technol-
ogy GmbH, Bergisch Gladbach, Germany) was employed as the reference
device with which to obtain the surface texture and surface statistical param-
eters from the PE-coated paperboard sample; these parameters are included
in the new ISO 25178 specifications for both instrument and statistical vali-
dation. The CCM is located in a laboratory with controlled and stable tem-
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Figure II.1: (a) SEM cross-sectional image showing the material distribution
in the paperboard sample. δT indicates the PE coating layer with a thickness
range of 13- to 15-µm. (b) The top view of the 20 x 20-mm PE-coated pa-
perboard sample. The indentation marks help to identify the center of the
sample and its orientation relative to the manufacturing process, i.e., MD
and CD.

perature and humidity, to ensure the repeatability of the results during the
measurement acquisition time. Figure II.2 shows a schematic of the CCM.
A white light source (400–700 nm spectral range) is collimated through the
system and focused on the inspected surface by a positive chromatic aber-
ration lens. The chromatic aberration in the lens is specifically designed to
be as great as possible, dispersing the light spectral range along with the
beam spot. The light is reflected into the sensor, and an intensity peak cen-
tered at a particular wavelength in the system’s spectral range represents the
local height variation of the sample. Light travels through a pinhole detec-
tor placed in front of a spectrometer. The spectrometer decodes the spectral
information as the local height variation from the calibrated spectral range.
The optical microscope employs no moving parts to obtain the local height,
but it does require that the base move the sample in the X–Y direction until
the entire area is scanned. A chromatic probe with a calibrated depth range
of 300-µm and lateral resolution (i.e., beam spot size) of 1-µm was used as
the objective sensor in the CCM.

The grating spectrometer provides instantaneous depth information,
making such devices much faster than traditional confocal microscopes or
profilometer techniques. The range of heights that this instrument can mea-
sure is limited by the design of the dispersive objective and the spectral range
of the light source. Another drawback of this system is its limited ability to
measure topographies in objects with steep local variations.



λ f

λ1
λ f

λn

Sample

Spectrometer

Beam

Broadband
light source

splitter

Figure II.2: Chromatic confocal microscope.

Scanning electron microscope

Two-dimensional SEM micrographs of the sample were acquired using a
TESCAN MIRA3 GMU (TESCAN Brno, s.r.o., Brno, Czechia). Multiple de-
tectors are available for this SEM, and a secondary electron detector was
chosen for pure topographic imaging. The electron beam voltage of 2 kV
was selected, which corresponds to a beam spot size of 25 nm. To create the
stereo-pair images, the eucentric tilting of the sample stage was used with a
tilt of ˘5˝ from a central tilted position of 20˝. The sample stage could be
tilted towards the detector to increase the electron yield from the sample–
detector interaction and to obtain higher topographic contrast in the images.
Before scanning the surface, it is necessary to co-localize the ROI. We used
the MeX software co-localization tool, placing a 2D image from the CCM-
measured topography into the live image from the SEM. The central tilted
position (i.e., at 20 ˝) described above was aligned with the texture informa-
tion from the CCM image in the software. The texture information provided
the necessary fiducial marks to center the SEM micrographs for the CCM
measurement. The obtained stereo-pair SEM micrographs used a magnifi-
cation of 554x with a field of view of 2 mm. The two resulting micrographs
were cropped to a 4096 x 4096-pixel area with 488.28-nm lateral resolution.

SEM stereo-photogrammetry

After locating ROI on the SEM live image and aligning with the CCM 2D
image, stereo-pair images were acquired from two perspectives ˘5˝ from a
central tilted position of 20˝. As shown in Figure II.3, the stereo-pair im-
ages were used to create a disparity map showing the lateral distances of
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Figure II.3: SEM stereo-photogrammetry requires at least two images from
different perspectives, i.e., A and B. Image pixels in both images undergo
lateral displacement, i.e., (1) and (2). By knowing how far identified features
are displaced and the angle of perspective, ˘α, triangulation can be used to
calculate the height (h) in every pixel.

identical features located at slightly different positions in the two images.
In Figure II.3, a reference standard sphere consisting of Polystyrene Divinyl-
benzene and traceable diameter of 10-µm (4D-10, 4D Series Dry Microsphere
Size Standards NIST, Thermo Scientific™) is captured on the SEM and ar-
ranged with relatively different orientations in each image. To estimate the
3D topography, the disparity map with the known tilt angles was used to
calculate the topographic maps by triangulation. The sphere can be recon-
structed in its 3D shape, but not the areas below the sphere occluded to the
sensor. From the SEMs toolbox, we used the software MeX 6.0 (Alicona Imag-
ing GmbH, Raaba/Graz, Austria) as a standard to create the topographic
datasets. We downscaled the dataset using bilinear spline interpolation after
the topographic maps were created. This step was necessary to adjust the
lateral resolution of the CCMs topographic dataset.



The statistical parameters

To extract the different spatial components on a topographic dataset, differ-
ent spatial filters are used. In the context of areal surface characterization,
two filters are used, the S-filter and the L-filter. The former removes small-
scale lateral components such as residual noise, and the latter limits the ef-
fects of large-scale components in the surface texture. The application of
these filters results in a scale-limited surface. To obtain scale-limited surfaces
from the topographic datasets, the general procedure presented in the ISO
25178-3 specifications [1] was followed. Second-order polynomial regression
was used to derive the form from the extracted surfaces. The use of S and
L Gaussian filters with 2.5´ µm and 250´ µm nesting indexes, respectively,
resulted in a scale-limited (S-L) surface dataset. The lateral resolution of the
CCM dataset, i.e., 1.36 µm, was used as the minimum possible value for the
S-filter nesting index. Importantly for the bandwidth matching condition,
each extracted dataset used for this comparison had the same number of pix-
els and equal lateral resolution. The generated S-L surface was conformable
with the bandwidth characteristics of both profilometry systems.

Areal parameters, introduced in ISO 25178-2, are used for analysing sur-
face texture. The areal root mean square surface heights (Sq) and the 1D
power spectral density (1D-PSD) function in the axial directions, i.e., CD and
MD, were calculated from the obtained S-L surface. The Sq parameter served
as a comparison tool for analysing the overall areal roughness. However, it
does not take into consideration directional features such as those encoun-
tered on anisotropic surfaces. To account for the directional anisotropy of
the samples, the 1D-PSD 7 is used within the spatial bandwidth limits of the
instruments, and the integration of the curve in the 1D-PSD results in the
RMS surface roughness 8 for the MD and the CD.

PSD( fx) =
δx

N
|FFT|2 (7)

σ2
rms =

ż fmax

fmin

PSD( f )d f (8)

where δx is the lateral resolution of the system, N the number of pixels in
the measurement direction, and |FFT|2 the fast Fourier transform of the S-
L surface. The result of integrating the PSD is the profile parameter, σrms,
analogous to the one-dimensional rms roughness, Rq.

Results and discussion

Topography dataset generation and representation

The surface topography of one PE-coated paperboard sample was deter-
mined using CCM and 3D SEM stereo-photogrammetry measurement tech-



niques. The results are comparable only if the instruments’ spatial wave-
lengths match within the bandwidth limits of the measurements, so special
care is taken to use appropriate filtering techniques to ensure adequate re-
sulting topographies, as described in the "Materials and methods" section.

Figure II.4 presents the surface topography of the sample. The region
of interest (ROI) has been cropped to 1.6 x 0.8 mm. First, a low-pass fil-
ter (S-filter) with a 2.5-µm nested index was used and next a second-order
polynomial regression to remove the form in the surface was applied to the
topographic datasets to obtain the presented primary surfaces.
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Figure II.4: The primary surface resulting from the sample topography mea-
surement using (a) a CCM and (b) a 3D stereo-photogrammetry SEM. An
S-filter with a 2.5-µm nesting index was used in the primary and, later, in
a second-order polynomial regression to extract the form from the filtered
dataset.

Close agreement was found between the topographic datasets obtained
from measurements using the two profilometry techniques. While the CCM
benefits from the smooth surface of the PE-coated paperboard, allowing ac-
curate measurement of the sample topography, SEM stereo-photogrammetry
does not. The image shows that the topography obtained using the SEM



stereo-photogrammetry technique suffers from uses artefacts. These arte-
facts formed on the axis along which the sample stage was tilted during
stereo-pair image acquisition. Figure II.4(b) is aligned with the CD of the
paperboard manufacturing process. The many flat areas encountered on the
surface and the low magnification of the SEM images affect the parallax pho-
togrammetry conditions when estimating the disparity map, amplifying the
artefact propagation along with the topography. This is a known limitation
of photogrammetry techniques [17].

A long-pass filter (L-Filter) with a 250-µm nesting index was applied
to the primary surfaces obtained from both datasets, resulting in the
bandwidth-matched S-L surface necessary for the statistical validation used
during instrument inter-comparison. In total, 128 one-dimensional height
profiles along the CD (i.e., horizontal axis) were extracted and averaged.
Figure II.5 compares the averaged profiles obtained from both measurement
techniques. From the curves, in Figure II.5, when calculated the normalized
root mean square surface roughness of the averaged profiles, it shows that
obtained surface roughness from the SEM topography is 6% greater than that
obtained using the reference method.
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Figure II.5: A total of 128 averaged profiles from the S-F surface. The profiles
were selected across the CD (mm) with topographic average heights h [µm].

Finally, Sq was calculated as well as the 1D-PSD in both machine direc-
tions on both the S-L surfaces, as shown in Figure II.6. From the resulting
1D-PSD, we calculated the surface roughness parameter, σrms, in each di-
rection on the surface. Table II.1 presents the resulting areal parameter, Sq,
and the roughness value obtained after integrating the 1D-PSD curves from
equation 8, in both MD and CD.

The roughness values from the surface texture, Sq, and the one-
dimensional surface roughness, σrms in the MD, obtained using the SEM
stereo-photogrammetry dataset, are higher than those obtained using the
reference method, while σrms in the CD from the same dataset is smaller.
The difference in the surface roughness calculated from the averaged pro-
files is larger in the SEM than in the CCM datasets but is measured from a
small area. By using the 1D-PSD, we can calculate the surface roughness
of the complete dataset and simultaneously separate the effects from the



anisotropic behavior of the samples by separately measuring the 1D-PSD in
both CD and MD [7].

We conclude that the calculated statistical parameters in both topographic
datasets generally agree well. The differences found when comparing the
areal parameter Sq and σrms in MD are related to the artefacts and noise re-
sulting from the SEM topography dataset. According to our observations,
this is related to the direction of the stereo pair projection in the stereo-
photogrammetry technique SEM.
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Figure II.6: Roughness component of S-L surface obtained from (a) CCM and
(b) SEM stereo-photogrammetry topography datasets. PSD was calculated
from both topographies (c) in CD and MD to directly compare the orthogonal
texture behaviour.

Table II.1: Calculated statistical parameters: Sq from areal topography and
σrms from the 1D-PSD in MD and CD.

Sq [µm] σCD [µm] σMD [µm]

SEM 1.07 1.05 1.14
CCM 0.97 1.11 0.94

Conclusion

SEM stereo-photogrammetry has been proposed as a profilometry technique
for the surface roughness characterization of high-quality PE-coated paper-
board. We demonstrated that this imaging tool in combination with the



procedure to produce topographic height information can be used as a pro-
filometry instrument in the paper and paperboard industry. In our study,
surface roughness measurements from a reference profilometry method, i.e.,
CCM, were compared with those from the SEM stereo-photogrammetry to-
pography of PE-coated paperboard, with special attention paid to imple-
menting a bandwidth matching strategy, essential for valid instrument inter-
comparison. Our results indicate good agreement between both topogra-
phy datasets, and validation from the reference method indicates that SEM
stereo-photogrammetry can be used for the surface roughness characteriza-
tion of PE-coated paperboard. Despite the small differences on the surface
parameter resulted from the artefacts inherent to the photogrammetry tech-
nique, affecting the accuracy of the results, the technique’s short acquisition
time versus that of the reference method can be a key point in selecting one
method over the other. Our study opens up the possibility of investigating
the effects of different SEM parameters on the accuracy of the profilometry
results. In a future study, we propose comparing different settings based on
the SEM’s magnification, tilting angle, and voltage of the beam source, which
could lead to improvements in the accuracy of the stereo-photogrammetry
technique and compared a larger set of produced paperboard samples, in-
cluding laminated paperboard composed of pigmented coatings.
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