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Abstract: In food packaging, low-density polyethylene
(PE) coating is applied to paperboards to act as a func-
tional barrier and to provide the smoothness required to
enhance printability. These characteristics are related to
thematerial’s surface roughness, theparametermonitored
during the manufacturing process. Measurement of sur-
face roughness using optical profilometry has gained im-
portance in the paper industry. The optical 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 lim-
itation, and the use of stereo-photogrammetry on SEM
images can be seen as an alternative profilometry tech-
nique to measure surface roughness. In this investigation,
the surface topography of industriallymanufactured high-
quality PE-coated paperboard was studied, comparing the
SEM stereo-photogrammetry technique with a reference
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 Ge-
ometric Product Specifications. We concluded that SEM
stereo-photogrammetry provides comparable accurate al-
ternative profilometry method for characterizing the sur-
face roughness of PE-coated paperboard in themicrometer
scale.
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Introduction

Paperboard grades are classified depending on their func-
tionality, with food packaging paperboard being higher in
optical and surface quality. Different surface finishes and
coatings are specified to produce the desired product func-
tionalities and qualities. In the food packaging industry,
polyethylene (PE) coating is applied to paperboards be-
cause of its excellent barrier functionality against mois-
ture 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 pa-
perboard through its correlation with optical properties,
such as gloss uniformity, which are related to the final
product specifications (Béland and Bennett 2000).

Industrial surface characterization of
paperboard

In PE coating of paperboard, the measurement of sur-
face roughness is used to monitor the smoothness of the
final product, which is a surface parameter that affects
printability. The standard for measuring surface rough-
ness in the paper and board industry is based on the air
leak method, i. e. Bendtsen, Bekk and Parker print surf
(PPS) (Enomae andOnabe 1997). Themeasurement instru-
ment estimates surface roughness bymeasuring the rate at
which air escapes from a system consisting of metal plates
sandwiched between paperboard samples, and the results
are correlatedwith the roughnessparameter of the sample.
The calibration used to estimate roughness values is lim-
ited by the range of spatial distribution of the surface of the
product grade. Although what constitutes a good agree-
ment between paper and paperboard grades and their sur-
face parameters is well defined, the associated measure-
mentmethods cannot providedetailed informationon sur-
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face texture or its spatial distribution (e. g. roughness vari-
ation) 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 (Mettänen and Hirn 2015). It demonstrated that the
preferred and selected instrument depends on the spa-
tial distribution of the surface roughness, and systematic
deviations were present in all-optical measurement tech-
niques 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 tech-
nique for characterizing all paper grades. Optical devices
such as confocal scanningmicroscopes (Jordan et al. 1998)
and scanning electron microscopes (SEMs) (Hawkes and
Reimer 2013) are valuable tools for surface characteriza-
tion. Chromatic confocal microscope (CCM) is a variation
within the former category ofmicroscopes, and it has been
included in the new ISO 25178 Geometric Product Specifi-
cations (Blateyron 2011) for areal surface characterization.
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 nanome-
ters (Mettänen and Hirn 2015). The high dynamic range
of the SEM represents an advantage over other imaging
techniques. SEM is employed for the surface characteriza-
tion of paper and paperboard, with the paper and paper-
board sample’s cross-section commonly being analyzed
under this microscope. This technique provides informa-
tion about the local structures in thematerial composition
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 distri-
bution of the board and its coating thickness uniformity
(Dahlström and Uesaka 2009). This approach has also
been used to quantify different surface statistical param-
eters, including surface roughness, of commercial super-
calender paper (Chinga et al. 2007). Although these meth-
ods provide agreement as to how the local composition
affects the paper quality, cross-sectional analysis is time-
consuming and invasive. The sample’s preparation can re-
sult 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 photons, allowing
the SEM to analyze specimens using a larger field of
view with a greater depth of field and greater magni-
fication. It also permits observation of surface details,
such as topographic texture and material contrast, up to
nanometer resolution. Thehighlydetailed topographic im-
ages acquired by an SEM are two-dimensional, and the
gray-scale information lacks quantified depth informa-
tion about the specimen. Software developers are now in-
tegrating stereo-photogrammetry to estimate surface to-
pography (Marinello et al. 2008) from SEM micrographs.
Several photogrammetry techniques have been proposed,
with stereo-photogrammetry being one of the most pop-
ular (Howell 1978). 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 to-
wards the detector at different angles, contributing to
changes in perspective relative to the same region of in-
terest (ROI). This profilometry technique for characteriz-
ing paper samples using the SEM was reported by Eno-
mae (Enomae et al. 1993). It used stereo-photogrammetry
after acquiring two images from two detectors positioned
at both sides of the electron beam column, generating the
disparity map necessary for calculating depth in the sam-
ple image. Most recently, instrument inter-comparison us-
ing optical coherence scanning interferometry and 3DSEM
stereo-photogrammetry for dental implantswas presented
(Glon et al. 2014). Surface roughness analysis was com-
pared among the instruments, with the author selecting
the root mean square roughness (Rq) and power spectral
density function (PSD) surface parameters for statistical
validation. PSD analysis provided a resource for instru-
ment inter-comparison, using the spatial bandwidth lim-
its of the instruments and the resulting integration limits
for surface roughness calculations and to highlight the dif-
ferences in the results.

Duparré (Duparré et al. 2002) proposed studying
larger-scale PSD in the topographyof paper samples of var-
ious grades. Two profilometers with overlapping spatial
bandwidth distributionswere employed to extend the spa-
tial wavelength analysis of the PSD. Similarly, multi-scale
analysis using a focus variation optical profilometer has
been proposed (Vernhes et al. 2008) for the analysis of dif-
ferent grades of papers based on the new ISO 25178 speci-
fications, 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
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Figure 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 × 20mm PE-coated paperboard 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.

the different bandwidth limits. An essential part of the
inter-instrument comparison is to use the bandwidth lim-
its of the instruments as information for validating the sur-
face parameter characterization. To this end, bandwidth
matchingguidelines for inter-instrument comparisonhave
been formally introduced by Leach (Leach and Haitjema
2010).

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 de-
fines 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 comparison is necessary. The spa-
tial 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 elec-
trons.

Outline of the article

In this study, we measured the surface topography of an
industrially manufactured, high-quality PE-coated paper-
board 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 micro-
scope (SEM) and a valid comparison with reference op-
tical profilometry using a chromatic confocal microscope
(CCM). We described the use of the software tool MeX 6.0
(Alicona Imaging GmbH, Raaba/Graz, Austria), as it was
included in the SEM software tools for obtaining the sur-
face 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 sample’s machine direction (MD) and cross-
machine direction (CD) (Alam et al. 2011), using the re-
sults for the inter-instrument comparison validation. From
the PSD curves, the one-dimensional roughness parame-
ter, Rq, was calculated from both datasets. The following
section describes the sample preparation, the instruments
used in the measurements, and the methods for surface
parameter extraction. Following that, we introduce the to-
pography maps and the results of the metrology analysis.
Finally, conclusions and future work are presented.

Materials and methods
This section presents the sample preparation and instru-
ment selection and description. Furthermore, it describes
the statistical parameters used for the analysis and com-
parison of the topographic datasets.

Samples

The sample selected for this study is a 20 × 20mm sample
from an industrially manufactured low-density polyethy-
lene (PE)-coated paperboard sheet. Figure 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 themanufacturing process.
The surface topography of the sample was measured us-
ing two microscopes, i. e., a CCM and an SEM. Figure 1(b)
shows the sample being imaged by the SEM under normal
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incidence.We located a region of interest (ROI) (A), used to
generate identical topography datasets. To accurately de-
termine the center of the sample where the ROI also has its
center, a pattern (B) was engraved using a CNC laser ma-
chine to more accurately and precisely locate the marks.
The pattern also provides information regarding the ori-
entation of the sample during the manufacturing process,
i. e., the machine direction (MD) and cross-machine direc-
tion (CD). These directions are important when measur-
ing the statistical parameters on anisotropic surfaces like
those found in paper and paperboard. The orientation 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 sam-
ple surface to obtain high-contrast SEM images while re-
ducing 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
coatedwith a top layer of iridium to finally obtain the same
surface topography.

Instruments

Chromatic confocal microscope

Chromatic confocal microscope (FRT MicroProf; Fries Re-
search & Technology GmbH, Bergisch Gladbach, Ger-
many)was employed as the reference devicewithwhich to
obtain the surface texture and surface statistical parame-
ters from the PE-coated paperboard sample; these param-
eters are included in the new ISO 25178 specifications for
both instrument and statistical validation. The CCM is lo-
cated in a laboratory with controlled and stable temper-
ature and humidity, to ensure the repeatability of the re-
sults during the measurement acquisition time. Figure 2
shows a schematic of the CCM. A white light source (400–
700nm spectral range) is collimated through the system
and focused on the inspected surface by a positive chro-
matic aberration lens. The chromatic aberration in the lens
is specifically designed to be as great as possible, dispers-
ing 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 detector placed in front of
a spectrometer. The spectrometer decodes the spectral in-

Figure 2: Chromatic confocal microscope.

formation as the local height variation from the calibrated
spectral range. Theopticalmicroscope employsnomoving
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 probewith 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 tech-
niques. The range of heights that this instrument canmea-
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 tomeasure topographies in
objects with steep local variations.

Scanning electron microscope

Two-dimensional SEMmicrographs of the samplewere ac-
quired using a TESCANMIRA3 GMU (TESCANBrno, s. r. o.,
Brno, Czechia). Multiple detectors 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 information from the
CCM image in the software. The texture information pro-
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Figure 3: SEM stereo-photogrammetry requires at least two images
from different perspectives, i. e., A and B. Image pixels in both im-
ages 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.

vided the necessary fiducial marks to center the SEM mi-
crographs for the CCMmeasurement. The obtained stereo-
pair SEMmicrographs used amagnification of 554×with a
field of view of 2mm. The two resulting micrographs were
cropped to a 4096 × 4096 pixel areawith 488.28 nm lateral
resolution.

SEM stereo-photogrammetry

After locating ROI on the SEM live image and aligningwith
the CCM 2D image, stereo-pair images were acquired from
two perspectives ±5° from a central tilted position of 20°.
As shown in Figure 3, the stereo-pair images were used
to create a disparity map showing the lateral distances of
identical features located at slightly different positions in
the two images. In Figure 3, a reference standard sphere
consisting of PolystyreneDivinylbenzene and traceable di-
ameter of 10 µm (4D-10, 4D Series Dry Microsphere Size
Standards NIST, Thermo Scientific™) is captured on the
SEM and arranged with relatively different orientations in
each image. To estimate the 3D topography, the dispar-
ity map with the known tilt angles was used to calculate
the topographic maps by triangulation. The sphere can
be reconstructed in its 3D shape, but not the areas be-
low the sphere occluded to the sensor. From the SEMs

toolbox, we used the software MeX 6.0 (Alicona Imaging
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 topo-
graphic dataset, different 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 effects of large-scale components
in the surface texture. The application of these filters re-
sults in a scale-limited surface. To obtain scale-limited sur-
faces from the topographic datasets, the general procedure
presented in the ISO 25178-3 specifications (ISO 25178-3
2012) 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 possi-
ble value for the S-filter nesting index. Importantly for
the bandwidthmatching condition, each extracteddataset
used for this comparison had the same number of pix-
els and equal lateral resolution. The generated S-L sur-
face was conformable with the bandwidth characteristics
of both profilometry systems.

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

PSD(fx) =
δx
N
|FFT|2 (1)

σ2rms =
fmax

∫
fmin

PSD(f )df (2)
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Figure 4: The primary surface resulting from the sample topography
measurement 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.

where δx is the lateral resolution of the system,N the num-
ber of pixels in the measurement direction, and |FFT|2 the
fast Fourier transform of the S-L surface. The result of in-
tegrating 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 determined using CCM and 3D SEM stereo-
photogrammetrymeasurement techniques. The results are
comparable only if the instruments’ spatial wavelengths
match within the bandwidth limits of the measurements,
so special care is taken to use appropriate filtering tech-
niques to ensure adequate resulting topographies, as de-
scribed in the “Materials and methods” section.

Figure 4 presents the surface topography of the sam-
ple. The region of interest (ROI) has been cropped to 1.6
× 0.8mm. First, a low-pass filter (S-filter) with a 2.5 µm
nested index was used and next a second-order polyno-
mial regression to remove the form in the surface was ap-
plied to the topographic datasets to obtain the presented
primary surfaces.

Figure 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].

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, al-
lowing accurate measurement of the sample topogra-
phy, SEM stereo-photogrammetry does not. The image
shows that the topography obtained using the SEM stereo-
photogrammetry technique suffers from uses artefacts.
These artefacts formed on the axis along which the sam-
ple stage was tilted during stereo-pair image acquisi-
tion. Figure 4(b) is aligned with the CD of the paper-
board manufacturing process. The many flat areas en-
countered on the surface and the low magnification of
the SEM images affect the parallax photogrammetry con-
ditions when estimating the disparitymap, amplifying the
artefact propagation along with the topography. This is
a known limitation of photogrammetry techniques (Pou-
chou et al. 2002).

A long-pass filter (L-Filter)with a 250 µmnesting 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 in-
strument inter-comparison. In total, 128 one-dimensional
height profiles along the CD (i. e., horizontal axis) were ex-
tracted and averaged. Figure 5 compares the averaged pro-
files obtained from both measurement techniques. From
the curves, in Figure 5, when calculated the normalized
root mean square surface roughness of the averaged pro-
files, it shows that obtained surface roughness from the
SEM topography is 6% greater than that obtained using
the reference method.

Finally, Sq was calculated as well as the 1D-PSD in
both machine directions on both the S-L surfaces, as
shown in Figure 6. From the resulting 1D-PSD, we calcu-
lated the surface roughness parameter, σrms, in each direc-
tion on the surface. Table 1 presents the resulting areal pa-
rameter, Sq, and the roughness value obtained after inte-
grating the 1D-PSD curves from Equation (2), in both MD
and CD.

The roughness values from the surface texture, Sq,
and the one-dimensional surface roughness, σrms in
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Figure 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 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

the MD, obtained using the SEM stereo-photogrammetry
dataset, are higher than those obtained using the refer-
encemethod, while σrms in the CD from the same dataset is
smaller. Thedifference in the surface roughness calculated
from the averaged profiles 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 (Duparré et al.
2002).

We conclude that the calculated statistical parameters
in both topographic datasets generally agree well. The dif-
ferences 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.

Conclusion

SEM stereo-photogrammetry has been proposed as a pro-
filometry technique for the surface roughness characteri-
zation of high-quality PE-coated paperboard. We demon-
strated that this imaging tool in combination with the pro-
cedure to produce topographic height information can be
used as a profilometry instrument in the paper and pa-
perboard industry. In our study, surface roughness mea-
surements from a reference profilometry method, i. e.,
CCM, were compared with those from the SEM stereo-
photogrammetry topography of PE-coated paperboard,
with special attention paid to implementing a bandwidth
matching strategy, essential for valid instrument inter-
comparison. Our results indicate good agreement between
both topography datasets, and validation from the refer-
ence method indicates that SEM stereo-photogrammetry
can be used for the surface roughness characterization of
PE-coated paperboard. Despite the small differences on
the surface parameter resulted from the artefacts inherent
to the photogrammetry technique, affecting the accuracy
of the results, the technique’s short acquisition timeversus
that of the referencemethod can be a key point in selecting
one method over the other. Our study opens up the possi-
bility of investigating the effects of different SEM param-
eters on the accuracy of the profilometry results. In a fu-
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ture 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,
including laminated paperboard composed of pigmented
coatings.
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