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Abstract: Micro-CT analysis of experimentally creased and
folded multilayer cardboards reveals insights into how the
material deformation due to the creasing and folding pro-
cess of cardboard impact the material concerning de-
laminations and position of broke particles. Delaminations
were found in various locations and varied in size from just
under a tenth of a millimeter to up to four times the thick-
ness of the cardboard. The particles varied in size, ranging
from a few micrometers to slightly larger than the cardboard
thickness. Characteristic dimensions for the creased and
folded cardboard were measured for selected cross sections.
The differences in characteristic dimensions for the cross
sections among the samples were typically a few hundredths
of amillimeter. There are differences between cross-sections
that are a few hundredths of a millimeter apart.

Keywords: microscopic studies; delamination; particles;
cartonboard; paperboard

1 Introduction

The structure of creases and folds in multilayer cardboards
is investigated. Variations in the structure along the crease
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line and properties of creased and folded cardboard are
identified. The analysis utilizes computed tomography at a
microscopic scale (1um) and bending moment measure-
ments, a property frequently used to characterize folding
(Niskanen 2012).

The entire production chain must be optimized for sus-
tainable development, not just individual parts. A damaged
package with discarded contents has a far greater environ-
mental impact than the packaging alone (Williams and Wik-
strom 2011; Singh et al. 2018). This highlights the importance of
considering the entire product chain’s impact in each pack-
aging application. Therefore, it is crucial to understand the
converting processes, including the folding behavior, to
ensure consistent performance across all instances.

Creasing and folding are critical processes in trans-
forming cardboard into an intact package with high structural
integrity. Cardboard, an anisotropic and inhomogeneous
material, requires creasing to create an indentation that re-
duces its folding resistance (bending stiffness). The objective
of the creasing is to make the cardboard behave like a hinge
during folding, i.e., ensuring that the folded cardboard has in-
plane strength and stiffness, remains intact and simulta-
neously provides a well-defined package form capable of
withstanding mechanical loading when used. For instance, a
significant portion of the compressive load on a package is
supported by its corners (Grangard 1970; Marin et al. 2021;
Ristinmaa et al. 2012).

The creasing and folding process involves deformation
and damage mechanisms (Coffin and Nygéards 2017). The
process has been investigated through numerical modeling
and measurement, focusing on aspects such as creasing depth
and the impact of the creasing matrix (Huang and Nygérds
2011; Huang et al. 2014; Nagasawa et al. 2003) and the shear
strength in different layers (Nygards et al. 2014). Recently,
numerical simulation has modeled the creasing and folding of
a package corner, revealing a complex interaction of delam-
ination and self-contact (Robertsson et al. 2023).

Generally, fiber bonds are observed to break during
creasing due to the shear stresses induced during the loading
part of the creasing process, resulting in delamination.
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Delamination also occurs during the unloading part of the
creasing process as the material relaxes and internal
stresses redistribute (Nygéards et al. 2009). During folding,
additional delaminations occur, and visible cavities are
formed. The cavities result in characteristic impressions,
visible as bulges, see Figure 1. Bending stiffness, a property
frequently studied concerning creasing and folding, is often
measured using various techniques to assess changes during
the process (Coffin and Nygérds 2017).

The structure of creased and folded cardboard is typically
shown in cross-sections, such as SEM images. Variations
include delamination symmetry, bulge skewness, shape,
indentation groove visibility, and potential surface layer cracks
(Persson et al. 2023). Symmetrical creases without in-plane
cracks lead to desired folding results (Coffin and Nygards 2017).

The creasing and folding process has been extensively
studied to understand and optimize packaging and product
chains. Studies typically investigate the structure of creased
and folded cardboard, and different properties are evalu-
ated based on the microscopic characteristics of selected
cross-sections.

A problem that may arise if only single cross-sections are
studied is that variations along the crease line are missed.
Previous studies indicate that there is a variation in structure
and behavior along the crease line (Coffin and Nygards 2017),
but the published literature on the variation is sparse.

The pupose of this study is to expand the published
knowledge of the structure of creased and folded cardboard
and its variation along the fold.

Computed tomography (CT) is a well-used method to
obtain 3D images of materials (Maire and Withers 2014) and
has been used to study cellulose based fiber material and
cardboard in several previous studies of defects, fibers,
pores, fluid transport and mechanical behavior (Du Roscoat
et al. 2012; Johansson et al. 2022; Kaeppeler et al. 2022; Mark
et al. 2012; Pacheco and Goyal 2011; Saxena et al. 2017; Viguié
et al. 2011; Wallmeier et al. 2021).

This study uses computed tomography to investigate the
3D microstructure of creased and folded cardboard, aiming
to visualize the fold along the entire crease line. This will
reveal whether cross-sectional images in the area vary or
remain consistent.
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Figure 1: Example of cross-sections of creased
and folded cardboard.

2 Materials and methods

The board used is a four-ply board. The stock (pulp slurry)
hasbeen sprayed out from the headbox onto a flat wire. Each
ply has been formed separately and was then couched
together. The board was manufactured at Iggesund Mill,
Holmen Kartong. In this study, the cardboard is called KM1.
It has a grammage of about 330 g/m? a thickness of about
0,44 mm and is uncoated. The cardboard was creased in the
laboratory in Iggesund with Marbach punch (Laborpresse)
and crease-tested with their Lorentzen and Wettre (Creas-
ability tester PTS) tools for crease sample analysis.

Creasing was done to a crease depth of the cardboard
thickness, i.e., where the creasing ruler, a two-point ruler
(0,7 mm), was in the upper edge line of the matrix (pertinax
width 1,1mm), as shown in Figure 2. The die was deep
enough to avoid contact between the cardboard and the
bottom of the die during creasing. The creases and folds are
denoted according to Figure 3 relative to the directions of the
cardboard.

After the creasing, bending measurements were carried
out on creased samples at Iggesund Mill, where the sample is
bent (90° per second) with the crease in the center of rotation
at the same time as the reaction force is measured. The arm
length of the used bending moment tester was 10 mm, the
sample width was 37,5mm and the sample length 75 mm.
The samples were folded 90° towards the ridge. The bending
moment curves show an average of five measurements. See
Figure 4.

The unfolded samples and the sample folded to 90°
during bending measurement were analyzed with the help
of uCT scanner Bruker Skyscan 1,272 when relaxed. The
samples inserted into the CT scanner were cut with a scalpel
to the dimensions of 7 x 34 mm and inserted into a sample
holder, as shown in Figure 5; a directional display paper was
used to keep track of the mounting side (the order of the
samples). An electric current of 200 uA and acceleration
voltage of 50 kV were used in the CT scans, and no filter was
applied during scanning in the Bruker CT system. The scan
resolution was set to 4,904 x 3,280, and the voxel size was
approximately 2um. CT data was reconstructed using
InstaRecon software, optimizing the data set concerning
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Figure 2: Schematic creasing device (not to
scale).

Figure 3: Crease-designations: Relative to the
machine direction (MD) and transverse
direction (CD) of the carton board.

MD crease

Figure 4: Bending moment measurement:
Equipment (schematic left), example bending
moment curve (right). After creasing, the
cardboard has an indentation groove on the

indentation side and a ridge on the other. The

matrix
channel width
Y\/C|;
MD CD crease ——>
MD crease ——>

<<= load cell
10 mm % 3000
o 2500

crease line 2

2 2000

clamp
clamp rotating 1500

around crease line
1000
500 /

0 -

post-alignment correction, beam hardening, and ring arti-
facts. After scanning and reconstruction, the CT volume data
was analyzed in the Volume Graphics VGStudio Max three
software by utilizing cross-sectional viewing of scanned
specimens. To ensure that no important raw data was
filtered out, the CT-data analyzed in the present study was
the unfiltered raw data and measurements were done
manually in the VGStudio software cross-sectional views.

Three different types of sections were analyzed: cross-
sections approximately perpendicular to the crease line
(here designated TOP — usually those studied in SEM mi-
croscopes), cross-sections approximately parallel to the
crease line (here designated FRONT), and cross-sections
approximately in the thickness direction parallel to the
plane of the cardboard (here designated RIGHT). An example
of an intersection plane for the different cross-sections is
illustrated in Figure 6.

For each type of cross-section a series of images spaced
0.02mm apart were studied. The spacing distance was
chosen to be able to capture interesting differences.
Typical images of cross-sections were selected and are
shown in the results. The images have been analyzed in

0 10 20 30 40

cardboard is bent towards the ridge. Sample
width 37.5 mm and sample length 75 mm,
crease line 37.5 mm from the edge in the
middle of the sample. The sample is mounted
with the crease line in the center of rotation.

50 60 70 80 90
Bending Angle [°]

terms of typical structure (dimensional variation), parti-
cles, and delaminations.

Figure 7 presents the dimensions measured for the
cross-section TOP perpendicular to the crease line to char-
acterize the crease and fold. Variations in the width of the
cardboard and the length of particulates and delaminations
have been studied in cross-sections parallel to the crease line
(FRONT). Examples of cross-sections RIGHT are given to
show what they look like. The measurements of the char-
acteristic dimensions were performed in Adobe Photoshop
(PS 2024) with the ruler tool (using Filters (Stylize, Trace
Contour), zoomed 200 %, and with the help of guides).

3 Results and discussion

3.1 Bending momentum

The measured bending momentum for KM1 Holmen MD
crease is 22mNm, and for KM1 Holmen CD, it is 30mNm. The

results of all the bending momentum measurements are
summarized in Table 1.
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Figure 5: Test holder to the left; three samples
have been mounted, as well as a piece of paper
for directional guidance. 3D pCT scan to the
right; the samples were assembled in order:
Directional display paper, CD crease folded, CD
crease un-folded, MD crease un-folded.

MD crease un-folded

Figure 6: Example of planes for cross-sectional images illustrated in the 3D scan images. Illustration of how cross-sections perpendicular to the crease
through the cardboard (TOP) were taken, cross-sections parallel to the crease through the cardboard (FRONT) and cross-sections parallel to the thickness

direction (RIGHT) of the cardboard were taken.

Figure 7: Measurement of crease geometry according to Persson et al.
2023. Supplemented with measurements a and b from the middle to the
two edges, measurements a and b differ if the crease is asymmetrical.

3.2 General structure of CT image of
multilayer cardboard

A CT scan provides a three-dimensional image of the card-
board. The microstructure of the tested sample is generally
shown in grayscale in CT images, such as Figure 8, which
shows a TOP cross-sectional image of a creased board. What
CT scans illustrate is density variations. High density cor-
responds to a bright area, and low density corresponds to a
dark area.

In the figures, the fibers are visible in light grey. The
pores of the cardboard material is visible by the presence of

Table 1: Results of bending momentum measurements.

KM1 MD crease KM1 CD crease

Property Mean Std CoV Mean Std CoV
P&T crease momentum 224 176 79% 304 29 94%
90° (mMNm)

P&T crease force F5° 407.6 46.13 11.3% 6279 963 153%
(mN)

P&T crease force F15°  1,120.5 80.1 7.1% 17939 1822 10.2%
(mN)

P&T crease maximum 2,2359 1755 79% 3,071.5 2511 82%
force, Fmax (mN)

P&T crease momentum 13.2 134 101% 18.8 22 11.5%
15 sek (mNm)

P&T crease angle 90.0 0.07 0.1% 89.2 12 13%

maximum force (°)

darker areas in the board. Particles, that have a higher
density than the cellulose fibers, appear brighter than the
light grey.

Different aspects of the creased and folded cardboard
are illustrated in the different types of cross-sections.
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Figure 8: Creased board.

3.3 TOP - cross section perpendicular to the
crease line

The crease line is visible as a score where the creasing ruler
has hit and as a bead on the opposite side of the TOP cross-
section perpendicular to the crease line, see Figure 8.

CD folded | CDfolded

CD folded CD creased MD creasedl ¢D folded

CD creased

CD creased
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Figure 9 shows cross-sectional images perpendicular to
the crease line (TOP) of both folded and unfolded boards,
highlighting variations in local behavior at microscale
distances. This figure includes four subfigures: 9a, 9b, 9c,
and 9d, each containing images of the three cardboard
samples mounted in the CT-holder. The images are denoted
“CD folded,” “CD creased,” and “MD creased”, i.e., one
sample creased in CD and folded and two samples only
creased in the CD and MD directions. CT scanning for
Figure 9b and c, and 9d were conducted at distances of
0.04mm, 0.14mm, and 0.16 mm along the crease line,
respectively, relative to Figure 9a. The distances between
the subfigures are small, approximately a few times the
fiber thickness.

Visual differences between the creased images in
Figure 9a and b are noticeable, particularly in the areas
highlighted by white circles. Images 9a, 9c, and 9d appear
more similar to each other than to the images in Figure 9b,
with Figure 9c and d being perceived as very similar.

Figure 9c and d shows less delamination in the top layer
for the folded sample, which appears less open compared to
Figure 9b. The areas where visual differences between
Figure 9a and b are noted have been circled. Cavities appear
black in the images. For the folded sample, located on the far
left of the subfigures, more open delaminations are visually
evident in Figure 9b than in Figure 9a. The canted black lines
at the edge of the bead within the marked circles are clearer
or wider in Figure 9b.

For the creased unfolded CD sample in the middle of the
images, Figure 9a shows slightly longer delamination at the
bottom edge of the crease than Figure 9b, where the
delamination appears more open. Additionally, in

MD creased |

W/

USR] Figure 9: Cross-sectional TOP images for the

creased and folded board samples. Same scale
in all subfigures.
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Figure 9b—a more pronounced delamination is visible at the
top of the crease, evident inside the rings. For the creased
unfolded MD sample, more open delamination is seen in
Figure 9a compared to Figure 9b.

Characteristic dimensions I-III, as shown in Figure 7 for
the folded and unfolded but creased cardboard, are listed in
Table 2. The measurements vary by a few hundredths of a
millimeter across different cross-sections along the crease
line, with a minimum deviation of 0.01 mm and a maximum
of 0.07 mm (or 20 %) of the measurement. Surface roughness
differences are of the same magnitude, approximately
0.02mm on each side, resulting in a total variation of
+ 0.04 mm. If measurements were made against a smoothed
“mean” line for the cardboard surface rather than a local
intersection, the impact of surface roughness would be
minimized. However, the values in Table 2 would not have
been expected to change significantly. This study was based
on measurements performed manually, but the values in
Table 2 are considered accurate. Characteristic dimensions
a-b, as depicted in Figure 7 for the folded and unfolded but
creased board, are tabulated in Table 3. If the dimensions a
and b differ, the fold or crease line is asymmetrical. The
analysis shows that none of the samples studied are sym-
metrical, with an average difference of 0.3 mm between
dimensions a and b in the images shown in Figure 9. The
maximum difference measured is just under 1 mm.

3.4 FRONT - cross section parallel to the
crease line

Figure 10 presents cross-sectional FRONT images of the
crease line for both folded and unfolded boards, as depicted
in Figure 6. The CT images are labeled “CD folded,” “CD
creased,” and “MD creased” in each subfigure from 10a to
10f. The cavities observed in the images, with lengths of
1.75 mm, 0.56 mm, and 0.32 mm along the board’s in-plane
direction, are interpreted as longitudinal delamination
lines. Generally, longitudinal delaminations are present in
all creased samples across all plies. However, the concen-
tration and distribution between the top and middle plies
vary slightly between cross-sections.

In Figure 10a, the sample images outside the creased
area highlight some density variations in the cardboard and
the presence of particles. Figure 10b displays the folded
sample “CD folded” at its most delaminated point, where
longitudinal delaminations are visible. Notably, as is visible
in Figure 10a—f, a pronounced delamination does not run
parallel to the outer surface but cuts diagonally through the
material, indicating layer breaking. Longitudinal de-
laminations for the “CD creased” sample are only shown in

Table 2: Characteristic dimensions I-III for cross-sections of creased and folded cardboard. Average of five measurements, as well as minimum and maximum value measured.

MD creased

CD creased

CD folded

Measure [mm]

Top
0.16 mm

Top
0.14 mm

Top Top 0 mm Top
0.04 mm

0.16 mm

Top
0.14 mm

Top 0.04 mm Top 0.14 mm Top 0.16 mm Top 0 mm Top
0.04 mm

Top 0 mm

In cross- section

0.1209
0.1196
0.1222
0.4438
0.4438
0.4478
0.5673

0.121
0.1209
0.1223
0.4797
0.4784

0.105
0.1024
0.1063
0.4677
0.4664

0.101
0.0996
0.1023
0.4292
0.4292
0.4306
0.5316
0.5289
0.5329

0.1529
0.1515
0.1542
0.4239
0.4226

0.1568
0.1555
0.1568
0.4146
0.4133
0.4146
0.5701
0.5687
0.5727

0.1635
0.1634
0.1648
0.4093

0.1435
0.1435
0.1462
0.4146
0.4146
0.4186
0.5621
0.5581
0.5634

0.1624
0.1599
0.1639
0.4716

0.1559
0.1546
0.1572
0.4795
0.4781
0.4836
0.6366
0.6353

0.1387
0.1372

0.1653
0.1639
0.1654
0.4679
0.4666
0.4681
0.6304
0.6278
0.6306

Min

0.14
0.4885
0.4871

Max

II

0.408
0.4093
0.5727
0.5727
0.5741

0.47
0.4742
0.6339
0.6326
0.6351

Min

0.481
0.6019
0.6006
0.6033

0.469
0.5713

0.424
0.5755
0.5742
0.5755

0.491
0.6258
0.6245
0.6258

Max

I

0.566
0.5687

0.469
0.5726

Min

0.638

Max

DE GRUYTER
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Table 3: Characteristic dimensions for cross-sections of creased and folded cardboard.

Measure CD folded CD creased MD creased

[mm]

In cross- Top Top Top Top Top Top Top Top Top Top Top Top
section 0mm 0.04 mm 0.14 mm 0.16 mm Omm 0.04mm 0.14mm 0.16 mm Omm 0.04mm 0.14mm 0.16 mm
a 0.89 0.74 0.94 1.46 1.09 0.95 0.99 0.96 0.71 0.77 1.21 1.1
b 0.64 0.50 0.52 0.47 0.72 0.67 0.74 0.78 0.55 0.60 0.91 0.52
a/b[-] 1.40 1.48 1.80 3.10 1.51 1.40 1.34 1.24 1.28 1.30 1.33 2.12

Figure 10d-f, the other subfigures shows areas outside the
creased region for this sample. However, for the “MD
creased” sample, the delamination is at the center of the
crease region in Figure 10b. As shown in the figures, more
delamination lines become visible when the sample is fol-
ded, especially at the edge and bottom. The folded sample is
also thicker than the creased samples.

Clear delamination lines are not visible in the “MD
creased” sample, even when examining the crease line
directly. There are, however, short, elongated structures in

CD folded CD creased MD creased CD folded

CD folded CD creased MD creased

CD creased MD creased CD folded

CD creased

CD creased

the longitudinal direction that highlight the crease line.
Since the crease in the “MD creased” sample runs parallel to
the machine direction, the fibers align with the direction of
the crease. Consequently, greater pressure is typically
required to achieve a noticeable effect in the MD direction
due to the fiber orientation.

The delaminations vary across the cross-section,
ranging in length from short (approximately 0.08 mm) to
long (about 3-4 times the thickness of the cardboard).
Measurements taken from the images in Figure 10 show

MD creased

|CDf°d°dCDcr‘caschDcreased

MD creased
Figure 10: Cross-sectional FRONT images for
the creased and folded board samples.
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Table 4: Paper board thickness in FRONT images.

CD folded CD creased MD creased
Max 0.68 0.50 0.51
Min 0.49 0.45 0.45
Difference 0.19 0.05 0.05

that the thickness of the cardboard fluctuates by a few
hundredths of a millimeter up to a few tenths of a milli-
meter (see Table 4).

The variation observed in the TOP images in Figure 9 is
mirrored in the FRONT images of Figure 10, where the
extent of delamination changes along the crease line, either
up or down in the image. Notably, more delamination is
visible in the bottom layer compared to the rest of the board
thickness.

Figure 11: Example of cross-sectional RIGHT images.

DE GRUYTER

3.5 RIGHT - cross section in the cardboard
plane

Figure 11 presents examples of cross-sectional RIGHT im-
ages of the creased and folded cardboard, i.e. of the “CD
folded” sample with the cross sectional planes cut out
parallel to the plane depicted in Figure 6 to the right. In
Figure 11, the fibers are visible as light ribbons in the RIGHT
cross-sections. However, it is difficult to estimate fiber
length from a single RIGHT cross-section, as the fiber may
continue into or out-of-the plane without being visible.
Figure 11 displays an RIGHT image sequence that progres-
sively reveals different board views. Initially, only the un-
creased board is visible on the left. In the subsequent im-
ages, the view extends to the right of the crease; finally, only
the crease bulge is visible and a little of the cardboard to the
left of the crease.
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10.25 mm

Figure 12: TOP-view cross-sectional images of a broke particle at different positions along the crease line: (a) Initial appearance, (b) 0.08 mm from

(a), () 0.16 mm from (a), and (d) 0.32 mm from (a).
3.6 Depth, extent, and location of particles

The images in Figure 9 show that broke particles can differ in
images at a distance of 0.02 mm. The particles both exist and
are not present in the vicinity of delamination. Figure 12
shows the extent of a broke particle from its beginning to its
end, 0.32mm away. In the first cross-section, the particle
appears to be small, then larger, until it fades away again.
Broke particles range from a few micrometers to sizes
slightly larger than the cardboard thickness. Broke particles
may orginate from filling particles, which are of similar sizes
(du Roscoat et al. 2012).

4 Conclusions

In the present study, micro-CT scanning was utilized to
analyze the internal microstructure of creased and folded
multilayer cardboard in three dimensions. The findings
reveal substantial variation in delamination patterns
and the presence of high-density broke particles along
and across the crease line, even at very small spatial dis-
tances (as little as 0.02 mm). These structural differences
underscore the limitations of relying solely on single

cross-sectional images to evaluate crease and fold quality.
Delaminations ranged from less than 0.1 mm to several
times the board thickness and appeared in different layers
and orientations. Similarly, broke particles varied signifi-
cantly in size and were found in association with areas of
delamination. It was found that CT is a powerful tool for
material analysis of cardboard materials and the results
highlight the importance of comprehensive 3D imaging,
enabled by CT, when assessing the structural integrity of
packaging. Detailed insights into the material structure are
essential for optimizing material design and converting
processes to ensure consistent performance in packaging
applications.
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