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Creasing is a converting step in paperboard packaging development in which controlled
compression is used to define a series of folds. This type of deformation can cause damage
to the surface of coated paperboard, affecting its barrier performance. This thesis investigates
how the number of creasing rules and spacing between creasing rules affect surface damage
and barrier properties in dispersion-coated paperboard. Laboratory-scale creasing experi-
ments were conducted using single-rule and three-rule flatbed-type tools with varying spac-
ing between the three creasing rules at two nominal crease depths in both machine and cross-
machine directions. The achieved crease depths were verified using optical profilometry,
and the barrier performance was evaluated using oil and grease resistance measurements.
The results show that creasing with three rules leads to earlier oil penetration compared to
creasing with single rule, particularly when the distance between adjacent rules is shorter.
Closely spaced three-rule configurations resulted in the lowest OGR, whereas increased
spacing between the three rules improved barrier performance and approached the behavior
of the single-rule configuration. The results indicate that both the number of creasing rules
and the spacing between adjacent rules are governing parameters influencing creasing-in-
duced barrier degradation in dispersion-coated paperboard.
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1 Introduction

Sustainability in packaging has become a critical concern as industries and consumers seek
to use more eco-friendly alternatives to plastic-based packaging materials. Within this con-
text, paperboard has come to be recognized as a sustainable material given its ability to be
recycled and reused, thus offering a viable alternative to plastic-based materials in food and
other consumer product industries. However, although paperboard offers a number of ad-
vantages in terms of sustainability, its inability to provide a high level of barrier performance
in relation to moisture, oil, and grease makes it less viable for use in certain applications. To
this effect, coatings are applied to improve surface characteristics in terms of barrier re-
sistance, sealability, and printability. The main coating types used in paperboard-based pack-
aging include extrusion coating, lamination with plastic or aluminum, wax coatings, solvent
or water-based polymer coatings, and dispersion coatings (Kathuria and Zhang, 2022). These
can be applied through techniques such as extrusion coating, blade or rod coating, lamina-

tion, etc.

The currently used polyethylene extrusion coatings have shown a good level of acceptability
due to their excellent moisture barrier and sealing capabilities. However, they also reduce
recyclability and contribute to plastic waste. Therefore, more sustainable options are being
researched. Dispersion coatings, being a water-based polymer system, have shown better
recyclability and sustainability compared to other plastic coatings (Klier et al., 2020). How-
ever, they may also exhibit lower barrier properties and be affected by mechanical stress

during the conversion process.

The process of packaging conversion involves a series of mechanical steps used to transform
flat paperboard into a complete, functional three-dimensional structure. Since paperboard
materials are supplied in flat rolls, they require conversion to achieve a specific three-dimen-
sional shape that allows the material to perform various functions such as filling, sealing,
handling, and stacking. Packaging conversion includes processes like printing, cutting,
creasing, folding, and gluing. Meanwhile, convertibility refers to the ability of the material
to withstand these processes without losing its mechanical properties (Kirwan, 2005). One
of the most important stages in the conversion of various types of packaging materials is the

process of creasing, where the material is pressed in such a manner that it allows for folding.



Creasing is mainly done for folding cartons and paperboard trays. However, creasing causes
deformation in the material, which directly impacts the fibers as well as the coating. Creasing
may lead to cracks in the coating, delamination, and rupture of the fibers, resulting in a sig-

nificant loss of mechanical properties (Persson, Eriksson and Korin, 2023).

While some studies have investigated the creasing mechanism and coated paperboard barrier
properties (Leminen et al., 2018; 2019a; 2021; Lev et al., 2023; 2024), little research has
been conducted on the effect of certain parameters of creasing tools, such as the number and
spacing of creasing rules, on paperboard surface damage and barrier properties. This is an
important research gap, considering that paperboard surface damage, particularly due to
creasing, directly affects the coating properties and, in turn, the barrier properties of coated
paperboards, particularly in converting processes where high barrier properties are required.
The aim of this research is to evaluate the effect of creasing tool parameters, such as the
number and spacing of creasing rules, on paperboard surface damage and barrier properties
in the case of dispersion-coated paperboard, particularly in controlled laboratory-scale creas-

ing processes.

1.1 Research problem and research questions

The research problem under study in this thesis relates to the possibility of compromising
the integrity of barrier properties in dispersion-coated paperboard due to surface degradation
resulting from creasing, and the unknown effects of the number of creasing rules and their
spacing. When there is a mechanical interaction of creases due to improper spacing, it is
possible that the degradation of the coating may be accelerated, causing oil and grease to

penetrate through the coating at a premature stage.
Considering the research gap, the research aims to answer the research questions:

* How does the number of creasing rules affect the creasing-induced barrier degradation and

oil and grease resistance in dispersion-coated paperboard?

* How does the spacing between creasing rules impact creasing-induced surface damage of

dispersion coated paperboard?
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1.2 Objectives

The main aim of this study is to study the effect of creasing rule set-up and number on surface
damage and barrier behavior in dispersion-coated paperboard. More specifically, this re-

search study aims to:
e Examine the influence of the number of creasing rules (single versus three rules).
e Investigate the effect of different rule spacings within the three-rule configuration.
e Achieve two defined crease depths to conduct the investigation
e Evaluate retained barrier performance using oil and grease resistance testing.

By clarifying the relationship between creasing tool configuration and barrier degradation,
the study seeks to provide practical guidance for optimizing converting processes in sustain-

able packaging production.

2 Literature Review

The performance of coated paperboard during packaging conversion depends on the inter-
action between the fibrous substrate, the coating, and the mechanical stresses. Such defor-
mation, especially during creasing, may influence the structure of the fibers and the coating.
Thus, a complete understanding of the material-process interaction is a necessity to assess

the mechanical and functional behavior of the coated paperboards.

2.1 Paperboard and Coating Materials

Paperboard is a consolidated fibrous sheet material mainly derived from plant fibers. It con-
sists of a dense network of cellulose fibers, which are mechanically interlocked and bonded
to each other to form a compact material (Riley, 2012, p. 190; Kirwan, 2013, p. 214; Bajpai,
2018, p. 177). These cellulose fibers are derived mainly from wood, which serves as the
principal raw material. To obtain usable fibers, wood undergoes a conversion process called

pulping, through which the fibrous components are separated. Pulping can be carried out
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using mechanical methods, chemical treatments, or a combination of both, depending on the

required fiber properties and end-use application.

Paperboard has different properties in different directions because fibers tend to align along
the machine direction during the papermaking process. The direction perpendicular to MD
is called the cross direction (Figure 1). Due to this fiber orientation, mechanical and dimen-

sional properties differ between the two directions.

Fiber Orientation . . .
ﬁ Machine Direction (MD)
Cross-

Machine
Direction |
(cD)

Figure 1. Paperboard fiber orientation (Morris, 2011).

The application of paperboard is extensive, ranging from primary food contact materials to
secondary containers essential for the expanding e-commerce sector (Lin et al., 2024). De-
spite its inherent biodegradability and high strength-to-weight ratio, paperboard faces sig-
nificant technical challenges, such as its hydrophilic nature, which can compromise both
material’s mechanical properties and the safety of the contents (Singh et al., 2025). Conse-
quently, current studies are focused on the development of advanced functional coatings that
bridge the gap between material performance and circularity, as these surface treatments are
now the primary determinant of a package’s technical and environmental viability (Singh et

al., 2025; Virta, 2025).

Functional coatings transform the inherently porous structure of paperboard into a high-per-
formance barrier system, categorized primarily by their application method and chemical
composition (Khwaldia, Arab-Tehrany and Desobry, 2010). Pigment coatings, typically for-
mulated from mineral fillers like kaolin clay or calcium carbonate (CaC03), are applied pri-
marily to the surface of solid bleached sulfate (SBS) to optimize topography for high-fidelity

printing in the luxury and pharmaceutical sectors (Twede, 2012). For moisture and liquid
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protection, extrusion coatings have historically served as the industry benchmark; here, mol-
ten polymers such as Low-Density Polyethylene (LDPE) are coated onto the fiber substrate
to create a robust, non-porous barrier (Springer, 2021). Although these coatings have proven
to be efficient for liquid packaging and frozen foods, it has been difficult to separate these
coatings from the cellulose fibers, leading to a high level of contamination during the recy-
cling process (Deshwal, Panjagari and Alam, 2019). Additionally, although coatings such as
PLA have been used to increase the biodegradability of the packaging, these have been ob-
served to have a high level of brittleness, leading to a high probability of crease cracking
during the high-speed manufacturing process (Vishtal and Retulainen, 2012). As a result, the
packaging industry has moved towards the development of dispersion coatings, which are
used to overcome the problems associated with the recycling of the packaging material, as
well as the mechanical limitations of the biopolymer coatings (Mujtaba et al., 2022). Typi-
cally, the dispersion coatings are made up of styrene-butadiene (SB) or styrene-acrylate (SA)
polymer, dispersed in water. It has been observed that the dispersion coatings are made up
of a polymer matrix, together with functional additives used to modify the barrier, surface,
and processability of the coatings. (Morits et al., 2025) Although these coatings have been
observed to restrict the entry of moisture and oil into the packaging, these coatings have been
observed to have a high probability of being brittle, leading to cracking or delamination
during the manufacturing process, such as during the creasing process (Marin, Nygards and

Ostlund, 2022).

In terms of processing, the application of dispersion coatings is achieved in liquid form via
conventional coating techniques utilized in paper and board processing (rod, blade, or film
coating), and subsequent drying to achieve the barrier effect. Due to their aqueous nature
and similar handling to conventional printing inks, dispersion coatings can easily be inte-
grated in existing production lines without the need for the thick polymer films associated
with extrusion coating. (Marinelli et al., 2023) This is one reason dispersion coatings are an
environmentally friendly solution compared to plastic lamination, as it can offer a functional
barrier effect while enabling recyclability of fibers and minimizing the use of fossil fuels in

packaging materials.
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2.2 Creasing Process and Parameters

The process of conversion is the critical industrial link between the production of raw mate-
rials and the performance of the final packaging. The process includes the mechanical and
chemical processes required to transform flat paperboard rolls into protective three-dimen-
sional shapes (Twede, 2012). The process is critical to the production of packaging with the
required dimensions, strength, impermeability, and opening capability to satisfy the current
supply chain requirements. The conversion process differs depending on the type of pack-
aging. In the production of seamless paper trays and plates, the conversion process involves
deep drawing and pressing. In the production of folding cartons and corrugated shipping
containers, the conversion process involves high-speed die-cutting, folding, and gluing
(Vishtal and Retulainen, 2012). A critical process in the conversion of paperboard is the
creasing process. The process is mechanical, involving the use of a creasing rule to apply
pressure to the paperboard to create a specific fold line (Leminen et al., 2019b). The process
is critical to the accurate bending of the paperboard without impairing its strength. It involves
the use of pressure to force a rounded steel rule into the paperboard to a specific depth into
a groove or cavity, producing localized plastic deformation through the board thickness
(Leminen et al., 2019b). This deformation leads to characteristic changes in fiber orientation,
thickness reduction, and surface profile within the creased region (Li, Simon and Reese,
2014). Creasing is essential in folding cartons, corrugated containers, trays and other pack-

aging structures requiring controlled hinge formation.

Creasing is often performed by flatbed and rotary die-cutting, and wheel grooving. Die-cut-
ting dominates large-scale industrial production due to its high speed, dimensional precision
and repeatability, whereas wheel grooving on digital tables is more suitable for smaller pro-
duction volumes. (Bota et al., 2022) Both methods primarily promote controlled internal
delamination rather than surface cutting, thereby reducing bending stiffness along the crease
line (Marin, Nygards and Ostlund, 2022). By contrast, scoring forms a fold line through
localized surface cut, which can introduce higher strain concentrations and increase the risk
of delamination at the substrate-coating interface during subsequent folding (Choi, Lavrykov
and Ramarao, 2012). Differences in crease geometry are also observed: creased grooves are

typically wider than scored lines, although the depths may be comparable (Leminen et al.,
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2021) In flatbed die-cutting, wider matrix grooves have been associated with reduced folding

forces and improved formability in complex geometries (Leminen et al., 2019a).

Flatbed die cutting is generally accepted to be the preferred method of creasing in an indus-
trial environment due to its ability to offer precise control over the geometry of the crease,
afforded by well-defined rule widths and matrix groove sizes. This approach offers high
repeatability and dimensional stability in mass production operations (Kirwan, 2010 and
Twede, 2012). The construction of flatbed die-type creasing tools follows a male-female
assembly principle. The male component is comprised of hardened steel creasing rules with
defined heights and widths, integrated into a rigid die board, typically constructed from a
composite material such as laminated plywood (Kirwan, 2005). The female component, or
creasing matrix, is often constructed from an engineered polymer material with precision-
machined grooves to match the integrated creasing rules. The groove width and depth are
designed to allow for lateral movement of the compressed material while preventing exces-
sive shear stress and surface failure (Leminen et al., 2019a; Tanninen, 2015). The interaction
of the rule tip radius, groove clearance, and stroke depth directly affects the level of com-
pressive strain and shear deformation within the thickness of the board, directly influencing
the size of the plastic deformation zone. The vertical motion of the flatbed press directly
affects the penetration depth of the rule within the groove, which in turn affects the level of
plastic deformation and the development of the crease profile. (Li, Simon and Reese, 2014)
Uniform platen alignment and tool rigidity are crucial to prevent non-uniform stress distri-
bution, which in turn can result in non-uniformity in the depth of the crease, coating mi-
crocracking, and premature fiber failure. As such, the structural rigidity and alignment of the
tool assembly are critical to uniformity in the development of the crease profile, particularly

in coated and barrier-treated paperboard grades. (Marin, Nygards and Ostlund, 2022)

2.3 Influence of Coating Type and Thickness

The coating thickness and its flexibility are two critical parameters to be considered when
assessing the ability of a paperboard to withstand damage caused by creasing. In general, a
thick coating has superior barrier properties but higher crack susceptibility when creasing
occurs. Similarly, a flexible coating will be less susceptible to cracks when creasing happens,

although its barrier properties will be compromised. (Song et al., 2017)
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Coating composition, particularly the level of pigments, is found to have an important effect
on crease performance and longevity. Higher levels of pigments can improve barrier prop-
erties, although they often compromise the flexibility of the coating, making the paperboard

more prone to cracking and damage on bending. (Leminen et al., 2023).

The coating composition, such as the pigment content, plays a major role in affecting the
crease properties. Higher levels of pigments may improve the barrier properties, yet these
tend to reduce the coating's flex resistance, thus increasing the chances of damage to the

paperboard when bent. (Song et al., 2017)

2.4 Creasing-Induced Surface Damage

Surface damage to dispersion-coated paperboards caused by creasing usually includes sur-
face cracking, delamination, and failure of the coating. The principal mechanisms of surface

damage are as follows:

Surface Cracking: Crack initiation and propagation of the coating occur completely within
the coating. This happens when the tensile strains caused by the creasing process exceed the
strain limit of the coating. During the creasing process, the outer surface of the creased area

experiences a tensile stress, causing cracks (Robertsson et al., 2023).

The term delamination refers to the separation of the interface between the coating layer and
the fibrous substrate, or to layers within the board architecture. Contrary to cracking in the
coating material, where the cause is the interfacial stresses that exceed the adhesion strength
of the coating material, delamination is the process that is initiated by the interfacial stresses
that exceed the adhesion strength of the layers. The study of creasing and folding has shown
that delamination is the most prevalent internal damage mechanism. (Huang, Hagman and

Nygérds, 2014; Marin, Nygards and Ostlund, 2022).

Coating rupture or breakdown refers to cohesive failure in the coating layer, where the bar-
rier film does not crack but loses its structure. In such cases, the fragmentation or tearing of
the coating can occur along the crease line. Barrier coating research suggests that severe
deformation during converting can lead to cohesive failure in the coating, thus impairing oil

and grease resistance. (Lev et al., 2023; Morits et al., 2025).
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2.5 Factors Affecting Damage

The level of damage that is likely to occur as a result of creasing depends on various factors,
such as the flexibility of the coating material, the stiffness of the paperboard, and the mois-
ture content (Lev et al., 2023). Flexible coatings show higher resistance to cracking under
creasing pressure, while brittle coatings show higher susceptibility to cracking (Lev et al.,

2024).

The stiffness of the paperboard is of great importance in the creasing process. The higher the
stiffness of the paperboard, the higher the resistance of the paperboard to deformation under
the creasing pressure (Coles, 2013). The moisture content of the paperboard is of great im-
portance in determining the flexibility of the paperboard and the coating material. The higher
the moisture content, the higher the flexibility of the paperboard and the coating material.

However, excessive moisture content may cause delamination (Kirwan, 2005).

2.6 Evaluation of Barrier Performance in Coated Paperboards

Barrier performance refers to the ability of a packaging material to limit the transfer of sub-
stances that may negatively affect product quality, safety, or shelf life. For fiber-based food
packaging materials such as coated paperboards, the most critical barrier functions typically
relate to resistance against water vapor, oxygen, and oil or grease. Because these substances
interact with paperboard structures through different transport and penetration mechanisms,
barrier performance is commonly evaluated using application-specific testing methods.

(Bakker et al., 2022a)

Oxygen transmission rate (OTR) represents the amount of oxygen passing through a material
per unit area and time and is particularly relevant for packaging applications involving prod-
ucts sensitive to oxidative degradation, including aroma loss, rancidity, and nutrient deteri-
oration. Oxygen barrier performance in waterborne and dispersion-coated paperboards is
determined by the continuity of the coating layer, build-up of the layers, and defects. An
increase in the thickness of the coating layer, as well as the application of a multilayer con-

figuration, has resulted in a significant reduction in the oxygen transmission rate (Bakker et
al., 2022b)
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The water vapor transmission rate (WVTR) is a measure of the rate of water vapor passing
through a material under a specified humidity gradient. It is a significant parameter in the
application of packaging, where the water vapor transmission rate may affect the texture or
stability of the products. Barrier-coated paperboards have a low water vapor transmission
rate compared to uncoated paperboards. In addition, the application of a multilayer coating
configuration has a significant effect on the enhancement of the moisture barrier perfor-
mance of the material. However, the sorption of water and swelling of the coating layer as
well as the fibrous substrate, especially at high relative humidity, affect the water vapor
transmission rate of the material. As a result, it becomes difficult to correlate the water vapor
transmission rate with localized damage, as the defects in the coating layer may not have a

significant effect on the overall material performance. (Bakker et al., 2022)

Unlike in the case of gas and vapor transmission measurements where the average permea-
bility of a defined test area is determined, the strength of the coating layer at localized loca-
tions has a strong effect on resistance to oil and grease. Local defects like microcracks or
interfacial failures are capable of increasing the rate of oxygen transfer and rate of water
vapor transfer, but it is generally indicative of a bulk transport regime and is unlikely to
reflect any isolated and small-scale discontinuities. Conversely, oil and grease resistance
testing is specifically vulnerable to localized damage since liquid oils can easily seep through
discrete cracks or discontinuities in coatings at mechanically stressed regions (Marianelli et
al., 2022). In case of dispersion-coated paperboards to be used in food-contact, oil and grease
resistance may be the most important functional specification because oils may readily dif-
fuse through microcracks, or interfacial failures formed during converting processes (Ah-

med, Adel and Diab, 2020)

Because creasing operations can introduce localized defects at the crease line, oil and grease
resistance testing provides a direct and application-relevant measure of barrier degradation
associated with creasing. Unlike OTR and WVTR, which represent averaged transmission
over a larger test area and are influenced by bulk diffusion and sorption phenomena, OGR
testing is particularly effective at revealing localized barrier failure at mechanically stressed
regions (Marianelli et al., 2022). For this reason, OGR was selected in this study as the pri-
mary barrier performance evaluation method, as it most closely reflects the end-use condi-
tions and failure mechanisms relevant to dispersion-coated paperboards subjected to creas-

ing.
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3 Materials and Methods

This chapter describes the experimental methods used to investigate the influence of the
parameters of creasing tools, specifically the number of creasing rules, rule spacing, and

crease depth on surface damage and barrier performance of dispersion-coated paperboard.

3.1 Materials

The material under investigation was a commercially available dispersion-coated paper-
board, with a nominal thickness of 346 um and a grammage of 226 g/m?. These properties
were measured according to the standards set by ISO 534 and ISO 536 for thickness and
grammage, respectively. Both properties fall within the £4% tolerance set by the material’s
specification sheet. The thickness of the dispersion barrier coating was previously reported
as 17+ 9 um (Lev et al., 2024). All paperboard sheets and samples were stored under stand-
ard conditions (23 °C and 50% RH).

3.2 Sample Preparation and Cutting

To ensure consistent and reproducible test specimens, samples were prepared using a Kongs-
berg XE10 digital cutting table. The Kongsberg XE10 is an industrial flatbed cutting system
widely used in packaging research and prototyping, capable of high positional accuracy and
repeatability. A Kongsberg XE10 cutting machine is shown in Figure 2, where each sample

was cut into a circular shape with a diameter of 64 mm.
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Figure 2. Cutting process with Kongsberg XE10.

Circular samples were selected because these circles were ideal for placing under the creas-
ing device and OGR measurements. Additionally, the sample-making machine was set to
apply to each sample by simultaneously penning three short lines that matched the material's
machine direction and circle diameter. Since creasing should be done precisely parallel to
the MD or CD of the materials, this was done to get the samples in the best possible align-

ment with the creasing rules.

3.3 Creasing Tool Geometry and Configuration

To investigate creasing-induced surface damage in dispersion-coated paperboard, three flat-
bed die-type three-rule tools and one single-rule tool were used to evaluate the effects of rule
spacing and the total number of creasing rules. The creasing tools consisted of steel rules
integrated into a plywood die-cutting forme, designed to interface with corresponding plastic

matrix counter-grooves.

Following industry standards and previous research (Lev et al., 2023; 2024; 2025); 2-pt-
wide (0.71mm) rules were chosen for the study. Each three-rule tool consists of a central
rule with a length of 20 mm and two outer rules with lengths of 16 mm each, forming a
cross-type geometry as shown in Figure 3 (A, C, E). They differ only in the spacing between
adjacent rules. The edge-to-edge spacing between the rules was designed as 1.8 mm, 5.2 mm

and 8.8 mm, respectively. However, since crease interaction is governed by the distance
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between the centers of deformation zones rather than the rule edges, the effective creasing
distance must be expressed as midpoint-to-midpoint spacing. Given that the creasing rule
width is 0.71mm (2 pt rule), the midpoint-to-midpoint distance between two adjacent rules

can be calculated as:
W
dm = dedge +2 X E (1)

Where, deqge 18 €dge to edge spacing and w is rule width. Thus, the effective spacing be-
tween rules becomes:

e For 1.8 mm edge to edge spacing: d,,, = 1.8 + 2 X % = 2.51mm

e For 5.2 mm edge to edge spacing: d,,, = 5.2 + 2 X % = 5.91mm

e For 8.8 mm edge to edge spacing: d,,, = 8.8 + 2 X % =9.51mm

The counterpart consisted of a precision-machined plastic matrix containing grooves aligned
with the creasing rules (Figures 3 B, D and F). The groove depth was approximately 0.45
mm and a width of approximately 1.5 mm. The groove geometry was selected to allow con-
trolled lateral displacement of the paperboard during compression while preventing cutting
of the coated surface. Accurate alignment between the integrated rule geometry and the cor-
responding matrix grooves was ensured prior to testing to minimize tool-induced variability.
Figures 3 (A-F) present the geometrical parameters of the three-rule tools and their corre-

sponding plastic matrices, with dimensions indicated in red.
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3

Figure 3. Creasing tools with dimensions: (A) 2.5Imm spacing creasing tool; (B) Plastic
matrix of 2.51mm spacing creasing tool; (C) 5.91mm spacing creasing tool; (D) Plastic ma-
trix of 5.91mm spacing creasing tool (Lev et al., 2025); (E) 9.51mm spacing creasing tool;

(F) Plastic matrix of 9.51mm spacing creasing tool.

In addition to the three-rule configurations, a single-rule setup was employed (Figure 4 A,

B) to evaluate surface damage in response to rule quantity. The single-rule had the same
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width of 0.71mm and extended across the full sample diameter of 64 mm, ensuring contin-
uous deformation along the entire crease line. The counterpart for the single-rule configura-
tion consisted of a plywood form with a 150 mm long creasing groove embedded in it. This
extended groove ensured full support beneath the entire rule length and prevented edge ef-
fects during compression. The longer groove length relative to the sample diameter provided
uniform load distribution and consistent through-thickness deformation along the crease

line.

Figure 4. Single-rule creasing tool; (A) Creasing rule; (B) Plastic matrix.

Before creasing, all creasing rules were manually prepared to minimize the risk of unin-
tended cutting or tearing of the paperboard surface during compression (Figure 5). Surface
irregularities and sharp edges on the rule tips can act as stress concentrators, promoting lo-

calized coating rupture instead of controlled internal deformation.
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Figure 5. Smoothed edges.

The rule edges were treated with fine-grit sandpaper, polishing stones, small hand files, and
abrasive pads, in order to make them smooth and polished. Such a manual finishing opera-
tion provided the consistency in rounding the rule edges and elimination of the micro-scale
burrs that might otherwise impose non-uniform stress distribution on the coated sur-surface

when contacting it.

3.4 Creasing Equipment and Procedure

Creasing was carried out using a setup based on a plate-guided alignment. The setup con-
sisted of two rigid, planar steel plates forming an upper and a lower assembly, between which
the creasing tools were mounted. The upper plate was constrained to vertical motion by guide
pillars, ensuring parallel alignment of the plates and consistent rule groove engagement
throughout the creasing stroke. The complete assembly was installed in a Shimadzu AGS-X
universal testing machine (Figure 6), with the upper plate connected to the load frame via a

rigid, non-compressive connection that allowed precise displacement control.
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Figure 6. The creasing device installed on universal testing machine.

Circular paperboard samples were placed centrally between the creasing rules and the matrix
prior to each test. For each tool configuration, the stroke was adjusted to obtain target crease
depths of approximately 60 um and 100 um, with verification performed using profilometry.
In this context, a stroke refers to the distance that the rules travel between the point of contact
with the material surface (Figure 7A) and the point at which the predefined force is detected
by the sensor (Figure 7B). For the CD samples, a slightly larger stroke was adjusted to
achieve the target crease depth due to the higher stiffness of the paperboard when deformed
perpendicular to the dominant fiber orientation, which increases resistance to compression

during creasing.

wooden fori

[creased sample

uncreased sample

STROKE

METAL PLATE METAL PLATH

Figure 7. Schematic of the creasing process: (A) start of creasing, (B) end of creasing.
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During creasing, the upper plate was driven downward to press the creasing rules into the
paperboard and into the corresponding grooves, producing localized deformation and the

intended crease geometry.

3.5 Profilometry Analysis

Profilometry was used to analyze the surface topography of the creased samples and to verify
that the intended crease depths were achieved. Keyence VR 3200 optical 3D profilometer
(Keyence, Itasca, USA) was used. Measurements were carried out continuously throughout

the experimental work to ensure consistency of the creasing process.

Surface profiles were recorded perpendicular to the crease direction, and the crease depth
was determined as the vertical distance between the uncreased surface and the bottom of the
crease. Profilometry confirmed that the nominal crease depths of 60 pm and 100 pm were

achieved.

3.6 Oil and Grease Resistance Testing

The OGR tests were performed on paperboard samples which were creased by single-rule
and three-rule creasing configurations. In the case of the three-rule tools, the rule spacing
was investigated as 2.51mm, 5.91mm and 9.51mm. Samples at every spacing were creased
at nominal depths of 60 um and 100 um, in each of MD and CD, and five replicate samples
were run in each condition. The crease depths and fiber directions were kept constant and
single-rule creased samples were prepared to enable a direct comparison. Further, five sam-
ples that had not been creased were also tested as a reference material to give baseline OGR
performance of the paperboard. Test standard used for the measurements was ISO 16532-1,
for examining the material's resistance to dyed palm kernel oil which has a liquefaction tem-
perature of approximately 27-29 °C. In this study, the tests were performed at 60 °C to speed

up oil penetration and facilitate comparison between creasing configurations.
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For each sample, 150 pL of oil was applied directly onto the creased area with adjustable
micropipette (Figure 8) and a weight made of steel, 3 cm in diameter, 1 cm in height, 51 +/-

1 g placed on top to accelerate oil and grease penetration.

Figure 8. Adjustable micropipette.

The test of OGR was done on a test table that was made of metal with a flat and smooth
surface on its top to hold samples during the test. The table comes with a reflective mirror
shelf at the bottom that is directly under the test area (Figure 9A). The table area is 450 x
300 mm, able to hold 24 samples simultaneously. The mirror surface enabled visual inspec-
tion of the reverse side of the specimens. If oil penetrated through the sample, it was visible
by the appearance of the red oil marks on the backside of the specimen through its reflection

on the mirror surface.

Figure 9. A: OGR test table; B: Samples with table and weights inside oven.

The OGR failure time was defined as the time at which visible oil penetration occurred
through the paperboard at the creased region. The specimens were inspected for penetration
at intervals specified in the standard. Samples that did not show penetration within 6 h but
showed penetration before 24 h were classified as 6-24 h. Samples that remained intact after

24 h were recorded as over 24 h.
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4 Results and Discussion

This chapter presents and discusses the results of the creasing process and the OGR perfor-
mance. The objective is to clarify how tool configuration specifically creasing rule number
(single vs. three rules) and rule spacing (2.51, 5.91, and 9.51mm) influence the mechanical
response during creasing, expressed through normalized creasing force and achieved crease
depth, and the retained barrier integrity after creasing, evaluated through OGR penetration
behavior. The initial results on creasing are provided to demonstrate the similarity of the
created crease geometries and to highlight the effect of tool geometry and fibers on the force
response. Then, these results are used in conjunction with the OGR results to demonstrate
how changes in creasing conditions and rule interaction relate to differences in oil penetra-

tion resistance for the considered configurations.

4.1 Creasing Process

The creasing parameters obtained for the investigated configurations are summarized in Ta-
bles 1 and 2 for nominal crease depths of 100 um and 60 pum, respectively. The achieved
crease depths indicate that comparable crease geometries were obtained across all tool con-

figurations.

Because the total creased length differed between the single-rule and three-rule tools, the
recorded forces are presented as force per unit creased length (N/mm). The three-rule tools
had a total effective creasing length of 52 mm (16 + 20 + 16 mm), whereas the single-rule
tool produced a continuous crease across the circular specimen with a length of approxi-

mately 64 mm.

(2)

Where:

e [, =normalized creasing force (N/mm)
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e F =measured total force (N)
e [ =total creased length (mm)

The normalized force values were calculated by dividing the measured force by the corre-
sponding total creased length, and the same normalization was applied to the standard devi-

ation.

Table 1. Creasing parameters for three-rule tools and single-rule (100 pm creases)

Creasing Creasing parallel to MD Creasing parallel to CD

rule spacing | Average Average Target Average Average Target

(mm) force + SD | depth + SD | stroke (um) | force = SD | depth + SD | stroke (um)
(N/mm) | (um) (N/mm) | (um)

2.51 4.52+0.06 |93+10 400 7.84+0.08 | 95+10 500

591 429+0.08 |94+9 400 745+0.08 | 103+7 500

9.51 337+0.08 | 98=+10 420 583+0.04 |95+4 520

Single-rule 1.85+0.05 |94=+10 500 321+0.08 | 102+10 500

The creasing parameters for the 100 um nominal depth are presented in Table 1. For the 100
um creases, the three-rule tools required higher force per unit length than the single-rule
configuration in both fiber directions. In the machine direction, the normalized force de-
creased with increasing rule spacing: the 2.51mm spacing required the highest force (4.52
N/mm), followed by 5.91mm (4.29 N/mm), and the lowest force was observed at 9.51mm
(3.37 N/mm). This indicates that closer spacing between adjacent rules increases mechanical
interaction and confinement of the deformation zones, resulting in higher resistance during
creasing. This interpretation is consistent with previous studies showing that tool geometry
and crease interaction influence material flow and the force required to form creases in pa-
perboard (Leminen et al., 2019a and Lev et al., 2023). The single-rule configuration required
considerably lower force (1.85 N/mm), confirming that multiple simultaneous creases in-

crease the overall deformation resistance.

In the cross-machine direction, higher force levels were observed overall, ranging from 5.83
to 7.84 N/mm for the three-rule tools, compared with 3.21 N/mm for the single-rule tool.
Like MD, the force decreased as spacing increased. The higher forces in CD compared to
MD can be attributed to the anisotropic structure of paperboard. When creased in CD, the

deformation occurs perpendicular to the predominant fiber orientation (MD), resulting in
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greater resistance due to fiber bending and interfiber bonding. In contrast, creasing parallel
to the fiber direction (MD creasing) allows easier fiber realignment and compressive defor-
mation, leading to lower required force. This directional dependence agrees with earlier find-
ings that the mechanical response of paperboard during creasing is strongly influenced by

fiber orientation (Li, Simon and Reese, 2014; Leminen et al., 2019a; Bota et al., 2022).

Table 2. Creasing parameters for three-rule tools and single-rule (60 um creases)

Creasing Creasing parallel to MD Creasing parallel to CD

rule spacing | Average Average Average Average Average Average

(mm) force £ SD | depth £ SD | stroke = SD | force = SD | depth = SD | stroke + SD
(N/mm) | (um) (um) (N/mm) | (um) (um)

2.51 2.86+0.08 | 62+7 330 +0.02 523+0.10 | 67=£8 430 +0.02

591 2.79+£0.02 | 64+10 350+ 0.01 501+002 | 65+6 450 +0.02

9.51 244+0.06 | 58+7 350+ 0.01 4.73+0.08 | 59+8 450 +0.01

Single-rule | 1.25+£0.05 | 58+1 350+ 0.01 1.64+0.05 | 65+10 400 +0.02

The corresponding results for the 60 pm nominal depth are summarized in Table 2. For the
60 um creases, a similar trend was observed. In the MD, the normalized force decreased
with increasing rule spacing. The highest force was measured at 2.51mm spacing (2.86
N/mm), followed by 5.91mm (2.79 N/mm), and the lowest at 9.5Imm (2.44 N/mm). The
single-rule configuration required significantly lower force (1.25 N/mm), again demonstrat-

ing that multiple closely spaced creases increase deformation resistance.

In the CD, the force levels were consistently higher than in MD, ranging from 4.73 to 5.23
N/mm for the three-rule tools and 1.64 N/mm for the single-rule tool. As with the 100 um
creases, the force decreased with increasing spacing. The higher CD forces are explained by
the directional dependence of mechanical properties in paperboard: deformation perpendic-
ular to the dominant fiber orientation requires greater stress to initiate localized compression

and bending, resulting in increased creasing force (Morris, 2011).

Overall, the creasing behavior was strongly influenced by the number of creasing rules and
the spacing between them. Increasing the number of rules from a single-rule to three rules
led to higher force per unit creased length, as the paperboard was deformed simultaneously
at multiple locations, increasing the overall resistance to compression. Rule spacing further

affected the force-stroke response: closely spaced rules constrained material flow between
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adjacent creases, resulting in higher forces for a given stroke, whereas larger spacing allowed
each crease to deform more independently and required lower forces. A similar influence of
tool geometry on crease formation and deformation behavior has been reported in earlier
creasing studies (Leminen et al., 2019a; 2021). Although the target crease depths were
achieved by adjusting the applied stroke, the recorded force varied systematically with both
the number of rules and their spacing, indicating that tool geometry plays a key role in gov-

erning the mechanical response during creasing.

4.2 OGR Performance

The OGR of the dispersion-coated paperboard was evaluated to determine how creasing tool
configuration (rule number and rule spacing) influences barrier integrity after creasing,
which is the main objective of this thesis. Results are reported for nominal crease depths of
60 um and 100 um, and for both MD and CD creasing directions. In the graphs (Figure 10
and 11) specimens classified as 6-24 h, correspond to samples that did not show penetration

at the 6 h inspection but exhibited visible penetration after 24 h.

At a nominal crease depth of 60 pm, the OGR results are shown in Figure 10. The three-rule
tool with 2.51mm spacing exhibited the lowest OGR performance, with penetration for all
samples occurring between approximately 4 - 6 h in MD and 3.5 - 4.5 h in CD. This indicates
that closely spaced multiple creases significantly reduce barrier performance. The result sup-
ports the view that adjacent crease interaction increases the severity of local coating damage,
which is critical for barrier-coated paperboards because localized defects can provide direct
pathways for oil penetration (Marianelli et al., 2022; Lev et al., 2023). The reduced resistance
is attributed to interaction between adjacent creases: when spacing is small, the deformation
zones overlap, leading to higher local strain and stress at the coating surface. This promotes
coating damage such as microcracking, which facilitates oil penetration. This is in line with
earlier studies reporting that converting-induced damage, including cracking and delamina-
tion, can weaken coating integrity and reduce barrier performance (Marin, Nygéirds and
Ostlund, 2022; Lev et al., 2024). The earlier penetration observed in CD suggests a more
severe disturbance of the surface structure in this direction because in CD creasing the de-
formation occurs perpendicular to the dominant MD fiber alignment. In this orientation, the

fibers cannot easily bend or rearrange along their length and instead resist deformation
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through fiber bending and inter-fiber bonding. This increases the required stress during
creasing and promotes higher local strain in the coating layer, which can accelerate coating

damage and oil penetration.

Oil and grease resistance for 60 um depth of creased samples
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Uncreased | 2.51 mm spacing 5.91 mm spacing 9.51 mm spacing Single rule

samples

Figure 10. OGR test results for 60 um depth of creased samples.

Increasing the spacing to 5.91mm improved OGR performance. In MD, all samples were
classified as 6-24 h, meaning that no penetration was observed within 6 h but penetration
occurred before 24 h, while in CD, penetration occurred between approximately 5-6 h. The
larger spacing reduces interaction between creases, allowing deformation to be distributed
more independently. Consequently, cumulative damage to the dispersion coating is reduced,
delaying oil penetration compared with the 2.51mm spacing configuration. This is consistent
with the general understanding that barrier failure in coated paperboard is strongly affected
by the extent and localization of mechanical damage introduced during converting (Lev et

al., 2023).

For the three-rule tool with 9.51mm spacing, OGR of the samples is classified as 6-24 h in

both MD and CD, indicating that no penetration was observed within 6 h of observation. At
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this spacing, the creases are sufficiently separated that their deformation zones did not sig-
nificantly interact. As a result, coating damage remains localized and barrier performance

approaches that of configurations with isolated deformation.

The OGR of the samples creased with the single-rule configuration to 60 pm is also classi-
fied as 6-24 h in both directions. Compared with the closely spaced three-rule tools, this
demonstrates that early penetration is primarily associated with interaction between multiple

adjacent creases rather than the presence of a single crease alone.

At the higher nominal crease depth of 100 pm, the OGR results are presented in Figure 11.
The same trend observed at 60 um is maintained, although the effect of close spacing be-
comes more pronounced. The three-rule tool with 2.51mm spacing again shows the poorest
performance, with penetration occurring between approximately 3.5-5 h in MD and 2.5-3.5
h in CD. The deeper crease increases deformation severity and surface strain in the crease
region. When combined with close rule spacing, this intensifies interaction effects and coat-
ing disruption, accelerating oil penetration, particularly in CD. This agrees with previous
observations that greater mechanical deformation can increase the risk of coating failure and
barrier deterioration in coated paperboard structures (Robertsson et al., 2023; Lev et al.,

2024).

Oil and grease resistance for 100 um depth of creased samples
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Figure 11. OGR test results for 100 pm depth of creased samples.
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For the 5.91mm spacing tool, penetration occurred between approximately 4.5-6 h, while in
CD penetration occurred between approximately 3.5-5 h, representing intermediate perfor-
mance. Although increased crease depth generally reduces barrier resistance, the wider spac-
ing continues to limit overlap of deformation zones, thereby reducing cumulative coating

damage compared with the 2.51mm configuration.

The OGR of the samples creased with the three-rule tool of 9.51mm spacing remains classi-
fied as 6-24 h in both MD and CD at 100 um. This indicates that sufficiently large spacing
prevents strong interaction between creases even under more severe creasing conditions. The
samples creased with single-rule also remain in the 6-24 h category at this depth, further
supporting the conclusion that localized deformation is less detrimental to barrier integrity

than closely spaced multi-crease interaction.

Overall, the OGR results presented in Figures 10 and 11 demonstrate that creasing rule spac-
ing is a dominant factor governing barrier degradation. Closely spaced three-rule creasing
leads to early oil penetration, while increasing spacing to 9.5 mm shifts performance to the
6-24 h classification, indicating substantially improved retention of barrier integrity within
the monitored period. At 9.51mm spacing, the individual creases behave independently, sim-

ilar to the single-rule configuration.

The decrease in barrier performance at smaller rule spacings can be explained in terms of
the material's deformation characteristics in the creasing process. In the process of creating
each creasing rule, a localized deformation zone is formed in the paperboard material. When
the rules are closely spaced, the deformation zones overlap, which restricts the lateral move-
ment of the material between the rules when compression occurs. This causes high stress to
develop in the coating material, which in turn encourages the development of microcracks
in the coating material. Due to the permeability of oil in such damaged materials, the pene-
tration of oil occurs at an earlier stage. However, at larger rule spacings, the interaction be-

tween the deformation zones is minimized, allowing each crease to act independently.
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5 Conclusions

This paper presents an investigation of how changes in rule configuration in terms of the
number of creasing rules and spacing between rules influence creasing damage and resulting
oil and grease resistance performance of dispersion-coated paperboard. The results from the
creasing tests revealed that target crease depths of 60 pm and 100 pm were achieved in all
tool configurations tested. However, the mechanical response to creasing, as indicated by
the forces generated in the process, was significantly influenced by the number of creasing
rules used in the tool and their spacing. Tools with three rules in total required greater forces
than those with a single-rule in both machine direction and cross machine direction. This
suggests that there is greater resistance to deformation when the paperboard is compressed
in multiple locations simultaneously. Furthermore, tools with rules more closely spaced re-
quired greater forces than those with rules more widely spaced. This suggests that a reduced
spacing between rules results in a greater degree of deformation because it restricts material
flow between rules. In all cases, higher forces were observed in CD compared with MD,

reflecting the anisotropic mechanical behavior of paperboard.

The results obtained from the OGR tests show a clear correlation between the configuration
of the creasing tool and the performance of the barrier. The results obtained for the closely
spaced creases with a depth of 2.51mm for the three-rule crease configuration indicate earlier
penetration for both crease depths. This shows a high degree of degradation for the barrier.
However, this degradation can be reduced by adjusting the spacing to 5.91mm. The results
obtained for this configuration show delayed penetration. The results obtained for the widest
spacing configuration, i.e., 9.51mm, show a range between 6 hours and 24 hours. This shows
delayed penetration. The single-rule configuration shows a similar trend to the multi-crease

configuration.

The increase in nominal crease depth from 60 pm to 100 um further exaggerated the results
seen for rules closely spaced. However, when the spacing between the rules is large enough
(9.51mm), the barrier performance improves for the crease depths tested, suggesting that an
increase in spacing between adjacent creases can reduce their interaction and thus delay the

onset of barrier degradation.
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Overall, the results presented here highlight the importance of creasing rule number and
spacing as key factors influencing the mechanical response during creasing as well as the oil
and grease resistance of the dispersion coating. As such, closely spaced multiple rule creas-
ing significantly increases the risk of damage to the coating and its associated barrier prop-
erties, whereas increased rule spacing reduces the interaction effects and maintains the in-
tegrity of the barrier properties. Such results have significant implications for the practical
application of creasing, particularly for packaging solutions involving food contact paper-
board products designed as a more sustainable alternative to plastic-based packaging solu-

tions.

6 Future Work

The future research may be expanded to include a broader range of creasing geometry and
tools, such as the number of creasing rules and non-uniform spacing. The influence of re-
peated folds, cyclic loading, and storage conditions on oil and grease resistance should be
further investigated. Additionally, incorporating OGR tests with microscopic damage eval-

uation will provide further understanding of the underlying mechanisms for degradation.
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