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ABSTRACT

Cigarette production is a highly automated process in which friction between fibrous materials plays a key role in
the handling, transport, and packaging of tobacco products. Excessive friction often leads to sorting slot block-
ages and production line downtime, highlighting clear economic relevance. This study examined the tribological
behaviour of selected cigarette types, focusing on the interaction between cigarette tube material and the anodised
aluminium track of the transport and sorting machine. Experimental research combined classic surface roughness
measurements with the optical digital image correlation (DIC) method, ensuring high accuracy and repeatability
under controlled environmental conditions. The average static friction coefficient was found to be 0.28, with
noticeable differences observed between sample groups taken from different cigarette packs, as characterised later
in the study. Moreover, the developed DIC-based setup proved effective for analysing subtle tribological inter-
actions. These findings provide quantitative insights into material performance and offer practical guidance for
reducing friction-related production issues within the tobacco industry.

Keywords: tribology, cellulose fibres, cigarette filters, surface roughness, digital image correlation, porous non-
wovens.

INTRODUCTION

Friction and tribological properties of fibrous
materials play a significant role in shaping their
mechanical properties, durability and function-
ality [1,2]. In the context of mass production of
tobacco products, friction mechanisms are par-
ticularly important, as the transport, sorting and
handling of finished cigarettes are susceptible to
disruptions resulting from excessive friction resis-
tance. These interactions can occur both between
cigarette paper, filters and machine components,
and between the products themselves during han-
dling, leading to blockages, production line insta-
bility, downtime and losses [3]. The intensity of

friction in fibrous materials depends on a number
of factors, such as fibre microstructure, contact
geometry, material composition and environ-
mental conditions [1,2]. The contact morphol-
ogy — including the differences between point and
line contact — in combination with the mechani-
cal properties of the fibre contact area strongly
determines the friction resistance. The shape of
the fibre cross-section, the degree of molecular
orientation, the use of heat treatment and the type
of fibre can significantly change the coefficient of
friction. For example, fibres with a circular cross-
section and high molecular orientation exhibit
increased values of this parameter [1]. The tri-
bological behaviour of fibrous materials depends
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largely on environmental conditions, particularly
humidity and temperature. Changes in humidity
affect surface energy, adsorption layers and fibre
deformation, leading to varying friction respons-
es. Increased humidity usually reduces the coef-
ficient of friction by forming thin water films with
lubricating properties, although in some cases it
promotes fibre swelling and increased wear [4, 5,
6]. Water often acts as a natural lubricant, reduc-
ing friction by forming protective layers, espe-
cially in hydrophilic materials [7, 8]. However,
this effect is not universal — in selected fibre-rein-
forced polymers, a humid environment reduces
wear by removing abrasion products and provid-
ing a cooling effect, while in others it leads to
plasticisation of the matrix and abrasive wear [8,
9, 10]. In addition, the microstructural texture and
orientation of the fibres significantly affect wear
resistance. Texturing improves wear resistance in
dry conditions, but in a humid environment it can
increase water absorption and wear intensity [9,
11]. Another important factor is the formation of
tribological films (tribo-films), which reduce fric-
tion but often lose their cohesion at high humidity
and do not provide lasting surface protection [12].

In fibrous structures such as mats or cigarette
papers, friction and adhesion between fibres are
the main mechanisms responsible for energy dis-
sipation during mechanical deformation [13,14].
The behaviour of the system includes elastic
stages, slip with strengthening and stiffening,
with friction playing a key role in the transition
between these states. At the microscopic level,
the frictional resistance between individual fibres

depends on the prestress and elastic deformation
at the point of contact, with elastic deformation
being more important than the fibre braid [15].
Importantly, friction between oriented fibres can
take on a solid-like character and increase loga-
rithmically with sliding speed, indicating com-
plex, non-linear interaction mechanisms.

Modifications to the surface of fibres, such
as the use of polymer brushes, can lead to a sig-
nificant reduction in friction resistance and the
introduction of a regime resembling liquid flow
(Stokes resistance) [3]. Friction in fibrous mate-
rials is often modelled empirically using rela-
tionships of the type F, where the parameters a
and n depend on the structural properties of the
material and the contact conditions, allowing the
non-linear and hysteretic nature of friction to be
captured, especially under low stress conditions
[1,16]. In the case of tobacco products, an in-
depth analysis of these mechanisms enables the
optimisation of cigarette transport and sorting
processes, minimising downtime and production
losses [17,18].

In the tobacco industry, the problem of fric-
tion in fibrous materials is particularly important,
especially in the context of cigarette packaging
machines. As shown in Figure 1, these devices
are characterised by complex transport track
geometry and the interaction of many mechani-
cal components, which creates numerous points
of contact between the products and the machine
elements. It is these contacts that are the source
of instability and production downtime result-
ing from excessive frictional resistance. Due to

Figure 1. Fragment of a cigarette sorting machine
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the practical significance of this phenomenon, an
attempt was made to analyse it in detail with the
aim of quantitatively and qualitatively charac-
terising the friction mechanisms within finished
cigarettes. At the same time, this issue poses a sci-
entific challenge, as friction resistance in fibrous
products is the result of complex microscopic and
macroscopic interactions, and their modelling
requires consideration of numerous structural,
environmental and operational factors.

Figure 2 shows a close-up of the conveyor belt
used to transport the finished product, on which the
spaces blocked by the items - cigarettes - are clear-
ly visible. This observation highlights the practical
effects of friction resistance in the production pro-
cess, while also providing motivation to analyse
the tribological properties of materials used in cig-
arette products. These properties — including fric-
tion and surface interactions — are critical to pro-
duction efficiency, especially at the sorting stage,
mechanical durability and environmental impact.

Although direct tribological studies of tobac-
co products are not widely reported in the litera-
ture, numerous studies provide information on the
structure, morphology and mechanical properties
of various tobacco products, which are closely
related to their tribological behaviour.

In the context of industrial friction analy-
sis of fibrous materials, particularly in cigarette
packaging machines, it is essential to use precise
and non-contact measurement methods. Digital
image correlation is such a technique, widely
used to assess displacements, deformations and
the behaviour of materials under load [19,20].
This method enables the generation of full-field,
high-resolution measurement data, which makes
it particularly useful in materials research and
structural diagnostics [19,21,22]. DIC allows the
tracking of characteristic patterns on the sample
surface applied for research purposes, eliminating
the need for contact strain gauges and simplify-
ing the experimental setup [21-23]. In addition,
this technique enables real-time monitoring of
crack propagation, including through crack open-
ing measurement (CMOD) and crack tip loca-
tion [23-26]. Modern DIC systems, equipped
with automation and advanced image processing,
allow for the analysis of deformations in a wide
field of view and the detection of defects invisible
to the naked eye, thus increasing the accuracy and
reliability of measurements [22,25,27-29].

In summary, the tribological properties of
fibrous materials, including those used in tobacco

products, are determined by structural and envi-
ronmental factors such as fibre microstructure,
cross-sectional geometry, humidity and ambient
temperature. Literature studies show that sur-
face modifications, the use of lubricating coat-
ings or nanostructural reinforcement can sig-
nificantly reduce friction resistance and wear
[1,2,13,16,30-33].

Due to the specific shape and subtle mass of
the analysed samples, classical research meth-
ods prove to be insufficient. Therefore, the aim
of this work is to develop an innovative research
methodology for the analysis of the tribological
properties of cellulose-based fibrous products
used in the tobacco industry under conditions cor-
responding to actual production processes (tem-
perature from 20 to 24 °C, relative air humidity
55-75%) [16].

The research used profilometry and the opti-
cal technique of digital image correlation, which
allowed data to be obtained on both a micro and
macro scale, enabling detailed characterisation of
displacements, deformations and the behaviour of
materials during movement.

MATERIALS AND METHODS

The study used a statistical population of fin-
ished industrial cigarettes, which were placed on
a treadmill made of anodised aluminium, reflect-
ing a fragment of the transport and sorting system

Figure 2. Transport track for finished products.
View of empty spaces indicating a break in the
transport process
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used in production processes. This solution made
it possible to accurately reproduce industrial
conditions and take into account the impact of
the conveyor belt surface properties on friction
mechanisms and interactions between products.
Before the measurements were taken, the samples
were conditioned at a controlled temperature and
humidity, which ensured the repeatability and
comparability of the results and minimised the
impact of factors interfering with the friction pro-
cess, such as moisture absorption or deformation
resulting from environmental differences. In order
to better characterise the components assembled
in the experiment, tests were carried out to iden-
tify the roughness of specific contact surfaces.

Materials

A population of 100 samples consisting of
Chesterfield cigarettes (Figure 3) from 5 differ-
ent packs was used in the tests to determine the
surface characteristics.

For the purposes of the study, the structure
and geometry of the cigarette samples were ana-
lysed and the surface structure of both the filter
tube and the part containing the tobacco mixture
was identified (Figure 4). To this end, the ciga-
rette papers of the tested cigarettes were cut open
and unrolled, and then attached to flat, degreased
aluminium plates using double-sided adhesive
tape (Figure 5).

The tests were performed using a VK-X3100
optical profilometer (KEYENCE CORPORA-
TION, Japan), which enables non-destructive,
three-dimensional analysis of surface topography
with an image resolution of 1024 x 768 px (Figure
6). Thanks to the analysis of interference fringes
and signal interpolation, the device achieves a
vertical resolution of 0.1 nm, which allows for
precise recording of height differences on a nano-
metric scale. The obtained topography maps were
used to assess the homogeneity and stability of
the tribological properties of the tested cigarette
paper surfaces and the treadmill during the tests.

Figure 3. Structure of the tested samples
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Figure 4. Cross-section and geometric dimensions of the tested samples, where: 1 — tobacco mixture (70.13% of
the cigarette weight), 2 — tube for tobacco mixture (6.49%), 3 — filter (15.59%), 4 — filter tube (7.79%)
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Figure 5. View of a sample of tissue paper, unfolded and attached to a flat surface for the purposes of
profilometric testing

Figure 6. VK-3100 optical profilometer during cigarette tube roughness testing

The measurement covered a range of stan-
dard surface topography parameters, such as
arithmetic mean roughness Ra and profile height
Rz, enabling a comprehensive assessment of the
microgeometry of the outer surface of the paper
samples tested. The measurement procedure was
carried out in accordance with applicable ISO

&
8
:

standards, including ISO 4287 and ISO 4288,
ISO 3274 and ISO 11562, which ensured the
comparability and repeatability of the results.
The data obtained (Figure 7) enabled a thorough
analysis of the impact of the tread topography on
friction and contact interactions with the tested
products, constituting an important element in

gaaammg

Figure 7. Surface structure of the selected cigarette sample: (a) filter tube (Ra=0.112 um, Rz= 0.424 um), (b)
tube for tobacco mixture (Ra=0.117 pm, Rz= 0.66 pm)

107



Advances in Science and Technology Research Journal 2026, 20(5), 103-114

understanding tribological mechanisms in condi-
tions simulating the industrial process.

The roughness of the tread surface at the
rounded edge of the profile, i.e. in the area of
contact with the cigarette, was also determined.
This test was carried out using two techniques: an
optical profilometer, the VK-3100 Profilometer
(described above), and a contact profilometer, the
Surtronic S25 (Taylor Hobson Ltd., United King-
dom), which uses an inductive contact transducer
with a diamond measuring tip (Figure 8).

The tests yielded roughness values of a simi-
lar nature, although slightly varied. These dif-
ferences resulted from the difficulty in precisely
placing the diamond needle of the profilometer
exactly at the point of contact between the ciga-
rette and the track. Therefore, particular attention
was paid to the results of tests using a non-contact
profilometer (Figure 9).

Methods

The measuring track (Figure 10) configured
for determining the friction coefficient of select-
ed types of tobacco products against the surface
of the treadmill was constructed from a support
frame, inside which an adjustable universal pro-
tractor was installed with an adjustable arm, along
which there is a treadmill made of a 300 mm long
Maker Beam XL aluminium profile.

This mechanism was installed on an MTS
Insight 10 strength testing machine, which was
used to force the set movement of the adjustable
arm together with the treadmill. The position
of the cigarette on the treadmill was precisely
defined with an accuracy of 0.01 mm, which
ensured the repeatability of individual tests.

The samples were placed sequentially on an
aluminium track at the rounded edges of the upper

Figure 8. Testing the roughness of the treadmill surface on a Surtronic S25 profilometer, where: (a) profilometer
before testing, (b) during testing, (c) display of the measuring device

Ra/Pa/Wa Rz/Pz/Wz RSm/PSm/WSm
Unit um um um

Ave, 0,332 1,666 9,051
Max. 0,332 1,666 9,051
Min. 0,332 1,666 9,051
Std. DV 0,000 0,000 0,000
2 Points1 0,332 1,666 9,051

S00
1000 1413,32

Figure 9. Surface structure of a tread fragment (Ra = 0.332 pm, Rz = 1.666 pm)
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Software: -Ei
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Figure 10. Structure of a measuring track for determining the friction coefficients of cigarettes

profile groove (Figure 11), and their displacement
was recorded as the angle of inclination of the
track was gradually increased. Speckles applied
to the surface of the track, the samples and the
levelled reference beam enabled accurate tracking
of displacements in the Dantec Dynamics Istra4D
module. The recorded angles of inclination at the
moment the sample started moving were used to
determine the coefficient of friction. The moment
of motion initiation, corresponding to the break-
ing of static friction, was simultaneously recorded
by a FiberOptic optical sensor located at the end
of the treadmill, which allowed for precise cor-
relation of data with displacements. To verify the
accuracy and sensitivity of the system, reference
measurements were performed using a steel roller
with dimensions corresponding to the samples,
characterised by a known coefficient of friction
and roughness parameters. Each measurement
was repeated multiple times, which made it pos-
sible to assess the repeatability and statistical
reliability of the results and minimise the impact
of sample variability and environmental factors.
This experimental design ensured a reliable and
quantitative analysis of the tribological behaviour
of the tested fibre products.

The tests were conducted until the cigarette
began to slide off the treadmill. Two indepen-
dent measurement systems were responsible for

observing the initiation of movement. The first
measurement system was adapted to observe
the displacement of the front of individual ciga-
rettes. This system was created from a Fiberoptic
RC171 displacement sensor (PHILTEC, INC.,
ANNAPOLIS, MD USA) and calibrated in such
a way as to capture the initiation of movement of
the samples with simultaneous signal and optical
notification to the operator and the analyser in the
second system. This made it possible to compare
the responses of the individual measurement sys-
tems and verify the effectiveness of the tests. The
second system, launched in parallel, is FlexDIC,
a modular measurement system based on digital
image correlation, consisting of three standard 5
Mpx CMOS cameras (2448 x 2048 px @ 24Hz)
operating in GiGE technology, a central mounting
bus, a set of lenses, calibration discs, a lighting
system and a control unit with a laptop with Istra
4D software (Dantec Dynamics GmbH, Germa-
ny) and a DAQ controller. The three-camera con-
figuration uses the so-called Central Reference
Camera Perspective (CRCP), which increases
the field of view and enables precise mapping of
flat and curved surfaces. This system required the
selection of a suitable matrix size with specs and
the marking of samples by applying stochasti-
cally distributed markers around their perimeter
(Figures 12 and 13).

Figure 11. View of a cigarette placed on a tread forming the MakerBeam XL profile
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Sample mass [g]
Sample No.
Before testing After testing
1 0.729 0.730
2 0.705 0.706
3 0.707 0.708
4 0.732 0.733
5 0.723 0.725

Figure 12. View of 5 selected cigarette samples from 5 different packs with their corresponding weights
obtained under humidity conditions of 55% after the conditioning process

The drawing of the physical model of the
selected tobacco product sample placed on the
treadmill illustrates the distribution of areas cov-
ered with specks. Area one (1) is the stationary
base of the stand, serving as a reference level (lev-
elling accuracy 0.05°). Area two (2) serves as a ref-
erence point on the moving treadmill with a ciga-
rette, and area three covers the test sample. Detec-
tion of a change in the position of the straight line
determined on the basis of selected points between
areas two and three triggered the measurement of
the angle between the line defined by the specula
on the track and the level reference line.

The static friction coefficient (i) was deter-
mined based on the angle ¢ shown in Figure 13.
This angle corresponds to the point at which the
static friction force is overcome and the sample
begins to move. The value of p was calculated
as the tangent of the angle ¢, which allows direct
correlation between the precise measurements of
displacements and deformations recorded by the
digital image correlation (DIC) system and the
value of the friction force. This approach ensures
full transparency of calculations and allows
the reader to follow the entire process - from

displacement recording to obtaining the friction
coefficient value. In order to further illustrate the
procedure, a block diagram showing the succes-
sive stages of data processing and pu determina-
tion can be used.

RESULTS

This chapter presents the results obtained
from tests carried out using the DIC system via
the Istra 4D application, with parallel control of
the Fiberoptic RC171 system (Figure 14).

The image shown (Figure 14) depicts a key
stage of the tribological experiment, including the
moment of initiation of the sample’s movement
relative to the raceway surface. The recording of
image sequences in the DIC system enabled the
precise determination of displacements and slip
angles in relation to the axis of the system, while
the Fiberoptic RC171 fibre optic sensor allowed
for the unambiguous identification of the moment
of static friction breakdown. The combination
of data from both systems formed the basis for
further analysis of the friction coefficient and

The force of friction Fy can be determined as:
Fr=us N
Where N and Ff can be calculated as:
N=C,  cos¢@ Fr =Cy - sing
The coefficient of static friction can be calculated:
_C-singp

T C-cosg ang

Hs

Figure 13. Physical model of friction between a tobacco product sample and a treadmill, where: Cw — Cigarette
weight, Ff — Force of Friction, N — Normal Force, f — Incline angle
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31 Last step no.: 41
Step 0 acq time: 2024-12-15T13:DB:02
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Figure 14. Tribological testing of a selected tobacco product: (a) view just before the initiation of movement,
(b) view after the initiation of movement along the track (the red arrow indicates the front surface of the
Fiberoptic RC171 optical sensor)

micro-movement characteristics at the contact
point between the sample and the substrate.

The graph (Figure 15) shows the changes in the
angle of inclination of the treadmill as a function of
successive test steps. In the initial phase, a gradual,
linear increase in the angle value is observed, cor-
responding to the stage of increasing inclination.
The point marked on the graph corresponds to the
moment of static friction breakdown, followed by
the initiation of sample movement and the tran-
sition of the system to kinetic friction. The trend
lines confirm the high repeatability of the curves
and the precision of critical moment detection.

The graph (Figure 16) shows the characteris-
tics of the angular rotation speed of the treadmill
during the tribological test. The recorded oscil-
lations are random and fall within the range of
slight deviations from the average value, which
confirms the high stability of the drive system
and the precision of the inclination angle control
during the measurement. The graph (Figure 17)
shows the course of changes in the friction coef-
ficient in successive steps of the experiment. The
marked point corresponds to the moment of static

friction breakdown, which is a key element of
tribological analysis. The increase in the coeffi-
cient observed after the initiation of movement is
secondary in nature and results from the dynam-
ics of the system and the changing angle of the
treadmill, without affecting the interpretation of
the results in terms of static friction (Table 1).
The friction coefficient values for individual
packages show moderate variability, ranging from
0.25 to 0.31. The lowest values were observed in
samples from package No. 5, while the highest
values were observed in package No. 1. The aver-
age friction coefficient for the entire population
was 0.28 + 0.028, which confirms the stability of
the tribological properties of the tested materials
under the adopted measurement conditions.

DISCUSSION

The proprietary research station included an
angularly driven treadmill cooperating with a
FiberOptic optical sensor and a drive control sys-
tem, which allowed for precise mapping of the

Test Step: 2 with Angle: 12.071 in Degree

T

J‘”‘J

Angle in Degree

0 2 4 5} 8 10 12 14 16 18 20

22 24 286 28 30 32 34 36 38 40 42 44
test step

Figure 15. Results concerning angular displacements in the field of individual test steps
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Figure 16. Characteristics of the angular rotation speed of the treadmill with the sample
Coefficient of Static Friction is:0.214
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Figure 17. The course of the friction coefficient as a function of successive steps of the experiment, with the
moment of static friction breaking marked

Table 1. Average friction coefficient values for five
individual cigarette packs

Package number Coefflc!ent of Standard deviation
friction
1 0.3134 0.0323
2 0.3 0.0248
3 0.262 0.0335
4 0.2722 0.0244
5 0.2538 0.0237
Average results
for the entire 0.28 0.02774
population

moment of motion initiation and estimation of the
forces acting during the actual production process.
The integration of the stand with a digital image
correlation system enabled the simultaneous
acquisition of full-field data on the displacement
and deformation of the tested parts under their
own weight. The optical method used, employ-
ing Dantec Dynamics Istra4D software, allowed
for high-resolution, non-contact measurements,

112

which significantly increased the reliability and
repeatability of tribological analyses.

The surface roughness of the tested fibrous
products and the reference sample was character-
ised. The measurement of topographical param-
eters, such as Ra and Rz, enabled the assessment
of the surface microgeometry and its potential
impact on friction and contact interactions. For
each category of samples, a set of tables and
graphs was prepared, which enabled a comparison
of the surface roughness properties of individual
tobacco products. Analysis of these data enabled
an assessment of the influence of surface micro-
structure on tribological mechanisms, with partic-
ular emphasis on the differences between fibrous
materials. When analysing the results obtained, it
is important to link the friction coefficient to the
microgeometry of the surface, as determined in the
course of surface testing. From a tribological point
of view, surface roughness affects friction through:
e contact interactions at the microscopic level

— peaks of irregularities (asperities) generate
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local contact points between the fibres and the
running surface, increasing friction resistance,

e adhesion and elastic deformation mechanisms
— greater roughness can increase mechanical
contact and local stresses, which translates
into higher friction coefficients,

e extension of the friction path — surfaces with
high topography make the contact surface
more complex, which increases the total resis-
tance when moving the sample.

CONCLUSIONS

The study highlights the crucial role of tri-
bological properties of fibrous materials in the
efficiency and reliability of tobacco product man-
ufacturing processes. The experimental approach
demonstrated that precise determination of fric-
tional interactions can inform improvements in
production stability and continuity. Key conclu-
sions are as follows:

e Friction between cigarette materials and pro-
duction equipment is a major factor influenc-
ing process efficiency and stability.

e Surface roughness and fibre structure signifi-
cantly affect tribological behaviour and should
be considered in process optimisation.

e The methodology applied provides detailed
insights into subtle material interactions and
can inform both material selection and equip-
ment design.

e Theapproach has potential applicability beyond
the tobacco industry, particularly in packaging
sectors involving transport, positioning, or sep-
aration of light fibrous products or films.

o Further research should explore the influence
of fibre microstructure and environmental
conditions such as humidity and temperature,
as well as extend the methodology to other
fibrous materials to fully characterise tribo-
logical behaviour.
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