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Abstract: The article presents a new technique for analyzing phenomena occurring during the
measurement of the strength properties of paper in the conditions of compression of the tested
samples with forces acting in the paper plane. The technique is based on collecting data on the
current distance of the clamps holding the tested sample and the force exerted on the sample using
a universal testing machine and on the simultaneous recording of image sequence of the sample
during the measurement. Next, the resulting images are subjected to processing and analysis, the
purpose of which is to extract information about the shape of the sample edge in all phases of the
measurement. Its advantage is the ability to determine the deflection arrow of the sample and
describe its shape using the selected function given by the analytical parametric formula. It will be
helpful in further research on the development of an analytical model describing the phenomena
occurring during paper compression, and a method to determine the mechanism of paper destruction
and the corresponding maximum force that destroys a paper sample.

Keywords: strength properties of paper; analysis of digital images; modelling of the shape of a paper
sample; deflection arrow

1. Introduction

Paper is an orthotropic material commonly used for the production of corrugated
and cellular cardboard, from which a variety of packaging is then produced [1,2]. Their
usefulness is determined by the strength properties, which depend to a large extent on
the properties of the paper itself [3-9]. At the same time, it is desirable to minimize the
weight of the package while maintaining the required strength. In order to avoid time-
consuming, experimental selection of the material composition of the cardboard from
which the packaging is made, it is increasingly used to predict their strength properties
by means of calculations that take into account the properties of the papers used in their
production [10-14]. One of the important properties is the resistance to edge crushing
measured in the compression test at short fastening—SCT [15]. Due to the orthotropy of the
paper, resistance to crushing is determined in two main directions, namely MD (machine
direction) and CD (cross direction).

However, the test does not take into account the phenomenon of buckling of the tested
sample, which occurs when using longer sample attachment lengths and is commonly ob-
served in corrugated cardboard packaging. Analysis of the compressive strength of various
materials in the buckling state has been of interest to researchers for many years because
it is of great importance for estimating the load capacity of mechanical structures [16-19].
However, the study of paper properties in this area was usually limited to simple com-
pression tests and was not combined with simultaneous observation of the shape of the
compressed samples.

Modern methods of processing and analyzing digital images make it possible to
observe changes in the shape of bodies subjected to external forces on the basis of the
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analysis of their series of images [20,21]. Thanks to advances in electronics, it is now
possible to record sequences of images of processes occurring during strength tests of
various materials in real-time. The series of images obtained in this way can be reviewed in
any way, focusing on the significant phenomena occurring during the experiment, and can
also be subjected to automatic analysis, the purpose of which is a quantitative description
of a given process. An example of such a solution is the Lenso vision system for recording
the surface of materials subjected to mechanical testing. Thanks to the use of Digital Image
Correlation [22,23] in the square areas of successive images in the sequence, they allow for
precise estimation of local deformations of the observed surfaces. Vision systems are also
used in papermaking and printing to detect defects and assess the quality of produced
paper or print [24]. This is possible thanks to the use of advanced algorithms for detecting
defects visible in subsequent images of the recorded sequence, and often also algorithms
for automatic recognition of the type of defect. Implementation of these operations in real
time requires the use of computers with high computing power. This allows to control
the production line based on the information received and improve the parameters of the
production process or reject a defective product.

Observing the shape of paper samples during the crushing resistance test allows for
associating changes in the shape of the sample with the magnitude of the force acting on it
during the test. To make this possible, it is necessary to record images of the sample being
tested and synchronize the resulting series of images with data from the machine.

2. Materials and Methods
2.1. Measuring Setup

The use of digital image analysis methods in measuring the crushing resistance of pa-
per required solving the problem of synchronization of measurement in a universal testing
machine with the recording of images of the tested samples. In order to simultaneously
record the displacement of the moving handle of the testing machine and the force acting
on the compressed sample and the images of the sample to be tested, the measuring setup
shown in Figure 1a was prepared.

(a) (b)

Figure 1. View of (a) the measuring station, (b) the handles of the testing machine with sticked
checkerboard patterns and the paper sample to be tested.

The stand consists of a testing machine (1) Zwick Roell Z 010, an SCT test holder
(2), a camera placed on a tripod (3)—a Canon EOS 6D Mark II full-frame DSLR with a
Canon MP-E 65 mm f/2.8 1-5 x Macro lens (4) and an illuminator providing constant
illumination with the possibility of adjusting its direction (not visible in the photo). This
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Tested
paper

allows to achieve good contrast between the edge of the paper sample under examination
and the background. In order to adjust the sharpness of the image, the camera is attached
to the tripod via a setting sledge (5). This makes it possible to adjust the position of the
camera in two horizontal axes—parallel and perpendicular to the optical axis of the camera.
The camera lens allows to manually change the scale of reproduction in the range of
1 to 5, which gives the size of the recorded fragment of the paper sample in the range of
72mm x 5.8 mm to 36 mm x 24 mm. In the prepared measuring setup, magnifications in
the range of 4 to 5 were used.

Patterns of checkerboard (8) with a length of a single square of 1 mm (Figure 1b)
were sticked to the fixed (6) and movable (7) clamps of the testing machine. It allowed
to track the movement of the handle (6) and to determine the spatial resolution of the
recorded images.

The measurement begins by placing the tested paper sample (9) in the SCT holders
of the testing machine, setting the desired focal length of the lens and positioning the
camera in such a way that the sample and the checkerboard fragments containing at least
two intersections between its fields are in the field of vision. Next, the force value is
reset, the recording of the sequence of photos is started and after recording 3-4 images, the
measurement is initiated in the machine. The measurement ends when the set displacement
of the movable handle is reached. During the entire measurement, a recording of the
sequence of images of the sample is performed along with fragments of handles with
sticked checkerboards.

2.2. A Sequence of Operations Included in the Developed Measurement Technique

The developed measurement technique consists of a series of operations that must
be performed in order to obtain correct measurement results and their analysis. The flow
diagram of the entire measurement is shown in Figure 2. The tested material and processed
data are presented in the figure by means of gray rectangles. Operations included in the
measurement process are shown in light blue rectangles with rounded corners.
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Figure 2. Flow diagram of the entire measurement procedure.

2.3. Developed Image Processing and Analysis Technique

The recorded sequence of images was subjected to pre-processing and analysis. Pre-
processing consisted of the following stages:

e  conversion of a series of RAW images to TIFF format with optional reducing the size
of a digital image to reduce data volume,

e  extracting information about the recording time of each photo in the sequence with an
accuracy of 1/100 of a second,

e  conversion of color images to grayscale,
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e cropping obtained images to the following regions: the examined paper sample, the
checkerboard on the movable handle, and the checkerboard on the fixed handle,

e linear filtering of the sample image by means of a filter that enhances the vertical edges
in the image; its mask is shown in Figure 3,

e linear filtering of checkerboard images using a filter that emphasizes the corners of
the checkerboard fields in the image; its mask is shown in Figure 4.
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Figure 3. Filter mask designed to emphasize edges in an image.
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Figure 4. Filter mask designed to emphasize checkerboard corners in an image.
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The results of filtering the sample image are shown in Figure 5a. Figure 5b shows
the image of the sample itself with the detected edges of the sample: left (green) and right
(red). Detecting the left edge is very difficult due to the low contrast in the image, hence in
further analysis it was decided to rely on the detection of the right edge. This cannot be
generalized to all cases. The contrast depends on the direction and lighting of the sample.
In the future, choosing the right filter mask should be an option for the analysis algorithm.

(a) (b)

Figure 5. (a) The result of filtering the image of the paper sample during the measurement, (b) the

image of the sample with the detected left edge marked in green and the right edge in red.

Figure 6 shows the result of filtering the checkerboard images placed on both handles
of the testing machine and the places where the corners marked with red dots were detected.
To detect the corners between the white and black fields, regardless of their order, filtering
was repeated twice with the filter mask rotated 90 degrees. Next, in the obtained images,
the places of the corners were detected independently by detecting the maxima in the
images after the filtering and the resulting information from both images was combined.

(a) (b)
(d) (e)

Figure 6. The result of filtering the checkerboard image on the moving (a,b) and still (d,e) handle

- 2

w

f)

(©)
(

and images of the handles themselves (c,f) with the corner detection points marked in red. Pictures
(b,e) show the result of filtering with a filter with a mask rotated by 90°.
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The coordinate sets of the points of the detected edges and corners were input informa-
tion to the algorithm for the analysis of image data. The image coordinates were converted
to metric coordinates (mm) based on information about the spatial resolution of the images
and the arbitrarily assumed place of the beginning of the coordinate system (associated
with the place where the sample is handled in a still holder).

The shape of the edge of the test sample in subsequent images of the recorded sequence
is shown in Figure 7.

Distance, mm

-0.5 0 05 1 15 2
Deformation, mm

Figure 7. An example of the shape of the edge of the sample being tested in subsequent images of the
recorded sequence.

The apparent movement of the lower end of the sample edge is the result of limiting
the analysis field to the area of correct edge detection in the image. The assumed origin
of the coordinate system, associated with the edge of the still handle, is below the bottom
edge of the image.

2.4. Synchronization of Image Data and Measurement Results from the Testing Machine

The average values of the coordinates of the corners of the movable and stationary
checkerboard were used to determine the displacement of the handle at the moments of
recording individual photos. Based on this information, the time of photo recording as a
function of the time of measurement data acquisition in the testing machine was estimated,
as shown in Figure 8. The result was the synchronization of data recording times from two
different sources.
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Figure 8. Displacement of the handle of the testing machine estimated from a series of images before
and after synchronization with data from the machine.

2.5. Estimation of Deformation Parameters of the Tested Paper Sample

The measurement data obtained as a result of the pre-processing and analysis of the
images were further analyzed in order to determine the value of so-called the deflection
arrow of the paper sample and the parameters of the sinusoidal function modelling the
shape of the sample edges. This is preceded by a rotation of the coordinate system of the
machine to position the edge of the sample at the beginning of the test in a vertical direction.
This operation is performed on the basis of the coordinates of the sample mounting in the
machine holders. After this correction, the deflection arrow is defined as the difference in
the horizontal coordinate of the places of attachment of the sample in the handles and the
place of the greatest deflection of the sample.

The shape of the sample is then modelled using a sinusoidal function of image coordi-
nates x = f(y):

_ . (2-y
x—C—l—Aszn(M—O—q)), 1

where:

C-constant—the shift relative to the beginning of the coordinate system (it can change in
subsequent photos as a result of, for example, camera vibrations, it is not important in
measuring the deflection of the sample),

A—amplitude of the sine wave function modelling the deflection,

Pr—the period of the sine wave modelling the deflection (at the initial stage of measurement,
before the buckling of the sample, it cannot be determined accurately),

¢p—the initial phase of the sine wave modelling the deflection (not relevant from the point
of view of deflection analysis, but must be a variable in order to match the model well with
the measurement data).

The desired values of the parameters of the sample shape modelling function are
searched in the optimization procedure that minimizes the SSEg, error between the mea-
surement data and the modelling result. The error is described by Equation (2):

. 27T 2
SSEg, = Zi:(xi —C— A-sin( Pryl + (p)) , )
where:

i—index of the point at the edge of the test sample,
x;—the horizontal coordinate of the i-th point at the edge of the sample,
yi—the vertical coordinate of the i-th point on the edge of the sample.
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2.6. An Example of Analysis of Measurement Data—Crushing a Paper Sample Subjected to the

Test with a Clamping Length of 4 mm
The results of the measurements recorded during the MD crushing test of the packag-

ing paper and the analysis of the images recorded at that time and the modelling of the
sample shape using the function given by the Formula (1) are shown in Figures 8-10.
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Figure 9. The results of compression analysis of a 4 mm long paper sample at the time of the

appearance of the sample buckling.
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Figure 10. The results of the compression analysis of the paper sample at a clamping length of 4 mm

at the maximum compressive force.

Meaning of the individual charts in each drawing;:
(a)—an image of the sample with the edge detected,
(b)—the shape of the detected edge in the coordinate system determined on the basis
of the indicated points of attachment of the sample,
(c)—the shape of the force curve as a function of displacement of the handle with the
marked place of recording of the shown image,
(d)—the value of the deflection arrow as a function of displacement of the

movable handle,

(e)—the value of the deflection arrow as a function of force,
(f)—work on deformation of the sample as a function of displacement of the handle,
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(g)—the amplitude value of the sine wave function modelling the shape of the sample
as a function of displacement of the handle,

(h)—the period of the sinusoidal function modelling the shape of the sample as a
function of displacement of the handle,

(i)—the value of the sample shape modelling error as a function of the
handle displacement.

A round, red marker on the background of curves representing individual functional
dependencies shows the obtained values in the discussed phase of the compression process.

Figure 9 shows the state of the sample at the time of transition from the pure com-
pression phase to the buckling phase of the sample. In the moments preceding this state,
modelling the shape of the sample with a sinusoidal function does not make sense. There-
fore, graphs from (g) to (i) in Figure 9 begin with the place marked with a dot.

Figure 10 shows the state of the sample when the maximum force is reached. Up to
this point, the approximation of the shape of the sample using the function described by
the Formula (1) is characterized by a small error value, which means that the buckling takes
the shape of a sinusoid until the maximum force is reached.

Figure 11 shows the condition of the sample after its destruction. In this state, the
approximation of the sample shape using the function described by the Formula (1) is not
very accurate, as indicated by the increasing value of the modelling error. The sample takes
a shape similar to two sections connecting the connection points.
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Figure 11. Cont.
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Figure 11. The results of compression analysis of a 4 mm long paper sample after breaking the sample.

3. Results

The results of measurements made with sample clamping lengths from 0.7 mm to
5 mm are presented. A measurement experiment was performed to study the behavior of
samples of packaging paper crushed in the direction of MD. The sample was 15 mm wide,
as in a typical SCT test. The standard clamping length in the SCT test is 0.7 mm. However,
different values of the sample connection length were used: 0.7 mm, 1.3 mm, 2 mm, 3 mm,
4 mm and 5 mm. The thickness of the paper was 0.14 mm.

Figure 12 shows the shape of a curve representing the dependence of the compressive
force of a paper sample on the displacement of the movable handle with fastening lengths

from 0.7 mm to 5 mm.
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Figure 12. Shape of the dependence of the compressive force of the paper sample on the displacement
of the movable handle at the fastening lengths: (a) 0.7 mm, (b) 1.3 mm, (c¢) 2 mm, (d) 3 mm, (e) 4 mm,
(f) 5 mm.
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As the length of the fastening increases, a tendency to decrease the maximum force
occurring during the test is observed. Curves for a length of 0.7-5 mm increase rapidly until
the maximum value is reached, and then fall sharply, but with a smaller gradient. Table 1
shows the maximum values of the compressive force as a function of the clamping length.

Table 1. Dependence of the maximum value of the compressive force on the connection length.

Connection Length, mm 0.7 1.3 2.0 3.0 4.0 5.0

Maximum value of

. 35.42 32.57 30.56 27.04 20.17 16.20
compressive force, N

At the same time, it can be seen in Figure 13a—c that with fastening lengths of less than
3 mm at the moment of reaching the maximum force no buckling is observed. With longer
lengths of fastening, the buckling has the shape of a sinusoid fragment.

()
Figure 13. Shape of the edge of the compressed paper sample when the maximum force is reached at
the clamping lengths: (a) 0.7 mm, (b) 1.3 mm, (c) 2 mm, (d) 3 mm, (e) 4 mm, (f) 5 mm.

Figure 14 shows the shape of the samples compressed at the time of destruction for
the plug-in lengths to be analyzed.



Appl. Sci. 2023,13, 1389

13 of 17

(d) (e) ()

Figure 14. Shape of the edges of the compressed samples at the time of destruction for the connection
length: (a) 0.7 mm, (b) 1.3 mm, (c) 2 mm, (d) 3 mm, (e) 4 mm, (f) 5 mm.

4. Discussion

The results of the measurements made it possible to draw a number of conclusions.
For a length of 0.7 mm, the paper fibers delaminated and crushed near the fixed lower
handle of the machine. In this case, the ratio of the length of the sample to its thickness is
L/g = 5. For lengths of 1.3 and 2.0 mm, destruction shall also occur near the lower handle
with visible horizontal displacement of the samples. For these cases, we have L/g =9.3
and L/g = 14.3, respectively. For the fastening lengths of 3.0 (L/g = 21.4) and 4.0 mm
(L/g = 28.5), the destruction of the samples takes place in the central part and the sample
takes the shape of the letter V. Note that paper edges enter tangentially into both handles.
However, for a length of 5 mm (L/g = 35.7), the V-shape is very clearly visible, in particular
the refraction itself. The sample at the places of attachment to both handles takes the shape
as for joint-like support.

In the theory of thin-walled structures, the following classification is assumed: when
L/g > 25-30, where L is a smaller overall dimension, the plates are thin-walled; when
5 < L/g < 25 the plates are of medium thickness, while L/g < 5 the plates are thick [16,17].
According to this classification, the clamping length L = 0.7 mm corresponds to thick plates,
and for L =1.3, 2.0, 3.0, 4.0 plates of medium length, and for L = 5.0 thin plate. For plates of
medium thickness, modifications are made in relation to thin plates [18,25,26].

Figure 15 shows diagrams of changes in the deflection arrow of the sample as a
function of displacement of the movable handle of the testing machine with the place
where the maximum force is reached.
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Figure 15. Dependence of the value of the deflection arrow on the displacement of the movable
handle at the fastening lengths: (a) 3 mm, (b) 4 mm, (c) 5 mm.

The correctness of determining the deflection arrow using the developed image analy-
sis technique was checked by comparing measured sample shortening with the analytically
determined value using the formula given in [16]:

2
Al =1 1—21—<21‘5> ©)

where:

[—sample length
Al—sample shortening
d6—deflection arrow.

Figure 16 shows a comparison of the measured and theoretically calculated shortening
of the paper sample with a clamping length of 4 mm and 5 mm as a function of its
deflection. A slight difference between the measured and calculated values may result from
the adopted destruction model, which does not reflect all the phenomena occurring during
the test, or the inaccuracy of determining the deflection arrow by imaging methods.
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Figure 16. Comparison of the measured and theoretically calculated sample shortening during the
test for clamping length of (a) 4 mm and (b) 5 mm.
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Figure 17 summarizes the diagrams of changes in the period of the sinusoidal function
approximating the shape of the test sample as a function of displacement of the movable
handle of the testing machine. Estimating the period until buckling occurs is not justified,
since the shape of the edge of the sample does not resemble a sinusoid. From the moment
the maximum force is reached, the value of the period stabilizes at a level comparable to
the length of the fastening.
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Figure 17. Dependence of the period of the sine wave modelling the shape of the sample on the
displacement of the movable handle at the lengths of fastening: (a) 3 mm, (b) 4 mm, (c) 5 mm.

5. Conclusions

A measurement technique was developed, based on the simultaneous measurement
of the dependence of the compressive force on the displacement of the movable handle of a
universal testing machine and the recording of a series of images of a compressed sample
of the tested material. This technique has a number of advantages over the traditional
approach of recording only jaw movement and the force curve during the test. It enables
non-contact measurement of the value of the deflection arrow of the sample during the test
and gives the opportunity to observe its shape. This allows the shape of the tested paper
samples to be modelled with different curves, e.g., a sinusoidal function. Thanks to this,
it becomes possible to determine the relationship between the deflection arrow and other
variables, e.g., force, displacement of the handle of the testing machine or work carried out
on the sample.

Visualization of changes in the shape of the sample in subsequent phases of the test
together with the quantities measured using a universal testing machine facilitates the
prediction of the model of destruction under given conditions and gives the possibility
of its quantitative verification by determining the modelling error of the shape itself or
the parameters determined on its basis. As an example of such a possibility, the effects of
approximating the shape of the sample using the sinusoidal function and the error graph
of this approximation allowing to estimate the limits of applicability of the proposed model
are shown. The development of a model of paper destruction during compression is of
great importance for predicting the strength properties of corrugated board and cardboard
packaging produced from it. This will allow for savings in terms of packaging products
in transport and reducing the consumption of paper raw materials for the production
of cardboard.

In order for the developed measurement technique to be fully useful in testing the
strength properties of paper, the process of registration and pre-processing of sample
images must be optimized. In particular, the procedure used to detect the optical edge
of the sample does not allow for its correct detection in the vicinity of the attachment to
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the UTM holder. It is planned to mask the handle with black stickers. The authors are
also looking for optimal image size settings, which will maximize the number of images
recorded during the examination. Further research is also planned to develop an analytical
model describing the phenomena occurring during paper compression and methods for
determining the mechanism of paper destruction and the corresponding maximum force
that destroys a paper sample.
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