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ABSTRACT

Localization aims to provide the best estimate of the robot pose. It is a crucial algorithm in every robotics application,
since its output directly determines the inputs of the robot to be controlled in its configuration space. In real world of
engineering, the robot dynamics related measurements are subject to both uncertainties and disturbances. These error
sources yield unreliable inferences of the robot state, which inherently result in wrong consensus about the appropriate
control strategy to be applied. This outcome may drive the system out of stability and damage both the physical system
and its environment. The localization algorithm captures the uncertainties with probabilistic approaches. Namely, the
measurement processes are modelled along with their unreliability, moreover, the synergy of multiple information
sources is formulated with the aim to calculate the most probable estimate of the robot pose. In essence, this algorithm
is composed of two main parts, i.e., first the dynamics of the system is derived, and the corresponding uncertainties are
initially predicted, next the additional sensor information is incorporated in the algorithm to refine the posterior
estimate. This approach provides the state-of-the-art solution for the derivation of mobile robot poses in real
applications.
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1. INTRODUCTION

Mobile robots have a wide application spectrum from industrial applications, over domestic solutions in
everyday life, to education platforms at universities [1]. Their popularity is based on the simple mechanical
structure, small footprint, easily realizable and agile maneuvers. One of the main purposes of the software
architecture, which operates the mobile robot, is the calculation of the suitable control inputs that
contribute to successful robot motions. Successful control means that the robot is able to realize the motion
between two desired points in its configuration space.

The control structure of mobile robots can be seen in Fig. 1. This control problem is solved in multiple
steps. First, the sensors supply measurements of the instantaneous system dynamics. Next, the task of the
localization is to obtain the most probable robot pose (position and orientation); i.e., this is a state
estimation task. Then, the path planner designs the desired trajectory (series of feasible maneuvers)
between the desired points based on both the obtained robot pose and information about its environment
(i.e., occupancy grid that characterizes both the free space and obstacles around the robot). Finally, the
control algorithm is responsible to track the trajectories, thus it calculates suitable inputs that are supplied
to the actuators of the physical system.

In this work, the performance of the extended Kalman filter (EKF) for mobile robot pose estimation is
evaluated for two test scenarios based on an experimental setup.
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Figure 1: The control structure of mobile robots
2. MATERIALS AND METHODS

The localization problem is solved via fusing multiple independent sensors [2]. It is a recursive algorithm,
which first incorporates the uncertainties of each sensor, then formulates the synergy of the applied sensors
in a probabilistic framework:

p(x¢Imap, ze,ue) =1 'p(Ztlxt,map)f pOxelue, X )p(xp—1Imap, ze_q, ue—q) dxe_q 1
c

where n is the normalization factor, C denotes the configuration space of the robot, p(z.|x;, map)
characterizes the observation, p(x.|u;, x._,) describes the motion dynamics, and p(x._,|map, z;_1, Ur_1)
denotes the probability density function of the system state in the previous epoch.

The problem is addressed in detail in the case of wheeled mobile robots as follows. The relative motion of
the system is measured by wheel encoders [3] and/or inertial measurement units (IMU) [3-6]. Wheel
encoders measure how many times has the motor rotated, which can be used to calculate distance based on
the wheel diameter. IMUs consist of a three-axis accelerometer and a three-axis gyroscope. Accelerometers
measure linear acceleration, while gyroscopes provide angular velocity measurements. The orientation can
be computed by the integration of the gyroscope signals. By integrating once, the acceleration, the velocity
can be given, and the position can be calculated by one further integration.

By the probabilistic characterization of the aforementioned sensors, the motion model of the system is
obtained. The motion model describes the system evolution based on the input signals over time. However,
the incorporated sensors are imperfect, namely, the inherent noise (e.g., random measurement noise and
temperature dependent bias) yields to imprecise motion-model based pose results. On one hand, drift is
generated during data processing, on the other hand, the uncertain parameters of the physical system,
moreover, the uncertainties induced by the environment of the robot (e.g., uneven, and slippery terrain [3,
7]) significantly reduce the estimation performance and thus the reliability of the so-called a priori
estimate.
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The a priori belief bel(x,) of the robot pose x, is obtained as follows.

Bel(x,) = f p (e ltte, xo_bel Gy )dxe_s )
C

The localization algorithm handles the aforementioned problems and compensates for the generated errors
in its update phase. The update phase incorporates additional sensors, which provide information of the
robot pose in its inertial coordinate system. Namely, the absolute pose data is obtained based on vision
sensors, signal strength measurements or global positioning system (GPS). Vision sensors are used in both
indoor and outdoor environments, and they include cameras and LiDAR sensors [5-6, 8]. The GPS is a
widely used technology for determining absolute position in outdoor environment, but it does not provide
reliable measurements in indoor environment [9]. Signal strength measurements are widely used for
absolute position estimation in indoor environments [9]. These methods utilize the received signal strength
indicator (RSSI), which can be read from the wireless transceiver modules and can be used to estimate
distances. The RSSI measurements collected during the communication between the mobile object and so-
called anchor nodes, which have known position, can be used to estimate the position of the mobile object.
The a posteriori belief bel(x;) of the robot pose x; is given as follows.

bel(x;) = 1 - p(z;lx)bel (x;) @)

It should be noted that these measurements are also characterized by anomalies (e.g., noise, low resolution,
and low sampling rate). The characterization of these anomalies yields the observation model. In a
recursive fashion, the localization algorithm predicts the state of the system with the a priori estimate (via
the motion model), while the observation model evaluates this prediction and obtains the refined a
posteriori robot pose in a Bayesian estimation framework. This framework is the basis for many popular
state-of-the-art algorithms such as the Kalman filter, particle filter, information filter and histogram filter.
In the case of nonlinear systems, the EKF needs to be used, which linearizes about an estimate of the
current mean and covariance.

3. RESULTS AND DISCUSSION
3.1. Kalman filter for localization

The Kalman filter is a recursive Bayes filter, which provides the optimal state estimate with minimized
error variance [2]. It incorporates linear models for motion p(x;|u;, x,—,) and observation p(z;|x;, map),
moreover, it significantly reduces the complexity of estimation by the utilization of normal distributions.
The extension of the algorithm enables the usage of nonlinear models, however suboptimal performance is
obtained in these cases. Prediction and update phases are given as follows.

Prediction:
x_ = f(x,up) (4)
P.=JrPJF +Q ®)

Correction:
K =P Ji(uPJh+R)" (6)
Xepp = X_ + K(z - h(x_)) @)
Py = u- K]H)P— (8)
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The algorithm obtains the predicted state along with its covariance (x_ and P_) based on the system
dynamics f(x;, u.), Jacobian of the system dynamics (J5), and covariance matrix of this motion model Q.
Then, the Kalman gain is calculated with the help of both the Jacobian J,; of the observation model h(x_)
and covariance matrix of measurement R. This gain determines the importance of instantaneous
measurement z and updates the predicted state estimation accordingly.

3.2. Experimental setup

The pose of the mobile robot which performs planar motion is characterized by the position x, y and
orientation ¢. The wheel encoders are used by low level controllers to maintain the instantaneous linear
and angular speed values. Thus, the input of the motion model is formulated as:

uy = (v, w)". )
Since the encoders are sensitive to uneven and slippery terrains, therefore it is expected that the input

signal-based prediction ensures only short-term accuracy. Complementary measurements are provided by
the GPS receiver, which provides observations for the position of the robot:

ze = (x, y)" (10)
The motion model is characterized with the state vector x, as given in (11).
x=(xy ¢v)" 11)

The motion equations are described in discrete time nonlinear state space. The coordinates of the robot are
obtained in the t+1 epoch based on simple discrete time integration as follows.

Xty1 = X¢ + U COS P (12)
Yer1 = Ye T Ve sing (13)
b1 = P + w0 dt (14)
Vty1 = Ve (15)

The state estimation performance is influenced by the process and measurement covariance matrices (Q
and R). It can be assumed that the state variables are uncorrelated, thus diagonal matrices are defined as in
(16) and (17).

Q = diag(a?,0%,03,02) (16)
R = diag(crgzps_x, crgzps‘y) ()

3.3. Simulation results

The performance of the Kalman filter for robot pose estimation based on the described experimental setup
is evaluated for two scenarios. The algorithm was implemented in MATLAB/Simulink framework. The
robot executed piece wise constant control speeds. The covariance matrices were set up as: Q =
diag(0.01,0.01,0.0003,1) and R = diag(1,1). The simulations lasted for 60 s and the sampling time was
0.1s. Fig. 2 and Fig. 3 highlight the simulation results, where the blue line shows the true state of the robot,
the red line indicates the state prediction results based on encoder measurements, the yellow dots show the
GPS updates, while the purple line indicates the performance of the EKF algorithm, i.e., the state
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estimation results. Tab. 1 and Tab. 2 present the root mean square (RMS) and the standard deviation (STD)
of the errors for the two scenarios, which can be calculated using (18) and (19).

(18)

Z?Izl(ei —e)? (19)
N-1

STD =

where N is the number of measurement points, e; is the error at the ith point, and é is the mean error.

It can be seen from the results that the encoder-based state determination does not provide reliable results.
This outcome was expected, since the encoder is sensitive to parasitic accelerations, uneven terrain, and
slippage, therefore the inevitable noise generates drift during the integration process. However, the EKF
successfully combines the short-term accurate encoder results with the GPS updates, thus providing
reliable state estimation results for the high-level controllers.
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Figure 2: Simulation results in the first scenario

Table 1. Errors (m) in the first scenario

X axis Y axis

Method [ RMS | STD | RMS | STD
Encoder [ 2.7038 | 2.0510 | 4.0825 | 2.7861
EKF 0.1218|0.1218 | 0.1656 | 0.1491
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Figure 3: Simulation results in the second scenario

Table 2. Errors (m) in the second scenario

X axis Y axis

Method | RMS | STD | RMS | STD
Encoder | 7.2668 | 4.6859 | 7.2668 | 1.9872
EKF 0.1227 {0.1226 | 0.1650 | 0.1647

4. CONCLUSIONS

The Kalman filter is one of the most popular choices for solving the localization problem of mobile robots.
If the system is characterized by uncertainties, then the estimation of robot pose cannot be performed with
deterministic approaches. The Kalman filter offers an effective way to address the vagueness of the system;
it fuses the information provided by different sources and derives the optimal state estimate with
suppressed noise and uncertainty components. Mobile robots operate in environments, where the terrain
conditions often change. Variable environment is effectively handled by adaptive strategies, which
measure the external disturbance magnitudes and vary the filter parameters during real time operation.

In this paper, the performance of the EKF was evaluated for pose estimation of a mobile robot. Two
scenarios were tested based on the experimental setup. The obtained results showed that the encoder-based
state determination does not provide reliable results, while the EKF successfully combines the short-term
accurate encoder results with the GPS updates and provides reliable state estimation results.
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ABSTRACT

Widely used robot systems have a rigid base structure that limits the interaction with their environment. Due to the
inflexible attachment points, conventional robotic structures can only manipulate objects with their special gripping
system. It can be difficult for these systems to grasp objects with different shapes, handle complex surfaces or
navigating in a heavily crowded environment. Many of the species observed in nature, like octopuses are able to
perform complex sequences of movements using their soft-structured limbs, which are made up entirely of muscle and
connective tissue. Researchers have been inspired to design and build robots based on these soft biological systems.
Thanks to the soft structure and high degree of freedom, these soft robots can be used for tasks that would be extremely
difficult to perform with traditional robot manipulators. This article discusses the capabilities and usability of soft
robots, reviews the state of the art, and outlines the challenges in designing, modelling, manufacturing, and controlling.

Keywords: soft robotics, soft actuators, bio-inspired robots, pneu-net, flexible robots
1. INTRODUCTION

Engineers have been studying the mechanics of biological systems for a long time and that always been a
great source of inspiration for them. Softness and adaptability are outstanding properties of the biological
systems, tend to strive for simplicity and show reduced complexity in their interactions with the
environment. Based on these biological systems, a new class of machines was defined as soft robots [1][2].
These systems contain soft elements instead of a rigid structure, allowing them to perform tasks that
conventional robotic systems would not be able to perform. Conventional, rigid robots are widely used in
manufacturing today and can be used with high efficiency to efficiently perform a single well-defined task.
However, their adaptability is very limited as they consist of rigid bonds and joints, so their use in a
changing environment poses many problems. Soft robotics allows to design systems that adapt to the
environment and unspecified events with great efficiency. These features open new opportunities for
machine-human collaboration and the development of autonomous systems

2. COMPONENTS OF SOFT ACTUATION
2.1. Materials and power sources

Soft materials are key to creating a soft robot. The elasticity of the materials is described by the Young's
modulus, but it is only defined for homogeneous prismatic bars subjected to axial loading and small
deformations. Nevertheless, it is a useful measure of stiffness for materials used in the manufacture of
robotic systems. Materials used in robotics (e.g., metals, hard plastics) have a modulus of the order of 10°-
10% Pa, while natural organisms often consist of materials (e.g., skin, muscle tissue) with a modulus of the
order of 10*-10° Pa [2]. Soft robotics defines systems that consist primarily of materials whose modulus
falls within the modulus of soft biological materials.

The power supply systems required for their operation are a major challenge for soft robots. These systems
are usually able to operate using 2 types of energy: pneumatic and electrical. For pneumatic actuators, the
existing power sources are not soft and are usually large. Pressure sources available from the current shelf
are usually limited to compressors or pumps [3]. Compressors convert electrical energy into mechanical

DOI: https://doi.org/10.14232/analecta.2022.1.8-13



Analecta Technica Szegedinensia
Vol. 16, No. 01 ISSN 2064-7964 2022

energy, and compressed gas cylinders store a certain volume of pressurized fluid so that it can be
discharged when needed.

Electrically driven actuators require a soft, flexible, lightweight power source [4]. Soft electronics, like soft
robaotics, are one of the most active research area.

2.2. Actuation

The easiest way to create a homogeneous load on a deformable piece of material is to increase the applied
pressure with the aid of a liquid medium. This concept is the core of many soft actuators and their various
implementations. The simplest soft actuators include blisters that can be rapidly inflated with compressed
air to generate the mechanical effect that creates displacement. If a specific spatial architecture is
developed for the bladder, one direction of expansion may be preferred over the others and as a result,
different types of motion can create (see Figure 1.). In addition, folds can be added to the design, allowing
movement to follow prescribed paths [5][6].

Longitudinal tensile actuators

AP=0 Strain limited layer  AP>0

Figure 1: Common approaches to actuation of soft robot bodies in resting (left) and actuated (right) states [2]

Soft robot segments are generally operated by inflate channels in soft material and this achieve the desired
deformation. Pneumatic artificial muscles (PAMs), also known as McKibben actuators, are examples of
suitable linear soft actuators consisting of elastomeric tubes in fibrous sheaths [7].

Fluid elastomer actuators (FEAs) are a new type of highly extensible and adaptable low-power soft
actuators. FEAs are synthetic elastomers operated by dilating embedded channels using pressure. The
FEAs can be operated pneumatically [8] or hydraulically [9].

While most soft robots use pneumatic or hydraulic actuation, researchers are also focused on the
development of electrically operated soft actuators, which used electro-active polymers (EAPS). These
actuators include dielectric EAPs, electrostrictive graft polymers, and stimulus-responsive gels [10].

3. FABRICATION OF SOFT ROBOTIC STRUCTURES
3.1 Molding

The vast majority of soft structures are made of a catalysed polymer, such as silicone rubber, which is
prepared by mixing two components prior to casting operations. However, the homogenization steps add
air bubbles to the mixture and these bubbles can cause weaknesses in the final structure. These should be
removed, usually by vacuum degassing of the mixture or alternatively by rotating the mold and using
centrifugal forces [11].
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The most difficult part of making a mold is that cavities have to be left in the internal structure, so the usual
manufacturing methods are out of the question. The simplest solution to the problem is to cast the part from
several parts, which can then be sealed together by gluing or dipping the parts into an unbound material
[12]. However, the seam obtained by this method may be structurally weak.

3.2 Additive manufacturing

In contrast to classical machining methods, also called extraction manufacturing, where the tool removes
material from a workpiece to produce the desired shapes, additive manufacturing (AM) is based on the
local deposition of a small amount of material to form the shape. The available technologies have been
constantly improving since the early 1990s [13], so it is now possible to create components from polymers
and elastomers, metals, ceramics, and in some cases even to combine or mix two or more building
materials.

The most commonly used method for AM is the fused deposition modelling (FDM) procedure. In this case,
the 3D shape is formed by sweeping each layer with a thermoplastic extrusion nozzle to form a thin
polymer fiber [14].

4. APPLICATIONS
4.1. Location changing

In soft robotics, there is a great opportunity to design systems that are able to change their own location.
Most of the research is based on the movement of animals whose muscles and tissues can be modelled with
soft robotic elements such as e.g., caterpillar [15] [16], octopus [17], fish [18]. These systems can diversify
depending on the number of the soft actuators and their design (see Figure 2.). Various forms of movement
can be produced with soft elements such as: four-legged movement [19], rolling [8], snake-like waving
[20] and jumping movement [21].

VL

i

Figure 2: Soft robot systems of different designs. a) hydraulically operated soft robot [18], b) four-legged autonomous soft
robot[19], c) rolling soft system [8], d) meandering soft unit [20], e) octopus arm like soft actuator [17]

The typical operating power sources (e.g., air compressors, batteries) are relatively heavy, so this greatly
simplify the system design by significantly reducing load capacity. One approach to implementing mobile
systems is to connect a soft robot to a mobile rigid robot with higher load capacity [22] and the other
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approach has developed materials and designs that are designed to operate at high pressures to transport
payloads [19].

4.2. Manipulation

Manipulation is one of the most exciting challenges in robotics. Soft systems have a natural advantage over
rigid robots in manipulating unknown objects (see Figure 3.). Due to the soft grippers, it is possible to
adapt to different objects with simple control schemes [23]. Grippers used in isothermal systems can take
of this advantage over conventional rigid manipulators [24] and this silicone elastomers demonstrate
impressive adaptability thanks to embedded pneumatic channels [25][26].

1Tirr
lll‘l’h

Figure 3: Soft grippers of different designs. a) hand shape gripper [25], b) jamming based manipulation [24], c) octopus arm like
soft gripper [17], d) 6 segment gripper [23], ) microactuation manipulation [26]

4.3. Wearable applications

One of the natural advantages of soft robotic systems is that their wear does not restrict limb movement
due to the flexibility of their modules. For rigid medical devices or orthoses

there is a risk that wearing it uncomfortably may damage human tissue. One option is integrating a degree
of fitness into wearable devices such as orthopedic rehabilitation. Recently, researchers have begun to
study soft wearable medical applications (see Figure .4), including soft orthodes for human ankle-foot
rehabilitation [27], hand rehabilitation [28] and soft sensing suits for measuring lower extremities [29].
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Figure 4: Wearable soft robotic devices. a) ankle rehabilitation with soft actuator [27], b) soft robotic glove [28], ¢) soft sensing

suit [29]

5. CONCLUSIONS AND PERSPECTIVES

Soft robotics is a relatively new area of research. A wide range of systems have already been developed
with a number of applications but there is still plenty of scope in many disciplines. The development of
technology is closely linked to the development of new manufacturing techniques, enabling the production
of increasingly complex devices that can facilitate the production of soft systems. The introduction of new
innovative materials such as self-healing polymers or biocompatible elastomers will also lead to a further
expansion of soft robotics in medical and biomechanical applications. Current manufacturing technologies
already allow for the widespread use of soft robotics and these opportunities will evolve with the
development of many scientific communities approaching soft robotics.
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ABSTRACT

Alzheimer's disease (AD) is a progressive irreversible neurodegenerative disease in the hippocampus and cortex
regions of the brain and is the most common cause of dementia in the elderly population among 40 million cases
worldwide today, it is thought that this number will exceed up to 100 million by 2050. The disease is characterized by
symptoms of memory loss, difficulty in speaking, decision making, learning, problem solving, and impaired perception
of time and orientation. In its pathogenesis, the amyloid beta (AP) senile plaques accumulation in the extracellular
synaptic spaces of the neurocortex, the formation of intracellular hyperphosphorylated tau protein deposition and
neurofibrillary tangles (NFY) are important and triggered neurodegeneration mainly affects cognitive behavior and
memory. Phenolic compounds are organic compounds containing a benzene ring to which one or more hydroxyl
groups are attached. Studies have shown that regular consumption of polyphenols reduces the risk of developing
neurodegenerative diseases. Studies have reported that polyphenols inhibit AP production and accumulation processes
by interacting with different forms of amyloid structure. In this study, polyphenols and their therapeutic properties
against AD will be discussed extensively.

Keywords: Alzheimer’s Disease, Amyloid Beta, Neurodegeneration, Polyphenols

1. INTRODUCTION

Alzheimer's Disease (AD), characterized by Alois Alzheimer in 1907, is the main form of dementia and is
a fatal neurodegenerative disease that develops and progresses under the influence of multiple factors
including genetic, environmental and infectious mechanisms [1,2]. Dementia is the seventh most common
reason of death today. The latest Alzheimer report shows 50 million people suffer from dementia and 1
trillion US dollars was spent on the treatment of dementia in the World [3]. It is predicted that this figure
will increase and there will be 132 million dementia patients in 2050, and it is calculated that the
expenditures for dementia treatment will double then [3]. AD affects more than 20 million people
worldwide and this number will increase significantly in the future with the increase in the number of
elderly people in the total population. Its prevalence is 10% around the age of 65 and 50% around the age
of 85 [1]. AD affects large areas of the cerebral cortex and hippocampus. The abnormalities are usually
first detected in brain tissue including the frontal and temporal lobes and then slowly progress to other
areas of the neocortex at rates that are highly variable between individuals. AD is a chronic
neurodegenerative disease that is the most common cause of dementia (60-80%). The most common causes
of dementia in patients over the age of 65 are AD, vascular dementia and coexistence of vascular dementia
and AD [3].

Approximately 10% of clinical dementia incidences are due to reversible causes such as metabolic
anomalies (eg, hypothyroidism), nutritional disorders (eg, vitamin B12 deficiency, folate deficiency) or
depression. It is estimated that 4.6 million new cases of AD develop every year all over the world. In
molecular level, Alzheimer's disease is characterized by a wide variety of events such as errors in protein
sequence and aggregation, oxidative stress, mitochondrial abnormalities and neuroinflammatory pathway
[4]. Extracellular amyloid beta (AB) accumulation and intercellular hyperphosphorylated tau protein are
accepted as the main pathological findings of AD [5]. Fibril tangles that are another neuropathological sign
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of AD, consist of abnormally hyperphosphorylated tau proteins [6]. In addition, the intracellular formation
of extracellular accumulations and neurofibrillary tangles of AB plays an important role in oxidative stress,
excitotoxicity, neuroinflammation and neurotransmitter deficiencies [7,8].

As a consequence of many mechanisms exist in the pathogenesis of AD, there is no approach that can
prevent, completely treat or slow the progression of the disease, but drugs that delay the progression of the
symptoms of the disease continue to be developed [9]. The developed treatment strategies are based on the
approaches that constitute the pathogenesis of AD, especially acetylcholinesterase (AChE) and secretase
inhibitors and tau therapies [10]. Acetylcholinesterase inhibitors (AChEIs) such as donepezil, galantamine
and rivastigmine, and N-methyl D aspartate (NMDA) receptor antagonists such as memantine are approved
by the US Food and Drug Administration (FDA) to improve the symptoms of Alzheimer's disease [11].
Donepezil, galantamine and rivastigmine are recommended for mild to moderate AD patients; and
memantine is recommended for moderate to severe AD patients [12].

In addition to existing treatments, some herbal medicines, extracts and some active compounds can provide
a therapeutic benefit against AD, thanks to their neuroprotective effect with cholinesterase inhibition
activity, anti-tau, antioxidant, antiapoptosis, anti-inflammatory properties, and their ability to act as -
secretase inhibitors by affecting AP production [11,13]. It is considered that polyphenols found in plants
can regulate AP production and aggregation by inhibiting amyloid self-assembly by stimulating a-secretase
pathway or inhibiting - and y-Secretase pathways [14]. Also, mitochondrial dysfunction, inflammation,
hyperphosphorylated tau and AP accumulation in AD are associated with reactive oxygen species (ROS)
[15]. ROS can occur through different mechanisms and has complex roles in accelerating AD development
[16]. Further studies are needed to determine these complex roles of ROS in AD and to develop
antioxidant-based therapeutic targets [16,17]. Here, the therapeutic properties of different polyphenols and
their derivatives will be highlighted.

POLYPHENOLS

Polyphenols are secondary metabolites found in high amounts in fruits, vegetables, seeds and oils. Today,
more than 10,000 natural polyphenols have been identified, and they are categorized into various groups
according to the number of phenolic rings and the number of structural elements bonding these rings.
These are mainly, phenolic acids and their derivatives, lignans, stilbenes, flavonoids which are also
categorized into various subgroups [18,19].

The main common feature of all polyphenols is the presence of hydroxyl groups in the -ortho or -para
positions required for redox reactions and that they contain more than one phenolic ring. These natural
compounds have strong antioxidant properties that protect against oxidative damage due to their
scavenging and metal chelating properties of free radicals produced by reactive oxygen species [18,20].

It was proven that polyphenols can have a neuroprotective effect in neurodegenerative diseases such as
AD, prevent AB formation, and suppress the vicious circle between AP production and oxidative stress,
with their anti-aging, cardiovascular protection and anti-inflammatory properties [20,21]. Previous findings
show that all polyphenols have different effects on amyloid structure by interacting with different amyloid
forms such as monomeric, oligomeric or fibril forms. It was stated that these compounds prevent the
accumulation process by entering between the aromatic rings in the amyloidogenic protein structure
[22,23]. Furthermore, it was discussed that polyphenols have the ability to stimulate the a-secretase
pathway and inhibit the B- and y-secretase pathway, and thus have the capacity to modulate A production
[24-26]. | was identified in AD studies that some polyphenols perform strong enzymatic inhibition in the
AP production pathway, while some others prevent amyloid aggregation and fibril formation significantly
[20-27]. E.g; quercetin and myricetin, which are some of the most known natural polyphenols exert
significant effects by inhibiting the [B-secretase enzymes. On the other hand, it was stated that
epigallocatechin-3 gallate (EGCG), resveratrol, and curcumin, which are well-known polyphenols, form a
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non-covalent complex with the AR peptide and inhibit amyloid aggregation and also interact with the
secretases or cyclooxygenase pathway [24]. It was emphasized that hydrophobic forces, aromatic stacking,
electrostatic and aromatic interactions play an important role in the formation of AP, and the mechanism of
polyphenolic compounds should be studied as predicting that they can be conjugated to AP formed in this
way [28,29].

Phenolic Acids and AD

Phenolic or phenolcarboxylic acids are one of the main classes of plant phenolic compounds and are found
in high concentrations in seeds, colored fruits such as berries and pomegranate, fruit skins, vegetables
including onions and vegetable leaves as free or soluble conjugates. Phenolic acids are basically
categorized into two subgroups as hydroxybenzoic and hydroxycinnamic acids [30,31]. Phenolic acids are
phytochemicals commonly used in daily food intake, containing an aromatic ring bearing an acidic group
and one or more hydroxyl groups. Phenolic acids are secondary metabolites that can often be found in
plant-derived foods and form an important part of our daily diet [32-34]. These phenolic acids additionally
form a group of secondary metabolites with redox and metal chelating properties that act as reducing
agents [35]. Considering its potential health benefits such as antioxidant [36], antiviral [37],
anticarcinogenic activities [38-40] and neuroprotective properties [41-51], it has attracted the attention of
researchers due to these effects. It has therefore been demonstrated that phenolic acids can be used as
health-promoting ingredients in functional foods and other products [52].

Chang et al. [41] have determined the protective effect of caffeic acid against AD that including caffeic
acid in diet modulated AP accumulation, decreased the p-tau expression in the hippocampus and attenuated
the APP expression as well as (-site APP cleaving enzyme in rat model of hyperinsulinemia. Mori et al.
[42] and Yu et al. [43] have demonstrated that using gallic acid in the diet of transgenic mice with AD
improved cognition, rescued learning and memory deficits and reduced AP aggregation. Also, Ogunlade et
al. [44] have suggested that gallic acid was effective on ameliorating hippocampal neurodegeneration and
cognitive stress in AlICl; induced rat model of AD. Shan et al. [45] have shown that implicating rosmarinic
acid in diet of mice decreased tau phosphorylation and insoluble phosphorylated tau formation in the brain.
Mori et al. [46] have determined that orally administrated tannic acid in transgenic mice with AD
prevented cognitive impairment, decreased the cleavage of the B-carboxyl-terminal APP fragment and
soluble APP-B production, as well as reduced p-site APP cleaving enzyme and diminished
neuroinflammation. Hornedo-Ortega et al. [47] have found that protocatechuic acid inhibited A
aggregation and its preformed fibrils, also prevented the cell death triggered by AP toxicity in PC12 cell
line model of AD. Guven et al. [48] have suggested that consumption of p-coumaric acid in rat model
caused reduction of AP protein accumulation and decrease in neuroinflammation. Lee et al. [49] have
demonstrated that sinapic acid application rescued neuronal cell death in hippocampus, attenuated memory
impairment and oxidative stress as well as glial cell activation in AB-induced mice. Jha et al. [50] have
shown that ellagic acid reduced neuroinflammation and oxidative stress, attenuated Ap plaque and AChE
levels and improved synaptic connectivity in rat model of sporadic AD. Ogut et al. [51] have determined
that syringic acid decreased neuroinflammation and oxidative stress and improved neurobehavioral
impairments in AICl; induced rat model of AD.

Lignans and AD

Lignans are natural polyphenol compounds containing 2,3-dibenzyl butane skeleton that are attracting due
to their strong antioxidant capacity and other biological and therapeutic properties on human health.
Lignans are natural constituents known as the oxidative coupling product of p-hydroxyphenylpropane and
are widely found as minor constituents in the plant kingdom [52]. Lignans are commonly available in
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edible plants, where they are synthesized via the phenylpropanoid pathway and following the biosynthesis
of lignin [53]. Today, the amount and characterisation of lignans in various foods been evaluated [54]. It
was reported that some lignans are known for their antitumor [55], antiviral [56], antibacterial [57] and
immunosuppressive properties [58] as well as lignans have protective effect on cardiovascular diseases and
diabetes [59]. Some studies [60-65] have proven the anti-neurodegenerative properties of lignans and
neolignans.

Kantham et al. [60] have demonstrated the neuroprotective activity of biphenyl neolignane honokiol
against AD in transgenic Caenorhabditis elegans by inhibiting AB aggregation and AChE, also scavenging
DPPH radicals and chelating iron (11). Qi et al. [61] have determined that the use of arctigenin inhibited the
hyperphosphorylated tau protein expression in hippocampus and provided protection against learning and
memory deficits in AB-induced mice model of AD. Somani et al. [62] have shown that cubebin application
prevented learning and memory deficits, also attenuated the AChE activity and oxidative stress level in
scopolamine-induced mice model. Gu et al. [63] have determined that justicidin inhibited
hyperphosphorylation of tau in AD; and enhanced activity of AMP-activated protein kinase, which is the
key molecule for hyperphosphorylation of tau and elevated cell viability in AB-induced SH-SY5Y cell line.
Huang et al. [64] have demonstrated that lignans, especially isolariciresinol and lyoniside showed a strong
AP inhibition activity. Yang et al. [65] have suggested that two new dibenzocyclooctadiene lignans (L6-14,
NL5-10) isolated from Schisandra chinensis exhibited protective effect against neurotoxicity in AP-
induced PC12 cell line, and also increased the cell viability.

Stilbenes and AD

Stilbenes constitutes an important group of polyphenols that are quite common in plants. The most known
compound is resveratrol (3,5,4'-trihydroxystilbene) which is found in large amounts in red wine and also in
the grape skin [66]. Stilbenes are produced by plants in response to infections due to pathogens or various
stress conditions. It has been detected in more 400 natural stilbenes in over 70 plant species, especially in
grape, strawberry and peanut [67,68]. Some stilbenes have a great antioxidant activity and radical
scavenging activity, and it was also reported that they prevent lipid peroxidation [69]. Also, stilbenes are
associated with a wide range of pharmacological properties including antimicrobial and antifungal activity
[70,71] and protective activity neurodegenerative pathologies such as AD [72-77].

Porquet et al. [72] have demonstrated that administration of trans-resveratrol in diet showed
neuroprotective activity by reducing A aggregation and tau hyperphosphorylation, attenuating cognitive
impairment and increasing the lifetime in SAMP8 mice. Also, Karuppagounder et al. [73] have determined
that oral supplementation of trans-resveratrol decreased AP plaque accumulation in Tgl199589 transgenic
mice model of AD. Caillaud et al. [74] have proven that use trans g-viniferin decreased the AP aggregation
and prevented neuroinflammation in the brain of transgenic APPswe/PS1dE9 mice. Hu et al. [75] have
shown that miyabenol C reduced sAPPp and soluble AP levels in the cortex and hippocampus of transgenic
APP/PS1 mice. Chang et al. [76] and Hou et al. [77] have demonstrated that daily supplementation of
pterostilbene in diet improved cognitive status and decreased neuroinflammation, cellular stress and AD
markers in SAMP8 mice and C57BL/6 mice, relatively.

Flavonoids and AD

Flavonoids are one of the largest classes of phenolic compounds having a group of benzo-y-pyrone
derivatives [78]. They are synthesized by all vascular plants and are found in the composition of fruits,
vegetables, seeds, herbs, whole grains and tea [79]. It is estimated that over 6500 flavonoids were
identified in this group [80]. Flavonoids are divided into 6 subgroups: flavonols, flavones, flavanones,
flavan-3-ols (catechins), isoflavones and anthocyanidins [81]. It was emphasized that flavonoids have
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many biological benefits including antioxidant [82], anti-inflammatory [83], antiatherogenic [84,85] and
anticarcinogenic activities [86,87]. More recently, dietary intake of flavonoids has been associated to early
proof that the onset of some neurodegenerative disorders such as dementia and AD may be postponed [88-
96].

Jimenez-Aliaga et al. [88] have demonstrated that quercetin and rutin inhibited the AP formation and
disaggregated AP fibrils, reduced the B-secretase enzyme activity and ROS generation in H,O,-treated
APPswe cells. Ho et al. [89] have shown that dietary quercetin-3-O-glucuronide extracted from Cabernet
Sauvignon red wine reduced the generation of AP peptides in transgenic Tg2576 mice. DeToma et al. [90]
have proven that myricetin was effective against metal associated AP generation and modulated AP
aggregation as well as neurotoxicity in human neuroblastoma cells and in vitro. Sharoar et al. [91] have
determined that kaempferol-3-O-rhamnoside inhibited fibrilogenesis of AB in SH-SY5Y cell line, but as a
consequence of this inhibition caused an oligomeric species accumulation, yet these aggregates were
smaller, soluble, non-B-sheet formed and non-toxic. Ahmad et al. [92] have demonstrated that the use of
fisetin decreased the accumulation of AP peptides, pB-Secretase enzyme expression and
hyperphosphorylation of tau protein, and prevented the neuroinflammation, also improved the cognitive
activity by increasing the presynaptic and postsynaptic proteins in C57BL/6N mice. Tarozzi et al. [93] have
shown that cyanidin 3-O-glucoside inhibited the spontaneous aggregation of AP into oligomers, also
prevented the neuronal loss and synaptic dysfunction in SH-SY5Y cell line. Wang et al. [94] have proven
that dietary supplementation of naringin improved cognitive and locomotor activities, reduced scattered
senile plaques and moderated disturbances in brain energy metabolism of APPswe/PSdE9 transgenic mice.
Balez et al. [95] have suggested that apigenin showed anti-inflammatory effect as protecting neurites and
preventing cellular death by promoting nitric oxide and cytokine release in inflammatory cells in human
induced pluripotent stem cells. Bieschke et al. [96] have determined that epigallocatechin gallate (EGCG)
inhibited the fibrilogenesis of AP and a-synuclein, which is associated with cognitive impairment, and
converted these fibrils into smaller aggregates in HEK-293 cell line. Table 1 indicates the summarized
results of studies of each polyphenol groups that were highlighted in this review.

Tablel. The effect of polyphenols on AD

Polyphenols Sample Intervention Summary of Findings Ref.
. e  Performed anti-inflammatory effect via
Apigenin Stem cell model of AD Jieellatii el protecting neurites 95
(10 pM)
Prevented neuronal loss
- Attenuated behavioral impairments
N Mouse model of AD Orally administrated (150 . L
Arctigenin (ICR) mg/kg b.w./day) Irjhlblted tau phosphorylation in the 61
hippocampus
e Ameliorated memory and learning
impairments
Caffeic acid Rat m.odel _of ) Orally administrated (30 . D_ecreased the p-tau expression in the a1
hyperinsulinemia mg/kg b.w./day) hippocampus
e  Attenuated APP expression and B-site APP
cleaving enzyme
e Prevented scopolamine-induced cognitive
. Orally administrated (50 impairment
Cubebin Mouse model of AD mg/kg b.w./day) e Inhibited AChE activity and decreased 62
oxidative stress
- . . Inhibited spontaneous AP aggregation
Cyanidin 3-O- . Inoculated into the cell line -
glucoside SH-SY5Y cell line (25, 50 and 100 uM) . Prevente_d neuronal loss and synaptic 93
dysfunction
Lo Rat model of sporadic Orally administrated (50 * Diminished oxidative stress,
Ellagic acid neuroinflammation, AchE and Af level 50
AD mg/kg b.w./day) . .
. Normalized abnormal behavioral
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(-)-epi-gallo- q q Inhibited AB and a-synuclein fibrilogenesis
catechine HEK-293 cell line Iggcuﬁted LS S Converted large AP and a-synuclein fibrils 96
gallate (50 uM) into smaller
. Decreased AB accumulation, BACE-1
Fisetin Mouse model of AD Intraperitoneal injection expression and tgiu phosph(_)rylation 02
(C57BL/6N) (20 mg/kg b.w./day) e Prevented neuroinflammation
e  Improved memory
n - e Reversed learning and memory impairment
Galloarid | RS " Rahniamy )+ Doeed Abdeposts relucd e 42
activity, inhibited neuroinflammation
Gallic acid Transgenic mouse model ~ Orally administrated (30 . Improved memory and learning 43
of AD (APP/PS1) mg/kg b.w./day) e  Reduced AP aggregation
Tablel. (Continued)
Polyphenols Sample Intervention Summary of Findings Ref.
L Rat model of AD (AICI;  Orally administrated (100 Am_el_lorated iy el iz el ey
Gallic acid induced) mg/kg b.w./day) deficit 44
o e Restored stress markers
Transgenic e Inhibited AChE and AP aggregation
Honokiol Caenorhahditis elegans Ilrz)%coula;;e[;j (10, 100 and Performed DPPH scavenging and chelating 60
model of AD K iron (I1) activity
Inoculated into the cell line e Inhibited tau phosphorylation
Justicidin SH-SY5Y cell line (62.5, 125, 250, and 500 e Induced autophagy by regulating GSK-3B and 63
nM) AMP-activated protein kinase
Kaempferol-3- . Inoculated into the cell line e Reduced AP mediated cytotoxicity
O-rhamnoside SH-SY5Y cell line (10, 20, 30,40 and 50 uM) o Inhibited fibrilogenesis and accumulation o
Miyabenol C Transgenic mouse model !nFracgrebroventricular e  Reduced AP and sAPP levels in the brain 75
of AD (APP/PS1) injection (0.6pg/g) e [Inhibited of B-secretase activity
Myricetin SK-N-BE(Z)-Ml? cell Inoculated into the cell line e Diminished metal induced A generation 90
line (20 pM) e Modulated AP aggregation
Naringin Transgenic mouse model Orally administrated (100 e  Attenuated plaque burden 04
of AD (APPS*¢/PSE9) mg/kg b.w./day) e Improved cognitive functioning
p-coumaric Orally administrated (100 e  Reduced AP aggregation
acid Sprague-Dawley rats mg/kg b.w./day) . Decreased Eeugriinffglammation 48
. Mouse model of AD Orally administrated (120 e Reduced cellular stress, inflammation and AD
Pterostilbene (SAMP8) mg/ké b.w./day) ( pathology 76
Pterostilbene Mouse model of AD Orally administrated (400 e  Attenuated cognitive impairment 77
(C57BL/6) mg/kg b.w./day) e Inhibited microglia activation
Protocatechuic ) Inoculated into the cell line lphi_bite_d AP and a-synuclein aggregation and
acid PC12 cell line (2,5, 10, 20, 50 and 100 fibrillation _ _ . 47
uM) Prevented cell death triggered by their toxicity
Both inhibited AB formation and
uercetin . Inoculated into the cell line disaggregated AP fibrils
Sutin APPswe cell line (25, 50 and 100 nM each) . Both decreased ROS generation 88
e Rutin inhibited B-secretase enzyme activity
Rosmarinic Mouse model of AD Orally administrated (2 e  Decreased tau phosphorylation and insoluble 45
acid (C57BL/6) mg/kg b.w./day) phosphorylated tau in the brain
Sinapic acid Mouse model of AD Orally administrated (10 e  Rescued neuronal cell death 49
(ICR) mg/kg b.w./day) e  Attenuated memory impairment
| Ratmodel of AD (AICI;  Orally administrated (25~ °  ~educed neuroinflammation and oxidative
Syringic acid induced) mg/kg b.w./day) stress 51
o e Diminished neurobehavioral impairments
Tannic acid Transgenic mouse model  Orally administrated (30 e  Prevented behavioral impairment 46
of AD (APP/PS1) mag/kg b.w./day) . Mitigated AP deposition
Trans ¢- Transgenic mouse model ~ Orally administrated (10 . Reduced size and density of Af deposits 74
viniferin of AD (APP/PS1) mg/kg b.w./day) . Decreased reactivity of astrocytes and
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‘ microglia
Trans- Mouse model of AD Orally administrated (1 ggdgcgcilcgglglltg/e mealrdment
Resveratrol (SAMPS) g/kg b.w./day) * iminished Aj} burden and tau
phosphorylation
Trans- Transgenic mouse model  Orally administrated (300 L .
Resveratrol of AD (Tg19959) mg/kg b.w./day) *  Diminished AB plaque formation

2. CONCLUSIONS

In conclusion, some dietary polyphenols described and discussed in this review have demonstrated many
important therapeutic properties against AD. From the worldwide public health viewpoint, the daily
consumption of plant-based aliments and their derivates including berries, citrus fruits, pomegranate,
grape, herbs, nuts, coffee, tea, and wine have become the main tool for prevention of AD. This has
encouraged studies through the comprehending of the mechanisms at the principle of such precautions. The
aforesaid initiatives have led to the recognition of such mechanisms including antioxidant capacities,
reducing ROS content, capability to prevent the fibrilogenesis of AP and its accumulation, inhibition the
AChE activity. Taking everything into account, these findings confirm the potential of dietary polyphenols
as active agents against AD as well as other neurodegenerative disorders and should inspire scientists to
use the data for the design of potential therapies for the mentioned disorders.
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ABSTRACT

Today there is a great deal of controversy over the operation of inertial propulsion drives (IPD), as they challenge the
laws of Newtonian mechanics. Starting with the last decades of the previous century, many devices that use the
centrifugal force to generate linear propulsion were patented. Regrettably, whether we are talking about the initial, or
the most recent attempts, only a few of these systems passed the patent stage and were involved for practical
applications. The aim of this paper is to present an IPD, developed by the authors, which uses for generating linear
motion the kinetic energy of several masses, placed in the articulation points of the links of a chain drive. The masses
placed equidistantly along the half-length of the chain perform a complex movement, consisting of the specific
displacement of the chain elements and a rotation around an axis, that is parallel to the line which joins the centres of
the chain wheels. After deducting the equations of the geometric coordinates of the masses, the total propulsion force
was computed. The obtained results are supporting the ability of the IPD to generate propulsive force and linear
motion.

Keywords: dynamics, inertial force, kinematic, propulsion drive
1. INTRODUCTION

In the last decades, countless enthusiastic researchers and inventors have invested a lot of time and efforts
to imagine devices able to confront Newtonian mechanics and to develop linear motion by using
centrifugal forces. Thus, Allan Jr. [1] asked rhetorically, "Why does classical mechanics forbid inertial
propulsion devices when they evidently exist?" Thus, in his book, this author presents some of the
functional inertial propulsion drives.

These drives are multi-body systems, their displacement being provided by a propulsive force generated as
a reaction to the variable centrifugal force acting on a rotating mass.

Starting from the general equation of the centrifugal force F. acting on a rotating body:

F,.=m-w? R ()

where, m- the mass of the body, w- the angular speed and R- the radius of the trajectory, it can be
concluded that a time- fluctuating centrifugal force F.(t) can be obtained by varying one of the terms on the
right-hand side of (1): m(?), w(?) or R(t).

Most of the proposed inertial propulsion drives are based on the rotation of several masses on an eccentric
trajectory of variable radius. Thus, the “thrust generating device and moving body” proposed by Komora
[2] uses two gears to impart a Limacon-type trajectory (of variable radius) to a mass. Thus, the variable
centrifugal force acting on this mass generates a thrust force of the device.

A similar principle is used for the ,,device for providing propulsion force” developed by Helavuo [3]. As
presented in Fig. 1, the device comprises of a mass element (6) and gear for moving the center of gravity of
mass (6) around the axis of rotation of an inner gear (2) in such a path (8) in which the centrifugal force
provided by mass (6) is higher on the portion (16) of the path (8) than at the second portion (17). In this
way, the device generates an asymmetric centrifugal force, which attempts to pull the system.
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Figure 1. Principle of device for providing propulsion force [2]

Gerocs et al. [4, 5, 6] propose an IPS which generates variable centrifugal force by rotating 8 steel balls
along different pseudo- circular trajectories. By means of analytical approach and motion simulation
performed in SolidWorks, they conclude that the most advantageous version of the IPS, in terms of
velocities, displacements and power consumption, is the version of the retaining disk with cylindrical bore
placed eccentric.

The present paper presents a novel propulsion drive developed by the authors, which uses the kinetic
energy of equidistant disposed masses, placed in the articulation points of the links of a chain drive, along
the half-length of the chain. The masses perform a complex movement, consisting of the specific
displacement of the chain elements and a rotation around an axis parallel to the line that joins the centers of
the chain wheels.

2. PROPOSED INERTIAL PROPULSION DRIVE

The operating principle of the IPD is based on obtaining a variable resultant centrifugal force, which
generates an opposite reaction force for the propulsion of the system.

Figure 2. Overview of the IPD

For this purpose, cylindrical steel weights (3) of the same mass are placed on the bolts of a chain (2), on
half of its length, on either side of the links. In the same time, the chain drive, having identical wheels (1/1
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and 1/2) with z= 28 teeth, is rotating, together with the housings (5/1 and 5/2), around the axis of the
driving shaft (4), that is parallel to the line which joins the centres of the chain wheels. The centre distance
of the chain drive is a= 42-p, where p is the pitch of the chain. These constructive details ensure a complex
movement of the weights which have the peculiarity that, at a complete (pendular) rotation around the axis
of the drive shaft, the first two weights placed on the chain reach the starting position. In the same time, the
chain wheels are doing four complete rotations. This kinematic connection is ensured by the conical
transmission, consisting of a fixed wheel (7), respective two satellite wheels (8/1 and 8/2), and a pair of
cylindrical wheels placed inside the housing (8/1) for driving the chain wheel (1/1).The weights of the
housings are supported by bearings placed inside the fixed wheel (7) and the support (9), while the centre
distance between the chain wheels is maintained constant by 4 threaded rods (6) and hexagon nuts,
respectively. The whole assembly is mounted on a rectangular plate (10), supported by four wheels (11).
To have a better understanding of the proposed system, Figure 2 provides an overview of the IPD.

3. KINEMATIC AND DYNAMIC ANALYSIS OF THE PROPULSION DRIVE

In order to calculate the propulsion force developed by the system, due to the centrifugal forces acting on
the masses equal disposed along the half-length of the chain, the kinematic of these masses is investigated.
For this purpose, a Cartesian system (xOyz) was attached to the plate (10). In addition, it was considered
that, in the starting position, the first and last masses are placed in the middle of the centre distance of the
chain drive (position A and D in Fig. 3).

a/2 a/2
B A iF
& i “ 14t
i ral
i o i
i D i
i a=42p iE T

)ml ¥

Figure 3. Schematic representation of mass movement

Let’s consider M the total mass of the weights placed in the chain joints. M can be decomposed into 3
elements (M1, M2 and M3), which change their shape (linear, respectively arc), value and position of
gravity centre, during travelling the route A-B-C-D-E-F-A. The inertial force along the y axis, generated by
the complex movement of the masses attached to the chain can be written as:

t 3
F, = J ZMl-(t)-ayi(t)dt 2)

i=1

where t is the time for a complete rotation of the housings around the input shaft axis, M;(t) the mases of
the i=3 elements and ay;(t) the accelerations in y direction of the M; masses.

The first two masses attached to the chain pass through the points A to F, while the driving shaft and the
chain wheels rotate with the angles a= w-t and f= 4-w-t respectively (w- angular velocity of the driving
shaft), whose values are indicated in Tab. 1.

For the computation of the propulsion force with (2), the masses My(t), M,(t) and Ms(t), respectively the
coordinates y;(t), y»(t) and ys(t) of the gravity centres of these masses, were determined for each of the 6
characteristic intervals of the angle a (see Tab. 1).
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Table 1. Characteristic angles of the IPD
Point A B C D E F A
o [rad] 0 3n/8 S5n/8 T 117/8 137/8 2n
B [rad] 0 3m/2 Sm/2 4 117/2 137/2 8n

The calculation for the first domain - a€ (0, 37/8]) - was done based on the notations shown in Fig. 4
being presented below, while the calculation results for the other domains are summarized in Tabs. 2 and 3.

Y Y

uﬂt‘ /

Figure 4. Calculus scheme for the domain a € (0, 37/8]

The masses My(t), M,(t) and Ms(t) are calculated as follows:
M-(a/2+4wtR), i=1 (M-Q1lp+4wtR), i=1

M;(t) = M - 1,(t) = - 14p, i=2= M - 14p, i=2
M-(a/2—-4wtR), i=3 \M-Q1p—4wtR), i=3

®)

where M [kg/m] is the linear mass of the weights and R the pitch radius of the chain wheel
The coordinates yi(t), y»(t) and ys(t) of the gravity centres of the masses Mi(t), My(t) and Mas(t) are
calculated as follows:
(H+R) sin(wt), i=1
y;(t) = H - sin(wt), i=2 4)
(H—R) sin(wt), i=3

where H is the distance between the axis of the driving shaft and the axis which joins the centres of the

chain wheels.
Table 2. Results of masses calculation

Range of a M(t) My(t) Ms(t)

(0; 3m/8] M- (21p + 4wtR) 14Mp M- (21p — 4wtR)
(3m/8; 51/8] M-R: (4wt — 3m/2) 42Mp M - [14p — (4wt — 37/2)R]

(51/8; | M R (4wt — 5m/2) 14Mp M - [42p — (4wt — 57/2)R]

(m; 111/8] M - [21p + (4wt — 41)R] 14Mp M - [21p — (4wt — 41)R]
(111/8;13m/8] M-R- (4wt — 117/2) 42Mp M - [14p — (4wt — 117 /2)R]

(131/8; 2] M- R - (4wt — 131/2) 14Mp M - [42p — (4wt — 13 /2)R]
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Table 3. Results of coordinate’s calculation
Range of a y(t) ya(t) ya(t)
(0; 3m/8] (H + R)sinwt Hsinwt (H — R)sinwt
(31/8; 51/8] Eqg. (5) (H + R)sinwt Eqg. (6)
(5n/8; m] (H — R)sinwt Hsinwt (H + R)sinwt
(m; 117/8] (H — R)sinwt Hsinwt (H + R)sinwt
(117/8;13w/8] Eq. (7) (H + R)sinwt Eq. (8)
(13n/8; 2x] (H 4+ R)sinwt Hsinwt (H — R)sinwt

_3r 4 _ 4

(200 2" Y
Vi = [H +R Mcos (Zwt - 3—”)] sinwt (5) y; = [H +R ms(,;‘izwt)cos (57r - Zwt)] sinwt (6)
2w = wt

20t-37) BT swt

Y1 = [H +R Sm(f%;‘cos (Zwt - 11—”)] sinwt (7) y; = [H +R Sml(%,f_Tt)cos (1%" - Zwt)] sinwt  (8)

2wt 4

Calculating the second-order derivative of the coordinates y;(t), the accelerations ay;(t) of the M;(t) masses
can be conveniently deducted. The results are summarized in Tab. 4.

Table 4. Results of acceleration calculation

Range of a a(t) a,(t) as(t)
(0; 3m/8] —w?(H + R)sinwt —w?Hsinwt —w?(H — R)sinwt
(3n/8; 51/8] Eq. (9) —w?(H + R)sinwt Eq. (9)
(51/8; | —w?(H — R)sinwt —w?Hsinwt —w?(H + R)sinwt
(m; 111/8] —w?(H — R)sinwt —w?Hsinwt —w?(H + R)sinwt
(11m/8;13m/8] Eq. (9) —w?(H + R)sinwt Eq. (9)
(131/8; 2] —w?(H + R)sinwt —w?Hsinwt —w?(H — R)sinwt
a2 () = - {wz [H N RsiZ§201_3)] Ll [cos(26,5) + 26,5 sin(201_3g +391_3 c0s(20,3)] + 615 sin(zam)} sinot
s ©)
R 20, 5c08(26,5) —2 6, 55in(26, 3) cosit
01,3
where 6, is used in the calculus of a;(t) and 65 for the calculus of as(t). 8; and 65 have following values:
o — 2wt — %" a € (3m/8; 51/8] o = %T— 2wt a € (3m/8; 5m/8] (10)
20t -2 ge(1in/8; 11n/8] " |ZE- 2wt a € (11n/8; 11m/8]

Table 5. Geometrical characteristics of the IPD

H [mm] p [mm] R [mm] M [kg/m]
70 12,7 56,718 1,003

Further, involving (2) and considering the geometrical characteristics of the IPD, which are described in
Tab. 5, the resultant force generated by the system along the y axis where computed for an input speed n=
250 min™ of the driving shaft, which is equivalent to an angular velocity w= 26,18 rad/s.
The variation of the propulsion force during a complete rotation of the driving shaft is presented in Fig. 5.
As one can observe, during the rotation of the drive shaft with an angle of up to 180°, the system generates
a positive force, while in the range of 180-360°, the resulting force changes its direction.
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Figure 5. Variation of the propulsion force during a complete rotation of the driving shaft

Even if the resulting force has a fluctuating character, both in terms of size and sense, overall, the system is
able to generate a propulsive force, which is plotted as a red line in Fig. 5. This confirms the capability of
the IPD to generate linear motion.

4. CONCLUSIONS

The paper presents the structure of a novel inertial propulsion drive with masses, which are moving along a
complex trajectory. Due to time varying of masses and accelerations of cylindrical weights attached to a
chain transmission, the system is generating a one-way inertial force, as a response to the fluctuation of
centrifugal force acting on these weights.

Analysing the trajectory of the rotating weights, their masses and coordinates of gravity centres were
computed. Finally, the propulsive force generated by the system was deducted.

Based on the analytical approach presented in the paper, it can be concluded that the IPD developed by the
authors is functional and capable to generate unidirectional linear movement, being a feasible solution in
terms of propulsion on slippery grounds, such as ice or mud, or for spaces where the gravity is missing.
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ABSTRACT

Fault detection techniques based on vibration measurement are implemented to identify in an early stage failures
appearing in gear transmissions. Condition monitoring indicators (CMI), like: Root Mean Square (RMS), Crest Factor,
Kurtosis, FMO, FM4, Energy ratio, Energy operator, NA4 or NB4, are used to estimate the level of gear faults such as
pitting, cracks, spalling, scuffing or scoring. However, in is multitude of indicators, the question that arises is: which
CMI is the most sensitive in estimating the severity of defects? Thus, this paper presents an extensive comparison
between the before mentioned indicators computed from vibration signals collected on four pinions with different
pitting grades, created by artificial means. The pinions where incorporated in a single helical gearbox and the tests
were performed on an open-energy test rig at three different input speeds. This comparative study assesses the
receptivity of different condition monitoring indicators towards gear pitting failure. We concluded that all the involved
indicators are responsive and sensitive to fault diagnosis, even in low speed operating conditions.

Keywords: condition monitoring indicators, fault diagnosis, gear pitting
1. INTRODUCTION

Gearboxes are widely used in different industrial applications, because, compared to other mechanical
transmissions, they are capable to transmit, both speeds and high moments, in small volumes. When the
gear teeth are loaded near to their maximum capacity, they are forced to endure high contact pressures,
which are leading to various fatigue deteriorations, such as scoring, scuffing, spalling or pitting. These
failures occur even under proper lubrication conditions of the gears and represent nearly 60% of the
damages in the gearboxes components [1].

Pitting is the most common failure of the gear teeth surface, working under oil lubrication conditions [2],
[3]. It is initiated in the inclusions from the gear material, which act as stress concentrators, spreading
parallel and below the teeth surfaces. When these cracks are joining or are breaking through the tooth
surface, material separation occurs forming the so-called pits.

In the last decades were developed different gear fault diagnosis methods and condition monitoring
techniques [4], [5], [6]. Fundamentally, vibration signals acquired from gearboxes by means of
accelerometers, are filtered, amplified, processed and analysed in time domain [7], frequency domain [8],
or time-frequency domain [9].

With the fast development of artificial intelligence technologies, classification of gear faults using machine
learning became a hot topic in the field of gear fault diagnosis methods. Thus, Liu et al. [10] proposed a
personalized fault diagnosis method using finite element method simulation and extreme learning machine
to detect faults in gears. Further, He et al. [11] introduce a deep transfer multi-wavelet auto-encoder for
intelligent gear fault diagnosis with small training samples.

Statistical indicators, likewise known as condition monitoring indicators, are also extensively used to
identify failures in gear transmissions appearing in an early stage [12]. However, in the bunch of indicators,
the doubt that rises is: which of these CMI’s is the most sensitive, being able to assess the gear fault
severity. Therefore, this paper aims to analyse the responsiveness of different indicators towards gear
pitting severity. Incorporating four pinions with various pitting grades, made by artificial means, in a single
helical gearbox, vibration measurements were performed at three different input speeds, on an open-energy
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test rig. Finally, the research has concluded regarding the receptivity of the involved condition monitoring
indicators to predict gear-pitting severity.

2. CONDITION MONITORING INDICATORS
Following CMI’s were involved in the present research:
2.1. Root Mean Square

The root mean square (RMS) of a continuous-time waveform is the square root of the arithmetic mean of
the squares of the values, or the square of the function that defines the continuous waveform. RMS was
initially developed to characterize the heating of a resistor exposed to a sine wave varying current. In case
of a set of n values {X;, X,,..., X,} the RMS is:

0.5

RMS, = (%Z xf) (1)

i=1

2.2. Crest Factor

The Crest Factor (CF) is a parameter of a waveform showing the ratio of the maximum positive peak value
to the RMS value:

_ max(xy, Xy, ..., Xp)

F
¢ RMS,

)

Crest factor is a normalized parameter of the signal amplitude. A signal with a few high amplitude peaks
are producing a bigger CF, as the numerator increases (high amplitude peaks), while the denominator
decreases (few peaks means lower RMS).

2.3. Kurtosis

The shape of the amplitude disposal is regularly involved as a data descriptor. Kurtosis shows how peaked
or flat a waveform signal is. When a vibration signal incorporates sharp peaks with higher value, then the
distribution function will be sharper. We can presume that damaged gears produce these types of waves.
Consequently, a damaged gear will have higher kurtosis value then a healthy gear. A mathematical
expression of Kurtosis is given in (3):

_n i (g —0)*

K= -2

©)

where x is the mean value of the signal.
2.4. Zero-order Figure of Merit (FMO)

The zero-order figure of merit (FMO) is an indicator of major faults in a gear mesh, being defined as the
ratio between the peak-to-peak value of a signal and the energy of the mesh frequency and its harmonics.
In contrast to CF, which compares the peak value of the synchronous averaged signal with the energy of
the synchronous averaged signal, FMO compares the same peak value of the synchronous averaged signal,
with the energy of the regular signal. Thus, FMO is deducted as:
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Xmax — Xmin
FM0 = ———F— 4
o) ®

where Xmay is the maximum amplitude of the signal, Xy, the minimum amplitude of the signal, A(i) is the
amplitude of the i-th mesh frequency harmonics and n is the total number of harmonics in the frequency
spectrum.

2.5. Fourth-order Figure of Merit FM4

Fourth-order figure of merit (FM4) was designed to improveFMO in the detection of damages located only
on a finite number of gear teeth. This can be done by removing the gear meshing frequency and its
harmonics from the time synchronous average signal. The obtained result is the so-called differential signal
d. FM4 is computed as:

n S (d - d)°
(Sra(e - @)

where d is the mean of the differential signal, d; the i-th point of the differential signal the time signal and
N the total number of data points in the time signal.

FM4 = (5)

2.6. Energy Ratio (ER)

Energy ratio (ER) is an indicator for uniform wear. It is computed as the ratio of the RMS of the difference
signal d to the RMS of the signal containing only the regular meshing components xg:

RMS,
= (6)
RMS,,

ER

As wear progresses, energy moves from the regular signal to the difference signal.
2.7. Energy Operator (EOP)

Is calculated as a normalized kurtosis of a so-called resultant signal (re), re being computed as a difference
between the squared input signal for each point x; (i=1....n) and the product of the point before and after
(Xi-1* Xiw1):

L, (reg-Te)*

(SR (re;~7e)2)"

EOP = (7)

where re; = x? — x;_1 * X; 41 IS the i measurement of the resulting signal re and 7e is the average of the
resulting signal. In case of the endpoints, the signal is assumed to be a continuous loop, meaning that for
calculating the first point is involved the last point and inversely.

2.8. NA4

The NA4 parameter was evolved to overcome the deficiency of FM4, which becomes less sensitive as the
manifestation of faults grows in both number and severity. Two changes were done to develop NA4 to be
more sensitive to the damage evolution: firstly, it is computed from the residual signal and secondly,
trending was incorporated into the parameter. Thus, NA4 is calculated as the ratio of fourth moment of the
residual signal to the square of its run time averaged variance:
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NA4 = — "R -
e )]}

where 7 is the mean of the residual signal, n the total number of data points in the time signal, j the index of
the time signal in the run ensemble, and m the number of the current time signal.

@)

2.9. NB4

NB4 is computed as a time-averaged kurtosis of the envelope of the signal after it was band-pass filtered
about the mesh frequency. The envelope s(t) is calculated involving the Hilbert Transform, being given by:

s(t) = [{b(®) + iH[b(ODI, )

where, b(t) is band-pass filtered signal about the mesh frequency, i the number of samples and H[b(t)] the
Hilbert Transform of b(t).
3. MATERIALS AND METHODS

For the evaluation of the gear pitting by involving the upper described CMI’s, an open-energy test stand
was used. The main components of the stand are shown in Fig. 1, these being: an electric motor with
variable speed, the gearbox and a hydraulic pump, used as a brake.

Pump Torqgue Coupling Gearbox Coupling 1f':)rque

’ ‘flan e -

Figure 1. Main components of the test stand [13]

The connection between these components was made through two couplings with rubber strips, which
ensure a good torsional vibration damping and allow a smooth assembling. For reading the input speed and
the torques on the input shaft and output shaft respectively, two torque flanges of type T 10 FE, made by
HBM- Germany, were used.

Table 1. Technical data of the test stand

Element Technical data

Electric motor Power: Pmax= 2,5 KW
Speed: n=0...1500 min™

Gearbox Centre distance:  A=125 mm
Teeth number: z,/ z,= 17/ 43
Module m,=4 mm
Face width b=40 mm
Helix angle p=11°

Break KF 6/400 gear pump (KRACHT)
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A Kistler made accelerometer of type 8772, placed on the top of the gearbox housing, above the high-speed
shaft, was used for vibration measurements. The vibration signals were acquired via a 92234 National
Instruments module, placed in a chassis cDAQ-9172.

For fine processing, the vibration signals were sent to a laptop programmed to run in LabView software a
self-developed application. The main technical data of the test stand are described in Tab. 1.

The before mentioned CMI’s were computed from vibration signals collected on four pinions with
different pitting conditions, created by practicing artificial grooves with a diameter of 3 mm and a depth of
about 0.5 mm, along the pitch line of the teeth. The pinions with different failure status (PC1- healthy
teeth; PC2- teeth with slight pitting; PC3- teeth with mild pitting; PC4- teeth with acute pitting) are
presented in Fig. 2.

PC1 PC2 PC3 PC4

Figure 2. Pinions with different failure status

The experimental procedure was conducted following the below mentioned steps:

- the healthy pinion (PC1- status) was assembled into the gearbox and the test stand was operated in turn, at
following input speeds: 1000, 1250 and 1500 min™*;

- collection, storage and processing of the vibration signals;

- replacement of the pinion with PC1- status with the one having PC2- status, followed by the resumption
of steps described above;

- continuation of experimental measurements, as before described, for the other two pinions.

4. RESULTS AND DISCUSSION

CMTI’s for pinions with different failure status operating at three different speeds have been evaluated.
Values of the nine parameters described in Section 2 were computed, being organized in Tab. 2. To have a
better image about how the nine condition parameters are influenced by the input speed of the gearbox and
the pitting severity, Fig. 3 depicts the variation of the CMI’s for the three operating speeds and the four
pinion healthy conditions.

Table 2. Condition Monitoring Indicators

CMI n,= 1000 min™ n,= 1250 min™ n;= 1500 min™
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

RMS | 1,005 1,234 1,89 2,314 | 1,055 1,750 2514 3,088 | 1,075 2,254 3,756 6,988
CF | 2,755 2890 3,550 4,215|2815 3,025 3,770 4,890 | 2,865 4,326 5,132 6,309

K 3,021 3,775 3,895 4,777 | 3,210 3,995 5210 6,455 | 3,431 4,055 6,643 9,342
FMO | 0,008 0,009 0,011 0,010 0,008 0,010 0,012 0,013 0,010 0,003 0,015 0,022
FM4 | 2890 3,150 3,364 3,955 | 3,060 3,390 3,675 4,750 | 3,179 4,305 5,925 7,795
ER | 0555 0,690 0,712 0,798 | 0,595 0,722 0,756 0,912 | 0,605 1,765 2,095 2,849
EOP | 2,987 7,855 10,025 11,250| 3,025 5,677 8,875 15,554| 3,519 11,207 19,764 38,733
NA4 | 3,015 3,187 3,247 3,998 | 3,010 3,022 3,225 4,205 | 3,035 4,115 4,435 4,878
NB4 | 2,225 2,220 2,415 3,895 | 2,195 2,945 4,895 6,473 | 2,218 4,068 6,218 10,764
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Figure 3. Variation of CMI’s for different input speeds and failure status

As one can observe, all the nine indicators are working well, displaying increased shapes with the growth
of the speed, respectively of the severity of the pitting. If in the case of the input speeds of 1000 min™and
1250 min™, respectively, the increases of the nine investigated parameters are not spectacular, but still
visible, with the aggravation of the pitting failure, this becomes obvious at the maximum speed (1500 min’
1) of the gearbox input shaft.

Regardless of speed, the most receptive parameters to gear failure were in descending order, EOP, RMS,
NB4 and ER. In this sense, Fig. 4 provides a visual proof of this finding. At the minimum investigated
speed, the least sensitive parameters proved to be FMO, NA4 and FM4, a characteristic that was
maintained even at the maximum speed of the input shaft.

nl= 1000 min-1 nl= 1250 min-1
1200% 1200%
1000% 1000%
800% 800%
600% 600%
400% 400%
200% 200%
o, I | W I n I B I =T i I
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
nl= 1500 min-1
1200%
1000%
800%
600% =ER NB4 RMS = EOP
400%
PC1 PC2 PC3 PC4

Figure 4. Percentage variation of the parameters with the highest sensitivity

Starting from these findings, we express the opinion that based on the previous analysed condition
monitoring parameters extracted in time domain, it would be possible to classify the gear pitting stage, by
involving machine-learning techniques. This capability will prove effective, especially in the case of
fluctuating speed operating regimes, when frequency spectrum analysis is no longer applicable.

5. CONCLUSIONS

Gearboxes have wide application in different industries for speed and torque conversion. Inappropriate
failure of the gearbox can be costly. Therefore, an early diagnosis of faults is very critical for their reliable
operation.

In this study, experiments were performed for various gear pitting stages at three different input speeds. A
comparative study of RMS, Crest Factor, Kurtosis, FMO0, FM4, Energy ratio, Energy operator, NA4 and
NB4 has been done for no, slight, mild and acute pitting of a pinion. This research highlights that all the
indicators are responsive and sensitive to fault diagnosis, even at a low operating speed. Moreover, the
experimental result indicates that CMI’s describing the overall vibration level track the condition of the
tested gearbox condition very well. Certain CMI provide not only information that something has happened
in the gear transmission but they provide information about what has happened.
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Furthermore, the condition monitoring indicators may be involved, together with machine learning
techniques, to classify the gear pitting status, in case of fluctuating speed operating regimes, where spectral
analysis is more difficult to apply.

Additionally, these CMI’s need to be also checked for fluctuating loading condition which is going to be
the next goal in the area of non-stationary signals with non-constant operating circumstances. Our further
research will be focussed on this topic.
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ABSTRACT

Over functioning time, structures can be affected by multiple types of damages caused by fatigue, improper production
methods, or exceeding loads. The current paper describes a method for evaluating the severity of transverse cracks that
are present in beam-like structures based on changes in the natural frequencies. Because the presence of damage has a
negative impact on the energy that a beam can store in the affected section, it is possible to find the influence of the
crack on any other position along the beam, considering the stored normalized energy in that location. The technique is
based on a mathematical relationship that provides the exact solution to the frequency changes of the bending vibration
modes, considering two terms. The first term is related to the tensile energy stored in the beam, and the second term
considers the increase of flexibility due to cracks, for this reason, damage assessment is performed in two stages; first,
the location of the crack is found and then an assessment of its severity is performed. In this study, the aim is to test the
developed method for estimating the severity of transverse cracks for different sections and lengths of beams.

Keywords: damage detection, deflection, transverse crack, stiffness reduction, structural health monitoring
1. INTRODUCTION

The concept of Structural Health Monitoring (SHM) refers to diagnosing the integrity of structures with the
purpose of estimating their remaining life while maintaining the designated performance. The integrity of a
structure can be altered over time, due to several factors such as wear and tear due to material fatigue, the
action of environmental factors as well as external or accidental events [1]. In the industrial sphere, the
process of monitoring the integrity of structures can be applied both in the mechanical field as well as in
civil engineering. A multitude of structures in the field can be monitored during their functioning time,
such as wind turbines, rotative parts of machines and equipment, bridges and roads, buildings and
stadiums, aircraft, marine vessels, and platforms [2].

The main scope of structure integrity evaluation is the detection of cracks in the incipient state before they
can cause significant damage that may lead to functional failure and accidents. Damage occurrence reduces
the structure’s loading capacity resulting in the decrease of its energy storing capability and therefore, the
dynamic behavior is also altered [3]. Dynamic identification methods have been developed in the past
decades by analyzing the natural frequency changes that occur due to the stiffness reduction caused by
cracks [7]. Comprehensive studies have been developed by several researchers [4, 5, 6], that consider the
changes in modal parameters correlated with the presence of certain types of damages.

In recent research [8] direct and indirect natural frequency-based methods for identifying multiple cracks in
beams are proposed. Direct methods include the simplified definition of natural frequency drops caused by
cracks. The relationships between the natural frequencies obtained from the defective beams and the
undamaged ones are determined by an approach that uses the local crack flexibility model [9, 10].

The current paper focuses on the accuracy of estimating the severity of transverse cracks that are present in
beams by involving the finite element method, starting from the observation that if a crack is present, in a
section that is subjected to a bending moment, it produces a decrease in natural frequencies, consequently,
the change of frequency for a vibration mode i due to the damage depends on the energy stored in the
affected section. In the current research, we demonstrate the advantages of considering the normalized
stored energy in the affected section for estimating the influence of a certain crack on the modal parameters
of beams. At first, we performed simulations to observe the changes in the static and dynamic behavior of
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the beam that occurs in the presence of damage using the Finite Element Method (FEM) with the help of
the simulation software ANSYS.

2. MATERIALS AND METHODS

In the study presented in paper [11] the authors develop an algorithm for evaluating transverse cracks in
composite structures based on natural frequency changes due to cracks. Damage assessment is performed
in two stages; first, the location of the crack is found and then an assessment of its severity is performed.
The technique is based on a mathematical Equation (1) that provides the exact solution to the frequency
changes of the bending vibration modes, considering the tensile energy stored in the beam, and the second
term considers the increase of flexibility due to cracks [12].

froe) = =@ G @

where /% is the frequency for the beam without damage, /:» (x; @) the frequency for the beam having a
crack of depth < in position x, y(z) represents the severity of the crack and gx)the curvature of the

normalized modal form, having values between -1 and 1.
The transverse crack severity is determined with the model presented in paper [11, 12], using the following
Equation (2):

y(a)= 7‘1(%(6!)_‘/5 (2)

Sp ()

where dy is the deflection at the free end of the intact beam, and Jp(a) is the deflection at the free end of the
beam with a crack of depth a. Because at the fixed end the deformation manifests just on one side of the
crack, the severity achieved here is smaller as expected. To this aim, we simulate cracks at different
positions near the fixed end and find the theoretical severity from the linear regression curve, as presented
in the paper [11].

The method for determining the modal curvature and natural frequency caused by a crack, with a known
position X, is given in papers [12, 13, 14, 15].

In the current paper, the analysis was performed for damages reducing the rigidity of a cantilever beam
subjected to the highest bending moment. From this analysis, the evolution of the severity of the damage
and the effect of the position of the crack was discovered, reflected by a decrease in frequency. The
reliability of this relationship was tested with the results obtained by the finite element method.

The crack detection methodology has also validated the results show that the location reports and the depth
of the transverse cracks are successfully anticipated by using the methods presented in the paper [11, 12].
This paper presents a numerical study designed to establish the dynamic response of cantilever beams with
different transverse cracks, and different lengths to demonstrate that the use of the severity estimation
method is reliable for detecting cracks by using the beam’s natural frequencies.

For this study, console beams with transverse cracks were analysed using the finite element method. The
damages considered are breathing cracks, which affect the entire width of the beam, have different levels
of depth, and are in certain positions along the beam.

Modal and static analysis was performed in the Ansys program to extract the natural frequencies and
deflection under own weight values for a steel cantilever beam of the constant section, both intact and
damaged, with different lengths and thicknesses as shown in Tab.1 along with the material’s physical-
mechanical properties.
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Table 1. Physical-mechanical properties of the material and main dimensions of the test beams

Mechanical properties of the material Main dimensions of the beam
Density Young Poisson Fracture Yield Elong. | Length | Latime | Grosime
[kg/m3] modulus [ strength strength [%] [mm] [mm] [mm]
[N/m2] Rm [MPa] [MPa]
1000 4
7850 2-10" 0.3 470-630 355 20 1200 50 :
1400

For performing the FEM analysis, the considered beam geometries were modelled, the necessary end
constraints were applied, a fine mesh of maximum edge size of 2 mm was developed, and static and modal
studies were performed. The beam geometries were generated using the ANSYS design modeler both in an
undamaged and damaged state as shown in Fig. 1.

L
7 i
0 [
Y T o
a )
X

Figure 1. Main dimensions of the cantilever beam

The crack positions x are considered from 6 mm to 42 mm with a step of 6mm and depths a starting from
5% of the cross-section of the beam to a maximum of 40 %. The six test beam dimensions are shown in
Tab.2. For all damage scenarios, the width of the crack is always 0.04 mm.

Table 2. Damage scenarios

Test beam dimensions Crack location Crack depth
L[mm] | B[mm] | H[mm] [mm] [mm]
1000 20 4
1200 20 4 0.2,0.4,0.6,08,1.0,1.2,14,1.6
1400 20 4
1000 20 5 6-42
1200 20 5 0.25,0.5,0.75, 1.0, 1.25, 1.5, 1.75, 2.0
1400 20 5

2.1. Static FEM simulations

We performed FEM simulations using the ANSYS software for all damage scenarios presented in the
previous section, in Fig. 2 we illustrate the results obtained for static analysis.

DOI: https://doi.org/10.14232/analecta.2022.1.42-49

44




Analecta Technica Szegedinensia
Vol. 16, No. 01 ISSN 2064-7964 2022

Az Static Structural

Directional Deformation

Tiype: Directional Defarmation(y Axis)
Unit: mm

Global Coordinate System

Time: 1

27-Feh-22 1248 PM

0.00016764 Max
-B.3012

-16.602

-24.004

-33.208

-41.506

-49,808

-58109

-66.41

-74.68 Min

Figure 2. Deflection under own weight for the 1200x20x4 mm cantilever in
For the intact beam, we obtained the deflection dy shown in Tab. 3.

Table 3. Deflection values obtained for the intact beams

Test beam dimensions Undamaged deflection

L[mm] | B[mm] | H[mm] dy [mm]

1000 20 4 36.001

1200 20 4 74.68

1400 20 4 138.39

1000 20 5 23.045

1200 20 5 47.802

1400 20 5 88.582

To estimate the crack severity at the fixed end, we plot the trend lines for all damage scenarios. In Fig. 3,
we present the plotted trend lines for the 1000x4x20 mm beam with all the considered damage scenarios.

1000x4x20 a=0,2 1000x4x20 a=0,4

0.0003 0.00065

0.00025 0.000625
0.0002

0.0006

0.00015 — . ——

¥ —-0.0000008870% + 0.0002456154 0.000575
0.0001

0.00005 0.00055

¥ = -0.0000020906% + 0.0006390057
0 0.000525
0 10 20 30 10 50 0 10 20 30 10 50
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1000x4x20_a=0,6 1000x4x20_a=0,8
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0.00135 0.0024
y = -6E-06x + 0.0025
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0.00117 0.00216
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0.0036 0.0054
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Figure 3. Regression curves for the beam 1000x4x20 in a damaged state

The deflections in these figures are found from the values of the trend line at the distance x=0 calculated
with the corresponding mathematical relations.

3. RESULTS AND DISCUSSION

With the data obtained from applying the regression method, we calculate the severities for the different
crack depths, and we also compare the corresponding severities for the different beam lengths. We plot a
diagram, Fig. 4 for the beams with a thickness of H=4 mm and in Fig. 5 for the beams having a 5 mm
thickness, which represents the evolution of the damage severity with the crack depth.
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Severity values for the 4 mm thikness beams
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Figure 4. Obtained severity values for the beams having a thickness H=4 mm

Severity values for the 5 mm thikness beams
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Figure 5. Obtained severity values for the beams having a thickness H=5 mm

Furthermore, we compare the calculated natural frequencies using Equation (1) for different damage
scenarios with the ones obtained by performing modal FEM simulations in ANSYS. The considered
damage scenarios for all the presented beam dimensions consist of transverse cracks of depth a=1 mm
positioned at x=150m and afterward, at x=360 mm. The obtained results are shown in Tab. 4 for the
damage position 150 mm respectively Tab. 5 for position 360 mm.

Table 4. Comparison between analytical and FEM determined frequencies for the damage position x=150 mm

Beam dim.:| 1000x20x4 1200x20x4 1400x20x4 1000x20x5 1200x20x5 1400x20x5

Mode no. | Calc. | FEM | Calc. | FEM | Calc. | FEM | Calc. | FEM | Calc. | FEM | Calc. | FEM
1 3.257 | 3.257 | 2.262 | 2.262 | 1.662 | 1.662 | 4.071 | 4.073 | 2.827 | 2.829 | 2.078 | 2.078
20.455(20.455(14.206|14.200(10.437|10.430|25.566 |25.567 {17.755|17.750|13.045|13.038
57.286|57.287|39.766(39.778|29.200|29.219|71.593|71.594 |49.699 |49.715|36.496 | 36.520
112.16(112.16|77.840|77.926|57.164|57.158|140.16140.18| 97.27 | 97.29 |71.443|71.460
185.24|185.25(128.61(128.72| 94.53 | 94.61 |231.45|231.52|160.72|160.88(118.14(118.14
276.65(276.66(192.24|192.18|141.35|141.25|345.60(345.71{240.21|240.19|176.63|176.54

o lwiN

DOI: https://doi.org/10.14232/analecta.2022.1.42-49

47



Analecta Technica Szegedinensia
Vol. 16, No. 01 ISSN 2064-7964 2022

Table 5. Comparison between analytical and FEM determined frequencies for the damage position x=360 mm

Beam dim.:| 1000x20x4 1200x20x4 1400x20x4 1000x20x5 1200x20x5 1400x20x5

Mode no. | Calc. | FEM | Calc. | FEM | Calc. | FEM | Calc. | FEM | Calc. | FEM | Calc. | FEM
1 3.262 | 3.262 | 2.265 | 2.265 | 1.664 | 1.663 | 4.077 | 4.078 | 2.831 | 2.831 | 2.080 | 2.080
20.442|20.443|14.193(14.203|10.427|10.436|25.550|25.555|17.740(17.753|13.033|13.044
57.210(57.210|39.724(39.722|29.182|29.193|71.498|71.518|49.647 |49.661|36.473|36.494
112.25(112.25| 77.94 | 77.90 | 57.26 | 57.20 |140.26|140.27| 97.40 | 97.36 | 71.56 | 71.50
185.22(185.22(128.61|128.81| 94.49 | 94.63 |231.42(231.51|160.72|160.97|118.08|118.27
276.80(276.80|192.22(192.14|141.22|141.32|345.79|345.87 |240.17(240.16|176.46|176.61

oo~ lw|IN

4. CONCLUSIONS

The aim of the current research is to establish the precision of a known mathematical relation to calculate
the severity of a crack with help of the deflection of the cantilever beam under dead load for several
damage scenarios that consider different beam dimensions and also different crack depths.

The comparison between the frequencies calculated by applying the analytical described method which
takes into consideration the normalized modal form as well as the determined severity at the fixed end of a
certain crack with the ones obtained using FEM simulations illustrates the precision of the developed
analytical method. In further research we propose to create a database that will be used in training an
artificial neural network using the presented method for detecting transverse cracks in beamlike structures.
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ABSTRACT

Biopolymer films have an increasing share in the packaging material sector due to a number of advantages:
availability, cheapness, easy processing, degradability, etc. On the other hand, numerous methods have been developed
to optimize their unfavorable properties (weaker mechanical characteristics, hydrophilicity, etc.). This paper examines
the influence of the synthesis method on starch-gelatin films properties. The starch-gelatin film was synthesized in a
ratio 1:1 as a composite film (C). The second sample was obtained by gelatin film lamination on starch film (L). Plain
starch film was used as a control (0). Mechanical, structural and physico-chemical properties of importance for the
application of packaging materials were tested on the obtained samples. All the obtained biopolymer films were
transparent and easy to handle. FTIR spectroscopy identified all characteristic groups and bonds formed in composite
and laminated films. The results showed a significant contribution of gelatin in the developed biopolymer films
compared to the control sample. Gelatin incorporated as a film component or as a separate layer improved mechanical
properties and water solubility. Slight differences were observed between composite and laminated films because the
effect of the method of added gelatin is minimal compared to the sample without the addition of gelatin.

Keywords: biopolymer films, starch, gelatin, synthesis, properties
1. INTRODUCTION

The Polymer packaging materials are the most popular in the international packaging market for a variety
of reasons: strength, flexibility, workability, the ability to combine with other materials and low cost.
However, two issues connected to the use of polymers in the packaging sector have emerged in recent
years: the synthesis of polymers from non-renewable sources, as well as the environmental impact of their
excessive usage and disposal [1]. Petroleum-based plastics are not biodegradable or compostable, resulting
in a massive amount of plastic waste around the planet [2]. The food packaging business is a major
contributor to plastic waste creation. In this segment, it appears that an alternative to synthetic polymer
should be found. Biodegradable materials have been the subject of extensive research for the past decades:
the prospect of employing renewable raw materials and agro-industrial waste as an alternative to synthetic
polymers is being explored. There has been an increase in demand for packaging materials that are
biodegradable, offer less environmental risk, and are made from sustainable and renewable resources [3].
Biopolymers fall into three broad categories [4]:

- Biopolymers extracted from biomass (agricultural, animal processing, forest, or ocean wastes)

- Polymers synthesized using the bio-originated or bio-derived monomeric units via classical polymer
synthesis routes (polylactic acid, bio-based polyethylene terephthalate, and biopolyolefins)

- Polymers produced by genetically modified microorganisms (bacterial cellulose and
polyhydroxyalkanoates).

The first group of biopolymers has received a lot of attention [5]. Biopolymer film is a free-standing sheet
that can be deposited on or between food components, usually categorized according to the dominant
building material. Polysaccharides (cellulose, chitin, pectin, starch, etc.), proteins (whey protein, casein,
collagen, zein, soy protein, myofibrillar proteins of animal muscle), and lipids (free fatty acids, wax,
paraffin, resin) derived from plants, marine, and domestic animals are the three main groups of biopolymer
films sources [6,7]. Biopolymers must meet specific characteristics, regardless of their application,
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including good barrier properties (water, gas, and oil), mechanical properties (resistance, stress-resistance,
flexibility), and aesthetic properties (translucence, lack of color) [8]. Because starch and gelatin are
abundant, cheap, and biodegradable materials that are also edible and hence suitable for food contact [9],
they have been extensively explored for the aim of designing packaging materials. Starch is one of the
most widespread polysaccharides in nature, obtained from renewable sources, whose price is low, so the
use of edible starch-based packaging in the field of food packaging is a potential direction for the
development of packaging materials today. From starch, it is possible to easily form packaging films with
good sensory properties (color, smell, taste), which do not adversely affect the packaged contents. Gelatin
is a multipurpose substance utilized as a gelling agent, a stabilizer, a thickening, an emulsifier, and even as
a microencapsulating agent in the culinary, pharmaceutical and cosmetic industries [10]. Because of its
good film-formation capabilities and abundance in nature, it is one of the biomaterials of interest for the
production of biodegradable films [11]. Gelatin—starch blends are also gaining popularity, as both are
renewable resources with good film-forming qualities, resulting in films with unique attributes such as
biodegradability and non-toxicity [12].

The aim of this paper was to produce starch-gelatin films by lamination and by making composite film.
Further, the aim was to characterize the properties of synthesized biopolymer films based on starch and
gelatin obtained by lamination of one layer of biopolymer on another (L) and composite films obtained by
mixing filmogenic solutions (C). Starch film was used as a control (0) in order to compare obtained results
and propose more suitable film preparation method.

2. MATERIALS AND METHODS
2.1. Materials

Modified corn starch (C¥*EmTex 12688), was provided by Palco (Serbia), while gelatin was procured from
Barentz (Serbia). Glycerol (99,8%) was purchased from Laboratorija (Serbia).

2.2. Methods

Starch solution preparation: Aqueous modified corn starch solution (1.5 % (w/v)) was heated at 90 °C in a
water bath for 60 min with the addition of glycerol (40% of the starch mass).

Gelatin solution preparation: Aqueous gelatin solution (7% (w/w)) was prepared and left for 30 minutes at
room temperature to undergo gelation, and then dissolved in a water bath at 50°C for about 20 min.
Afterwards, 0.2 g glycerol/g gelatin was added and stirred.

Control sample (0) preparation: 50 g of starch solution was poured on Petri dishes coated with Teflon and
left to dry for 5 days at room temperature on a leveled area after which they were analyzed.

Laminated sample (L) preparation: after pouring 40 g of starch film solution in Petri dishes coated with
Teflon, they were left to dry. After 5 days 20g of gelatin solution was poured on their surface and left to
dry on leveled surface after which they were analyzed.

Composite film (C) preparation: after preparing starch film solution and gelatin film solution, both
solutions were mixed in a ratio 1:1. Obtained solution was poured in Petri dishes coated with Teflon (50g)
and left to dry for 5 days at room temperature on a leveled area after which they were analyzed.

2.3. Mechanical properties

Film thickness was surveyed with 1 pm sensitivity micrometer. Eight replicates were carried out on each
sample.

Tensile strength (TS) and elongation to break (EB) were evaluated by utilizing Instron Universal Testing
Instrument Model No 4301 (Instron Engineering, Canton, Massachusetts, USA), in accordance with EN
ISO 527-3:2018. The grip separation was set at 50 mm, and crosshead speed was 50 mm/min.
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2.4. Physical properties

Moisture content was determined as a percentage of weight reduction during film drying, expressed on the
total weight of the film;

MC (%) = 100 [(m2-m1) — (m3-m1)]/ (m2-m1) Q)
where: m1- mass of measuring vessel, m2- mass of film samples with measuring vessel prior drying, m3-
mass of dried film samples with measuring vessel

Swelling capacity: Film samples (2x2 cm) were weighed (m1), and then dipped in 20 ml of deionized
water at room temperature, for 2 min. After removing samples from the water, the excess water was
removed by a filter paper and samples were reweighed (m2). Swelling degree was calculated:

Swelling (%) = 100 (m2 — m1) / m1 2
where m1- mass of film samples prior to dipping in deionized water, m2- mass of film samples after
dipping in deionized water

The film solubility: Dry film samples, after moisture content determination, were submerged in 20 ml of
deionized water at room temperature for 30 min, with mixing. After 30 min, excess water was emptied and
samples were dried in the oven, for 60 min, and reweighed (m4). The solubility was calculated:

Solubility (%) = 100 [(m3-m1) — (m4-m1)])/ (m3-m1) (3)
where, m1- mass of measuring vessel, m2- mass of film samples with measuring vessel prior drying,
m3- mass of dried film samples with measuring vessel, m4- mass of dried film samples with measuring
vessel after immersion and drying

2.5. Structural properties

Fourier transform spectroscopy (FTIR) analysis of the film samples was carried out using the IR
spectrophotometer, Nicolet 1S10, Thermo Scientific (Massachusetts, USA). Omnic 8.1. software was used
to operate the FTIR spectrometer, collect and process all the data.

2.6. Statistical analysis

MicroSoft Excel was used to run statistical analysis for calculating the means and standard error
(MicroSoft Office 2010).

3. RESULTS

Results related to mechanical properties are presented in Table 1.

Table 1. Mechanical properties of control film, laminated and composite film

Sample Thickness (um) Tensile strength Elongation at break (%)
(N/15mm)
Control 100.11+5.00 13.94+1.24 30.88+7.58
Laminated film 163.67+6.30 102.72+17.12 2.06+0.70
Composite film 211.00+5.96 75.92+12.66 1.33+0.16

According to the obtained results it was concluded that gelatin addition improved mechanical properties.
Tensile strength increased while elongation at break values decreased. The highest tensile strength was at
laminated samples, which were the firmest, no matter composite film had highest thickness value.
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Results related to physical properties are presented in Table 2.

Table 2. Physical properties of control film, laminated and composite film

Sample Moisture content (%) Swelling (%) Solubility (%)
Control 18.17+0.05 234.124+29.41 73.68+3.78
Laminated film 11.41£1.02 109.35+5.16 22.12+1.61
Composite film 12.36+0.44 127.62+11.17 20.76+0.98

The gelatin addition improved swelling and solubility, which are considered undesirable characteristics of
packaging materials, since values were lower compared to control film. There was no difference regarding
film synthesis route- - weather it was laminated or composite.

Results obtained via FTIR are presented at Figure 1.
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Figure 1. Control film, laminated and composite film spectra

Presence of absorption band at 3300-3600, 2900, 1640 and 1000-1100 cm-1 indicated that all samples
contain starch with OH, C-H, C-O-C, and C-O functional group, respectively. C and L spectra contain both
starch and gelatin and show almost similar peaks related to gelatin presence: four major peaks at
wavenumbers 3500- 2300 cm-1, 1656-1644 cm-1, 1560-1335 cm-1 and 1240-670 cm-1 which correspond
to Amide A, Amide I, Amide 11, and Amide Il regions, respectively.

4. DISCUSSION

When compared to their synthetic counterparts, biopolymers have inferior barrier, thermal, and mechanical
qualities [13]. Polymer blending is a well-known method for developing new materials and optimizing
polymer characteristics, resulting in composite polymers with superior properties to those generated from
pure components [14]. The addition of hydrocolloids to the starch protects the granules from shearing
during the manufacturing process. They retain moisture and diminish the blend's syneresis, water
solubility, and water absorption [15]. The addition of starch to gelatin films increases the thickness,
transparency, and mechanical strength of the films, decreases their solubility, and enhances their structure,
all of which increase the films' application [16]. Various results were reported regarding starch-gelatin
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biopolymer films properties. According to the results of Silva et al. [17] the inclusion of gelatin increased
films' mechanical strength and water solubility. On the other hand, according to results of Al-Hassan and
Norziah [18] gelatin addition to starch films reduced tensile strength and water vapor permeability but
increased the percentage of elongation at break. The same study proved interaction between
polysaccharides and proteins, clearly visible using FTIR.

The obtained results in this study are in accordance with Fakhouri et al. [19] findings: gelatin incorporation
improves water solubility, thickness, mechanical strength and clarity of starch-based films due to hydrogen
bond formation between gelatin and starch as shown by Fourier transform infrared (FTIR) spectroscopy
[16]. Fakhoury et al. [19] also found that higher gelatin concentrations increased water solubility, thickness
and mechanical strength values, and reduce opacity. However, higher concentrations of starch increased
the thickness and improve the mechanical properties. Gelatin incorporation resulted in tougher films with
improved break resistance which was sustained with previous finding of Acosta et al. [20].

4. CONCLUSION

The goal of this paper was to evaluate the properties of biopolymer films based on starch and gelatin that
were made by laminating one layer of biopolymer on top of another (L) and composite films made by
mixing filmogenic solutions (C). In order to compare the results and suggest a better film preparation
procedure, starch film was utilized as a control (0). The obtained results of this paper are in favor of the
fact that starch films are improved by the addition of gelatin. The method of film preparation
(lamination/composite films) did not affect the monitored physical characteristics of the films. The most
pronounced differences between laminated and composite have been observed by monitoring the
mechanical characteristics so the lamination is suggested as the optimal method of film preparation.

Acknowledgements: This paper is a result of the program of the Ministry of Education, Science and
Technological Development, Republic of Serbia, number: 451-03-68/2022-14/200134.
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ABSTRACT

Real beams have non-ideal boundary conditions and it is necessary to use new models to determine the real modal
parameters. Models that use ideal conditions do not fully reflect reality and can lead to unsatisfactory description of the
dynamic behavior. The hinged — hinged boundary conditions, which is in the focus of the paper, are not analyzed as a
single beam, but as a continuous beam with three spans, free at the ends. The continuous beam with three spans is
analyzed for cases in which the intermediate supports can occupy any position along the length of the beam, by an
analytical solution of the problem, with the example of cases when the intermediate supports are located very close at
the free ends of the continuous beam, thus simulating the real case for an hinged beam at both ends; the situation in
which the intermediate supports are very close to one of the ends of the beam, thus simulating the real case of the
clamped beam, with an imperfect clamped end; and the situation in which the intermediate supports are very close
located anywhere on the beam length, thus simulating the hypothetic case with a continuous beam free at the ends and
fix on the hinged supports. The analytic results are compared with numerical results by using finite elements method.

Keywords: natural frequency, boundary conditions, dynamic behavior
1. INTRODUCTION

Measuring natural frequencies requires the use of relatively inexpensive and very robust instruments [1, 2].
The determination of natural frequencies are easy to calculate both by using analytical models and by using
numerical methods.

However, the precise calculation of the natural frequencies is significantly influenced by the correct
positioning of the supports, respectively by the correct choice of the boundary conditions [3].

For example, the analytical calculation for a simple supported beam involves positioning the supports
exactly at the ends of the beam, but in the real case, the positioning of these supports is very close to the
ends of the beam, which requires treating the problem as a continuous beam with three openings.

Complex studies on the calculation of natural frequencies and modal shapes of continuous beams can be
found in [4] and [5].

For this reason, the paper focuses on the analysis of natural frequencies and percentage deviations by
applying the ideal boundary conditions and considering the imperfect boundary conditions, by moving the
supports by 1%, 2% of the beam length.

2. MATERIALS AND METHODS
2.1. Analytical approach

It will be considered a continuous beam with three openings supported with two intermediate hinges and
free at the ends.

The lengths of the spans are denoted (Fig. 1) with I;, I, and 15 and the sum of the lengths are equal to one,
thus: I]_ + |2 + |3 =1.

Using Euler-Bernoulli theory for each characteristic point on the beam (1, 2, 3, 4), the following boundary
conditions can be written:
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Figure 1. Continuous beam with three spans, free at the ends.
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where:

)]

W;(x;) = A;sin(a,x;) + B;cos(a,x;) + C;sinh(a,x;) + D;cosh(a,x;) is the normal mode shape of the

span;
i =1, 2, 3 represents the number of spans;

n is the n™ vibration mode number;

A;, B;, C;, D; are the integration coefficients;

X1 € [0' ll]v Xz € [0' lZ]v X3 € [0: 13];

a, - the eigenvalues, obtained as solutions of the characteristic equation:

(Z12 AT AT 'Zzz) "Z3p+ (Z12 AV AT '223) *Z31=0

and,
1 + cos(a,l,) cosh(a,l;)
) Z1 =2 cos(ay,ly) + cosh(a,l;)
cos(ay,l,) sinh(a,l;) — sin(a,l;)cosh(a,l,)
22 = cos(a,ly) + cosh(a,ly)
1 + cos(a,l3) cosh(a,ls3)
) Z31 =2 cos(ay,l;) + cosh(a,l3)
cos(a,l3) sinh(a,l3) — sin(a,l;)cosh(a,l;)
Z32 = cos(ayl;) + cosh(a,ls)

Z,, = 1 —cos(a,l,) cosh(a,l,)
Z,, = cos(ayly) sinh(a,l;) — sin(a,l,) cosh(a,l,)
Z,5 = 2sin(ayl,) sinh(a,l,)

O]

@)

By knowing the eigenvalues, the natural frequencies for the continuous beam with three openings can be

calculated using the relation:
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where:

f, [Hz] is the natural frequency;

E [N/m?] is the elasticity modulus;

| [m] is the moment of inertia;

m [kg] is the beam mass;

L [m] is the beam length.

In conclusion, in order to calculate the natural frequencies, we must obtain our own values with relation
(2), to know the material from which the continuous beam is made and its geometry.

For this, it will be considered the beam made of steel with a density p = 7800 kg/m® and E =2.1-10™ N/m?,
having length L =1 m.

The beam is considered to have a constant cross section, a rectangular shape with a width of b = 0,05 m
and a thickness of h = 0,005 m.

2.2. Numerical approach

The validation of the results obtained by the analytical method was done using FEM analysis.

The beam described in the previous chapter was analyzed for different locations of the intermediate
supports.

For the mesh of the 3D model, finite elements with an average size of 1 mm were used, and the
intermediate supports are frictionless hinges located in the neutral axis of the beam.

For I, = I, = I3 = L/3, the eigenvalues (a,) obtained with relation (2) and the natural frequencies for the first
n = 6 vibration modes calculated analytically (f, ,) and obtained by FEM (frem) are presented in Tab. 1.

Table 1. The first 6 natural frequencies calculated analytically and obtained by FEM

n 1 2 3 4 5 6

a, 4.237 4.947 10.732 12.827 14.118 20.104
fn a [HZ] 21.401 29.168 137.295 196.111 237.594 481.771
feem [HZ] 21.720 29.474 137.960 196.870 239.390 483.830
e[%] 1.492 1.050 0.484 0.387 0.756 0.427

Comparing the results obtained for the natural frequencies, presented in table 1, it can be seen that the error
& [%] between the two methods is below 1.5% for vibration modes 1 and 2, respectively below 1% for the
other vibration modes.

3. RESULTS

The first particular case considered is that in which the intermediate supports are located very close to the
free ends of the continuous beam, thus simulating the real case of a simply supported beam, with hinges at
the ends.

The analyzed cases took into account the values of natural frequencies calculated analytically, for I, = I3 =
0.02 m; 1 =0.01 m, I3 =0.02 m; I; = I3 = 0.01 m and their comparison with the natural frequencies
obtained for the case of the simply supported beam (L = 1) and percentage deviations from them.

The results are presented in Tab. 2

The percentage deviations are shown in Fig. 2.
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Table 2. Natural frequencies and percentage deviations for a simple supported beam with imperfect boundary conditions

n 1 2 3 4 5 6
L=1m f. 2 [HZ] 11.764 47.057 105.878 188.227 294.104 423.510
l; =0.02 f, 2 [HZ] 12.764 51.048 114.823 204.044 318.647 458.546
I5=0.02 £[%] 8.500 8.481 8.449 8.403 8.345 8.273
l; =0.01 f, 2 [HZ] 12.503 50.006 112.495 199.946 312.323 449,582
I;=0.02 £[%0] 6.278 6.267 6.250 6.226 6.195 6.156
l; =0.01 f, 2 [HZ] 12.249 48.996 110.236 195.966 306.178 440.862
I;=0.01 £[%0] 4.123 4.120 4.117 4.112 4.105 4.097
9 b b "
8 - - - - ° —*
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Figure 2. Percentage deviations for the case of the simply supported beam with imperfect boundary conditions.

The second particular case considered is that in which the intermediate supports are located very close to
the left free end of the continuous beam, thus simulating the case of a imperfect clamped — free beam.

The analyzed cases took into account the values of natural frequencies calculated both analytically and
obtained by FEM, for I, =1,=0.02 m;l; =0.02m, I, =0.01 m;,=0.01m, [,=0.02m; I, =1,=0.01 mand
their comparison with the natural frequencies obtained for the ideal case (L = 1) of the clamped- free

beam.

The results are presented in Table 3and the percentage deviations are shown in figure 3.

Table 3. Natural frequencies and percentage deviations for a clamped - free beam with imperfect boundary conditions

n 1 2 3 4 5 6
L=1m fn a [HZ] 4191 26.264 73.541 144.110 238.225 355.866
I, =0.02 fh a [HZ] 4.486 28.119 78.757 154.374 255.258 381.408
I,=0.02 £[%] 7.029 7.063 7.093 7.122 7.150 7.177
I, =0.02 fn a [HZ] 4.424 27.726 77.639 152.153 251.537 375.779
1,=0.01 £[%] 5.558 5.566 5.574 5.581 5.588 5.595
I, =0.01 fn a [HZ] 4.394 27.546 77.151 151.226 250.052 373.628
I, =0.02 £[%] 4.849 4.881 4.909 4.937 4.965 4.991
I, =0.01 fn a [HZ] 4.334 27.165 76.068 149.074 246.446 368.172
1,=0.01 £[%] 3.422 3.430 3.437 3.444 3.451 3.458
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Figure 3. Percentage deviations for the case of the clamped-free beam with imperfect boundary conditions.

The third particular case considered is that in which the intermediate supports are located very close on the
continuous beam, thus simulating the hypothetic case of a free — clamped — free continuous beam.

The analyzed cases took into account the values of natural frequencies calculated both analytically and
obtained by FEM, for I; =0.20 mand I, = 0.02 m.

The results are presented in Tab. 4.

Table 4. Natural frequencies and percentage deviations when the intermediate supports are very close on the continuous beam

n 1 2 3 4 5 6

an 2.384 5.969 9.086 9.997 13.991 17.990
1, =0.20 fh a [HZ] 6.774 42.465 98.393 119.128 233.320 385.751
I,=0.02 feem [HZ] 6.796 42.589 99.571 119.400 233.930 386.840

£[%] 0.329 0.293 1.197 0.229 0.262 0.282

A comparison of the vibration modes between the analytical method and the FEM method, for 1;= 0.20 m
andl, = 0.02 m, is illustrated in Fig. 4.

4. CONCLUSIONS

In this paper we have applied three cases for which imperfect contour conditions generate errors in the
calculation of natural frequencies for simple structures.

Tab. 1 and 4 show that, regardless of the method applied, the analytical method and the numerical method,
respectively, when calculating the natural frequencies, approximately the same values are obtained for the
continuous beam with three openings. The errors obtained by the two calculation methods are below 1%,
except for modes 1 and 2 for the case when the intermediate supports are positioned equidistant from the
ends of the bar, respectively for mode three (Tab 4) in case of simulating the imperfect stiffness, but for
this, in this case, the shape of the vibration modes obtained by the two methods has the same shape.

In the case of simply supported beams, a displacement of the supports towards the ends of the beam by 2%
produces deviations of the natural frequencies of more than 8% from the case when the supports are
positioned at the ends of the beam,the precision deviation decreases to about 4% for the displacement of
the supports by 1% with respect to the ends of the beam.

In the case of the imperfectly clamped-free beam (Tab. 3), the positioning of the intermediate supports with
2% - 4% produces deviations in the calculation of the own frequencies of 3% - 7%.

Regardless of the analyzed cases, for the first 6 analyzed vibration modes, the deviations have
approximately the same value (Fig. 2 and 3).
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Figure 4. A comparison for the six vibration modes for I; = 0.20 and I, = 0.02 obtained by analytical (left) and numerical method
(right).

In conclusion, for real cases, small deviations of the position of the beam supports from the ends, or an
imperfect fixation of the beam lead to significant deviations of the natural frequencies. It is important that,
when calculating the natural frequencies for real beams, we take into account the imperfections of the
positioning of the supports.
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ABSTRACT

Calculations typically performed on a calculator or computer show the result as a decimal fraction if it is not an integer.
It would be easier to interpret the result if a value could be expressed with integers and operations, such as the root
subtraction operation. This article shows how this can be done with a developed algorithm in Microsoft Excel, which
recognizes the most famous irrational numbers and displays them in text form together with the character of the
operation sign. For example, “5v3/2” is given for 4.330127019. It is also useful to display irrational numbers with
integers because only an infinite number of decimal places in a decimal fraction could show the exact value, and that is
not possible. So, the developed algorithm can display a more interpretable and accurate form of the irrational number.
In addition to the results that can be written as square roots, the algorithm is capable of displaying irrational numbers
that can be expressed as the number Pi, using the 7 character. The Excel algorithm which was implemented in Visual
Basic for Applications shows all rational numbers as the quotient of two integers that are relative primes.

Keywords: irrational number, Excel VBA, programming, function, root recognition
1. INTRODUCTION

Irrational numbers appear in decimal form on the display of our electronic devices. The exact value will
not be readable, because an infinite number of decimal digits make up the irrational numbers, in which
there is no infinitely repeating section [1]. Such is the number Pi (7), but as a result of extracting the root,
an irrational number is obtained even for integers if it is not a square number. An irrational number is
shorter, more intelligible, and more accurate if appropriate symbols such as the root (\) or Pi () are used
in their description. However, this type of display is not supported by our programs.

It is often necessary to enter the angles in radians. The decimal fraction form of a famous angle in radians
is almost incomprehensible, as shown in (1).

T
30° = i 0.523598775598299 (1)

The values of the trigonometric functions in the case of famous angles are easier to interpret in radical form

Q).

cos 30° = ? = 0.866025403784439 )
In the above formulas, the equation editor provided the appropriate display, but character mode can also be
used (1/6, V3/2). This mode now allows us to read a decimal number obtained as a result of a calculation in
a character-like, text-type manner in Excel. This article describes the development of an Excel worksheet
function to display the most famous types of irrational numbers in character mode, where the essential
element was the development of an algorithm for recognizing numbers in the Visual Basic for Applications
(VBA) development environment. There are several research articles using the capabilities of Excel VBA

(2] [3]-
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2. MATERIALS AND METHODS

The theoretical background of the research is in the field of irrational numbers, while programming tasks
require an overview of Excel VBA.

Since there are an infinite number of irrational numbers, including those that cannot be represented by
special characters, the article deals only with the recognition of some of the more important types of
irrational numbers, which have the following (3) and (4) forms.

Zx 3
n Vs
m X 4
—xVa 4)
where:
m = integer

n = positive integer (1 < n)
a = positive integer (1 < a)

So, the irrational number to be recognized is based on either the number Pi or the square root of an integer.
An additional constraint is needed for numbers n and a since the recognition process cannot be extended to
infinity [4]. During the tests, an upper limit of 100 proved to be sufficient. The numbers m and n should be
integers so that the irrational value that causes the display problem can only be the result of Pi or square
root subtraction.

2.1. Irrational numbers

Irrational numbers, by definition, are real numbers cannot be written as the quotient of two integers. It is
easy to prove that the square root of a positive integer is also an irrational number, except for square
numbers, where the square root is an integer [5].

Irrational numbers consist of an infinite number of decimal places without repeating sections. For this
reason, their exact value cannot be described in decimal form, although any precision can be achieved by
increasing the number of decimal places. That, in turn, will make the described number longer.

A famous group of irrational numbers are the ones that result from the square root of a rational number.
Another group are the ones that denote an angle in radians which can be writen with rational numbers in
degrees unit of measure [6]. These irrational numbers can be written in the form given by formula (3) or
(4). Our goal was to develop an Excel VBA function that can display an irrational number, if possible, in
this form.

2.2. Excel VBA

The typical purpose of using Excel spreadsheet program is to get calculated end results. This is achievable
with built-in formulas and worksheet functions. In addition, user defined, custom functions can also be
created [7]. To do that, some programming is necessary in Visual Basic for Applications (VBA). VBA is
based on the Basic programming language. The functions have a name and give a result that depends on
the variables in their argument [8]. The general format of the function is:
Public Function name (arguments)

Statements

function name = value
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End Function

When using functions, the value of their argument needs to be specified. Executing the statement creates a
value that will be the result of the function function name = value statement.

By default, the instructions in the function are executed once in a row. This is called the sequence
instruction structure and has the following form [9]:

statementl
statement?2
statement3

A selection structure is needed when the execution of the instruction depends on a condition [9]:
If condition Then
statementl
Else
statement?2
End If
When the condition is met, the statements in statementl block are executed. Otherwise, the
statement?2 block is performed.
An iteration structure is necessary in the program when instructions must be repeated several times [9]. In
the following conditional loop structure, the statements are performed again and again until the condition is
met:
While condition
statements
Wend
Any program can be written with the sequence, selection, and iteration structures described above.

2.3. Search algorithm

An essential pillar of this work is to recognize from a number whether it can be produced in the needed
form. This problem can be solved with a search algorithm. The point is to find the item that meets the
criteria from a list of available items in case there is one. This is achievable by examining the items one by
one until items run out or a suitable item is found [10]. This can be accomplished with a conditional loop
structure. At the end of the loop, another selection structure is used to check whether the loop ended with a
successful search or the items in the list ran out. The pseudocode of the algorithm is as follows:
Let the examined item to be the first item on the list
While the examined item is not appropriate and
there is another item not yet tested

Let the examined item to be the next item on the list
Wend
If the examined item is appropriate Then

The hit is the examined item
Else

No hit
End If

3. RESULTS

Within the research, the conditions were checked whether a number can be written in the form (3) or (4).
This was necessary in order not to limit the number of digits that can be displayed in the given form. The
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next task was to create a program containing the necessary algorithms, and the last phase was to create the
function that can be used in the Excel worksheet, which displays the number in the given (3) or (4) format.

3.1. Irrational numbers that can be accurately displayed

An irrational number can only be short and accurate if it can be expressed as an irrational number of a
known value that can be described by a finite sequence of symbols or by a finite sequence of functions. For
form (3) or (4), the Pi or the root sign is needed.

We can write any angular value in form (3) that can be described with a rational number (2) in degrees, as
shown in (5).

m
—— X n[rad] = — X n[rad] (5)
q n

where:

p = integer

q = positive integer (1 < q)

m = integer (m = p)

n = positive integer (n = 180 X q)

From derivation (6), it is visible that the form (4) can be utilized to write down the square root of a non-
negative integer and the square root of any non-negative rational number.

p pxq pxq 1 m
P_ / - =X pXq="1xVa (6)

q q

where:

p = not negative integer

q = positive integer (1 < q)

m = integer (m = 1)

n = positive integer (n = q)

a = positive integer (1 <n=p-q)

The following derivation (7) shows an example where the square root of an integer can be given in several
forms (4) using the square root of a smaller integer.

V32=V4x8=2x+8 @)
V32 =V16%x2=4x+2

Within the research, a search algorithm was developed which provides the form (4) as the square root of
the smallest positive integer.

3.2. The created functions

First, a universal search function was created we could use for both forms (3) and (4). This was possible
because these forms can be generalized, as shown in formula (8).
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m m m m
;x:r:;x;z,;xﬁ:;x;/ (8)
where:
m = integer
n = positive integer (1 < n)
a = positive integer (1 < a)
y = generalized value (y = wor y = Va)

The search algorithm should indicate a successful search if the recognizable number (x) can be generated
in the form (8), i.e., the relation (9) is met.

Z ©)
=—X
X n y
where:
x = the number to recognize
m = integer

n = positive integer (1 < n)
y = generalized value

A further interesting feature of this generalization is that for y = 1, the recognizable number we can be
obtained as the quotient of two integers.

The created search function is a bivariate function of x and y that searches for an n positive integer for
which equation (9) is fulfilled in the case of some integer m. The result of rearranging (9) to (10) shows
that the value of m can be calculated for any value of n, but it cannot be guaranteed that m is an integer.
This is exactly what the algorithm checks: to see if the counter (s) providing exact equality is an integer
because only then can it be considered suitable (m = s).

s nxx
X==Xy = 5=
nY

(10)

where:

x = the number to recognize
s = not necessarily integer
n = positive integer (1 < n)
y = generalized value

The name of the search function below is denominator because it searches for and returns the
denominator value that provides the desired representation. If no suitable denominator can be found,
the result will be 0.
Public Function denominator (x, V)
Dim n As Integer
n=1
s = Abs(n * x / y)
d = Abs (WorksheetFunction.Round(s, 0) - s)
While n < 100 And d > 0.000001
n=n+1
s = Abs(n * x / y)
d Abs (WorksheetFunction.Round (s, 0) - s)
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Wend
If n < 100 Then
denominator = n
Else
denominator
End If
End Function
The function checks whether the value s ensuring equality (9) is an integer by examining the absolute value
of its deviation from its rounded value as a difference (d). Of course, this should be 0 if s is an integer, but
due to the inaccuracy of number representation, a non-negative value we can be considered as a 0 if it is
not greater than 0.000001. Rounding is done with the function Round. The function starts from 1 with
increments of 1 up to 100, searching for a suitable denominator. So, if it finds one, it will be the smallest
one.
The following function is named numerator because it determines the numerator (m) of the equation (9) if
it exists, i. e. a suitable denominator is found. The numerator will be 0 if there is no such denominator.
Public Function numerator (x, V)
Dim n, m As Integer
n = denominator (x, V)
If n = 0 Then
numerator = 0
Else
m=n * x
numerator
End If
End Function
Functions are also necessary to find out whether the recognizable number (x) can be produced with one of
the Pi or root characters, i.e., in the form (3) or (4). These functions are called pi base and root base
which return 0 if the desired format is not possible. Generatability can be ascertained from the value of the
function denominator from the suitability of y = m or y = v/a. In the case of generatability, the value of
the functions will be the value that provides generation, that is, the value of Pi of the function pi base
and the value a of function root base. However, the latter is also a search algorithm for the value a, to
be examined starting from 1 with increments of 1. Thus, in the case of a hit, the lowest suitable value is
acquired, even if more than one value would be suitable.
Public Function pi base (x)
Dim n As Integer
y = WorksheetFunction.Pi
n = denominator (x, V)
If n = 0 Then
pi base =0
Else
pi base =y
End If
End Function

Il
(@)

~

y
m

Public Function root base (x)
Dim a, n As Integer
a =1
n = denominator (x, a)
While n = 0 And a < 100
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a=a+1

n = denominator(x, a ~ (1 / 2))
Wend
If a < 100 Then
root base = a
Else
root base = 0
End If

End Function
The functions created so far were used for the final one called txt num that gives the number to be
recognized in the form (3) or (4). The result is the appropriate form in text data type if it exists, or
otherwise the number with four decimal places.
Public Function txt num(x)

Dim s, n As Integer

If x = 0 Then

txt num = "O"
Exit Function
End If
st = ""

p = WorksheetFunction.Pi
If pi base(x) > 0 Then
S = numerator (x, p)
n = deniminator (x, p)
symb = ChrW(960) ' character Pi
ElseIf root base(x) > 0 Then
a = root base (x)
If a = 1 Then
y =1
symb = ""
Else
y=a” (1 / 2)
symb = ChrW(8730) & a 'character root
End If
S = numerator (x, V)
n = deniminator (x, V)
Else
txt num = "" & WorksheetFunction.Round(x, 4)
Exit Function
End If
If s = -1 Then
If symb = "" Then
St e "_1"
Else
st = "-" & symb
End If
ElseIf s = 1 Then
If symb = "" Then
St o "1"
Else
st = symb
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End If
Else
st = s & symb
End If
If n > 1 Then
st =st&"™ /" &n
End If
txt _num = st
End Function
The format of the representation depends on several conditions:
- Can the number be generated, and if so, in which form?
- If the value of the numerator is 1, it is only necessary to display it if the recognized value is rational
(for example, 1/4). Otherwise, if it is irrational, it is sufficient to display Pi or the square root value in
the numerator without a value of 1 (for example, n/ 4 or \3/2).
- The dominator does not need to be displayed if its value is 1, but in this case, the numerator is required
if its value is 1 and has a rational value.
- When displaying a negative number, the negative sign should appear in front of the number.
Otherwise, it is unnecessary.
Table 1 shows the representation of some numbers obtained with the function.

Table 1. Some recognized numbers and their representation

Value Representation
1.13137085 42/5
12.12435565 73
4.188790205 47/3
4.294117647 73/17

4. CONCLUSION

A worksheet function was developed for the Microsoft Excel spreadsheet program, that can display the
value of the most important types of irrational numbers in a clear, short, and more accurate form than in the
inaccurate and difficult-to-understand decimal format. The range of recognizable numbers can be expanded
according to the needs, for example, with irrational numbers which can be displayed with the help of the
third and fourth roots. The developed function can be used in Excel spreadsheets for easier interpretation of
results whenever it is necessary.
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ABSTRACT

Food preservation technologies are continuously renewed area because of industrial and customer needs, social
transformation, environmentally friendly processing and climate change. The shelf life of perishable food products
must be extended with different technologies, for example using green methods like the edible coating (EC). EC is
made from different biopolymers (chitosan, alginate, gelatine, agar), the effect can increase using plant extracts. This
study examined the effect of chitosan EC, chitosan EC+thyme essential oil (EO); effect of alginate EC, alginate
EC+thyme EO on fresh chicken breast having artificial contamination with Escherichia coli; Enterococcus faecalis,
that the EC can extend the shelf life. The organoleptic quality of baked treated chicken breast was also established.
Based on the result both EC can decrease the cell number (with 1-3 log CFU/g) on treated chicken breast and this
antimicrobial effect was enhanced with thyme essential oil (3.2 pul/ml concentration). There was significant differences
(p<0.05) between the two edible coatings. Alginate had better preservation effect, than chitosan. However, the thyme
EO could increase the antimicrobial activity of chitosan in higher values, than the effect of alginate EC. In this
experiment, E. faecalis was more sensitive to treatment than E. coli. In conclusion, the edible coating can be used as an
alternative preservation technique and combined with essential oils can extend the shelf life of chicken breast fillet.

Keywords: chicken breast, edible coating, preservation, thyme essential oil
1. INTRODUCTION

The prevention of food contamination has always been an important point in the food chain. The various
food-borne diseases affect not only the food industry but also health and regulatory agencies too. The
microbes can contaminate the different food products and one of the most significant source of bacterial
contamination is the raw meat. For example, Listeria spp., Escherichia spp., Salmonella sp.,
Staphylococcus spp., Pseudomonas spp., Enterococcus spp. are the most common food-borne
pathogens/spoilage bacteria [1-4]. There are different processing steps for preservation of food: chilling,
freezing, heat processing, canning, drying, smoking, vacuum packaging, modified atmosphere packaging,
fermentation, smoking, using different spices, adding preservatives and use other new technology (active
packaging, high hydrostatic pressure, irradiation, edible coating) [5-6].

The edible coatings can be a potential approach to extend the shelf life of meat and these are bio-based
packaging materials [7]. The edible coating is a thin layer of edible material, which coats the food, usually
used in liquid form and with immersion method on food [8]. Chitosan is a polysaccharide, derived from
chitin, nontoxic, biodegradable, having antimicrobial and film-forming properties. Chitosan film has
selective permeability to oxygen and carbon dioxide. [5, 7, 9-12] Sodium-alginate is derived from seaweed,
algae, or synthetized by microorganisms used as gel-forming and colloidal stabilizing agents in the food
industry. Alginate solution can form gel with different ions (calcium, magnesium, iron, aluminium), gel is
water-soluble, flexible, tasteless, odorless, low permeable to oxygen and oils. [13-15]

Plant extracts, including essential oils (EOs), show antibacterial and antifungal effect, suggesting that they
can become novel antimicrobial compounds. Most of the EOs are generally recognized as safe (GRAS).
[16-17]

Therefore, this study examined the shelf-life extension ability of chitosan and alginate edible coatings on
chicken breast fillet having Escherichia coli and Enterococcus faecalis contamination. Beside this, the
preservation effect of coating was enhanced with thyme essential oils.
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2. MATERIALS AND METHODS
2.1. Bacterial strains

One Gram-positive bacterium (Enterococcus faecalis) and one Gram-negative bacterium (Escherichia coli)
were used during the research. For culturing and for determination of minimum bactericidal concentration,
TGE (Tryptone-Glucose-Extract) broth and agar was used (10 g glucose - VWR, Hungary; 5 g tryptone -
VWR, Hungary; 2.5 g yeast-extract — Merck, Hungary; 20 g agar-agar - VWR, Hungary). The incubation
temperature was 37 °C.

2.2. Minimum bactericide concentration (MBC)

For determination of MBC values on bacteria, the thyme essential oil (tEO) (Aromax Natural Products Zrt.,
Hungary) was investigated with macrodilution method in different concentrations (in the range of 50 to 0.1
mg/ml). Tween 40 was used to disperse the EOs in the medium. The used cell suspension was 24-h old and
the cell number was 10° CFU/ml. In previous tests 1% Tween 40 did not affect the growth of the
investigated bacteria [18]. The inoculated broth without EO served as control. After 24 hours incubation at
37 °C MBCs were determined by the tracking plate method [19] transferring 10 pl from the microplate
wells to TGE agar for the enumeration of living cells. After 24-h incubation at 37 °C, the number of
colonies was counted. MBC was defined as the EO concentration where no colony growth was observed on
TGE agar.

2.3. Coating preparation

Chitosan (CH) edible coatings: 2 % (wt/v) Chitosan (Sigma-Aldrich) was added to distillated water and
acidified with 1 % acetic acid (v/v) (Sigma-Aldrich).

Alginate (AL) edible coatings: 1.5 % (wt/v) Sodium-alginate (Sigma-Aldrich) and 1.5 % (wt/v) CaCl,
(wt/v) was used for the coating preparation. The food sample was immersed firstly in the alginate solution
and after that in CacCl, liquid for crosslinking the alginate (egg-box model/gelation mechanism [20]).

The effect of edible coating was enhanced with tEO in MBC concentration. The tEO was mixed with
chitosan, alginate solution (25 °C).

2.3. Antibacterial effect of edible coatings on chicken breast fillet

The chicken breast fillet was obtained from Spar market. The 10-10 g of fillet were prepared for the
coatings: each of 10 g fillet was immersed in E. coli suspension (10° CFU/mI, 10 min) for homogenous
dispersion of bacterium on surfaces. After that, the fillets were divided three parts: control-without edible
coating; edible coating; edible coating +tEO. The control was placed in sterile plastic box. Second part of
the contaminated sample was immersed in 2% CH solution for 10 minutes and place in sterile plastic box;
the third part of fillet was immersed in 2% CH solution having tEO in MBC for 10 minutes and place in
sterile plastic box. The experiments of alginate coatings were taken at the same way with having one extra
step, after the immersion in 1.5 % AL solution/AL+tEO the sample was put in 1.5% CacCl, solution for 10
minutes. Control and the treated samples in triplicates were stored at 8°C in plastic box and the cell
numbers were monitored at 0, 24, 120, 168 hours. 10-10 g of fillet sample were mashed up in 90 ml steril
water, prepared 10-fold serial dilutions and surfaced 0.1 ml onto TGE agar and incubated 37°C and for 24
h. After the incubation the remained cell number was established with colony counting.

The study of E. faecalis was designed as E. coli experiments.

The statistical differences was established by using T-test, Microsoft Excel software.
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The sensory evaluation was made with scoring method (points were awarded from 1 to 5 point: 5
excellence; 1 not accepted), where the panelists were 12 non-trained people. The organoleptic properties
were the taste, odour, texture and the acceptance. The results were the average points of each of properties.
The chicken fillets were covered with edible coatings having thyme essential oils and baked in pan.

3. RESULTS AND DISCUSSION
3.1. Minimum bactericide concentration of thyme essential oil

The MBC was established where were not colony formation on the surfaces of agar. Both bacteria had 3.2
mg/ml MBC values, based on this study there was not difference in sensitivity against tEO between the E.
coli and E. faecalis. In the further experiments, 3.2 mg/ml tEO was used.

3.2. Effect of coatings on chicken breast contaminated with E. coli

Based on the results, the chitosan and alginate coating had an inhibitory/antibacterial effect; the cell
number was reduced with 0.5-3 log CFU/g on chicken breast fillet (Diagram 1.). The control cell number
was increased from 5.66 log CFU/g (24 h: 7.26 log CFU/g; 120 h: 9.10 log CFU/g) to 10.01 log CFU/g for
the 168 hours. Despite of that, the AL treated sample had a slow rising: 5.49 log CFU/g, 6.46 and 6.86 log
CFU/q, respectively 24, 120 and 168 h; the coating could inhibit the growing of the bacterium. There was
the same tendency by the CH, but the cell number was higher, 6.60, 6.91, 7.25 log CFU/g. The
preservation effect was enhanced with added tEO, mainly the effect of CH was improved. After 24 hours,
the EO could help in the preservation (there was a bactericide effect with the tEO), because there was
significant difference between the edible coating and edible coating+ tEO treatment (p<0.05). At the 120-
168h experiment, there was not differences between the treatments, perhaps the volatile components of EO
had not effect on the bacterium and the tEO could only supported the inhibitory effect of CH coating.
Sogut and Seydim [21] observed that, the edible chitosan film could decline the E. coli cell number by 1.0-
1.5 log CFU/g in vitro. In other research, the cinnamon essential oil could improve the antibacterial effect
of CH edible coating [10].
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Diagram 1. Effect of edible coatings on E. coli (Different small letters indicate significant differences (p< 0.05))

The chitosan and alginate edible coating had a preservative effect on E. faecalis contaminated chicken
breast fillet (Diagram 2.). There was same results as on E. coli, the AL could inhibit better cells in the first
24 hours, than CH. However, there were no significant differences between the CH and CH+tEO treatment,
but the thyme EO raised the effect of AL edible coating, at the end, there was declining by 5 log CFU/g in
the cell number. The E. faecalis was more sensitive to tEO in edible coating, than E. coli (Diagram 1-2.).
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Diagram 2. Effect of edible coatings on E. faecalis (Different small letters indicate significant differences (p< 0.05))
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At the sensory evaluation, the taste of the prepared chicken fillet was around 3, and the chitosan+tEO got
better points. In contrast, the odour of chitosan+tEO was scored down (2.3). In the background, perhaps,
the gas permeability and water holding capacity of the two ECs were different, for this needs more
examination. The overall acceptance was same, the panelists added 4.1-4.3 point (maximum point was 5).

Based on the results, the used edible coatings had a preservative effect on chicken breast fillet among 1
week, it could be an alternative way for extended the shelf life of raw meat. There is different sensitivity
between the bacteria, there need more research for establishment the difference between the microbes, and
how could be standardized the using of edible coating for preservation. Attention should also be attended to
improving sensory properties in the future. It will be found that extracts, which match the best to the
particular food.

4. CONCLUSIONS

Given today’s global challenges (sustainability, environmentally friendly, renewable technology, customer
demands), the need for new, green, alternative methods/technology for prolonging the shelf life of food
with preserving or enhancing its impact on health is increasingly intensive. These biopolymer edible
coatings in alone and combined with thyme EO were found to be effective against two investigated
bacteria, can prolong the shelf life in refrigerated storage. Future studies are needed to establish the shelf-
life extension effect of edible coatings on more different food, which have contaminated other microbes or
multiple-species.
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ABSTRACT

Under the context of reserve depletion, recovering rare earth elements (REEs) from secondary resources is essential
which assists to strengthen the circular economy. Contaminated biomass growing from brownfield lands is a potential
material for REE recovery. However, prior to the extraction stage, polluted plants need to be lessened to a manageable
volume. In this study, contaminated biomass gathered from an abandoned mining area was combusted in a pilot-scale
boiler, while solid residuals from different positions in the burning system were collected and analyzed. Higher REE
concentration in the ash samples compared to that in the woody biomass indicates the efficiency of the combustion
process from the metal enrichment point of view. The significant metal concentration in the solid remains is an
advantage for the following step of extraction to reclaim REEs. It was concluded that the concentration of REEs in
bottom ash is greater than in the other solid residuals. That indicates that the volatility of rare earth minerals is limited
during biomass incineration.

Keywords: rare earth metals, contaminated biomass, combustion, recovery
1. INTRODUCTION

Rare earth elements (REEs) are a group of 17 chemically similar metallic elements comprising Y (yttrium),
Sc (scandium), and 15 "lanthanides” elements [1]. The term “rare” refers to they are not commonly found
in commercially viable concentrations. REESs are vital in green modern technologies such as wind turbines,
batteries, electric cars, hybrid cars, etc [2]. These valuable elements are deemed as critical strategic
materials due to their importance and vulnerable supply [3], [4]. The demand for rare earths has surged
noticeably which could lead to reserve depletion. While recycling rate of REEs from end-products
reportedly is only 1% [2]. Therefore, reclaiming rare earth minerals from secondary resources is essential
to strengthening the circular economy.

Phytomining is an innovative approach for recovering REEs in brownfield lands where conventional
mining techniques are neither effective nor profitable [5]. In the initial stage of the entire phytomining
pathway, plants accumulate REEs from soils and store them into their roots and shoots referred to as the
phytoextraction process [6]. Following that, rare earth minerals accumulated in plants could be reclaimed
via extraction technologies [7]-[9]. However, before the extraction process, contaminated biomass needs to
be reduced, and REEs would be enriched in solid residuals called bio-ores [10]. Several enrichment
manners including composting, compaction, thermal conversion (ashing, pyrolysis, gasification,
combustion) have been mentioned [11], [12]. To date, only a few studies about heightening REEs from
biomass have been conducted so far. C. Liu et al. incinerated Dicranopteris linearis fern at 500 °C to
remove organic matter and elevate rare earths in ash [13]. It was observed that 2032 mg kg™ REEs in the
plant was enhanced to 15956 mg kg™ in the solid remain; and 93% of rare earth metal input from the
biomass was converted into the ash sample. Likewise, incineration of the collected fern Dicranopteris
linearis at 550 °C resulted in 92.3% mass reduction [10]. The concentration of REEs in the ash (30000 mg
kg™) is over eleven times greater than in the plant (2700 mg kg™). In another study, an ecologically
friendly pathway of vacuum-pyrolysis-condensation was proposed for elevating rare earth minerals [14].
The results unveiled that the pyrolytic product derived from harvested fern Dicranopteris linearis
contenting 1948.67 mg kg rare earths could reach a level of 6160 mg kg * REEs.
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Enrichment is a crucial stage in the whole concept of phytomining to recover rare earth metals. The
available information pertained to that is scanty and sparse. This research investigates the heightening of
REEs from contaminated biomass via the combustion process and the behavior of these metals in the
burning system.

2. MATERIALS AND METHODS

The resource of biomass utilized in this research is a brownfield land located in Gyongydsoroszi, Hungary.
In fact, it is an abandoned mining area where industrial lead and zinc production was operating until 1986.
The common ligneous plant species living there are oak, pine, wattle, walnut, birch, poplar, bushes, etc.
From the contaminated land, bulk biomass collection was done including the necessary sample preparation
steps such as drying, grinding, and pelletizing to the required dimensions for the boiler operation. The
polluted woody pellet is a mixture of 75:16:9 % of trunk, branches, leaf respectively, corresponding to the
mass ratio of a real tree. The general properties of the contaminated biomass are given in Table 1.

Table 1. Properties of the contaminated biomass

Pellet’s diameter | Pellet’s height Element (m/m %) Moisture content | Ash content
mm mm N C H S m/m % m/m %
6 10-30 0.395 | 46.747 | 6.050 | 0.0143 5.62 2.30
1. Boiler 1
2. Biomass o 1.8

3. Heat exchanger
4. Impactor

5. Fue gas

6. Stack

1. Bottom ash

I1. Ash after
heat exchanger

III. Deposited ash
IV. Fly ash

Figure 1. Positions of solid remain collection

To achieve the major purposes of the study, a series of four combustion experiments utilizing contaminated
pellets was conducted in a pilot-scale boiler. The experiments were carried out under the same operational
circumstances as follows firing rate: Q = 27.6-31.4 kW, fuel feed rate: f = 8.3 kg h™', typical combustion
chamber temperature: T = 882-956 °C. Solid combustion residuals were captured from preselected points
as seen in Figure 1. After experiments, bottom ash and after heat exchanger ash were respectively collected
from the ashtray and at the position after the heat exchanger. The deposited ash sample was taken from the
inside wall of the stack at the end of the combustion process. The capture of fly ash was implemented by an
isokinetic fly ash sampling system using a three-stage cascades impactor labeled Dekati® PM10. The
collection started after the boiler reached steady-state operational conditions, and the sampling method
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meets the regulations of the 1SO23210 standard. The typical flue gas temperature at the point of fly ash
sampling is in the range of 155-158 °C.

The woody biomass (WB) sample used for all the incineration experiments together with combustion ashes
are taken for chemical analysis. The combustion ashes include four types of solid remains namely bottom
ash (BA), after heat exchanger ash (EA), deposited ash (DA), and fly ash (FA) collected from four
combustion experiments. The chemical analysis of the solid samples determined by ICP (Inductively
Coupled Plasma) spectrometry was performed by an individual company in Hungary. Perkin Elmer Avio
200 inductively coupled plasma-optical emission spectrometer (ICP-OES) and ICP mass spectrometry
(ICP-MS) are employed for the analysis. For the calibration of the measurement, an ICP-OES inner
standard solution (Lutecium) was used. The samples were prepared based on the Hungarian standard MSZ
EN 13346:2000. The analytical scale was used for taking 5 g samples for analysis. The preparation was
carried out by microwave digestion with a Berghof Speedwave4 laboratory equipment, using nitric acid (2
ml, 67% concentrated) and hydrochloric acid (6 ml, 36% concentrated) solvents. The digestion and
dissolution time were 30 minutes at 180 °C. The solution was filled up to 50 ml with 5% concentrated
nitric acid after the filtration process using MN616 filters. The chemical measurement analyzes the
concentrations of most REEs (15 elements namely Ce, Dy, Er, Eu, Gd, Ho, La, Nd, Pr, Sc, Sm, Th, Tm, Y,
Yb) in the solid samples.

3. RESULTS AND DISCUSSION

The analytical outcomes of the solid samples are divided into two metal groups. The first classification
consists of Er (erbium), Eu (europium), Ho (holmium), Pr (praseodymium), Th (terbium), Tm (thulium),
Yb (ytterbium) which are below the detection limit (BDL) in all the solid samples. No further investigation
nor discussion was made for these elements.

100 [ws [ JEA []BA [IDA E

Concentration (mg kg™)
- =
1
1 1

o
i
I
1

I |

Ce Dy Gd La Nd Sc Sm Y

Figure 2. Average concentration of detectable REEs

The second metal group comprises Ce (cerium), Dy (dysprosium), Gd (gadolinium), La (lanthanum), Nd
(neodymium), Sc (scandium), Sm (samarium), Y (yttrium) which are detectable in at least one sample.
These elements depicted in Table 2 are used for further investigations and calculations. The concentration
magnitudes were colorized in the increasing order of green-yellow-red. Intuitively, the elemental
concentration results of different experiments in the combustion series largely perform the similarity. In
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order to deeply assess the reproducibility as well as for further discussion and evaluation, the mean value
of the outcomes alongside its standard deviation are calculated and presented in Table 2. Based on the
graph, the level of standard deviation is not so high versus its average concentration. It demonstrates that
the combustion experiments and their upshots are reproducible.

Several REEs were identified in the solid samples at considerable levels. The most significant results were
observed in the case of Nd, such as 34.2 mg kg™ in bottom ash, 18 mg kg™' in after heat exchanger ash,
and 9.43 mg kg ' in deposited ash. On the other hand, Sc was scarcely found in the solid remains. The
concentration of REEs in fly ash is either below the detection limit or not available. REEs show a
consistent trend in the burning system, their levels follow the decreasing order: bottom ash > after heat
exchanger ash > deposited ash > woody biomass (Figure 2). The greater concentration in bottom ash versus
other ash samples unveils the low volatility of rare earth metal compounds during incineration.

Table 2. Concentration of detectable REEs (mg kg™)

Element
Sample
Ce Dy Gd La Nd Sc Sm Y
Biomass WwB 0.526 <1* 0.026 | <0.25* | <0.5* | <0.01* | 0.026 | <0.25*
FA-1 - <7.5* <3* - - - <3* -
FA-2 - <7.5* <0.2* - - - <0.2* -
Fly ash
FA-3 - <10* <4* - - - <4* -
FA-4 - <7.5* | <0.2* - - - <0.2* -

EA-1 | 6.29 <1* 403 | 404 | 188 | 0344 | 164 | 239
Q(fctf];r*]‘gz: EA-2 | 5.71 134 | 435 | 416 | 239 | 0309 | 218 | 264
ach EA3 | 3.77 <1* 291 | 253 19 | <0.25% | 122 | 1.60
EA4 | 2.80 <1* 187 | 181 | 104 |<001*| 1215 | 111
BA-1 | 659 | 150 | 626 | 4.72 37 0290 | 349 | 2.93
Bottom | BA-2 | 722 | 216 | 530 | 525 | 358 | 0416 | 504 | 3.35
ash BA3 | 635 | 166 | 430 | 425 | 279 | 0304 | 230 | 2.79
BA4 | 744 | 218 | 527 | 547 | 362 | 0402 | 297 | 3.30
DA-1 4.21 <2* <10* 2.61 8.73 <0.5* <b5* 1.57
Deposited | DA-2 | 3.81 <2* 243 | 220 | 930 | <0.01* | 0.667 | 1.45
ash DA-3 | 4.37 <4* 262 | 206 | 9.94 <1* <2* 151

DA-4 3.91 <2* 1.73 2.26 9.73 <0.01* 0.51 1.41

* The concentration of the metal is BDL (below the detection limit), which is the limit that the concentration can be differentiated
from the background noise.
" not available

Enrichment factor (EF) is defined as the quotient of metal concentration in solid remains to that in woody
biomass. This index is employed to describe the efficiency of the enrichment process in heightening metal
levels. Certain elements encompassing Dy, La, Nd, Sc, Y were below the detection limits in the woody
biomass. Nonetheless, as a result of the combustion process, their concentrations became high enough to be
identified in at least one ash sample. Their enrichment factors were calculated based on the detection
limits, which are the minimum values or the worst-case scenario. The minimum enrichment factor of these
elements highlighted in red is depicted in Figure 3. In terms of detectable metals in plants including Ce,
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Gd, Sm, the real values of the enrichment factors are calculated and visualized into the graph (Figure 3).
Generally, the enrichment factors vary in a wide range from more than one to over 200. The outstanding
results were observed in the case of Gd (EF-BA = 203, EF-EA = 127) and Sm (EF-BA = 133, EF-EA =
60). In similarity to metal concentration, EF of REEs performs the same trend as follows: bottom ash >
after heat exchanger ash > deposited ash. The enrichment factor is significant indicating the effectiveness
of the combustion process in elevating metal concentrations from biomass into ashes. That is an advantage
for the further stage of extraction to reclaim REEs from solid residues.

1000 5 1000

100F 4 4 100

10 | 2 . 410

Enrichment factor
-
[ ]
Minimum enrichment factor

e
1 1 1 1 1 1 1 1 1 1

Gd Sm Ce Dy Sc Y La Nd

Figure 3. Enrichment factor
4. CONCLUSIONS

A series of combustion experiments utilizing contaminated pellets was conducted aiming to investigate the
enrichment of REEs from biomass. Solid samples including woody biomass and solid residues were
collected and dissected. The chemical analysis results are reproducible, which are the base of the following
statements. The enrichment factor is significant indicating the efficiency of the combustion process in
elevating metal concentrations from biomass into solid remains. High levels of REEs in the ash samples
have benefits for the further step of extraction to reclaim these valuable elements. The greater
concentration in bottom ash versus other ash samples indicates that the volatility of REEs is limited during
biomass incineration. In the following study, major parameters having impacts on the distributions of REEs
such as combustion temperature or flue gas temperature would be researched. Based on the results, further
directions will be defined.
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ABSTRACT

This paper’s goal is to introduce the third step of the EFOP-3.6.1-16-2016-00014. project on the Faculty of
Engineering, University of Szeged. In this period the production technology of composite material was chosen and a
fatigue test machine was developed and tested. The paper shortly describes the composite materials and summarizes
the theory of fatigue than it presents the process of the development with several prototypes of fatigue test machine,
some of which were manufactured and tested. Initially a shaker played the key role in the first two conceptions and
finally a crank mechanism became as the best solution. The main solved problems during the development were
selection of bearings and solving the partly dynamic balancing of the moving parts.

Keywords: plastic composites, fatigue test machine, dynamic balancing
1. INTRODUCTION (FIRST LEVEL HEADINGS: TNR 10PT, CAPITAL LETTERS, JUSTIFIED)

Only 20% of a presently used cargo aircraft’s take-off weight is the payload, approximately half of the rest
80% is the empty weight. Therefore it is evident that the less empty weight, the better for the economy.
Due to this fact there is a huge demand in the aircraft industry for light structural materials with advanced
parameters. The composite materials are one of the most promising materials from that perspective. Due to
the scientific literature the advantages of composites: significant weight reduction, anisotropy,
incorrodible, weatherproof, long lifetime, resistance against fatigue, vibration damping, structural severity,
formal freedom, aesthetic outfit, retentivity, reasonable heat-expansion, low “tooling” costs, reduced radar
wave reflection, low maintenance and operation costs. The disadvantages of the composites: high process
costs, low shock and damage resistance (carbon-, graphite-, boron-fibre), tendency to static charge, low
lightning-endurance, lower interlayer strength, weak surface press strength, complicated and expensive
repair costs, moisture intake, distortion, deformation at overheating, significant differences between tensile
and press stress [1-3].

In our opinion the resistance against fatigue needs some more investigations. The composite materials are
composed of at least two macroscopically and functionally separable materials in a definite structure. The
base materials of the composite technology: reinforcing materials (frame materials, reinforcing fibres),
matrix materials (bedding materials), core materials, adhesives, bulking agents, additives. For the purposes
of the project the most important ingredients are the reinforcing and the matrix materials. The reinforcing
materials are one of the main component parts of the composite materials that ensure the mechanical
strength and rigidity of the structure. The matrix materials create the mechanical connection between the
separate reinforcing fibres, take the awakening shear stresses, preventing their movement to the others,
ensuring the structural integrity. The other parts are not relevant for our investigations [1-3].

In this project the composite material made of woven carbon fibres in epoxy resin produced by vacuum-
infusion procession was determined to investigate for fatigue with different number of reinforcing layers.
Some of the self-produced specimens were tested only by tensile machine, the others are going to be tested
first by fatigue test machine with 10 million loads, and after that comes the tensile test. The difference
between the two tensile tests will give details to the resistance against fatigue theory.

Fatigue is one of the most frequent causes for operational failure when the breakage of the material occurs
due to fluctuating loads even the occurring stress is far below the yield point. The Wohler diagram of
composite materials is similar to the metal fatigue: it represents the resistance of the tested material to
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cyclic loads. The diagram shows the fact that the material strength reduces with repeated application of
load and inversely proportional to the number of cycles applied. The strength value of the previously
determined number of cycles is commonly taken as the fatigue limit. In some cases this is a “true” fatigue
limit, when the stress value is below the limit, no fatigue mechanism occurs. But in most cases it is only
valid till the operation reaches the selected number of cycles. [4-5].

2. DISCUSSION - DEVELOPING THE FATIGUE TEST MACHINE

Initially an extant Briiel & Kjaer LDS V200 shaker had the key role in the ideas of constructions. The axial
loading was the obvious solution (Fig. 1.) where the shaker could prepare repeated normal stress in one
direction in the centerline of the sections.

Fig. 1. Model of the tensile fatigue test machine with shaker

As the maximum force of the shaker is only 17,8 N, the tensile stress was not enough high for the
specimens which sizes were determined earlier for the tests. So the concept turned to the direction of
bending where a smaller force can be compensated with longer arm of force to achieve higher stress. As a
specimen with rectangle section with base b and height v is loaded by a force F parallel with v, going
through the centroid of the section, with a distance | from the fixed support, than the maximum bending
moment at the fixed support [6]:

M =IF
The second moment of a cross section b x v to the main inertia axis x:

I = bv3
xs =

Accordingly the maximum stress in the section of the fixed support:

o _ Mv _ 12IFv _ 6lF
max —p.e2  bvd3 2  bv?

The maximum deflection (where E is the Young-modulus):

FI3
3IysE

y =
from which expressing the force F and with the substitution of (2):

F= 3lxsEy _ bv3Ey
13 413

DOI: https://doi.org/10.14232/analecta.2022.1.83-89

84

)

)

©)

4)

®)



Analecta Technica Szegedinensia
Vol. 16, No. 01 ISSN 2064-7964 2022

The maximum stress based on (5) and (3) equations:

6l bv3Ey _ 3VEy

Omax = 2 33 ~ 2 2

As the Young-modulus can be expressed from the previously achieved tensile diagrams, the bending of
specimen was really encouraging (Fig. 2.).

Fig. 2. Model of bending fatigue testing machine

However the maximum amplitude of the shaker is 5 mm that is far than enough to keep the validation of
the small deflection equations but not enough to reach the limit stress of fatigue. So the usage of the shaker
had to be thrown out and instead of it the rotational movement came into prominence. This was solved
easily by a single-phase asynchronous motor controlled by frequency converter. At the first version the
horizontally fixed specimen was bended uni-directionally by a pin mounted on a rotating disc (Fig. 3.).

Fig. 3. Uni-directionally bended specimen by rotating disc with pin.

As the construction was extra simple to manufacture the test measures were shortly executed. It was
observed that the arrival of the pin to the surface of the specimen is too dynamic, shocking-like, that would
probably lead the specimen to go broke earlier than the fatigue would do it. Furthermore the one side
bending was not considered effective enough, the symmetric, both directional bending and loading came to
the fore.
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This was the way how the bending fatigue test machine with crank mechanism appeared of which the first
model is shown on Fig. 4.

Fig. 4. First model of the bending fatigue test machine with crank mechanism

The main problem in that period of development was choosing the proper, obtainable bearings. Only
commercially available bearings, housings and coupling rods were planned to apply. The accelerations due
to the relatively high frequency (10 Hz) cause significant bearing forces despite of the small masses. For
the self-aligning radial bearings at the rod ends a heavy-duty rod end with integral self-aligning, double
row ball bearing, for supporting the horizontally moving coupling rod a sliding bearing with sinterbronze
bearing bush was chosen. Due to the lubricant pressed into the porous material during production the
maximum sliding speed of this kind of sliding bearing is 10 m/s that is far above our needs. Conversely,
two pieces of 08.12.20 (8 mm inner, 12 mm outer diameter, 20 mm length) bush were applied for the
horizontal support, and the housing was manufactured at the Faculty. The bushes were controlled against
surface pressure by the loading model of Fig.7.

ty 20 Fr 60
qr t ot 7
rs e N Ny= meactgy D
¢
Nx = mcac Cc X
Xc 7 q
- 270 le 100 Fal

Fig. 7. Loading model of the bushes

At the first model with crank mechanism the previously used disk was taken over, in which there was only
one radial slot for setting the bending deflection’s size of the specimen. But the accelerations of the crank
mechanism were so high that a partly dynamic balancing of the masses [7-8] was neccessary, and the best
location of it was on the disc (Fig. 8.).
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25

Fig. 8. Disk of the crank mechanism optimized for partly dynamic load [10]

The disk can be divided to two parts (see Fig. 8.): the right one consists of a circular sector with 90° central
angle, the other part is the rest of the disc, named stick. The sector’s centre of mass measured from the

middle point of the circle in case of r=70mm, 0=90° (without the hole):

A
2 rsin® 270mm—_  470mm~2
=2 /2=§ == =42 mm 0

r
€ 3 9 : 3 0w

The mass of the quarter circle if the width of the disc is v=10 mm:

24 __(0,07m)%rm kg _
= 0,01m 7850m3 =0,30 kg (8)

The kinetic model of the crank mechanism with point-like masses without extension is introduced by Fig.
9.

N
NYb

///6////

Fig. 9. Kinetic model of crank mechanism [10]

At the kinetic model of crank mechanism the masses are considered without extension: m, is the mass of
the circle section part, m; is the mass of the stick, mg is the mass of pin, bearing and housing connected to
the disc, together with the half of the crank, mc is the mass of the coupling rod with the connected bearing,
housing and the other half of the crank. As an engineering approximation the angular velocity of disc ® is
considered constant. Accordingly the relationships are the followings:

©)
(10)

rgsin @ =l siny

.. Trp .
Y =arc sin—> sing
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= ’"C—‘;‘J (11)

The kinetic equations of movement written to x and y direction according to D’ Alambert:
—m, r,w?cosp + m; ryw?cosp + mg rgw?cosp — meac + A, =0 (12)
—m, T,w*sing + my nw’sing + my ryw’sing — meactgP + A, =0 (13)

and so the x and y directional force components awakening in the point A:

A, =meac + w? (M, 1,c05¢0 — My T,COSQ — Mg T5COSP) (14)
A, =meac + w? (M, 1,5inQ — My rySing — mg rzsing) (15)

According to (14) and (15) equations a numerical analysis was executed, on which base an optimization
was implemented [9]. The goal of the optimization was bringing to the same level the maximum value of
the A, and A, bearing force components. Fig. 10. presents the changes of the bearing force components
during a whole rotation beside optimized parameters. By increasing the mass m, of the counterweight, the
maximum value of the force component A, decreases, and the maximum value of A, increases. As the
counterweight decreases, the consequence is converse.

30

N /\\//
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Fig. 10. Changes of force A and x, y components of it during a whole rotation [10]

The test of the fatigue machine with the partly dynamic balanced crank mechanism was successful. For
rotation control of the electric motor a frequency converter was applied. For counting the number of
bending an optical sensor with a CPU was installed.

3. CONCLUSIONS

One of the main goals of this project was to investigate the fatigue of the previously specialized composite
materials and for this purpose a fatigue test machine was developed and manufactured. During the
construction initially an extant shaker played the key role, than an electric drive and crank mechanism
came to the front. In the course of the development the bearings and the partly dynamic balancing had got
special attention. The fatigue machine was completed and was working for more than 20 weeks without
any problems. As one specimen’s test needed almost two weeks continuous work of the fatigue machine, a
new development idea emerged for a multi-gripping and bending system that could be developed in the
future.
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ABSTRACT

Based on the domestic and international market trends of the last decades, it can be stated that the number and turnover
of web stores, internet commerce is growing dynamically from year to year. The aim of our research is to explore the
effective, proven customer acquisition methods of modern web stores. As part of this, the subject of our literature
research was to explore the popular advertising platforms for web stores and their basic marketing principles and their
optimal structure based on them. In our professional research, on the one hand, we explored through structured
interviews what methods and communication are considered effective by the three webshops competing and selling in
the different markets based on their experiences. On the other hand, we examined the shopping habits and preferences
of consumers in the form of a questionnaire. The information obtained in this way can be crucial in planning the
marketing strategy for any existing or new web store. We have found that one of the most important attributes in
acquiring customers is reliability. From the beginning, you should strive for positive customer reviews as well as
regular value creation proficiency must be demonstrated through content production, with which the business can build
a committed community.

Keywords: marketing communication, consumer habits, structured interview, questionnaire
1. INTRODUCTION

E-commerce is an abbreviation for internet/electronic commerce, which is more recently referred to in
common parlance as several other synonyms, such as internet commerce, online commerce, e-commerce,
online purchase, or online selling. Essentially, every concept embraces the emergence of e-commerce: The
sale and purchase of goods take place via the Internet, which includes payment transactions too. E-
commerce saves a lot of time and energy for the customer, as the process is much simpler than an average
purchase. It is not tied to opening hours, the desired goods or services can be accessed and ordered even
from the desk, we can order products or services not only from Hungary but also from the other part of the
world. However, customers may find themselves in a vulnerable situation, as they cannot check the
authenticity of the seller or the quality and parameters of the ordered product [1.]. On the other hand, the
fact that payment transactions take place online is not the only condition for a sale to be considered as e-
commerce. Often, payment transactions do not take place online but offline when the e-merchant provides
the opportunity to do so. This is the case, for example, with the postpaid or in-store collection. Regardless,
the process of the purchase took place in the online space. Drawing from these results, it can be concluded
that all sales when the buyer and seller meet onling, the buyer selects from the offered goods online and the
sale and purchase are also recorded online mean e-commerce [2.]. From a legal point of view, acts relevant
to electronic means by distant actors that constitute a civil law relationship between individually identified
entities are referred to as e-commerce. An additional condition for this is that the provisions on electronic
commerce are not excluded [3.].

In recent decades, digitalization has led to a steady increase in online shopping. In 2019, internet commerce
grew by 16%, but restrictions caused by the coronavirus epidemic further increased this number. Research
has shown that there is an increase in almost all product categories, but personal interviews have also
shown that the limiting factors in people's minds and their reservations about online shopping have not
diminished, so the sudden jump is only due to restrictions on offline shopping[4.]. During the coronavirus
epidemic, global e-commerce performance has also increased. It increased from 6 percent in 2019 to 19
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percent per year by 2020, according to a 2021 annual report presented by the United Nations Conference
on Trade and Development (UNCTAD) [4.]

1.1 The types of webshops

In order to understand the marketing of different websites, we need to know exactly what kind of webstore
we have to deal with. These fundamentally determine the target group of the company, the products it sells
to, the methods it uses to reach customers, and its role in the pricing strategy.

Based on several sources, the following categories have been defined:

From a direction point of view: According to the direction of sales, we distinguish between the
B2B and B2C webshop as we discussed above. A feature of business-to-business webstores is that
they sell to companies. In contrast, business-to-customer webshops sell their products and services
to individuals [2.].

Quality of the product: According to the quality of the goods, we can speak about 2 large groups,
which can also be divided into 2-2 smaller groups. The first large group is the online stores that
sell their products. There are online stores that sell physical products, which is practically the
application of the model used in offline shopping to online interfaces. In this case, the consumer
buys a product that actually exists in the physical reality, who can take it over during personal
pick-up or delivery of the product he or she has ordered. There are stores that do not sell physical
products. These are typically accessed by the consumer immediately after the processing and
confirmation of the payment transaction, so immediately after the purchase is completed, because
this product does not need to be delivered. We can talk about products purchased online which
can be used in cyberspace. Such a product can be an e-book, a document, or software. The second
large group is the webshops which sell services. As in the previous group, it can be divided into
two subgroups. In the case of webshops selling physical services, only the order is finalized and
recorded in the online space, the service is already performed offline. Among the practical
examples, the most common are the various personal trainings, language courses, and wellness
services that can be ordered online. In contrast, in the case of those selling non-physical services,
similar to those selling non-physical products, the performance also typically begins after the end
of the sale. In reality, this group includes online order packages from various mobile operators,
online training interfaces, various coaching services, consulting services, etc...

We can classify webshops according to the number of goods. There are also two extremes here.
The first group includes single-product webstores, which, contrary to their name, can even sell a
service on their website. In practice, we talk about this when only one product or service can be
ordered on a website. This is most often the case with various books, cosmetics, food
supplements, or web developers and virtual assistants when we want to speak about services. The
other group is the multi-product webshops. This includes a fairly wide range of websites that sell
hundreds of products in hundreds of categories, as well as a few product webshops [5.].

We even differentiate webshops by distributors too. Often, the consumers don’t even realize that
during the sale and purchase, they didn’t buy a product marketed by that particular webshop, but
only by a partner. Such interfaces can be the “marketplaces”. This means a webplaza, but its
common name is even the online flea market or online marketplace. Other companies can place
the products they sell on these interfaces, typically for a monthly fee or a commission. The sales,
customer acquisition, and payment transactions themselves are not performed by the distributor,
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but by the intermediary company. Within the same category, a smaller but occasionally larger
slice is embraced by so-called “dropshipping” companies. Dropshipping is a newer agreement
between a logistics company and a webshop. The logistics company undertakes to procure, store
and deliver the products, and the webshop is only responsible for sales. In contrast, there are
classic webshops that sell the products they produce themselves, make purchases for themselves,
and make payment transactions themselves. In practice, however, the two are often mixed. This
means that an online store can sell at the same time through itself and through an intermediary.

e Quantity of categories distributed: In addition, we can group online stores according to the types
of goods distributed. According to this, some webshops are only interested in one type of product
category, while others are present in several, even independent product categories [5.]

1.2 Marketing channels

In order for an online store to be able to choose the marketing channels that will generate the most of their
revenue, two things need to be studied carefully. Firstly, the target group to whom they will sell. This is
what the previous unit was about. The other is the knowledge of how possible marketing channels work.
This can be divided into two major groups: offline and online channels. The first includes the print press,
print magazines, television, radio, poster, and flyer. The second includes Google Ads, social media,
comparison sites, and “marketplaces” [6.]. Based on the research of Szant6-Pronay (2013), it can be said
that young people say that the presence of companies on social media is not essential, although they have a
positive attitude towards the brand, they are willing to follow them and welcome individual communication

(7.1

2. MATERIALS AND METHODS

We created a questionnaire, which was available in December of 2021. It was shared on social media and it
was filled out by our acquaintances and friends. In our work, we were interested in online shopping
frequencies, reasons, most frequently purchased products, average amounts of money spent, the most
popular advertising sources, preferences related to online stores, shipping methods and payment systems,
and how conscious and impulse buying is typical of the respondents. The data of the completed
questionnaires were evaluated using Statistica Trial and Microsoft Office Excel. During processing, for the
sake of simplicity, we have given values rounded to one decimal place according to the rules of rounding.

3. RESULTS AND DISCUSSION

Our questionnaire was filled out by approx. 150 people, but only 126 of them were usable. Typically,
women (73%) gave answers, mainly between 18 and 25 years (54.8%) and between 26 and 45 years
(28.6%). We believe that despite the lack of representativeness of the group of respondents reached, this is
the segment that primarily buys in online stores.

Monthly online purchases (64 people, 50.8%) stand out from the answers, half of the respondents indicated
this. In addition, there is a significant proportion of purchases every six months (30 people, 23.8%). In
contrast, the option ,,I have never bought online” (2 people, 1.6%) and the ,,only bought once / twice” (15
people, 11.9%) was indicated by a low proportion of respondents. From these proportions, it can be
deduced that online shopping is now an integral part of the majority of people and they regularly take
advantage of the opportunities offered by online commerce. However, frequent (daily or weekly) response
options have also been marked at a low rate, so it is also clear that the online option does not replace
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offline shopping, it probably only complements it for certain products. In the following, we looked for the
answer to what is the reason why someone chooses to shop online instead of offline. As an answer we have
given the following: cheaper, more reliable, faster, more convenient, more choice, I can compare the
products. In this case, several outstanding results were achieved. The convenience was the most
highlighted (100 people, 79.4%), while the second most popular benefit of online shopping, according to
respondents, was the larger amount of products found online (66 people, 52.4%). Almost as many indicated
that it was cheaper (44 people, 34.9%), faster (45 people, 35.7%) and the possibility to compare products
(46 people, 36.5%). In addition, although it was not one of the options, several people wrote that it is also
common for them that what they want to buy is not available near their place of residence or cannot be
purchased offline at all. It is clear that for the vast majority of respondents (more than 2/3), convenience is
the biggest benefit of shopping online.

In the following, we tried to find out how much they are willing to spend on average online for each
purchase. The information obtained in this way can help to shed light on the question of what price range is
likely to be sold in the largest volume. The responses can be found in figure 1 in summarizes. It can be
stated that the significant majority were those who spend between HUF 5,000 and HUF 20,000, while the
answer was at least HUF 20,000+ (9 people, 7%). From the results obtained, it can be seen that consumers
are happy to turn to online shopping for products with a value between HUF 5,000 and HUF 20,000.

M less, than 5000 HUF m 5000-20000 HUF

® more, than 20000 HUF variable amount

Figure 1.: Distribution of respondents based on the amount spent each time on online shopping (N = 126,%)

When we asked about the product category, we found out that the highest proportion of clothing (61%) is
bought, followed by services (55%) - e.g., cinema, theater, followed by technical articles (42%), followed
by cosmetics (32%) and books (31%). Food is in 10th place with 18%.

It should be noted that clothing stores can also be found in many places offline, but here it is worth
recalling that based on answer 2, consumers like to be able to compare the products of different online
stores and sticks in a short time. In the case of clothing, it can be especially helpful for the shopper to find
the most appropriate piece of clothing at the best price, relatively quickly, and online. In addition, with the
low prices of Chinese and other fast-fashion products, it is difficult for branded garments to compete.
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Our next question was about what kind of communication affects customers. The answers are shown in
Figure 2.
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Figure 2. Distribution of questionnaire respondents based on influencing advertisements (N = 126,%)

According to the first category of response, none of the advertisements played a role in the person's choice
of the given webshop when shopping online. Among the offers that will be specifically mentioned, we
would like to highlight those acquired by acquaintances. In addition, ads on social media have a motivating
effect.

Factors most influencing the choice: shipping cost (56.3%), reliable delivery (56.3%), wide product range
(53.2%). these factors were important to more than half of the respondents. In addition, almost half of the
respondents consider special prices (49.2%), advanced search, filter (57.6%), and various payment methods
(47.6%) to be extremely important.

Based on the results, an online store should pay special attention to the following:

The widest possible choice, even within a product (color, size, etc.),
Existence of filtering and search criteria,

Transparent structure,

Low additional costs (such as transport),

Reputable transport providers,

Multiple payment options

Favorable prices (even advertised with frequent promotions).

Examining the payment options further, we collect the following result: most respondents prefer cash on
delivery (47, 6 percent), so almost half of the respondents choose this if possible. Of the card payment
providers, Simple Pay stands out from the crowd (23%), PayPal (11.1%), and other card providers (12.7%)
performed similarly. In light of this, it is definitely recommended for webshops to provide cash on delivery
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in the webshop despite the extra costs and logistical problems. The high rate can be explained by a lack of
trust in online stores. In the case of cash on delivery, they do not have to deal with the recovery of the
purchase amount in case of non-performance or incorrect performance of the webstore or the delivery
service provider. Lack of cash on delivery can easily lead to the loss of customers.

Those who fill in the questionnaire - based on their own judgment - typically make a conscious purchase
(53%), while 21% have implemented unplanned spending only once and 26% have implemented it more
than once. The majority of respondents (49.2%) highlighted the discount prices as a reason for impulse
buying, while those who bought based on their emotions accounted for 31.7%. It is worth drawing attention
to the contradiction that only 27% of the respondents said that they had never bought like this here, while
53% had previously declared themselves to be conscious consumers. We can resolve this antagonism with
the following line of thinking: no matter what promotion appears, the purchase of an item that is not
previously planned due to the special prices is not an emotional decision, but an economically correct
decision. Many people are aware that they are able to buy a discounted product without planning to buy it
in advance, but because they think it is economical, they still feel conscious. Customers can be encouraged
to make impulse purchases with various special offers so that the buyer continues to feel conscious
afterward. Consistent with this theory are market trends that sales fall sharply in the weeks leading up to
well-known promotional periods and then sales jump sharply during promotional periods. (e.g., Black
Friday).

Examining the different responses based on demographic characteristics, we found the following:

- The frequency of purchases was not affected by either age group or economic situation

- 18- to 25-year-olds are more likely to pay attention to ads on Instagram (26.1%), while in the circle of
26- to 45-year-olds the ads are equally effective on Google (16.7%) and Facebook (19.4%) and ads
received via email (16.7%). For them, Instagram advertisements are not enough effective - according
to their own admissions

- In terms of gender, Facebook (20.4%) and Instagram (20.4%) are the most effective for women. In
contrast, for men, the ,,none” responses dominated (35.3%). In addition, recommendations (17.6%)
and Facebook ads (14.7%) matter more.

- For payment methods, the breakdown by the group is in line with the frequency findings.

4. CONCLUSIONS

Based on the above mentioned, we make the following suggestions: Before starting a business, every
webshop should develop a detailed plan for both marketing and logistics. The necessary information must
be obtained either from an external specialist or through in-house training. The primary marketing channels
for customer acquisition should be online marketing channels. Depending on the target group, the usage of
Instagram and Facebook are recommended for younger women, and Facebook, Google, and newsletters are
recommended to use for older people. From the beginning, webshops should strive to gather positive
customer feedback and demonstrate proficiency in the product by producing value-creating content on a
regular basis, which can also build a committed community. They can be more easily encouraged to buy
again later. It is worth providing a clean, transparent interface where those interested can easily find your
products and information, as well as choose from a variety of payment and shipping methods. Ensuring
cash on delivery is especially important. By maintaining consumer awareness, special offers and upsells
can be used to effectively encourage consumers to increase the value of their shopping cart so that it does
not appear to be an impulse purchase.
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ABSTRACT

In an attempt to provide a more flexible means of achieving friction stir welding (FSW) of Aluminum without the use
of expensive FSW machine tool, which are not readily available. This study developed a mobile fixture system (MFS)
for FSW on a Vertical milling Machine Tool (VMMT). A conceptual design of a fixture system with a moving work
table, which provides for transverse feed (movement) of the workpieces during FSW, was generated. The detailed
design of the components of the MFS was done using existing mechanical design formulae. Subsequently, the design
was fabricated and evaluated. An ATmega 328P Arduino Uno microcontroller was used to design a control system to
automate the MFS worktable movement. Results revealed that the MFS worked smoothly during FSW of AA 1100
materials. The efficiency of its motion accuracy was estimated as 87.2%. Also, the trend of the tensile strength and the
hardness value as well as the joint efficiencies of the AA 1100 weldments produced using the developed MFS agreed
with existing studies. The MFS can be used for FSW of Aluminum materials on VMMT as well as on pillar drilling
machine tool.

Keywords: Friction stir welding, mobile fixture, weldments, mechanical design, control system

1. INTRODUCTION

In the world today, the significance of joining engineering components has led to limitless efforts put in
place by engineers to bring about new, easy and cost-effective ways of joining metals. During the
manufacturing process various metallic materials are joined together at different location depending on the
design concepts of the machineries and equipment been manufactured. The joining of these materials
during manufacturing is achieved using welding operation which is a manufacturing process used for
creating a permanent joint between two or more metallic parts. The joint, technically refers to as weldment,
is usually obtained by coalescence induced by a combination of temperature, pressure, and metallurgical
conditions. The electric arc welding (EAW) technique commonly used in the manufacturing process is
associated with weldment quality issues like porosity, brittleness, corrosion, cracking etc. These together
with other unwanted demerits usually found in the weldments of dissimilar metals obtained using EAW,
such as brittle intermetallic compound (IMC) reaction phase formation at elevated temperatures, had
shifted the attention of researchers to consideration of gas-tungsten arc welding (GTAW) and gas-metal arc
welding of similar and dissimilar metals [1; 2]. When the materials are very soft such aluminum, aluminum
alloy, copper and zinc the weld defect is usually more pronounced.

In recent times, however, Friction Stir Welding (FSW) is being applied in the manufacturing of products
used in our everyday lives due to its strength, versatility and weld quality. This is a relatively new welding
process which has been commonly accepted as a promising method for joining light metallic alloys, espe-
cially aluminum, having low melting point [3]. It is a continuous, hot shear, autogenous process involving
non-consumable rotating tool of harder material than the work piece material. FSW has attracted
considerable interest because of its better weld ability of aluminum alloy weld joint. It has a great potential
for welding metals as joint quality is exceptionally high, low cost and the process is very repeatable [3]. It
is also expected to produce good quality weldments of metals in comparison to EAW, GTAW and
GMAW. Unfortunately, dedicated machine (i.e. Friction Stir welding Machine) purposely built for
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conducting FSW operation is generally not readily available, due to its high cost, which had led researchers
to adopt Vertical milling machine tool (VMMT) supported by in-house built fixture for achieving FSW [4].

Basically, the general principle of 3-2-1 location is most commonly used to hold workpieces during the
design of fixture. Certain degrees of freedom should necessarily be restricted in the design of FSW fixture,
S0 as to locate and orient the active surfaces of the workpieces with respect to the FSW tool. The main
challenge is to curtail the four main forces (see Figure 1) acting on the workpieces during FSW operation.

i

5
s Axial force
Transverse force B
> . .

. Torque /
2 — >
G, //
Lateral force =
N >

Figure 1: Forces in FSW operation [5]

FSW fixture have been designed, as observed from literatures [6; 7], to comprise (i) base/backing plate (ii)
side plates (iii) clamps/clamping plate (iv) bolts/screws as locators and (v) bolts and nuts as holder (vi)
Stoppers. A good design of fixture should ensure adequate heat dissipation away from the workpiece to
improve the weld quality and performance.

Generally, the existing studies on FSW fixture development can be grouped into two categories. One group
involves a situation where the components (backing plate, side plates and clamps) of the fixture are directly
held on the milling machine table as a way of assembly [8] while the other group have the elements of the
fixture system already assembled together before the assembled fixture is held on the milling machine table
for FSW operation [5; 6; 9; 10]. However, while the later approach is preferable for ease of setup both
categories are immobile in nature as the workpiece feeding is dependent on the milling machine feed
mechanism. This will limit the choice of federate to those available on the milling machine table which
oftentimes may not be completely suitable for the investigation at hand as noted from preliminary
investigation [4]. If we considered the fact that federate has been established to influence weldment quality
during FSW operations [11], this then becomes an important issue which could be handled via the
development of a mobile fixture system for use in FSW applications.

Moreover, while some FSW fixture were designed to accommodate only fixed size workpiece width [8; 9]
some others were designed to allow a range of workpieces width [5; 6; 10]. The later design allowed
flexibility thereby facilitating workpiece preparation for FSW experiments. The design considerations
adequate for the development of FSW fixture has been critically examined with some details provided in
the direction of systematic design after which a FSW fixture with variable side clamping was developed
and utilized for FSW of AA 6101 T6 aluminum alloys successfully [10]. Careful consideration of some of
the details provided in line with the basic principle of fixture design will adequately guide FSW fixture
design tasks.

Definition of requirement, gathering of necessary information, conceptual design and optimization
implementation of the optimum design concept, e t ¢ are some of the processes involved in manufacturing
of a machine fixture [12]. Generation and analysis of various design concepts with a view to select the
most suitable one to achieve FSW on a VMMT were considered would facilitate development of fixture
with very good functionality. However, the elements of the product design consideration matrix used for
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concepts evaluation should focus mainly on functionality. Due consideration of the dimensions of the bed
of the milling machine(s) on which fixture is to be used [6] as well as the ability to vary the length, width
and thickness of the work pieces [5] has been reportedly used in determining the design parameters of FSW
fixtures. Other process parameters like the axial, lateral and transverse load, torque, temperature at the
thermo-mechanical heat affected zone (TMHAZ) and feed rates should also be carefully considered for
mobile fixture.

Mild steel has been used majorly as the material for manufacturing the various components of FSW
fixtures because it has high strength and toughness which is required to withstand unbalanced forces and
pressure during FSW operation [6; 7; 9]. However, [8] used aluminum-stainless steel for the backing plate
to improve heat dissipation of the TMHAZ while [6] utilized mild steel for base plate and stainless steel for
the backing plate to achieve better compressive strength and high wear resistance in comparison to mild
steel. [13], reportedly considered Cast Iron (C45), Die Steel (D4), Tool Steel and Hard Alloy (H20) using
CAD simulate with C45 steel emerged as the best out the four materials considered.

Though, [10] selected carbon steel for manufacturing all components of its fixture, the study reported that
other grades of steel can be used depending on the type of material to be joined and thickness of plates.
Therefore, for cost effectiveness, it is important that the materials selected for manufacturing of the fixture
must be of low cost, functional and readily available. Based on all the issues raised from literatures, this
study developed a mobile-fixture system (MFS) for achieving FSW on a Vertical Milling Machine tool
(VMMT) and evaluated its performance.

2. RESEARCH METHODOLOGY

A conceptual design of the MFS was developed and simulated to establish its functionality using Creo 7.0,
a computer aided design (CAD) software. The detail dimensions of its components (design parameters)
required for its fabrication were determined using existing formulae with consideration to relevant
dimensions of bed (worktable) of the VMMT and the maximum load up to which it is to be subjected in
operation. The VMMT is available in the central workshop of the School of Engineering and Engineering
Technology (SEET) at the Federal University of Technology, Akure (FUTA). Worktable (Backing plate)
mobility and automated are the unique features incorporated to the MFS concept. Subsequently, the
designed fixture was fabricated

2.1. Design Considerations

The relevant design parameters of the VMMT were obtained from the machine while the loads were
established from the literature. These include the length and breadth of the milling machine work table, the
work table slot design, the range of the VMMT table feed rate and the range of the spindle speed. Based on
the VMMT design parameters obtained, a functional conceptual design (exploded view) of the MFS
developed for FSW on the machine and its various components is as shown in Figure 2.

The MFS conceptual design comprises of a worktable with integrated backing plate, clamps, frame,
leadscrew, leadscrew nut, support shaft, bearing, stepper motor, control panel, U-channel. The worktable is
held on the leadscrew which is in turn connected to the stepper motor. The stepper motor drives the
leadscrew whom rotational motion is converted to the translational motion of the MFS worktable, forming
a feeding mechanism for feeding the workpieces against the welding tool. The stepper motor wires are
connected to an AC main through a controller designed for the system using Arduino Uno microcontroller.
The controller was provided with a speed control knob programed to provide the user with the ability to
vary the welding speed (mm/min) for the MFS feeding task. To prevent workpieces movement during
FSW, provisions were made for securing them to the worktable using two clamps and bolts and nuts.
Hence, the feeding of the workpiece on the tool utilizes the MFS feed mechanism and is independent of the
VMMT. This increases the flexibility of conducting FSW operation. The MFS is designed to be held on the
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VMMT work table with the aid of 19-size bolts and nuts to ensure its stability and firmness.

The optimum parameters required for obtaining adequate weldment were established as 2-5 kN [13] 6 kN
[14] 3.8 t0 9.8 kN [15] 26.58 kN [16] 5.884 kN [17] 122 kN [18] 20 — 60 kN [19], 1-3°[20] 11.5 - 24
mm/min [16] 37.5-47.5 mm/min [3] 40 to 140 mm/min [21] 50-300 mm/min [22] 14 — 750 mm/min [23]
50mm/min - 100 mm/min and [14] 2000 rpm [14] 2700 — 5400 rpm [16] 1500 to 2500 rpm [15] 45—
2000 rpm [23] 900-1400 rpm [3] 600 to 1600 rpm [21] 1000-2500 rpm [22]
for the axial force, tool tilt angle, feed rate, and the tool rotational speed respectively. This range of values
were considered for the detail design of the MFS. Also, parts standardization, ergonomic, availability of
materials and ease of assembly and disassembly were given significant consideration for good maintenance
reliability and safety.

PART NAME ary]
1380LT

2280LT

22NUT
BACKING_PLATE
CLAMP
CONTROL_UNIT
FRAME

FEW_WORKPIECE
POWER_SCREW
POWERSCREW_NUT|
SMALLEBEARINGA

SMALLEEARINGE

STEPPR_MOTR

SUPPORTING_SHAF

TABLE

| =r|=|+|rm|e] == =fw] =] =] =] =

U_CHANNEL

Figure 2: Exploded View of the FSW Fixture

2.3 Design Analysis

The components of the MFS whose detailed design, to estimate the design parameters, were discussed in
this section include the main frame, clamps, leadscrew, support shafts and their bearings and stepper motor.

2.3.1. Design of the main frame and the clamps

The mainframe of the MFS has the backing plate and worktable as an integral part. Also, rectangular slots
are provided at the base for holding the fixture on the VMMT bed. After due consideration of the design
parameters of the VMMT bed, the dimensions/design parameters of the main frame, backing plate,
worktable, rectangular clamp and slot, in L x B x H mm, were estimated as 810 x 239 x 148 mm, 265 x 60
X 32 mm, 355 x 150 x 45 mm 355 x 60 x 8 mm and 23 x 40 x 8 mm respectively. Mild steel was selected
as the material for the manufacturing of the MFS components as established in the literature because of its
good tensile strength, low cost and availability locally [24; 25].
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2.3.2  Design of the supporting shaft and its bearings

The design parameters estimated for the worktable, the backing plate and the clamp, to be supported by the
shaft, were utilized to estimate their weights so that the load to which the support shaft is subjected to (Ls)
was determined using Equation (1):

Ls :WW + Wb + Wc + Fa (1)

Where, W,,, Wy, W, and F, represent the weights of the worktable, backing plate, clamp and the axial load
respectively. An axial load of 6 KN was considered as the maximum load expected to act on the MFS
[13;15].

From Equation (1) it was estimated that the load acting on each of the two supporting shafts is 3430 N.
Consequently, according to the procedure given in [26], the diameter of the shaft was determined as 25
mm, using Equation (2).

@ = - KoMp)? + (KeM)? 2)
Where d is the diameter of the support shaft; S is the allowable shear stress of the shaft material (N/m?);
Ky, is the combined shock and fatigue factor applied to bending moment; K, is the combined shock and
fatigue factor applied to torsional moment; My, is the bending moment (N/m) and M, is the torsional
moment (N/m).

Also, the procedure established in [27] for selecting rolling contact bearing was applied so that NSK 6205
single row radial ball bearings with a bore of 0.25 m and outside diameter of 0.052 m was selected for use
on the support shaft.

2.3.3 Design of the leadscrew

The leadscrew carries the worktable, the backing plate, the clamps and the supporting shafts, apart from the
axial load. Therefore, the load acting on it was estimated to be 6432.54 N using Equation (3).
F=W,+W,+W,+2W,+F, (3)

Subsequently, using Equation (4) the Lead Screw diameter was determined to be 25 mm after due
consideration of appropriate factor of safety and leadscrew sizes commercially available.

D=Z )

Where, F is the total force on the leadscrew, W; is the weight of each of the shafts, D is diameter of the
leadscrew and t = 42 Mpa for mild steel [27].

Following the same method of bearing selection used for the support shaft, NSK 6205 single row radial
ball bearings with a bore of 0.025 m and outside diameter of 0.052 m was also selected and used for
holding the leadscrew.

2.3.4 Finite Element Analysis of the MFS Structural Concept

FEA (Finite Element Analysis) was applied to the generated design concept to conduct stress analysis after
the application of the calculated design parameters. The finite element model of the FSW fixture is
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subjected to 6 kN axial force. The axial force used was selected within the range of axial force for FSW as
established from the literature. The FEA was conducted using Creo 7.0 software.

2.3.5 Design and selection of stepper motor for the drive system

Power to move the worktable is derived from a stepper motor connected to the lead screw. Stepper motors
are direct current (DC) motors that move in discrete steps. Stepper motor was selected as it can achieve
precise positioning and speed might be controlled with the use of appropriate controller. The power
requirement, P, of the stepper motor was calculated using Equation (5).

_ 2mNT
60

P

()

Where, N is the maximum operational speed of the leadscrew in rpm, and T is the maximum torque
required to drive the leadscrew.

Therefore, the power required to produce the maximum torque of 80.41 Nm, obtained using Equation 5 on
the leadscrew at a speed of 2.5462 rpm (200 mm/min) was determined as P = 21.44 W. Hence, a 1 hp
stepper motor with maximum speed of 3000 rpm and voltage range of 0 -16 V was selected to drive the
leadscrew.

An ATmega 328P Arduino Uno microcontroller was selected and used to design a control system MFS
motion. It is a high performance, low power controller from Microchip which is easy to program.

2.4 Fabrication and Assembly of the Components of the MFS

The production and joining processes employed in this study include marking out, welding operation and
machining operations which include milling, turning, drilling, grinding. The mild steel materials used for
the fabrication of the MFS were procured at metals market located around Cathedral area, Akure, Ondo
state. Thereafter, the fabrication was done at the SEET central workshop, FUTA, Ondo State, Nigeria.
Some bought out parts utilized include roller bearings, stepper motor, washers, bolts and nuts. To form the
MFS mainframe, mild steel angle iron was cut into the required sizes, according to the estimated design
parameters, and joined together using arc welding process. This type of joining process was chosen due to
the heavy-duty nature of the job the MFS was designed for. Similarly, mild steel angle iron and u-channel
was used to fabricate the clamps and the worktable respectively. The clamping bolt holes were drilled on
pillar drilling machine. The two worktable support shafts were made from hardened mild steel, heat treated
to soften it for easy machinability. They were turned on the lathe to ©25 mm and re-hardened later to
withstand the load it is being subjected to during friction stir welding process. A power leadscrew of
diameter ©25 mm with square thread was sourced and forced fixed into its bearing to avoid any
misalignment that may ensue during operation of the FSW fixture as a result of tolerance.

2.5 Evaluation of the MFS

The accuracy of the MFS transverse speed was validated by operating the MFS using selected specific
speeds on the controller and then manually timing the movement of the work relative to the welding tool
using a stop clock. The actual distance travelled by the work relative to the tool for a given speed were then
determined and compared with the expected distance require to be moved for the period of time they were
allowed to move. Hence variation between the actual distance covered and the distance the system is
expected to cover as a result of the speed used were compared to estimate the accuracy of the drive system.
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Also, the MFS was engaged on the VMMT to produce weldments of aluminum (AA 1100) plate having a
tensile strength of 95.93 MPa and a Hardness of 28 BHN. The workpieces were cut to a dimension of 50 x
100 x 4 mm and welded together using the MFS on VMMT (See Figure 5) for butt type FSW operation.

Three set of experiments with three replicates were conducted using different traverse speeds (i.e. 130
mm/min, 145mm/min and 155 mm/min), a tool speed of 1400 rpm and a tilt angle of 1.8°. Subsequently,
the tensile strength and hardness of the weldments obtained were determined using a computerized Instron
Testing Machine model 3369 and a Monsanto Brinell hardness testing machine respectively. An average of
three measurements obtained for each weldments sample was recorded as the measured value in all cases
to account for possible uncertainty in the measurement procedures. Thereafter, the results obtained were
discussed to authenticate the function-ability of the developed MFS.

3. RESULTS AND DISCUSSION

3.1 Finite Element Analysis
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Figure 3: Finite Element Analysis of Friction stir welding fixture
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Fixture 4: Failure Index of the Friction Stir Welding Fixture

From Figure 3, the FEA result obtained clearly shows that the developed fixture is saved. The maximum
modeling von mises stress is 167 Mpa while yield strength of mild steel used is 250 Mpa meaning that
maximum von mises stress is below yield strength of the mild steel material used. For a safety, failure
index must not more be greater one. From Figure 4 though the maximum value in the legend is 1.68 but
looking at the Figure 4 red colour above one did not appear on the modeling which shows that the failure
index is less than one.

3.1 The Developed MFS

The developed MFS is as shown in Figure 5. The system is held on the milling machine bed through the
slots provided on the frame using bolts and nuts. Provision is made on the MFS for holding the workpieces

to be welded together using the worktable clamps.
/ Vertical milling machine

Clamp
22-size bolt

Workpieces

Stepper motor MF frame

Table supporting shaft
Lead screw

Bearing

Figure 5: The developed MFS being used for FSW Operation on VMMT

Figure 5 shows the MFS coupled to the milling bed for performance evaluation. The workpieces are held
on the worktable with the abutting edges centrally located on the backing plate before being clamped in
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position. The MFS allows free movement of the FSW tool held on the milling machine spindle as the
worktable moves transversely during FSW operation. The system was designed to move along the X axis
relative to the VMMT bed when positioned on it. This movement is powered by a stepper motor which
drive a lead screw directly attached to the worktable on which the workpieces are clamped. The stepper
motor is connected to an AC main through a controller designed for the system. The controller makes use
of an AC- DC power module to convert the AC from the mains to the DC required to run the stepper
motors. The controller was provided with a speed control knob programmed to provide the user with the
ability to set the welding speed (mm/min) for the FSW operation so that the VMMT bed movement is no
more necessary for the operation.

3.2 Characteristics of the Developed MFS

Table 1 shows the result obtained during the experiment to validate the adequacy of the welding speed for
the worktable of the MFS. The expected distance differs from the welding distance covered. This shows
that there is variation between the programmed distance per min in the microcontroller and the distance
actually covered by the MFS table. However, the variation is considered to be reasonably accurate. From
Table 1, the average efficiency of the motion accuracy of the drive system is estimated as 87.2%. This is
considered to be good enough for a start and it can be improved further through more tuning of the control
system or modelling of the MFS for speed error compensation.

Table 1: Comparison of the Actual distance covered by the MFS worktable and the expected one for a given
transverse speed

Speed Distance covered Expected
SN\ (mm/min) Expt. A |Expt. B|Expt. C[Expt. Ave | distance
(mm) (mm) (mm) (mm) (mm)
135 109 111 114 111.33 135
145 126 128 124 126 145
155 141 141 144 142 155

3.3 Characteristics of the Weldment Produced using the MFS on VMMT

Figure 6 shows the Friction stir welded joints while Figure 7 shows the graph of average tensile strength of
the weldments produced using the MFS as obtained from the 3 experimental runs with 3 different feed
rates.
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Figure 6: The friction stir welded joints produced using the developed MFS
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Figure 7: Graph of Tensile Strength (MPa) at the stir zone

From Figure 7, traverse feed rate is directly proportional to the tensile strength of the weldment as
Experiment A with 135 mm/min traverse feed rate gave 67.87 MPa tensile strength, 70.06 MPa tensile
strength is obtained for experiment B with a federate of 145 mm/min while Experiment C with 155
mm/min gave 74.17 MPa. The tensile strength of the base metal is 95.93 MPa. Hence, the optimum tensile
strength of 74.17 MPa is obtained from experiment C with the highest traverse speed of 155 mm/min. This
correspond to an average joint efficiency of 73.77 % of the base metal which is suitable when compared
with [8; 28; 29; 30].
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Figure 8: Graph of Hardness (BHN) at the Stir Zone (SZ)

Figure 8 shows the average hardness values of the 3 experimental runs with the three different feed rates.
The hardness values of the weldment are inversely proportional to the feed rate within the range of
transverse speed used. The base metal (BM) hardness value (as control experiment) was measured to be 28
BHN while the maximum hardness value obtained for the SZ is 25.15 BHN. Compare with the base metal
(BM), the lower hardness values exhibited by the SZ and the hardness trend is expected [31; 32]. Based on
the hardness values obtained, the average joint efficiency of the weldments produced using the developed
MFS was estimated as 78.79%.

4. CONCLUSION

A MFS for FSW of Aluminum materials on a VMMT was developed. The fixture run smoothly in
operation and its motion characteristic was found adequate. The mechanical properties of the weldments of
AA 1100 produced using the developed MFS agreed with those of other works in literature wherein static
fixture were used for FSW. The MFS would provide a more flexible approach to investigation of FSW
operations on VMMTs and it is also extendible for use for FSW on pillar drill machine tools.
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ABSTRACT

This article describes the process of creating the conceptual and logical model of a journal database. To efficiently
extract the information from the articles published in the journal so far, the idea of creating a database has emerged. To
create a database, it is recommended to design a high-level conceptual model and convert that into a logical data
model. The benefit of the thoughtful design is that it shows the structure of the database in an easily comprehensible
form. The entity-relationship model is a fast and efficient way to create the conceptual model and it can be easily
converted to a relational database model, which is a logical model. The initial version of the entity-relationship model
of the journal database had one entity type, 25 attributes, and no relationship. The final version contained three entity
types, 39 attributes, and three relationships. This final conceptual model was converted to a logical model, the
relational model. The result was ten tables to store entity data with 22 different fields and another three tables to ensure
the relationships between the tables. The developed model can be created in a relational database manager and is
suitable for serving information needs related to the journal.

Keywords: database planning, entity-relationship model, relational model
1. INTRODUCTION

A Hungarian language printed yearbook at the Faculty of Engineering at the University of Szeged

containing peer-reviewed scientific publications was first published under the care of the Institute of

Economics and Rural Development in 2006 (ISBN: 978-963-482-799-3). The book transformed into a

journal in 2009 (ISSN: 1788-7593) and since then, 26 issues of the “Contemporary social and economic

processes” (Jelenkori tarsadalmi és gazdasagi folyamatok) — including the first three yearbooks — were

published until the end of 2021 under the care of the Institute of Engineering Management and Economics.

Since volume 14 (2019) issue 3, the journal is available online as well (ISSN: 2676-9867). Since the first

publication there were 489 articles published from 906 authors in a variety of disciplines.

Seeing the unbroken development, the idea arose to create a database which could make it easier to extract

relevant information from issues of the journal. Based on this idea, the task was to (step one) design the

database in a high-level model, (step two) to create a logical data model based on the previous step, and

(step three) to physically create the database with a relational database manager.

This article describes the first two steps: the creation of the high-level concept with the use of the entity-

relationship model, and the conversion to the logical model using the relational data model.

The benefits of this thoughtful design are:

- It shows the structure of the database, the entities, and their relationships in an easy-to-understand
format.

- Asitis easy to understand, it facilitates the dialogue between the user and the programmer.

- It gives new ideas to both users and programmers.

- It is a plan or description that does not need to be changed by selecting or modifying the database
management system.

Fig. 1 shows the process of database modelling and implementation. This article deals with the first three

steps. All four steps appear in [1] and [2].
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Conceptual model Logical model Relational database
e (ER design) (Relational schema) manager system

Figure 1. Database modelling and implementation process. Modified from [3].
2. MATERIALS AND METHODS
2.1. Database and data modelling

A database can be described several ways as there is no uniformly agreed definition for this concept. A few

examples to define database: It consists of field-specific data, metadata describing the type of data and

relationships, and a data management system [4]; It is a set of finite number of entity occurrences, their

finite number of property values and relationship occurrences, organized according to a data model [5]; It

is an integrated data structure that stores the occurrence data of several different objects in an organized

manner according to a data model with auxiliary information called metadata, to ensure efficiency,

integrity and data protection [6].

The data must be grouped to be retrievable according to some sorting principles and other aspects [5].

There are several benefits to creating and using a database, such as:

- itisauniform, logically clear data structure,

- data can be queried in a flexible way,

- the data and the managing programs are independent of each other, so both can be modified without
changing the other [7][8].

The database is always linked to a data model, in fact, it is an implemented data model [9]. On the one

hand, the data model must be robust enough to grab the user's attention and meet his or her expectations,

but it must also be simple and understandable for the user [7].

During the design of the database, one must first create the conceptual model, and then the logical model.

Only after that should the physical implementation (the real, physical creation of the database) follow [10].

The creation of a conceptual (high-level) data model plays a significant role in the database design process,

both in theory and in practice [11]. A conceptual data model is a collection of tools designed to describe

reality in such a way that the created model is able to answer questions about reality [12]. This model does

not address data structure or physical storage issues. Conceptual schemas include the set of entities, their

characteristics, relationships, and constraints. In addition, the structure of the database is illustrated with

diagrams. The database is illustrated in a way that is comprehensible even to those who are not experts in

this field [4].

Of course — like everything — this can be ruined as well: improper use of modelling tools, limitations in the

imagination of users and database designers, different visions and approach to the problem of users and

database developers may contribute to poor design [13]. Although creating a conceptual model seems

simple, it is essential that modeler has the ability to correctly identify the required objects and their

relationships [12]. According to Watson [12], those not yet familiar with data modelling (e.g., university

students learning database design) make these common mistakes:

- failure to recognize that something thought to be an attribute is, in fact, an entity,

- inability to generalize and assign entities to entity sets,

- failure to check relationships between entity sets from all directions, so the cardinality (number of
connected entities) is incorrect,

- exceptions may be ignored.
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Based on [3], there are some useful principles to consider when designing a database:

1. Create a realistic model: Entity sets, attributes, and relationships must reflect reality. For example, the
workplace should not be the attribute of the ARTICLE, but rather the AUTHOR entity set.

2. Keep it simple: Do not add more entity sets, attributes, and relationships than necessary. For example,
in the case of AUTHOR, it is probably unnecessary to include the eye colour.

3. Choose the right type of objects: There are several ways to describe reality, for example, we can
describe a piece of reality with an entity set, attribute, or relationship. In general, attributes are easier
to put into the model than an entity set or relationship, but solving everything with attributes is not
always practical, because it can make it difficult to manage the database (see Fig. 2 for an example).

4. Avoid (or at least try to prevent) unnecessary data redundancy: Every effort should be made to include
all data only once. For example, do not store the author's name as an attribute in the ARTICLE and in
the AUTHOR entity set as well. This avoids anomalies that make it difficult to use and maintain the
database [14][15]. At the same time, there may be cases when, for reasons of expediency, we may still
be forced to store data redundantly. This may depend on the situation, the needs, and the database
management system.

5. Choose the right relationships: Entity sets can be related in many ways, especially if there are many of
them. It is usually not advisable to create all relationships, as this can lead to anomalies which make it
difficult (or even impossible) to manage the database. It is advisable to indicate only relationships
necessary for the given problem to be solved and for this we need to know in advance what we expect
from the database. For example, it is advisable to establish a many-to-many relationship between the
AUTHOR and the ARTICLE entity sets, as an author may write more than one article and an article
may have several co-authors; or there can be only one-to-many relationship between the JOURNAL
and the ARTICLE entity sets, since an article can be published (normally) only once in a journal, and a
journal issue can contain several articles.

2.2. The conceptual model: Entity-relationship model

Chen laid the foundations for the Entity-Relationship model (ER model) [16] and thus had a lasting effect
on data modelling. It is the most popular tool for conceptual data modelling [17]; In addition to its
simplicity, its popularity is due to its theoretical validity and the fact that it is excellent for preparing the
relational data model used by today's database management systems. As a result, the ER model is taught in
many higher education institutions, which also contributes to its popularity and prevalence [18]. On the one
hand the entity-relationship model (ER model) is expressive, simple (even for non-professionals relatively
easy to understand), uses few concepts (so it can be learned quickly), works with illustrative diagrams. On
the other hand, due to the representation method used, it can be difficult to describe very complex

databases [19].

The elements of the entity-relationship diagrams (ERD) are:

1. An entity can be any (abstract) object or concept which can be described with a name and has
attributes. Similar entities form a set (for example: JOURNAL, ARTICLE, AUTHOR) [3]. It is
represented in a rectangle.

2. The attribute belongs to an entity set or relationship, it describes its features, properties [3][4] (for
example: in the case of an AUTHOR: name, academic degree, job, gender). An entity set must have at
least one attribute, while it is not mandatory to assign attribute to a relationship. Like in the case of
entities, a noun is commonly used to name an attribute [4]. An attribute can be simple (ellipse with
single line), composite (can be divided into sub attributes, denoted in ellipses connected to the
composite attribute), multivalued (ellipse drawn with a double line), or derived (can be calculated from
other values, ellipse with a dashed line) [9].

3. A relationship — described with a verb — connects entity sets. The most common type is the binary
relationship connecting two entity sets, but the model allows connecting any number of sets [3][4].
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According to the studies of Dey [11], the understanding of entity sets, and their attributes usually does
not cause problem for the users, however, this cannot be said for the interpretation of relationships.
The types can be [3][4]: recursive (relationship between two entities within the same entity set), one-
to-one or 1:1 (relationship between one entity of an entity set with one and only one entity in another
entity set), one-to-many (1:N) or many-to-many (N:M). The degree of relationship is determined by
the connected entity sets. In addition, the participation in the relationship can be total (mandatory)
when all entities form a relationship or partial (optional) when there are entities with no connection to
other entities [20].
The key attribute plays an important role. It is marked by underlining the attribute [3]. A key is an attribute
that is suitable to uniquely identify an entity. If there is more than one attribute suitable for the purpose, we
have to select one, and this will be the primary key, while the others will be alternative keys. It is possible
that an attribute cannot be identified by one attribute alone, but by combining the minimum number of
required attributes, we can obtain a composite key suitable for unambiguous identification. The model also
allows so called weak entities, which have no key attributes, where the entity is in a double line rectangle.
(While keys are not compulsory in the ER model, they are required in the relational model. Relational
database management programs allow the creation of keyless tables which is fine when creating simple
databases with only one table.)
It should also be noted that several variants of the representation of ER diagrams coexist [17], which differ
mainly in the representation of relationships [21] or add additional possibilities to the model's ability to
describe reality, such as introducing main and subclasses, generalization, and specialization concepts
[3][4], but they do not play a significant role in the current database to be implemented. According to
Watson, it is not the mode of representation that matters primarily, but the ability to model correctly [12].

2.3. The logical model: relational model

Several types of logical data models have emerged since the beginning of computer database management,
such as the hierarchical, mesh, object-oriented and relational data models [4] [22][23][24]. The relational
model first described by Codd is the most widespread due to its simplicity and mathematical validity [25].
A data model must have a database manager based on it, so relational database managers are based on the
relational data model [4].

The relational model is made up of a system of tables. A logical connection between tables can be created
using fields whose contents can be found in both related tables. The structure of the tables in the relational
model is as follows: The table must have a unique name that distinguishes it from other tables. The table
header contains the unique column names; these column names are the identifiers of the attributes. A
column is called a field (and the header is the field name). A row (or tuple) other than the header is a
record. The number of columns is the degree of the table, the number of rows is called cardinality. The
order of the columns or rows (except for the header) is indifferent, they can be interchanged. The attribute
by which each record in the table can be clearly distinguished from another is called the primary key. If
there are several suitable fields, we select one as the primary key and the others are alternative keys. If a set
of several fields form a primary key, that is called composite key. The number of fields in the key must be
minimal. The foreign key can be used to refer to another table that is logically related to the reference table
[31[4].

There are a lot of cases when data cannot be stored and managed efficiently in a single table, because that
can result in unnecessary repetitions (redundancy), which can cause various insertion, modification and
deletion difficulties, problems (anomalies) [4][14][15]. To avoid anomalies, the table should be broken
down into several interrelated tables using normalization rules [13][14]. Relational database managers have
been devised to efficiently manage the resulting tables. Note: some spreadsheet programs — for example
Microsoft Excel with Microsoft Power Pivot add-in — can handle databases and create result tables form
joined tables with queries [26], but they are less effective than relational database managers.
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Relational and other additional operations can be used to extract the desired information from the relational

tables [25][27].

If conceptual modelling is done using the ER model, it is necessary to transform it into a relational model.

This is because although the ER model is an easy-to-learn and easy-to-use tool, there is no database

manager based on it. The main rules that can be used during the transformation are the following

[31[4][6][11]:

- Entity set; Each entity set is converted to a relation, i. e. a table.

- Attribute: Simple attributes of the ER model will be the fields in the tables and the fields are named
after the attribute names. In case of composite attributes, only the sub attributes are added to the table
as simple attributes. Since each cell of the relational schema can contain only one elementary value,
multivalued attributes are put in a separate table linked to the original table using a foreign key.
Derived attributes are calculated from data from other attributes, so they are not included as fields in
the tables.

- Relationship: The transformation is determined by the type of relationship. The options are as follows:
(1) One-to-one relationship (1:1): The primary key of table A is embedded into table B as a foreign
key (or vice versa, it does not matter). (2) One-to-many relationship (1:N): The primary key of the
table in the one-side of the relationship is embedded in the many-side table as a foreign key. (3) Many-
to-many relationship (N:M): A separate table provides the connection between the two tables to be
connected, which contains the primary key of the linked tables. This solution can be used in any type
of relations (one-to-one and one-to-many) as well.

3. RESULTS AND DISCUSSION
3.1. The description of the created conceptual model with ER diagram

After collecting and overviewing the needs, the first version of the ER model was born (Fig. 2). It contains
a single entity set and its associated attributes. Since this model contains aggregated data per journal issue,
it is not suitable for storing detailed data of the articles (such as the names of authors, article titles etc.).
Name of the entity set: JOURNAL. The attributes, their type, and associated metadata are listed below in
the following format: attribute name; attribute type; metadata. For ease of reference, multi-word
expressions were used to name the attributes. Remember that the attribute data refers to an entire journal
issue!

1. ID; Composite attribute; Used to identify each journal issue.

2. Volume; Simple attribute, a sub attribute of ID; The volume number of the journal.

3. Issue; Simple attribute, a sub attribute of ID; The issue number within a volume number.

The Volume and Issue together form a composite key (underlined) that uniquely identifies a particular

journal.

4. Year; Simple attribute; The year the journal was published.

5. Isbn Issn; Multivalued attribute; ISBN and ISSN numbers of the journal. The print and online versions
have separate numbers, so it can have multiple values at the same time.

6. Publisher; Simple attribute; Name (and other details if applicable) of the responsible publisher. This
attribute can even be a combined attribute (broken down to name, scientific grade, position, etc. sub-
attributes) if there is a need to store these data separately for information retrieval.

7. Editor-in-Chief; Multivalued attribute; The position of editor-in-chief can be filled by several people at
the same time.

8. Responsible Editor; Simple attribute; Name (and other details if required) of the editor.

9. Technical Editor; Multivalued attribute; An issue can have multiple technical editors at once.

10. Page; Simple attribute; The total number of pages in a journal issue (not just page number of the
articles).
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11. Topic; Simple attribute; Number of topics in a journal issue.

12. Article; Simple attribute; Number of scientific articles.

13. One Author; Simple attribute; Number of articles with one author.

14. Two Authors; Simple attribute; Number of articles with two co-authors.

15. Multiple Authors; Simple attribute; Number of articles with more than two co-authors.

16. Hungarian Article; Simple attribute; Number of Hungarian articles in an issue.

17. Foreign Article; Simple attribute; Number of foreign language articles.

18. Author; Simple attribute; Number of authors per journal issue.

19. Faculty Author; Simple attribute; The number of authors who are employees of the Faculty of
Engineering.

20. Not Faculty Author; Simple attribute; The number of authors who are not employees of the Faculty of
Engineering.

21. Degree; Simple attribute; Number of authors with an academic degree.

22. Hungarian Author; Simple attribute; Number of Hungarian authors (identified by name since
citizenship data are not available).

23. Foreign Author; Simple attribute; Number of non-Hungarian authors.

24. Male; Simple attribute; Number of male authors.

25. Female; Simple attribute; Number of female authors.

One Author @
More Authors

JOURNAL Hungarian Article

Foreign Article

Article

Responsible
Editor

Figure 2. The ER diagram of the journal database (version 1) created with erdplus.com data modelling website.

This ER model which consists of a single entity set and twenty-five attributes is suitable to store a lot of
information. But if it would be implemented this way, data entry would require a lot of preparation and
preliminary manual aggregation, and the database would not contain important basic, detailed data.
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After reviewing the first version of the ER model, a few modifications were made and eventually a final

version was developed. This model contains three entity sets (JOURNAL, ARTICLE, AUTHOR) with

several attributes, and three relationships (Writes, Publishes, Contains). The description of the model, the

attributes, their type, and their associated metadata are listed in attribute name; attribute type; metadata

format.

Attributes of JOURNAL:

1. Volume; Simple attribute; The volume number of the journal (a serial number).

2. Issue; Simple attribute; The issue in a volume.

The Volume and Issue together is a composite key (underlined).

3. Year; Simple attribute; The publication year of the volume issue.

4. lIsbn Issn; Multivalued attribute; ISBN and ISSN numbers of the journal.

5. Responsible Publisher; Simple attribute; Name (and other details if applicable) of the responsible

publisher.

Editor-in-Chief; Multivalued attribute; Name (and other details) of editor-in-chiefs.

Responsible Editor; Simple attribute; Name (and other details) of the editor.

Technical Editor; Multivalued attribute; Name (and other details) of the technical editors of an issue.

9. Page; Simple attribute; The number of pages of the journal.

10. Total pages; Derived attribute; The sum of pages in a journal (the sum of Page attribute).

Attributes of ARTICLE:

1. Article Title; Simple attribute and primary key; Number of scientific articles. There can be no articles

with the same title in the database.

Topic; Simple attribute; The name of the scientific topic where the article belongs.

First Page; Simple attribute; The first page of the article in the journal issue.

Last Page; Simple attribute; The last page of the article.

Language; Simple attribute; The language of the article.

Keyword Hungarian; Multivalued attribute; Hungarian keywords of the article.

Keyword English; Multivalued attribute; English keywords of the article.

No of Sources; Simple attribute; Number of sources in the article.

Avrticle Pages No; Derived attribute; The total number of pages of the article.

10. Article No; Derived attribute; Number of articles.

11. Topic No; Derived attribute; Number of topics.

12. Foreign Article No; Derived attribute; Number of articles written in foreign language (so far only
English).

13. Hungarian Article No; Derived attribute; Number of Hungarian language articles.

14. N Author No; Derived attribute; Number of articles written by N number of authors.

15. Faculty Article No; Derived attribute; Number of articles written by faculty members.

16. Not Faculty Article No; Derived attribute; Number of articles written by not faculty members.

Attributes of AUTHOR:

The attribute(s) to identify each author should be carefully selected. The name alone is not enough, as

different authors may have the same name, or if someone changes name between writing articles, he/she

will have two different names and will therefore count as two different people. Combining the attributes of

name, degree (and workplace) doesn’t get us any further: if an author who publishes multiple times gets a

(new) academic degree or changes workplace, he/she will again count as two (or more) different people.

The problem can be handled with an arbitrarily created unique 1D that can be used as a key attribute.

1. Author ID; Simple attribute and primary key; Serves as a unique identifier to distinguish authors.

2. Author Name; Simple attribute; The first name(s) and family name of the author

3. Degree; Multivalued attribute; The (scientific) degree(s) of the author when writing the article.

4. Workplace; Multivalued attribute; Details of the author's workplace(s).

© N

CoNoT LN
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12.
13.

Gender; Simple attribute; The gender of the author by name (since we do not ask the author’s gender
this data is based on the first name).

Author No; Derived attribute; Total number of authors.

Degree No; Derived attribute; Number of authors with academic degree.

Hungarian Author No; Derived attribute; Number of Hungarian authors (based on the author’s name).
Foreign Author No; Derived attribute; Number of foreign (not Hungarian) authors (based on the
author’s name).

. Faculty Author No; Derived attribute; Number of authors of the Faculty of Engineering.
. Not Faculty Author No; Derived attribute; Number of authors not working at the Faculty of

Engineering.
Female Noj; Derived attribute; The humber of female authors (based on the author’s name).
Male Noj; Derived attribute; The number of male authors (based on the author’s name).

The features of the relationships:

1 issue can contain articles from several authors, 1 author can publish in several issues, 1 article can be
published in only 1 issue.

Each author must publish in one of the issues: an author must have at least 1 relationship with an
article and can have relationships with multiple articles; an author must have at least 1 relationship
with a journal issue and can have multiple ones with journal issues.

All articles must be published in one issue: one article must have 1 and only 1 relationship with the
journal; an article must have at least 1 relationship with one author and can have relationships with
multiple authors.

All journal issues must have an author: one journal issue must have at least 1 relationship with 1
author and can have relationships with more than one author.

Each journal issue must have an article: a journal issue must have at least 1 relationship with an article.
As a result of the above, all relationships are total. A many-to-many relationship must be created
between the JOURNAL and the AUTHOR and between the AUTHOR and the ARTICLE, and a one-
to-many relationship must be established between the ARTICLE and the JOURNAL.

Fig. 3 shows the ER diagram of the completed conception model.
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Figure 3. The ER-diagram of the journal database (final version) created with app.diagrams.net website.
3.2. The description of the logical model with relational schema

In this description of the relational schema — which is the converted ER model —, the names of the tables

are capitalized and followed by the field names (attributes) in parentheses, with the primary keys

underlined:

1. Journal entity set and its attributes: It can be divided into the following four tables:

- JOURNAL (Volume, Issue, Year, ResponsiblePublisher, ResponsibleEditor, NumberOfPages);

- EDITORINCHIEF (Volume, Issue, NameOfEditorInChief);

- ISBNISSN (Volume, Issue, IsbnlssnNumber);

- TECHNICALEDITOR (Volume, Issue, NameofTechnicalEditor);

The ER model includes a derived attribute (Total Pages) in the JOURNAL entity set which is not included

in any of the tables because it can be calculated from the page data.

2. Author entity set and attributes: This set can be converted to the following tables:

- AUTHOR (AuthorID, AuthorName, Gender);

- DEGREE (AuthorlD, DegreeName);

- WORKPLACE (AuthorID, WorkPlaceName);

The ER model denotes eight derived attributes in Author entity set, but since these are calculated from

other attributes, they are not included in the scheme of the tables (the number of Hungarian and foreign

authors, number of different degrees, males, females, etc.)

3. Atrticle entity set and attributes: The following tables can be created in the relational model from this
entity set:

- ARTICLE (ArticleTitle, TopicName, FirstPage, LastPage, Language, NumberOfSources);

- KEYWORDHUN (ArticleTitle, KeywordHungarian);
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- KEYWORDENG (ArticleTitle, KeywordEnglish);

The ER model also contains eight derived attributes in the ARTICLE entity type that will not be included

in the tables in the relational model (Number of articles with N authors, Number of foreign and Hungarian

language articles, etc.).

4. Relationships: Based on the ER model, all relationships are total. There is many- to-many relationship
between the JOURNAL and the AUTHOR and between the AUTHOR and the ARTICLE tables. The
name of the tables providing the relationships are PUBLISHES and WRITES. A one-to-many
relationship must be created between the ARTICLE and the JOURNAL; the name of the connection
table is CONTAINS. The schemas of the tables are:

- PUBLISHES (Volume, Issue, AuthorID);

- WRITES (AuthorID, ArticleTitle);

- CONTAINS (ArticleTitle, Volume, Issue);

Fig. 4 created in MySQL Workbench shows the relational model of the journal database.

4. CONCLUSION

Systematic reflection on what seemed to be a simple (and quick to do) task at first (what to include as an
entity set, what attributes to add, what kind of relationship is needed between the entity sets) helped to
create a correct database concept.

The created relational model is suitable for the implementation, but it is advisable to check — even with test
data — whether (1) it contains anomalies, (2) whether it is worthwhile to further reduce the redundancy in
the data, (3) whether is it at least in the 3rd normal form. Depending on these, further refinement or
modification may be necessary.

After checking the created relational model, the next phase of database design, the physical implementation
can follow. This would be an SQL-based implementation of the relational schema in the selected relational
database management system.

Should the need arise in the future, the implemented database can be further developed to be suitable for
text mining. In this case, it can contribute even more effectively to the exploitation of the knowledge
inherent in the Journal of Contemporary Social and Economic Processes.

DOI: https://doi.org/10.14232/analecta.2022.1.110-121

119



Analecta Technica Szegedinensia
Vol. 16, No. 01 ISSN 2064-7964 2022

| EDITORIN CHIEF v
I Volume INT

! Issue INT

Nam eOfEditorInChief v ARCHAR(45) ] KEYWORDHUN v
> ] CONTAINS v ! ArficieTitle VARCHAR (250)
! Volume INT v KeywordHungarian VARCHAR(45)
~] JOURNAL v : _ ARTICLE =
v Issue INT ArtideTIHe VARCHAR(250)
Volume INT
! ArticleTitle VARCHAR(250) Topichame VARCHAR(150) ¥
Issue INT >
FirsP INT
Year INT irsFage
LastP, INT
:I ISBNISSH ¥ ResponsiblePublisher VARCHAR(45) asthage
I Volume INT ResponsibleEditor v ARCHAR(45) Language VARCHAR(45) -Hﬁ
! Issue INT Num berOfSources INT

Num berOffages INT
IsbrlssnMNumber INT >
>

> ] KEYWORDENG v
! ArticleTIfe V ARCHAR(250)

KeywordEnglish VARCH AR(45)
"] PUBLISHES ¥ ] WRITES v >

"] TECHNICALEDITOR v ! Volume INT ¥ AuthorlD INT
! volume INT ! Issue INT P AricieTitle VARCHAR(250)
! Issue INT ! AutherlD INT " ~] DEGREE v
NameOfT echnicaEditor YARCHAR(45) > ? AuthorlD INT
> i Degreeiame VARCHAR (45)
] AUTHOR v >
AuthorID INT
Authorame V ARCHAR(45) ] WORKPLACE v
Gender VARCHAR(1) ? Authorl D INT

>

WorkPlaceMName V ARCHAR (45)
>

Figure 4. The relational model of the journal database created with MySQL Workbench.
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ABSTRACT

Because our infrastructure is aging and approaching the end of its intended functioning time, the detection of damage
or loosening of joints is a topic of high importance in structural health monitoring. The most desired way to assess the
health of engineering structures during operation is to use non-destructive vibration-based methods that can offer a
global evaluation of the structure’s integrity. A comparison of using different modal data for training feedforward
backpropagation neural networks for detecting transverse damages in beam-like structures that can also be affected by
imperfect boundary conditions is presented in the current paper. The different RFS, RFS,,, and DLC training datasets
are generated by applying an analytical method, previously developed by our research team, that uses a known relation,
based on the modal curvature, severity estimation of the transverse crack, and the estimated severity for the weak
clamping. The obtained dataset values are employed for training three feedforward backpropagation neural networks
that will be used to locate transverse cracks in cantilever beams and detect if the structure is affected by weak
clamping. The output from the three ANN models is compared by plotting the calculated error for each case.

Keywords: damage detection, machine learning, natural frequency, structural health monitoring, weak clamping
1. INTRODUCTION

Different types of damages can occur in structures and can be caused by a multitude of factors, such as
exceeding the expected operating demands, degradation caused by environmental conditions, material
fatigue, loosening of joints due to shocks and excessive vibrations, and improper manufacturing conditions.
For a structural monitoring method to be efficient, it is desired to detect invisible damage in the incipient
state, preferably by non-invasive methods. Traditional non-destructive detection techniques present the
disadvantage that they are limited to an accessible area and require having prior knowledge of the possible
location of damage by considering the areas with the highest risk, which in most cases can be erroneous
[1]. To increase the operational safety of equipment, installations, and structures, new methods have been
developed to monitor structural integrity; these methods can be an integral part of the structure from the
design phase or can be mounted retroactively, to assess the condition of the equipment [2].

Promising methods of structural assessment have been developed in recent decades that are based on the
use of modal parameters of the structure. Although damage assessment using modal parameters is still
under development, over time, many methods of evaluating the integrity of structures, by using the natural
frequencies have proven to be reliable [3, 4, 5].

The fundamental starting point of vibration-based damage detection methods starts from the known fact
that damages occurring in structures, significantly affect the stiffness and the energy dissipation properties
of a system, which in turn will change its dynamic response [6].

The biggest challenge in using detection methods based on modal parameters is the use of a large amount
of data, as well as certain disturbances that may occur during signal acquisition caused by environmental
conditions and by the improper clamping of structural elements.

To address the shortcomings of current methods of vibro-diagnosis, new techniques have been developed
over time, by using artificial intelligent networks which present promising results [7, 8].

In the current paper, we present a mathematical relation used for predicting the natural frequencies of
beams affected by transverse breathing cracks and by improper boundary conditions developed in the paper
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[9]. By employing this algorithm, we can easily create different datasets, namely relative frequency shifts
(RFS), normalized relative frequency shifts (RFSy,), and damage location indicators (DLC) that are later
used for training six machine learning models, three models are trained for generating 3 outputs (transverse
crack location, transverse crack severity and weak clamping severity if present) and the remaining 3
models are trained to detect only the position of the transverse crack also if the beam is affected by weak
clamping.

To evaluate the quality of the developed computational intelligent methods used for damage identification,
a set of FEM-generated tests are produced for different damage scenarios. The test natural frequencies are
generated by employing the simulation software, ANSY'S.

2. MATERIALS AND METHODS

The paper presents the use of a feedforward backpropagation neural network, which is developed in the
MATLAB deep learning environment, to detect transverse cracks and also weak clamping in cantilever
beams, by using different sets of generated training data.

2.1. Training dataset

The training datasets are generated by using a previously developed method [9] for predicting the natural
frequencies for beam-like models affected by cracks, starting from Equations (1):

o) = oy (L= @[ FT | W

In Equation (1), the terms ,0,a) and g(x) represent the crack severity and the modal curvature,

respectively. The transverse crack severity is determined with the model presented in paper [10], using the
following Equation (2):

o
7(‘1)_ m (2)

In Equation (2), the terms &,(a) and &, represent the deflection of the beam with damage, respectively in

an undamaged state.
The modal curvature caused by the crack, with a known position X, is given by Equation (3) [11]:

cos A +cosh A .

X X
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To generate the training data, for several scenarios of the damaged beam, the relative frequency shift (RFS)
values are used, according to Equation (4) [12, 13]:

- fi p(x,d)

_ f
Af;(x,a) = 1 .
i-U

=y0.a) [ [ ()

The model shown in equations (1-4) is valid for generating the training data set for the perfect boundary
conditions.
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In paper [10] a model that uses the superposition principle is described and the resulting Equation (5) is
developed for generating the RFS values for a beam that is affected both by a transverse crack and weak
clamping, of known severities.

A, (0,a,,%,,3,) = 7,(ay) + 7, (a) [ Hx,) | 5)

where y,(a,) is the severity for the weak clamping and y,(a,) the severity of the transverse crack.

By using Equation (5), for the research presented in the current paper, we have generated the RFS values,
which is the first training dataset used for the ANN models. The RFS values are generated for the first
eight weak axis bending vibration modes for several damage scenarios, by considering transverse cracks
located on several positions along the beam when the cantilevers clamping is considered to be both in
perfect condition and also weak condition. The considered crack position for each set of values is
considered starting from x=2 mm and continuing to x=998 mm with a step of s=2mm. The datasets are
generated for a transverse crack depth of a=1 mm, and for simulating the weak clamping cases a transverse
crack at the fixed end of depth a=1 mm is considered. For both cracks, the severity is calculated using
Equation (4).

Furthermore, from the calculated RFS values, we generate a second type of dataset by reducing each value
of the RFS series with the minimum value of the series for each damage position, as described in Equation

(6):

RFS,_. =Af. ,(0,a,,x,,a,)—minAf, , (6)
In Tab. 1, we present a partial dataset series obtained for a damage scenario where the crack is positioned
at x= 510 mm using Equation (5)
The third training dataset is also generated starting from the obtained RFS values by normalizing the
dataset according to Equation (7):

A]_‘I;D(O, a,,%,,0,)

DLC = 28
maxAf,

()

Table 1. Calculated training values for a cantilever with a crack depth 20% affected by a 10% weak clamping

Damage
position
X [mm]

Transverse
crack
severity

Weak
clamping
severity

Mode
no.

Dataset type

RFS

RFSmin

DLC

510

0.003345971

0.001226

0.000341

0.473765

0.002589

0.001703

1

0.000885

0

0.342059

0.000866543

0.002517

0.001632

0.972443

0.000899

1.37E-05

0.347357

0.00249

0.001605

0.961976

~N|jojo|l~|lWIN|F

0.000935

4.99E-05

0.361338
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| | | | 8 [0.002448]0.001563 | 0.945801
The generated data is used for training six ANN models, two for each training dataset, resulting in three
models for predicting 3 outputs (transverse crack location, transverse crack severity, and weak clamping
severity if present), and the remaining 3 models are trained to detect only the position of the transverse
crack also if the beam is affected by weak clamping.
The precision of the developed ANN models is evaluated by comparing the outputs obtained from the
considered measured test data generated using the described FEM method.

2.2. Neural network models

The three generated datasets, i.e., RFS, RFS,,,, and DLC are used for training the six ANN models by
using the integrated Deep Learning module of the MatLab software. The training function used is Bayesian
regularization, with the parameter sets presented in Fig. 1.

Algorithms
Data Division: Random (dividerand)
Training: Bayesian Regularization (trainbr)

Performance: Mean Squared Error  (mse)
Calculations:  MEX

Progress

Epoch: | 224 iterations 2500
Time: Q0717

Performance: 0,137 0.0020% 0.00
Gradient: 0.310 031 1.00e-07
Mu: 0.00500 5.00 1.00e+10
Effective # Param: ~ 2.07e+03 206 | 0.00
Sum Squared Param: 645 1.0de+03 0.00
Validation Checks: 0 30 30

Figure 1. Neural network parameters

Each ANN model is denoted by the name of the dataset type and the number of outputs, resulting in six
network names: RFS_1 output, RFS_3 output, RFSqi,_ 1 output, RFS.;, 3 output, DLC_1 output,
DLC_3_output.

The Backpropagation algorithm used in the current study learns (finds) the optimal values of the
interconnection weights between learning units in a multi-level network with a fixed number of learning
units. It uses a gradient slope to try to minimize the error between the value of the network output and the
value that is wanted to be obtained for that entry. The problem with learning in this network is to look for
the optimal values of the weights in the large space of the hypotheses given by all learning units in the
network. The algorithm is described here for a feed-forward network containing three hidden neuron
layers, each containing 30 neurons, as shown in Fig.2.

ERH el gD el =

Figure 2. Developed network configuration
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2.3. Test data

The structure considered for the current research is a steel cantilever beam, presented in Fig. 3, with its
main dimensions L=1000 mm, B=50 mm, and thickness H=5mm. The first step for generating the training
data was to determine using FEM simulations the natural frequencies for the cantilever in an undamaged
state.

Figure 3. Cantilever beam affected by a transverse crack and weak clamping

The considered beam material, Structural Steel is applied from the ANSYS database with its physical-
mechanical properties presented in Tab.2.

Table 2. Physical-mechanical properties of the cantilever beam

Yield strength | Ultimate strength | Mass density p | Young modulus E | Poisson ratio v
[MPa] [MPa] [kg/mm®] [N/m?] [

250 460 7850 2-10% 0.3

The test data consists of the first eight natural frequencies for the out-of-plain vibration modes, for the
healthy beam and the beam with different damage scenarios containing both ideal clamping and non-ideal
clamping. The 1 mm depth crack is applied by cutting the 3D model using a rectangle of 1-0.04 mm.

To simulate the weak clamping behaviour, we considered also a 1 mm depth cut on the fixed end of the
beam, and by applying the boundary condition only on the remaining surface, as shown in Fig. 3. The
severity value for the transverse crack as well as for the weak clamping is determined by performing static
simulations under own weight for the beam in undamaged state, damaged state, and with weak clamping.
The deflections obtained are used for calculating the severity values using Equation (2).

For the FEM test data, we have considered several damage scenarios, all crack depth (transverse crack and
the crack simulating the weak clamping) are considered at depth a=1 mm. The first 32 scenarios take into
consideration the cases where the beam is perfectly clamped, and the only variable considered is the crack
location, which is considered one by one at x= 56, 73, 81, 120, 165, 173, 210, 233, 255, 290, 325, 347,
360, 414, 466, 489, 516, 560, 563, 590, 660, 687, 690, 760, 796, 810, 820, 876, 896, 906, 946, 980. The
next 32 damage scenarios take into consideration the same crack positions but also consider the weak-
clamping scenario at the fixed end.

3. RESULTS AND DISCUSSION

The frequencies obtained from the FEM simulations for the undamaged and the 64 damaged beam cases
are used for calculating the test data, meaning the RFS, RFS.,;, and DLC measured values, which are later
introduced correspondingly in each of the 6 developed ANN models, depending on the data type.
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ANN position errors
20

ERFS_1 output
RFS 3 output
RFSmin_1_output
RFSmin 3 output

EDLC 1 output

EDLC_3 output

0 |I‘|“h|‘| m in

1 9

—_
Lh

ot
(=

Prediction error [mm]

Lh

Figure 4. Graphical representation of the obtained errors for the 6 ANN models

The precision of predicting the position of a transverse crack present in cantilever beams by using the
developed neural networks trained with different data types is assessed by comparing the prediction of each
ANN model. The obtained errors are graphically plotted and illustrated in Fig. 4.

4. CONCLUSIONS

In the current study, six feedforward backpropagation neural networks are trained, using different datasets,
for predicting the damage location for several scenarios, including the case where the cantilever is affected
by weak clamping.

After analyzing the obtained differences, it results that the largest error achieved for predicting the location
of the crack is 19 mm for the network that is trained using the RFSmin_1_output dataset. The largest
prediction error is obtained for the scenario where the crack is closer to the free end, i.e., x=980 mm.

The ANN models with the best performance considering the crack position between x=2 mm and x=906
mm is the RFS_1_output and DLC_1_output models, the first being the more precise one.

The ANN models with the best performance considering the crack position starting from x=906 are
DLC_3_output and RFS;,_3_output models.

From the obtained prediction values, we can conclude that the method used could offer reliable data for
evaluating the location of transversal cracks, even if the crack is located near the free end of the beam
where the frequency drop due to the presence of damage is very small. The described algorithm can easily
be applied for generating any of the three presented dataset types for training ANN models.
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ABSTRACT

Almost a third of Earth’s freshwater resources are used by municipalities, agriculture and industries and therefore very
large quantities of wastewater are generated and discharged into surface water or groundwater. If discharged
inadequately and without previous treatment, wastewater can cause chemical pollution, affect aquatic life as well as
human health and have a negative impact on the environment. An emerging technology for wastewater treatment is the
membrane separation process due to the low cost, the use of ambient temperature, the low energy consumption
compared to other traditional techniques, and the high selectivity of different separation mechanisms with compact
design.

In this study, ultrafiltration (UF) technique was investigated to treat wastewater with different organic loads. The
effects of the stirring and a three-dimensional (3D) printed spacer, integrated into the UF cell were analyzed on the
permeate fluxes, membrane rejections of turbidity, conductivity and chemical oxygen demand (COD).

Keywords: ultrafiltration, food wastewater, membrane separation processes, 3D printed spacers
1. INTRODUCTION

Wastewater effluents are becoming an environmental and societal concern and can cause serious human
concern because of the unknown effects on aquatic life, human health and the environment [1-2]. The use
of water, especially by the food industry is much greater than other industry sectors since water is used as a
raw material or for cooling, heating, cleaning, cooking, transportation and other various purposes [3].
Although food industry wastewater is difficult to characterize because its content varies according to used
products, processes and the season, the main contaminants are microorganisms, biodegradable organic
materials, fertilizers, pesticides, metals, nutrients, organic and inorganic materials [4]. Unlike municipal
wastewater, wastewater generated by the food industry is biodegradable, nontoxic and is characterized by a
high concentration of suspended solids. In Europe and the United States, the bakery industry is one of the
greatest water users and more than half of the used water is later released as wastewater [5]. Bakery
industry wastewater contains a substantial amount of organic materials, organic carbon, sugars, proteins,
and enzymes [6]. In addition to high values of biochemical oxygen demand (BOD), COD and a high
concentration of suspended solids, bakery wastewater is also characterized by a high value of total nitrogen
and a dark color [5]. The dairy industry generates large amounts of wastewater as well. Water is used in all
steps of production in the dairy industry such as sanitization, heating, cooling, milk processing, packaging
and cleaning of milk tankers [7]. Most of the wastewater generated by the dairy industry results from
cleaning of tank trucks, milk silos, the transport lines and equipment during production. Wastewater from
the dairy industry typically contains a high concentration of proteins, lipids and carbohydrates.
Additionally, it has a high concentration of suspended solids, chlorides, and high BOD and COD values
[3]. Some studies presented that food, bakery wastewater is an acidic wastewater rich in oil, grease and
suspended solids with a high COD value that is generally in the range of 1-10 g/L [5, 8, 9].

Membrane separation processes are applied in a wide range of industries — food, chemical, medicine,
pharmaceutical and many other fields. Membrane techniques have found their application in wastewater
treatment because of their potential to remove particles, improve the aesthetic of the water and inactivate
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pathogens. On the other hand, the main disadvantage of them is the membrane fouling which causes flux
decrease and a decrease in productivity. Recent studies have indicated that the changing of the
hydrodynamic conditions into the membrane module can result in enhanced mixing efficiency and
improved flow conditions. The use of three-dimensional (3D) printed spacers into the module can result in
enhanced mixing efficiency and improved flow conditions. The use of 3D printed spacers into the module
can enhance mass transfer through the UF membrane by reducing concentration polarization and fouling
tendency. 3D printing can enable a promising new class of efficient laboratory devices for filtration
processes [10-11]. On the other hand, higher mechanical stirring into the module can alleviate membrane
fouling with increasing the shear rate on the surface of the membrane.

The main aim to use plastic spacers into the membrane module is the improving of the hydrodynamics of
the fluid flow. They can serve as obstacles in the flow with disrupting the laminar flow profile in the
boundary layer and initiate vortices. This type of mixing intensification also results in higher velocities and
shear rates at the membrane surface, which can mitigate membrane fouling. The spacers can be in a form
of 2D structures such as squares, triangles and circles, but the potential application of 3D printed
technology has been gaining attention. Nowadays, the significant development of 3D printing has also
broken into the field of wastewater treatment. The 3D printing is becoming more efficient and cheaper to
design 3D printed spacers that can be integrated into membrane filter modules, which became
unimaginably fine and detailed using complex geometries [12-13].

In this article, we have demonstrated the role of 3D printed spacers, promoters in performance
enhancement of the ultrafiltration cell in low- and high-loaded model dairy wastewater and real bakery and
dairy wastewater types. Ultrafiltration permeate fluxes, permeate flux decline, resistances and chemical
oxygen demand (COD) rejections with and without spacer and stirring were studied and compared testing
the different organic load wastewater types.

2. MATERIALS AND METHODS

2.1. The tested food wastewater types

The real bakery wastewater (Real bakery ww.) sample was collected from a bakery in Serbia, which offers
a variety of products, but specializes in the production of filled puff pastry that is frozen and stored at -
18°C. This sample came from the production of pastry filled with soft white cheese. After collection, the
sample was stored in sterile freezer container. The real dairy wastewater (Real dairy ww.) sample was
collected from a dairy company in Szeged, Hungary and was frozen and stored at -18°C. Additionally, two
different concentration model dairy wastewater solutions were prepared using tap water and milk powder.
These solutions were prepared to represent a minimum, relatively low organic loaded dairy synthetic
wastewater (Low-loaded ww.) and a maximum, relatively high organic loaded dairy synthetic wastewater
(High-loaded ww.) types with COD value of 1000 and 10 000 mg/L respectively. The initial COD values
were 1000, 10000, 2800 and 1400 mg/L for Low-loaded dairy, High-loaded dairy, Real bakery and Real
dairy wastewater samples respectively.

2.2. The laboratory membrane separation apparatus

Ultrafiltration experiments were carried out with a Millipore Solvent Resistant Stirred Micro- and
Ultrafiltration Cell shown on Fig. 1. (Merckmillipore, Germany). The special device is constructed from
stainless steel and borosilicate glass, which offers a rapid and efficient method for concentration of smaller,
laboratory samples volume up to 300 mL at low and medium pressure (max. 5 bar). In this device the
solutes, molecules and particles, less than the membrane’s molecular weight cut-off (MWCO) can pass
through the membrane as filtrate while solutes bigger than the MWCO are retained and concentrated within
the retentate side into the cell after the membrane separation process.
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Figure 1. Millipore Solvent Resistant Stirred Cell (from device book)

2.3. The polymer membranes

Polyethersulfone (PES) membrane with 30 kDa MWCO were used for the experiments, which was chosen
based on literature that indicate that it had the lowest permeate flux decline and lowest fouling degree, as
well as fouling resistances using UF of whey model solutions compared to 5 kDa and 15 kDa [4]. The
active membrane surface area was about 40 cm?.

2.4. The laboratory UF experiments

Four different wastewater types were tested with the following measuring order: Firstly, distilled water was
used as feed on raw, clean membrane to determine the membrane water flux before the filtration. Then, the
concentration experiment was started with the UF of the tested wastewater at 25°C and using TMP
(Transmembrane Pressure) of 4 bar. Every type of wastewater was filtered with three different
experiments: (1) Control UF experiments without stirring and the use of the 3D printed spacer;

(2) experiments with stirring at the rate of 400 rpm (it was determined earlier to be the optimal speed)
without spacer; and

(3) experiments with stirring of 400 rpm and the use of a 3D printed spacer.

The membrane rejections were calculated using the measured turbidity, conductivity and COD values of
feed and permeate samples after every type of wastewater membrane separation experiment.

2.5. The 3D printing characteristics

The spacer was designed by Cura software (Ultimaker Cure 5.0.0), printed by a Creality CR-10S Pro V2
3D printer (China). This particular design was chosen as optimal based on our Department previous results
and it is shown in Fig. 02. The spacer was made from PLA (Polylactic Acid) material, printed by FDM
(Fused Deposition Modelling) technique using 0.2 mm layer thickness with 100 % infill density, cubic
infill pattern at 215°C printing and 60°C bed temperature.

Figure 2. 3D printed spacer used in experiments

3. RESULTS AND DISCUSSION

3.1. Permeate flux results, as the ultrafiltration process velocity
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In Fig. 3. it can be seen that the time of the UF experiments of different organic load wastewater types
significantly different, and the most emphasized flux decline tendencies were observed in the first part of
the membrane separation processes. The initial fluxes of the control UF experiments were significantly
lower (360 and 85 Lm?h™ for Low-loaded and High-loaded dairy ww. respectively) than the UF
experiments with spacer and stirring (487 and 183 Lm?h™ for Low-loaded and High-loaded dairy ww.
respectively). On one hand, in the model dairy wastewater ultrafiltration experiments (Fig. 3/a.), the
shortest UF time of less than 400 s was observed with the sample of Low-loaded dairy ww. with spacer and
400 rpm stirring. The longest UF time was about 5320 s for the control UF of High-loaded dairy ww.
without stirring and spacer. In general, the wastewater types with higher organic loads had lower initial and
average flux values. On the other hand, in the real wastewater ultrafiltration experiments (Fig. 3/b.), the
shortest UF time of 1000 s was observed with the sample of bakery ww. also with spacer and stirring. The
longest UF time was about 3875 s for the control UF of bakery ww.. From these results it can be concluded
that the module integrated 3D printed spacer together with a high stirring velocity resulted the highest flux
values in all wastewater ultrafiltration experiments.

500 | Model dairy wastewater ultrafiltration | _ 0 1 | Real wastewater ultrafiltration

;.‘C-‘ 200 | Low-loaded ww.; UF with spacer & stirring :‘: 400 - ‘ -=-Bakery ww.; UF with spacer & stimring
Q‘E -#-Low-loaded ww.; UF with stirring E Dairy ww.; UF with spacer & stirring
= 300 -s-Low-loaded ww.; Control UF = 300 - —+Bakery ww.; UF with stirring

; High-loaded ww.; UF with spacer & stirring ’5 —=Dairy ww.; UF with stimring

= 200 1 ~+—High-loaded ww.; UF with stirring f 200 -} —Dairy ww.; Control UF

‘3 ¥ —+-High-loaded ww.; Control UF = \ —&-Bakery ww.; Control UF
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Figure 3. The permeate flux changing during ultrafiltration of model (a) and real (b) wastewater types

Next to the real permeate flux values (J), it is also important to know the permeate flux decline or the flux
decreasing ratio which can be calculated from the certain flux (J) and the initial, first measured flux (Jo)
value during UF. If we analyze this flux decline tendency (J/J,) results of the different experiments as a
function of VRR (Volume Reduction Ratio), it can be seen that, from the same initial flux, the flux decline
was more emphasized in the control UF experiments. In Fig. 4. it can be also seen that the High-loaded
model dairy wastewater types had higher permeate flux decline ratio, so the membrane fouling tendency
was higher in their cases. In the case of control, where the flux decline tendency was most emphasized, it
dropped to 0.15 with Low-loaded and 0.0575 with High-loaded model dairy wastewater types. It can be
also observed that the UF experiments with spacer and stirring had lower results than the UF experiments
with only stirring, however they had higher flux values in general.
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Figure 4. The permeate flux declines during ultrafiltration of low-loaded (a) and high-loaded (b) model dairy wastewater types

3.2. Resistance results, as the membrane fouling tendency

In Fig. 5. it can be seen that the different resistance values of the UF experiments of different wastewater
types significantly different. The clean membrane own resistances were negligible and the reversible
resistances were the most emphasized ones in all cases. The control UF experiments had the highest and
the UF experiments with spacer and stirring resulted the lowest total resistance values. On one hand, in the
model dairy wastewater ultrafiltration experiments (Fig. 5/a.), the High-loaded dairy ww. had much higher
resistance values than the Low-loaded dairy ww.. On the other hand, in the real wastewater ultrafiltration
experiments (Fig. 5/b.), the Control UF with bakery ww. resulted higher total resistance than dairy ww..
However, the reversible resistances were higher in dairy ww. UF experiments. From these results, it can be
concluded that the module integrated 3D printed spacer together with a high stirring velocity resulted the
lowest resistance values in all wastewater ultrafiltration experiments.
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& stirring & stirring stirring stirring

Figure 5. The resistance values of ultrafiltration of model (a) and real (b) wastewater types

3.3. The ultrafiltration membrane rejection results, as the process quality

The membrane percentage removal of COD is shown in Fig. 05. It can be seen that the rejection varied in
a wide range from 13 to 74 %. On one hand, in the model dairy wastewater ultrafiltration experiments
(Fig. 5/a.), the lowest rejection of 13 % was observed with the control UF experiment of Low-loaded
dairy ww. without spacer and stirring, while the highest rejection of 32 % for the High-loaded dairy ww.
UF with stirring. On the other hand, in the real wastewater ultrafiltration experiments (Fig. 5/b.), the
lowest rejection of 14 % shortest was observed with the sample of dairy control UF experiments, while
the highest rejection of 74 % for the bakery UF with stirring case. In general, the stirring increased the
rejection values, but the spacer and stirring together decreased compare to stirring cases.
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Figure 6. The organic content, chemical oxygen demand (COD) percentage membrane rejection of the model dairy wastewater
(a) and real wastewater ultrafiltration (b) experiments.

It can be observed that the real, industrial wastewater samples had significantly higher membrane rejection
values than the model wastewater samples, because their content were more heterogeneous. Furthermore,
the real bakery wastewater had much higher rejection of control UF experiment of about 70 % than the
dairy wastewater sample control with 14 %, even it had two times higher initial COD value, 2800 compare
to 1400 mg/L. All samples had very similar changes in total salt rejection measured by conductivity
measurements. It can be observed that the experiment with stirring lowered the conductivity values the
most in all types of wastewater. But turbidity values were lowered approximately 99 % and there was not a
significant difference between experiments or different types of wastewater.

4. CONCLUSIONS

The results of this research have shown that the use of a 3D printed spacer and stirring at a high velocity
have increased the efficiency of membrane separation of all types of wastewater and resulted in the highest
flux values and the lowest resistance values in all wastewater ultrafiltration experiments. The high-loaded
model dairy wastewater type had a higher permeate flux decline ratio compared to the low-loaded model
dairy wastewater and therefore tendency for membrane fouling was higher in those experiments. Which
was proven by the resistance results also.

According to the membrane percentage removal of COD, the samples of industrial wastewater types had
significantly higher membrane rejection values than the model wastewater samples. Moreover, the
industrial bakery wastewater samples had much higher rejection values than industrial dairy wastewater
samples. The experiments with stirring had the highest rejection values in all the wastewater types, but the
experiments with spacer and stirring together had comparable rejection values.
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