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Abstract: Due to the environmental pollution threatening human life, clean water accessibility is one
of the major global issues. In this context, in literature, there are many portable water disinfection
systems utilizing ultraviolet (UV) radiation. UV water disinfection systems employ piezoelectric-
based electric power along with UV light-emitting diode (LED) sources. This paper elaborates on the
detailed design and parametric optimization of a portable UV disinfection system. The proposed
system aims to generate piezoelectric harvesting-based electrical power simply by shaking, and the
generated power is then used to supply UV-LEDs for water disinfection. To this end, overall system
parameters along with a physical-mathematical model of mechanical, electrical and biochemical
aspects of the system are fully developed. Moreover, the main design parameters of the developed
model are derived for optimal operation of the system by employing Genetic Algorithm (GA). Finally,
optimal design parameters were identified for three different cost scenarios. The model can further
be improved for practical implementation and mass production of the system.

Keywords: UV disinfection; piezoelectric energy harvesting; design optimization; genetic algorithm

1. Introduction

Environmental pollution has been threatening human life with the increase of indus-
trial areas and population. Although sufficient and clean water accessibility is recognized
as a human right by the UN General Assembly [1], 785 million people lack even a basic
drinking-water service. Even microbiologically polluted drinking water causes 485,000 di-
arrheal deaths each year [2]. Thus, the improvement of effective water treatment systems as
well as innovative approaches, particularly for inactivation of pathogenic microorganisms
in water, is of great importance for human well-being and prosperity [3].

Over the last decades, various water cleaning methods have been developed to
overcome this problem. The most common one is chemical water disinfection, also known
as conventional disinfection. However, the systems based on chemical water disinfection
have some disadvantages, such as inefficiency to destroy some specific microorganisms,
difficulties in the storage or transportation of chemical ingredients, harmful sediments
that remain after the chemical process, the corrosive effects of chemical reactions on the
system (need for maintenance). As an alternative, another method is using ultraviolet
(UV) disinfection to have microbiologically clean water. Many studies have shown that UV
radiation can influentially kill and deactivate pathogenic microorganisms [4,5]. Therefore,
UV disinfection has several advantages compared to chemical water disinfection, including
lack of chemical addition and harmful disinfection by-products formation, as well as
its effectiveness on chemical-resistant bacteria [6]. In literature, there are many water
disinfection systems utilizing UV radiation and they can be evaluated in two different
aspects: electrical power source and UV light source.
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Certain UV water disinfection systems use photovoltaic panels [7,8], and the electric
network as an electrical power source. Photovoltaic-panel-powered systems typically
require photovoltaic (PV) cells-based solar energy which makes them fragile and so un-
suitable for extreme conditions. Battery-powered systems have a very limited lifetime due
to the capacity of battery cells, or size and weight constraints of the battery. Furthermore,
batteries may not be stable in extreme temperature conditions and they can pollute the
water [9]. Therefore, UV water disinfection systems powered by electrical battery cannot be
used effectively in the field. In this regard, piezoelectricity may pave the way for powering
portable UV disinfection systems. Piezoelectricity could be an effective energy harvesting
mechanism for powering portable UV water disinfection systems. It may simply generate
the required energy by applying mechanical stress, for example, simply shaking or vibrat-
ing by the user [10]. Various piezoelectricity energy harvesters have been developed and
tested so far, such as a walking charger based on piezo-electric material [11], lead–zirconate–
titanate (PZT) material, the Quick Pack (QP) actuator, the macro-fiber composite (MFC)
for recharging batteries [12], and piezoelectric energy harvesters based on vibration [13].
To some extent, even natural vibrations can be used to supply the required power for UV
water disinfection systems.

On the other hand, the type of the UV light source also plays a critical role in UV water
disinfections. Generally, UV water disinfection systems may use UV mercury lamp [14], or
concentrated sunlight [15] or UV light-emitting diode (LED) [16]. UV mercury lamp-based
systems have some disadvantages, including large physical size, narrowband radiation,
toxic ingredients (mercury) and high energy consumption [17]. Sunlight-powered water
disinfection systems require continuous sunlight, and should be large in physical size to
generate the required energy levels. Besides, the optical components of these systems are
fragile and inappropriate for harsh environments. On the contrary, UV-LED source-based
water disinfection systems provide not only a wide UV radiation spectrum in order to attain
higher disinfection performance, but also consume less power with their relatively smaller
physical size. Therefore, UV water disinfection systems employing piezoelectric-based
electric power along with UV-LED sources may provide sustainability and portability,
as well as efficiency. A patent owned by one of the authors has been filed recently for
such a system design [18]. The proposed system generates its power using piezoelectric
harvesting-based electrical power generated simply by user shaking.

This paper elaborates on the design and parametric optimization of the system in [18].
It is intended to have optimal design parameters of the system for possible mass production.
The proposed design has three distinctive sub-systems, namely, mechanical sub-system,
piezoelectricity-based energy harvesting sub-system, UV-LED disinfection sub-system.
Then, from the design and optimization point of view, the system is quite complicated,
and involves a mixture of geometrical, physical and biochemical parameters. Therefore,
the design parameters of each sub-system are determined first, and necessary physical-
mathematical models are developed. In this way, the overall system parameters and
the mathematical model of the system are developed. Finally, objective function (OF) is
formulated, and optimal design parameters are identified for optimal operation of the
system. To this end, Genetic Algorithm (GA) is employed in single- and multi-objective
optimizations [19,20]. The following are the major contributions of the paper:

• To the knowledge of the authors, the proposed piezoelectric-powered portable UV-
LED water disinfection system is the first reported in the literature. This has been
proven by the filed patent search where only a high-level design of the system is
presented.

• The work elaborates the system design, including mechanical, electrical and chemical
aspects and/or sub-systems.

• The paper develops the mathematical-physical model of the overall system in the
form of objective functions (OF) and provides an optimal design for any targeted
parameters by employing Genetic Algorithms (GA).
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The remainder of this paper is structured as follows. Section 2 briefly describes
the operation of the proposed system along with the sub-systems. Section 3 develops
mathematical-physical models of the proposed system, and formulated sub-systems in
detail. Section 4 presents a derivation of objective functions (OF) based on the results
of formulations in Section 3, and implementation of GA for optimal parameter settings.
Section 5 presents some of the results and discussions. Finally, conclusions are drawn in
Section 6.

2. Operation of the Disinfection System

A general system overview of the piezoelectric-powered portable UV-LED water disin-
fection system is already presented in [18]. Apart from this, here, operation of the system is
presented briefly. The proposed system, basically, is a portable water storage system (just like
a canteen) that can be used for disinfecting drinking water without any battery or external
power unit as well as any chemical component (eco-friendly design). The system comprises
three main components, body, moving block and drinking glass. The body consists of two
interwoven hollow cylinders. The outer cylinder functions as the shell of the system while
the inner cylinder is simply a placeholder for the drinking glass. Moreover, there are two
piezoelectric blocks for energy harvesting—one on the inner sole of the shell and the other on
the outer sole of the inner cylinder. The moving block is free-running and is embedded tightly
in between the hollow cylinders. Finally, the drinking glass is placed inside the inner cylinder
for storing the drinking water. A technical drawing illustrating the main components of the
system is shown in Figure 1. The system starts operation by shaking, i.e., shaking up and
down by the user. Meanwhile, the bottom of the moving part hits the piezoelectric blocks with
which mechanical energy is simply converted into electrical energy. The generated electrical
energy is continuously stored in a supercapacitor which is an integral part of the piezoelectric
energy harvester. The voltage level of the supercapacitor is displayed to the user so that they
can stop shaking at a pre-defined voltage charging level (max) of the supercapacitor. Once
the voltage level is reached, the required energy is ready for use, and the user can press the
button to ignite UV-LED radiation for the disinfection process. The disinfection continues
until the voltage level of the supercapacitor reaches the pre-defined level. Shown in Figure 2
is a simple diagram of the electronic circuit of the system. The following section describes the
physical-mathematical model of this flow, and concludes with the optimal design parameters.
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Figure 2. A simple diagram of the electronic circuit of the system.

3. Modeling of the System

Before describing the system, it is necessary to briefly mention the modeling consid-
erations. Firstly, the system is assumed to be watertight. Another assumption is that the
piezoelectric ceramics have identical properties in terms of the thickness and diameter. In
addition, system performance degradation due to the lifecycle of the ceramics is neglected.
It is also assumed that the UV-LEDs are expected to radiate at the desired energy level.
Moreover, the variations on the performance of piezoelectric ceramics and UV-LEDs in
different temperature and humidity conditions are ignored. Furthermore, during the con-
version of mechanical energy to electrical energy, the piezoelectric ceramics are expected to
work with maximum efficiency. On the other hand, the moving block used in the system is
expected to be operated without any friction. For this reason, the forces of friction have not
been taken into account.

The disinfection system is composed of three sub-systems: mechanical system, piezo-
electric energy harvesting system, UV-LED disinfection system. The mechanical system
represents entire-system mechanics as well as the generating of electrical energy by trans-
ferring the user’s hand shaking into the piezoelectric energy harvester.

3.1. Mechanical System

The mechanical system consists of various mechanical parts, and the most critical
component is the moving block as illustrated in Figure 1. It simply applies a continuous
force to the piezoelectric blocks by user shaking. This results in energy harvesting by the
piezoelectric blocks. As mentioned in the previous section, two piezoelectric blocks are
used for energy harvesting. One is located at the bottom of the moving block while the
other is placed on the moving block. It is worth noting that it is unnecessary to define the
dimension of the piezoelectric blocks as it does not directly affect the performance of the
system. Then, the force induced (F) can be given simply by mass of the moving block (m)
and shaking acceleration (a) as

F = m a. (1)

where it is important to note that the system is independent from the forces of gravity
because the moving block becomes motionless while shaking the system. In this case,
user’s hand balances the force, and hence, only the shaking acceleration holds.
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Furthermore, the term m can also be calculated by using the outer–inner radius of the
block (r1, r2), the height of the block (h1), as well as the material density of the block (ρ)
as follows

m = ρ
(

πr2
1h1 − π r2

2h2

)
(2)

where, as shown Figure 3, h2 is the height of the lower block which can be expressed as

h2 = h1 − (r1 − r2). (3)Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 15 
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After substituting Equation (3) in Equation (2), the term m can be calculated by

m = ρ π
[

h1(r2
1 − r2

2

)
+ r2

2 (r1 − r2)]. (4)

The range of acceleration can be estimated experimentally. To this end, a mobile
accelerometer application may work well. For this purpose, a water bottle (1.5 kg) and
a smartphone (0.18 kg) in combination were shaken up and down while the application
recorded the acceleration continuously. The mean value and standard deviation of the
acceleration were calculated in order to estimate the approximate range of the acceleration.
Base radius of the transparent drinking glass is also important for the UV radiation dosage.
It should be slightly smaller than the inner radius of the moving block. Overall, considering
the typical size of similar water storage systems (for example, a canteen), Table 1 shows
some typical values and the ranges of the mechanical system parameters.
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Table 1. Mechanical System Parameters.

Parameter Value/Range

Shake acceleration 25 ≤ α ≤ 35 m/s2

Height of the moving block 0.06 ≤ h1 ≤ 0.1 m
Outer radius of moving block r1 = 0.036 m
Inner radius of moving block 0.031 ≤ r2 ≤ 0.035 m

Floor radius of the drinking glass r3 = 0.03 m
Density of the block constituent (steel alloy 3D filament) ρ = 3500 kg/m3

3.2. Piezoelectric Energy Harvesting System

Vibrations are quite typical in energy harvesting. The piezoelectric energy harvester
is naturally capable of transforming mechanical energy, such as vibrations, into electrical
energy [21,22]. Various piezoelectric energy harvesters have been developed [23–25]. Piezo-
electric energy harvesters are quite appropriate for portability, and thus for environmentally
friendly (eco-friendly) applications. Therefore, the proposed system uses a piezoelectric
energy harvester. It is simply composed of piezoelectric blocks, a full-wave bridge rectifier,
and a supercapacitor. This structure can also be evaluated by using more complex electronic
components such as over-voltage protection circuit, IC full-wave bridge rectifier, filters, etc.
However, the presented version of the electrical system is quite functional and available.

In the system, the piezoelectric blocks are subjected to mechanical pressure while
the moving block moves up and down with user shaking. In every hit of the moving
block, the piezoelectric materials generate certain amounts of AC signal [26]. Next, the AC
signal is rectified by a full-wave bridge rectifier (with two additional diodes for reverse
voltage), and the DC signal is stored in the supercapacitor. The supercapacitor must operate
in a wide range of temperatures, and it should have a high charge–discharge efficiency
as well as long lifetime [27]. In this regard, the supercapacitors which are classified in
IEC/EN 62391-1 Class 2 as an energy storage component could be an appropriate choice for
piezoelectric energy harvesting application. Here, the minimum voltage (VS) and energy
capacity (ES) of the supercapacitor can be determined with respect to the optimization
result. After a short examination on relevant piezoelectric materials in the market, Navy
Type II PZT circular shape ceramics (PZT ceramic) were found to be quite appropriate for
this system [28]. Therefore, the following model uses the specifications of this ceramic.
The thickness (h3) and the diameter (RPZT) of the PZT ceramics can be used in modeling
of the system (Figure 4). Moreover, the number of PZT ceramic (N) to be used as well
as the shake frequency ( fs) should be taken into account. The shake frequency ( fs) in the
acceleration tests was around 6 Hz. However, the size and weight of the smartphone and
water bottle pair may be slightly smaller than the targeted size of the system. Then the
range of the shake frequency must be a little bit smaller. Overall, Table 2 lists the range of
the parameters for the piezoelectric harvesting system.
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Table 2. Piezoelectric Energy Harvester Parameters.

Parameter Value/Range

Thickness of PZT ceramic 0.001 ≤ h3 ≤ 0.003 m
Diameter of PZT ceramic 0.01 ≤ RPZT ≤ 0.02 m
Number of PZT ceramic 0 < N ≤ 10
Bottle shake frequency 3.5 ≤ fs ≤ 5.5 Hz

Mathematical modeling of a piezoelectric energy harvester was already developed
in [29]. Following the derivations along with lower frequency operation of the proposed
system, the output (mechanical) power of the piezoelectric energy harvester can be simpli-
fied to

P = m ζ VS
2
(

ws

wn

)
w3

s (5)

where ζ is the transducer damping factor, wn is the resonant angular frequency, ws is
the shaking angular frequency (2π fs), VS is the amplitude of the sinusoidal shaking (in
voltage) [30]. Other parameters in Equation (5) can be given as follows:

wn = 2πNT/h2 (6)

where NT is the frequency constant (2040 m/s), and

VS[V] =
4g33h3F
πR2

PZT
(7)

where g33 is the piezoelectric charge constant (24.8 ×10−3 Vm/N).

3.3. UV-LED Disinfection System

UV disinfection is a well-known technique that neutralizes or kills harmful microor-
ganisms with UV-C band radiation. UV-C beams prevent harmful activations of microor-
ganisms by damaging protein structures such as DNA, RNA, enzymes [31,32]. Typically,
DNA/RNA protein structures have an absorption range of 200–300 nm with a peak around
260 nm [33]. However, some of the microorganisms have DNA repair mechanisms [34].
The DNA repair mechanism can be destroyed by breaking the repairing enzymes with
more absorbable UV radiation [35,36]. For all these, the energy dose (DUV) plays a critical
role, and it is defined by the Bunsen–Roscoe reciprocity law as follows [37].

DUV = Radiation Intensity
[
W/m2

]
·Exposure Time[s]. (8)

In the proposed system, two UV-LEDs at two different wavelengths, 255 nm and
280 nm, are employed. The lower is for DNA and RNA disinfection, while the higher is for
breaking DNA–RNA repair enzymes. Based on the standards for UV mercury lamp-based
(254 nm) UV water disinfection [38], the bounds of the most appropriate dosage can be
estimated roughly within a safety margin of 15%. The list of the microorganisms and
estimated dosages are well-documented for water disinfection systems in [4]. Then, UV-
LED power consumption (Pd) and UV-LED flux power (φ) can be estimated accordingly, as
shown in Table 3. The ranges could still be improved based on experimentation.

Table 3. UV-LED Parameters.

Parameter Value/Range

UV-LED power consumption 1.5 ≤ Pd ≤ 2.5 W
UV-LED flux power 0.0025 ≤ φ ≤ 0.08 W

UV dosage DUV = 792 W·s/m2
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4. Optimization

The system presented in the previous sections aims to generate electricity using human
arm motion via a piezoelectric energy harvester and then use the generated energy for
UV water disinfection. Then, human arm dynamic can be considered as an input while
successful disinfection of certain amount of water, or corresponding UV dosage, could be
the output (disinfection performance). However, from the user’s point of view, as well
as mass production, the cost of the system is also an output parameter for the targeted
disinfection performance. In fact, there may be many other parameters in the optimal
design of the system. The goal of this section is to demonstrate the applicability of the
optimization with some major parameters described above.

4.1. Feasible Objective Functions (OFs)
4.1.1. Shake Duration

From the user’s point of view, the first objective function (OF) could be the shake
duration (TS). This helps to estimate the optimal shake duration for typical values of all
design parameters. The OF can be derived based on the mechanical aspects as well as the
energy harvesting and the targeted disinfection performance of the system. Firstly, since
identical PZT ceramics are used in the system, the harvested energy can be written as

Eh = P N TS (9)

where N is the number of PZT ceramics and TS is the shake duration.
Next, the dissipated energy can be written as

Ed = Pd Td (10)

where Pd is the average power of UV-LED, Td is the duration of the disinfection process,
which also corresponds to Exposure Time in Equation (8). Thus, based on Equation (8), Td
can be calculated in terms of the predefined UV dosage along with UV-LEDs flux power
(φ) via

Td = π r2
3 DUV/φ (11)

where DUV is the UV dose given in Table 3. Therefore, Equation (10) can be re-written as

Ed =
2.25 Pd

φ
. (12)

Using Equations (9) and (12), and inserting the power in Equation (5), the shake
duration can be calculated as follows

TS =
2.25 Pd
P N φ

. (13)

In the system, the amount of the harvested energy is directly proportional to the shake
duration. Therefore, it is expected to have equal amounts of the harvested and dissipated
energy in ideal conditions. Then, by expanding the terms using Equations (1)–(7), the
power, P, can be obtained as

P =
1.61 × 106 h3

3
(
1.296 × 10−3 h1 − h1r2

2 + 3.36 × 10−2 r2
2 − r3

2
)3 f 4

s a2

R4
PZT

. (14)

The shake duration can be then written as

TS =
2.25 PdR4

PZT

1.61 × 106 N φ h3
3
(
1.296 × 10−3h1 − h1r2

2 + 3.36 × 10−2 r2
2 − r3

2
)3 f 4

s a2
. (15)
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4.1.2. Cost of the System

The cost of the system is highly dependent on two main components, UV-LEDs and
PZT ceramic. Besides, these components have a major role both in piezoelectric energy
harvesting and UV disinfection. The next OF, the cost of the system, can then be derived
based on the market price variability of these components. Firstly, considering market
prices of PZT Navy Type II ceramic of $4–5, the cost of the ceramic can be formulated, as a
linear function of the number of ceramics (N), as follows

C1 = 4.5N. (16)

Next, the market price of UV-LED is highly dependent on the flux power (φ) of UV-
LEDs which was discussed in the previous section. As per the dosages given in Table 3,
and considering the market prices of UV-LEDs of $9–50, the cost of two UV-LEDs (one
UV-LED per each band) can be given as

C2 = 529φ. (17)

Then, the overall cost of the system can be given as

C = 4.5N + 529φ. (18)

4.2. Solution Method

Genetic Algorithm (GA) is utilized in optimizations. GA simply focuses on mini-
mizing the OF with the constraints of the input parameters [39]. GA optimization has a
process flow as shown in Figure 5. The first step is the generation of initial populations.
Initial populations (chromosomes) are selected randomly depending on the constraints.
The second step is fitness evaluation where the OF is evaluated using each chromosome,
and results are scaled. Then, the evaluated chromosomes are selected to create the new
generation regarding their fitness performance. There are a few selection methods available,
and the stochastic uniform selection is utilized in this study. It provides diversity in the
population and so it prevents inadequate preterm convergence [40]. Next, the crossover
process begins following the selection of fittest parent chromosomes. The crossover is em-
ployed to interchange some of chromosomes to create a new-generation offspring. Finally,
mutation starts to change chromosomes randomly. Both the crossover and the mutation
are executed with regards to the constraints of the parameters. All processes are executed
repeatedly until the targeted termination criteria. In the optimization process, MATLAB
2020a Global Optimization Tool is used. GA optimization parameters are presented in
Table 4.

Table 4. Genetic Algorithm (GA) Optimization Parameters.

Parameter Value/Range

Population size 50
Creation function Constraint-dependent
Selection function Stochastic-dependent

Crossover function Constraint-dependent
Mutation function Constraint-dependent
Function tolerance 1 × 10−8

Constraint tolerance 1 × 10−8
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5. Results and Discussion

Firstly, single-objective optimization is performed using GA. In this case, the cost of
the system is ignored, and the shake duration is taken as the OF. The minimum shake
duration along with the optimal set of the parameters are determined based on the range
of the constraints of the input parameters. Shown in Figure 6 is the variation of fitness
value in GA optimization.
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The best fitness value of TS is found to be 15.34 s in the 375th generation. Then, GA
optimization helps to generate the optimal values of the design parameters (the first nine
parameters in the table) along with the derived parameters (the last five parameters in the
table), as shown in Table 5.

Table 5. Optimal System Parameters (Objective Function (OF): Shake Duration).

Parameter Value

Power dissipation of UV-LEDs (Pd) 1.5 W.
Number of PZT ceramic (N) 10

Fx power of UV-LEDs (φ) 0.08 W
Bottle shake frequency ( fs) 5.5 Hz

Bottle shake acceleration (α) 35 m/s2

Height of the moving block (h1) 0.1 m
Piezoelectric ceramics thickness (h3) 0.003 m
Inner radius of the moving block (r2) 0.031 m
Piezoelectric ceramic diameter (RPZT) 0.01 m

Mass of the moving block (m) 0.42 kg
Applied force on PZTs (F) 14.74 N

Generated voltage (V) 13.96 V
Total harvested energy (Eh) 42.19 J

Supercapacitor min. voltage (VS) 13.96 V
Supercapacitor min. energy capacity (ES) 42.19 J

Disinfection duration (Td) 27.9 s

It should be noted that the piezoelectric harvester generates 42.19 J of electrical energy
within a shaking duration of 15.34 s. Then, the stored energy is dissipated by the UV-LEDs
within 27.9 s to achieve the target disinfection performance. This optimal set of parameters
may give an idea of the cost of the system. However, it would be better to optimize the cost
and shake duration together. Next, multiple-objective optimization is applied by including
the cost of the system. In this case, both objective functions (the shake duration and the
cost) need to be solved together. Therefore, the shake duration and the cost are considered
as the main criteria for the cost scenarios. Having considered various user expectations as
well as the variability of the component cost in the market, there may be three different
cost scenarios (low, typical or moderate, high). By inspecting the range of the cost and the
shake duration, it is found that there are 175 different pairs of cost and shake duration.
Among these pairs, a threshold value for the cost is determined for the low, moderate and
high scenarios, respectively. More specifically, the low-cost scenario corresponds to the
pairs with the lowest cost and the highest shake duration, whereas the high-cost scenario
corresponds to the pairs with the lowest cost and the lowest shake duration. Besides, the
moderate cost scenario corresponds to the mean value of the costs. The multi-objective GA
optimization is shown in Figure 7 where all these pairs are considered. Then, the optimal
values of the design parameters are derived as listed in Table 6. It should be noted that
both the shake duration and the cost ranges present variability, and extreme values might
indicate lower and upper parametric bounds. For more applicable values in between the
extreme values, some more parameters need to be considered, and further fine-tuning
would be possible.
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Table 6. Optimal System Parameters for Three Cost Scenarios.

Parameter
Cost Scenario

Low Moderate High

C ($) 5.82 34.39 87.32
TS (s) 5040 100.6 15.4

Pd (W) 1.5 1.5 1.5
N 1 4 10

φ (W) 0.0025 0.034 0.08
fs (Hz) 5.49 5.49 5.5

α (m/s2) 34.98 34.99 35.0
h1 (m) 0.099 0.1 0.1
h3 (m) 0.003 0.003 0.003
r2 (m) 0.031 0.031 0.031

RPZT (m) 0.01 0.01 0.01
Td (s) 895.7 65.9 27.9

6. Conclusions

In this study, the design and optimization of a piezoelectric-powered portable UV-
LED water disinfection system were presented. Operation of the proposed system was
described based on the filed patent of the first named author. Physical-mathematical
models of mechanical, electrical and biochemical components of the system were fully
developed from the design point of view. Then, the models were used in optimization of
the design parameters. The results of single and multi-objective optimization employing
Genetic Algorithm (GA) were presented. Finally, the design parameters were derived for
three different cost scenarios. The cost of the system and the shake duration were taken
as critical design parameters. For the three cost scenarios, optimal shake duration was
quite diverse, ranging from 5040 s to 15.4 s. However, it should be noted that the impact of
some other parameters both on the cost and the shake duration might also be considered.
This paper elaborates on the full theoretical design and modeling of the system, and the
realization of the system might require further engineering work.
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