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Over the past decade, a significant effort has been focused 

on the optimization and lightweight design of battery�pack 

systems. Hartman et al. optimized a battery�pack design to 

improve its natural frequencies. The new design increased 

the stiffness of the battery pack and reduced its weight by 

20 % (Hartmann et al., 2013). Kaleg optimized the design 

based on aluminum material and found the 2 mm aluminum 

5052�0 material as optimum for battery�pack enclosure 

(BPE), reducing its mass by 6.51 kg (Kaleg, 2016). Wang et 

al. presented a multi�objective topology optimization method 

to achieve a new BPE structure with enhanced static and 

dynamic performances (Wang et al., 2016). Lin et al., 

provided a multi�objective optimization procedure for a 

BPE using metamodel technique and particle�swarm� 

optimization algorithm to minimize the total mass and 

maximize the restrained basic frequency (Lin et al., 2016). 

Chen et al., presented a lightweight design of a multi� 

material BPE, using carbon fibre reinforced plastics (CFRP) 

as the battery case and aluminum alloy material as the 

frame structure (Chen et al., 2017a). Schludi and Joos 

indicated that fiber composite material can be used for BPE. 

This material has advantages of low weight meeting all 

safety, stiffness, and thermal management demands (Schludi 

and Joos, 2019). Pal et al. proposed a cold spray technology 

to improve the mechanical performances of the BPE, 

including maximizing the minimum natural frequency and 

minimizing the maximum deformation (Pal et al., 2020).�

Advanced high�strength steels (AHSSs) have been 

increasingly used owing to their advantages of reduced total 

cost compared to other materials such as aluminum alloys 

and CFRP. Lightweight BPE can alternatively be obtained 

using AHSSs (Chen and Zhao, 2019; Chen et al., 2019). �

In this study, lightweight BPE design was achieved using 

AHSS and size optimization, taking account of the detailed 

enclosure structure. The lightweight design considers 

materials and thickness optimization under the random 

vibration analysis, the fixed�frequency vibration analysis, 

the mechanical shock analysis, and the fatigue life analysis. 

Further, the crashworthiness performance of the optimized 

enclosure was verified by crush and crash simulations based 

on the standard test (Ministry of Industry and Information 

Technology of the People's Republic of China, 2020). The 

presented numerical analysis procedure could be used to 

quickly determine the material and thickness of each 

component of the BPE for meeting lightweight design and 

enhanced dynamic performance.�

�
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Finite element method (FEM) was used to generate detailed 

distributions of stress and strain of a BPE under the 

vibration, the mechanical shock, and the crashworthiness. 

The physical and geometrical features of actual objects 

should be described accurately for better reliability of the 

results calculated by the FEM. The basic idea was to 

discretize continuous geometry into finite elements and set 

finite nodes so that the continuous structure can be 

recognized as a set of elements connected only at nodes. In 

order to control and reduce errors, the FE model should 

meet performance indicators such as reliability, accuracy, 

and robustness. The governing partial differential equations 

of the FE model were derived by the virtual power method 

or principle of minimum potential energy (Zienkiewicz et 

al., 2014):�

�

��� ��� � 	�
 ��� � ����� � ���� ����

�

where matrix M represents the mass matrix of the FE model, 

matrix C and K represent the stiffness and damping 

matrices, respectively, and terms q(t) and F(t) contain the 

nodal displacements and applied forces, respectively.�

Figure 1 shows the structure of the BPE investigated in 

this study. �

The BPE contains an upper and a lower enclosure fixed 

and sealed by screws and sealing. The lower enclosure has 

a complicated structure containing a bracket, a crossbeam, a�

�

�

�

Figure 1. Structure of the BPE.�
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Component� Material� Thickness 

(mm)

Upper bracket Carbon steel DC01� 1.6

Lifting ear Carbon steel DC01� 2.5

Bottom shell Carbon steel B280� 1

Lower support 

crossbeam

Carbon steel DC01� 1.5�

Crossbeam Carbon steel DC01� 1.8

Connecting bracket Carbon steel B340� 2.5

Short bracket Carbon steel DC01� 1.8

Long bracket Carbon steel DC01� 2

Lower support �

stringer

Carbon steel DC01� 2�

Stringer Carbon steel B280� 1.8
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Material�

Yield 

strength 

(MPa)�

Tensile 

strength 

(MPa)�

Elastic 

modulus 

(GPa)�

Poisson 

ratio�

Density 

(kg/mm
3

)

Carbon 

steel DC01�

130�260� 270�410� 207� 0.3� 7.85×10
−6

Carbon 

steel B210�

210�310� ≥390� 206� 0.25�0.3� 7.90×10
−6

Carbon 

steel B280�

280�420� ≥440� 206� 0.25�0.3� 7.90×10
−6

Carbon 

steel B340�

340�420� 410�510� 206� 0.25�0.3� 7.90×10
−6

Carbon 

steel 

06Cr19Ni10�

≥205� ≥520� 206� 0.25�0.3� 7.93×10
−6

Aluminum 

YL112�

165� 320� 70� 0.33� 2.74×10
−6

Plastic 

SMC�

80�120� 135�250� 8� 0.3� 1.85×10
−6

�

�

bottom shell, connecting brackets, stiffeners, an 

accompanied circuitry, and a heating and cooling system.�

The materials used for the components are mainly DC01, 

B210, B280, and B340. The upper enclosure is made from 

carbon�fiber reinforced plastic to provide lighter weight, as 

it bears little external forces and shocks. The materials used 

for the main components are shown in Tables 1 and 2. �

The thickness of each component ranges from 1 mm to 3 

mm, and its aspect ratio is much larger than the thickness. 

Thus, the BPE can be modeled using the shell element. For 

the battery packs, a homogenization model was used, 

because the centralized mass model will increase the 

frequency error. Figure 2 shows the FE model of the BPE 

after the geometric cleanup.�

If the nodal displacements q(t) that are the so�called 

primary variables are determined, the structural 

deformation, the strain and the stress, which are the 

secondary variables, can be easily calculated by the 

following equations:�

�

�

�

Figure 2. FE model of the BPE.�
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�

where for 2D finite elements, the elastic matrix D can 

be expressed by the following expression:�

�

� � �

���
�

�
1 � 0
� 1 0
0 0 ���

�

�� �0��

�

�����������1� �2�3����������1����������

The model verification in FE analysis is one of the 

necessary processes, guaranteeing the credibility and 

validity of the numerical results. Model verification and 

validation ensure that the model meets intended 

requirements in terms of the methods used and the obtained 

results, indicating that in the applicable range, the FE model 

can support subsequent analysis and have satisfactory 

calculation accuracy.�

The credibility of the FE model was ensured by 

performing some preliminary checks such as whether the 

material attributes are correctly assigned, the boundary 

constraints are properly defined, and the overall geometric 

model and related elements are accurate. Moreover, 

parameters such as warpage, internal angle, Jacobi, and 

aspect ratio of the grid also need to be adjusted and 

optimized to guarantee the accuracy of the FE model. 

Through the computer�aided accuracy check, 99.9 % finite 

elements were qualified. The FE model contained 90679 

2D elements, 87141 of which were quadrilateral elements 

(96.1 %) and 3538 were triangular elements (3.9 %).�

When a high quality FE model is established, some 

simple dynamic analysis should be conducted to ensure the 

mathematical accuracy of the model. In this section, the 

numerical results of the constrained modal analysis will be 

compared to the bench test to verify the effectiveness and 

validity of the established FE model. The modal analysis 

can predict the structures’ main modal characteristics of 

each order in a certain frequency range that may be affected. 

The actual vibration response of the structure under the 

effects of external or internal vibration sources in the 

frequency band was predicted by the modal analysis. In the 

modal simulation, the boundary conditions need to be 

imposed based on the actual installation to reflect the most 

realistic results. The BPE was fixed to the chassis by bolts, 

thus the mounting holes at both ends of the BPE bracket 

need to be fixed. By performing the constrained modal 

analysis, the corresponding natural frequencies were 

obtained as 31.2, 42.0, 44.5, 55.9, 62.1, and 64.9 Hz. The �
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Order� Frequency 

(Hz)�

Mode description�

1� 31.2� Local vibration at the tail of the 

upper cover and the tail of the 

bottom shell�

2� 42� Local vibration in the middle of 

the upper cover�

3� 44.5� Local vibration in the middle of 

the bottom shell�

4� 55.9� Local vibration in the middle of 

the upper cover�

5� 62.1� Local vibration of upper cover�

and upper bracket�

6� 64.9� Local vibration between the upper 

cover and the upper bracket�

�

�

natural frequencies and modes of vibrations are listed in 

Table 3.�

The first�order natural frequency was measured as 32 Hz 

by the bench test. The difference between the numerical and 

test results was approximately 2.5 %, which is acceptable 

for most of engineering problems, verifying the validity of 

the nonlinear FE model. Therefore, this FE model could be 

used for the further dynamic simulations.�

�

���	����������������������
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The vibrations from the acceleration, deceleration, and the 

road environment will transfer to the vehicles and will 

inevitably affect the components on the chassis, such as 

battery packs and enclosure. The vibration simulation can 

simulate the vibration environment during the actual 

driving period and analyze the stress and strain of 

components to provide a reference for the design of vehicle 

components (Hong et al., 2014; Lang and Kjell, 2015).�

The Z�axis random vibration of the BPE is the most 

severe case, and will be analyzed by the FE model to 

initially identify the materials and thickness of the 

enclosure components. Further, the fixed�frequency 

vibration analysis, the mechanical analysis, and the fatigue 

life analysis were carried out to optimize the materials and 

thickness selection. Finally, the crashworthiness 

performance of the optimized BPE was verified by crush 

and crash simulations. The entire analysis procedure is 

shown in Figure 3.�

The frequency responses of the BPE was determined 

based on the random vibration analysis. The standard 

deviation of the displacement and stress can be obtained, 

providing a basis to investigate the durability of the BPE. In 

this section, the random excitation applied to the BPE 

referred to the test standard. The power spectral density is 

shown in Table 4. The random vibration test time was 

optimized by the test stress collection verification, 

simulation analysis, and feasibility analysis and found as 12 

h based on the equivalent damage theory (Ministry of 

Industry and Information Technology of the People's 

Republic of China, 2020).�

�

�

�

Figure 3. Analysis procedure of BPE.�

�

�
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Frequency (Hz)� PSD in 

Z�axis�

PSD in 

Y�axis�

PSD in 

X�axis

5 0.015� 0.002� 0.006

10 / 0.005� /

15 0.015� /� /

20 / 0.005� /

30 / /� 0.006

65� 0.001� /� /�

100� 0.001� /� /�

200� 0.0001� 0.00015� 0.00003�

Root mean square 

(RMS)�

0.64 g� 0.45 g� 0.50 g�

�

�

������0������ ����. �.� ���!��

Material Yield

strength

(MPa)

Tensile

strength

(MPa)

Elastic�

modulus�

(GPa)�

Poisson�

ratio�

Density

(kg/mm
3

)

590 DP 398� ≥590 210� 0.3� 7.83×10
−6

780 DP 550� ≥790 210� 0.3� 7.83×10
−6

980 DP 784� ≥980 216� 0.28� 7.80×10
−6
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Item� Z�axis� Y�axis X�axis

Fixed�frequency amplitude� ±1.5 g� ±1.0 g� ±1.0 g

Fixed�frequency� 24 Hz� 24 Hz� 24 Hz

Duration� 1 h� 1 h� 1 h

�

�

�����������9�����!� �!!��2�3��.�����!��

Component� Material� Thick�

ness 1 

(mm)

Maxi��

mum�

stress �

(MPa)�

Thick�

ness 2 

(mm)

Maxi�

mum

stress

(MPa)

Upper �

bracket�

980 DP� 1.4� 444.1� 1.4� 389.8

Lifting �

ear�

780 DP� 2.3� 288.6� 2.2� 448.9

Bottom �

shell�

780 DP� 0.8� 339.9� 0.8� 395�

Lower 

support 

crossbeam�

780 DP� 1.3� 170.5� 1.2� 417.3

Crossbeam� 780 DP� 1.6� 213.9� 1.5� 404.6

Connec��

tingbracket�

B340� 2.5� 86.9� 2.5� 86.4

Short �

bracket�

780 DP� 1.6� 185.4� 1.5� 341.5

Long �

bracket�

780 DP� 1.8� 354.4� 1.7� 361.4

Lower �

support 

stringer�

780 DP� 1.3� 591.1� 1.2� 1153.1

Stringer� B210� 1.8� 204.9� 1.8� 338.9

�

component. The parameters of the fixed�frequency 

vibration analysis according to the test standard are shown 

in Table 7.�

In the fixed�frequency vibration analysis, the Z�axis faces 

the most severe stress. Thus, the thickness was initially 

determined by the random vibration analysis and the 

numerical results are shown in Table 8.�

Table 8 shows that the maximum stress (1153.1 MPa) 

occurs at the lower support stringer. Thus, the first thickness 

section was selected for use, because the maximum stress 

(591.1 MPa) is lower. The thickness of the lower support 

stringer returned to the original value without any thinning. �

In a similar way, the material and thickness of each 

component were determined for the new model which was 

again verified by the random and fixed�frequency vibration 

analysis. The numerical results show that the final selection�

�

������:��"� �!!��2�3��.�����!��

Component� Material Thick��

ness�

(mm)�

Maximum stress (MPa)

Random�

vibration�

Fixed��

frequency

vibration

Upper bracket 980 DP 1.4� 231.5� 435.6�

Lifting ear� 780 DP 2.3� 148.8� 280.2�

Bottom shell� 780 DP 0.8� 119.2� 326.8�

Lower support 

crossbeam�

780 DP 1.3� 149.6� 146.9�

Crossbeam� 780 DP 1.6� 60.8� 193.8�

Connecting 

bracket

B340 2.5� 34� 84.3�

Short bracket� 780 DP 1.5� 69.3� 156.3�

Long bracket� 780 DP 1.8� 126.8� 343.7�

Lower support 

stringer

780 DP 1.5� 94.9� 461.4�

Stringer� B210 1.8� 88.2� 198.4�

�

�

�

(a) Upper bracket�

�

�

(b) Long bracket�

�

�

(c) Bottom shell

�

(d) Stringer

Figure 5. Contour plot of stress in random vibration.�

�

�

�

(a) Lifting ear�

�

�

(b) Long bracket�

�

�

(c) Cross beam

�

(d) Bottom shell

Figure 6. Contour plot of stress in fixed�frequency 

vibration.�
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of materials and thickness met the random and fixed� 

frequency vibration requirements. The stress of the main 

components are shown in Table 9, and the contour plot of 

stress is shown in Figures 5 and 6.�

�
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The BPE experiences a time�varying complex load because 

of the large�scale spatial movement during the actual 

driving period. In addition to meet higher strength and 

stiffness requirements, it also needs to have a long life cycle. 

Therefore, fatigue life analysis is important for the BPE to 

ensure the vehicle safety (Zhao et al., 2014).�

Fatigue life analysis was performed by the frequency 

domain method, counting the load information from the 

perspective of probability statistics and using PSD to 

describe the statistical characteristics of random vibration 

loads. It has advantages of simple idea and less calculation 

(Yang et al., 2019). Figure 7 shows the flowchart of the 

random vibration fatigue life analysis.�

�

�

�

Figure 7. Flow chart of fatigue life analysis.�

�

�

�

Figure 8. PSD curve for fatigue life analysis.�

The frequency response was analyzed in advance to 

obtain the response of the BPE under a unit acceleration 

load, i.e., the transfer function. By introducing PSD 

excitation and material fatigue characteristic curve, the 

obtained results were subjected to random vibration fatigue 

analysis to predict the fatigue life. The PSD curve is shown 

in Figure 8. According to random vibration equivalent 

fatigue accelerated strengthening theory, a comprehensive 

PSD spectrum was obtained for the fatigue analysis by 

normalizing the road surface with the largest RMS value of�

�

�

��������������	�����2���2�3��.�����!��

Component� Material Thickness 

(mm)�

Fatigue life (s)

Upper bracket 980 DP 1.4� ≥ 2.2×10
6

Lifting ear 780 DP 2.3� ≥ 3.3×10
6

Bottom shell 780 DP 0.8� ≥ 4.04×10
8

Lower support�

crossbeam

780 DP 1.3� ≥ 3.4×10
6

�

Crossbeam 780 DP 1.6� ≥ 1.0×10
30

Short bracket 780 DP 1.5� ≥ 1.0×10
30

Long bracket 780 DP 1.8� ≥ 5.4×10
7

Lower support 

stringer

780 DP 1.5� ≥ 4.4×10
9

�

�

�

�

(a) Upper bracket�

�

�

(b) Bottom shell�

Figure 9. Fatigue life cloud diagrams.�
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vibration energy for various road surfaces. The target test 

time (12 h) is based on a harsh acceleration factor of 5, used 

to simulate the real world conditions requiring decreased 

test time and cost (Ministry of Industry and Information 

Technology of the People's Republic of China, 2020). The 

fatigue life of the main components is described in Table 10 

and Figure 9.�

The minimum fatigue life of the BPE is 2.2E+06 s, 

which is much longer than the 12 h (4.32E+04 s) required 

by the test standard. Thus, the possibility of the enclosure 

fatigue damage is quite small.�

�
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Mechanical shock occurs frequently when the BPE is 

subjected to a sudden and aperiodic excitation. The goal of 

the mechanical shock analysis is to evaluate whether the 

BPE fails when it is subjected to a series of shocks. The 

magnitude of the mechanical shock varies greatly with 

complexity, and thus it is necessary to determine weak 

points of the structures and assess the integrity of the 

structure (Brand et al., 2015). According to the “General 

Requirement of Traction Battery System for Electric 

Vehicles”, a half sine wave shock was assumed and applied. 

The acceleration is 7 g, and the impact time is 6 ms, the 

range of the shock wave is shown in Figure 10. For taking 

account of the worse cases, the most stringent curve 

(E�F�G�H) was loaded in numerical analysis. The interval 

between two consecutive impacts should not be less than 

the response caused by the shocks on the BPE. Therefore, if 

the maximum stress of a impact cycle does not exceed the 

yield strength of the material, only one cycle mechanical 

shock simulation should be required.�

The mechanical shock simulation was performed based 

on the FE model imposing the shock wave. The maximum 

stress values of each component are shown in Table 11. �

The results show that the overall structural stress of the 

BPE does not exceed the yield strength of the material. 

Figure 11 shows the contour plot of stress in mechanical 

shock analysis.�

�

�

�

Figure 10. One cycle shock wave.�
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Component� Material� Thickness 

(mm)�

Maximum 

stress�

(MPa)

Upper bracket 980 DP 1.4� 280

Lifting ear� 780 DP 2.3� 434.8�

Bottom shell 780 DP 0.8� 256.9

Lower support 

crossbeam

780 DP 1.3� 270.3�

Crossbeam� 780 DP 1.6� 179.3�

Connecting 

bracket

B340 2.5� 53.9�

Short bracket 780 DP 1.5� 309.4

Long bracket� 780 DP 1.8� 235.6�

Lower support 

stringer

780 DP 1.5� 340.8�

�

�

�

Figure 11. Contour plot of stress in mechanical shock.�

�

�

The maximum stress is 434.8 MPa, occurring on the 

lifting ear. The optimized BPE met the requirements of 

mechanical shocks.�

�
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The automotive BPE was particularly subjected to high 

stress and large deformation in crash and crush conditions, 

posing safety issues such as explosions and fires. The 

vehicle safety has always been a major factor hindering the 

development of electric vehicles, thus performing 

crashworthiness analysis for the BPE is critical (Chen et al., 

2019; Diermann and Middendorf, 2019; Kukreja et al., 

2016). In this section, the crashworthiness was numerically 

analyzed in terms of crash and crush simulations.�

The stress>strain curves are shown in Figure 12, 

determined by the Johnson>Cook constitutive model. This 

is the most common, yet simplest model to describe both 

high stress and the high strain rates of materials, as a result 

of increasing temperature. The crashworthiness was �
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�

Figure 12. Material constitutive model.�

�

�

investigated using the governing equations and explicit FE 

code LS�DYNA at both component and vehicle levels. In 

the hourglass control, the stiffness form by Flanagan� 

Belytschko, with exact volume integration, was considered, 

keeping hourglass coefficient as 0.1. This coefficient will 

lead to numerical instability effects if it exceeds 0.15. When 

the contact type was set, a penalty coefficient was used. The 

value 0.1 was selected for sliding interface penalties 

(SLSFAC). A value of 1.0 was recommended for rigid wall 

penalties, where rigid bodies interact with fixed rigid walls 

(RWPNAL).�

�
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To evaluate the mechanical damage caused by electric 

vehicle collision accidents and ensure the collision safety of 

battery packs, the crash simulation of the optimized BPE 

was performed. The crash simulation needs to be performed 

in both X� and Y�axis directions. The relevant loading 

parameters are shown in Figure 13 according to the test 

standard.�

Setting a suitable time step is critical to perform the crash 

simulation. If the time step is small, the simulation time will 

increase significantly. In contrast, if the time step is large, 

the crash simulation may be unstable, sharply decreasing 

the accuracy. In general, the maximum stable step time of 

the FE model can be approximately described as:�

�

∆� � �

�

� � 	

�

� �;��

�

where L represents the length of the FE, and ρ and E are the 

mass density and elastic modulus, respectively.�

By implementing the crash simulation, the stress and 

strain of the BPE components are listed in Table 12. The 

overall contour plot of stress are shown in Figure 14.�

The results show that the maximum stress in X�axis 

crash occurs on the bottom shell with a value of 828.7 MPa. 

Although it exceeds the yield strength of the material, it 

does not exceed the tensile strength of the material and the 

related strain is very small. The maximum stress in Y�axis�

�

(a) X�axis�

�

�

(b) Y�axis�

Figure 13. Parameters of crash simulation.�

�

�
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Component� Material Stress (MPa)� Corresponding 

strain

X�axis�Y�axis� X�axis Y�axis

Upper bracket 980 DP 609.6� 524.1� 0.0072 0

Lifting ear� 780 DP 685� 380.3� 0.0011 0�

Bottom shell 780 DP 828.7� 493.6� 0.00483 0

Lower support 

crossbeam

780 DP 689.5� 360.6� 0.00141 0�

Crossbeam� 780 DP 628.4� 287� 0.00007 0�

Connecting 

bracket

B340 157.3� 141.5� 0� 0�

Short bracket 780 DP 313.7� 367.2� 0� 0

Long bracket 780 DP 498.1� 362.4� 0� 0�

Lower support 

stringer

780 DP 601.9� 199.9� 0.00001 0�

Stringer B210 356.2� 340.2� 0.00947 0.00243

�

�

crash is 524.1 MPa, which does not exceed the yield 

strength of the material. Therefore, the optimized BPE met 

the crash requirements.�
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�

�

(a) X�axis�

�

�

(b) Y�axis�

Figure 14. Contour plot of stress in crash simulation.�

�

�
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The applied crush force emulates a vehicle accident or any 

external force that may damage the battery packs, resulting 

in high stress and large deformation. The crush test is also 

referred to as the battery enclosure integrity test, which 

needs to be performed separately in both X� and Y�axis 

directions. The extrusion speed is 2 mms
�1

 according to the 

test standard. In order to shorten the simulation time, the 

extrusion speed is usually set to 2 ms
�1

 based on 

experiences. The crush simulation stops when the extrusion 

plate reaches 100 kN or the extrusion deformation of the 

battery�pack shell reaches 30 %. The extruded plate is 

shown in Figure 15.�

Figure 16 show the results of the crush analysis. In 

X�axis direction, when the extrusion plate reaches 100 kN, 

the battery�pack case has not yet touched the module, thus 

the module will not be in danger such as leakage and�

�

�

�

(a) X�axis� (b) Y�axis�

Figure 15. Crush simulation.�

�

(a) X�axis�

�

�

(b) Y�axis�

Figure 16. Contour plot of stress in crush simulation.�

�

�

explosion. In Y�axis direction, when the extrusion plate 

reaches 100 kN, the battery�pack case slightly squeezes to 

the module, but the stress value (about 62 MPa) is small, 

thus it will not cause any damage to the module. As a result, 

the optimized model met the crush requirements as well.�

�

��������
������

In conclusion, a nonlinear FE model was established based 

on the detailed structure of a BPE. The modal analysis and 

bench test were applied to verify the effectiveness of the FE 

model. Whether the verified model can be applied to highly 

non�linear fields such as crashworthiness still requires 

bench tests. The material and thickness were primarily 

selected based on the random vibration analysis. The final 

material and thickness selection was determined by 

fixed�frequency vibration, mechanical shock, and fatigue 

life analysis. The crashworthiness performance of the 

optimized BPE was evaluated in terms of crush and crash 

simulations. The results show that the optimized enclosure 

met the requirements of vibration, mechanical shock, and 

crashworthiness and reduced the total weight by 10.41 %. �

Because of the time consuming and expensive 

experimental methods, the presented numerical method 

based on AHSSs and size optimization has some theoretical 

and practical significance. The presented result is not the 

only optimized solution, it belongs to the Parato solution set. 

The resulting Parato solution set will change with the 
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