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Abstract: The aim of this article is to determine the relation-
ships between the essential criteria for the performance
of sandwich panels and various alternative hemispherical
core designs using a hybridisation technique within the
multi-criteria decision-making method. A major reduc-
tion in core density reduced the structural integrity of
the metal sandwich panel and promoted a significant
effect of failure such as early delamination. Therefore,
an effective optimisation analysis with highly precise
determination is required to reduce the overall cost.
The output from the finite element analysis was segre-
gated into the nine main criteria that contributed to the
sandwich panel performance. The analytical hierarchical
process was used to develop a pairwise comparison matrix
table and determine the weightages for each criterion.
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FEA output was justified using Hybrid
MCDM methods based on intertwined
criteria and alternative core design

—

Potential Ideas towards Nano-
scale Hemispherical Dimple
Core design

Hemispherical Core Design for
Metal Sandwich Panel

Graphical abstract

Further analysis using the technique for order preference
by similarity to ideal solution (TOPSIS) was conducted to
find the optimal solution for the core design. The results
showed that a hemispherical dimple core design with
a diameter of 6.0 mm and a depth of 3.0 mm achieved
the highest-ranked closeness coefficient (CCi = 0.930 and
0.996) at both 70 and 50% of cyclic loading conditions.
It was concluded that using small dimensions in the
hemispherical core design configuration tends to produce
better bonding strength performance in the sandwich panel,
rather than configurations of larger dimensions. Hence, this
method proved to be effective in determining the optimum
selection, although the criteria and alternatives are inter-
twined, which complicates the process.

Keywords: AHP, core design, hybrid analysis, metal sand-
wich panel, TOPSIS

1 Introduction

A sandwich panel consists of two or more panels of either
similar or dissimilar materials, which are bonded together
using various methods such as adhesive joints, stitching,
welding or fastening, so it performs as a single sandwich

Orleans, Louisiana, United States of America panel under various loading conditions [1-3]. The
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literature indicates that the application of sandwich panels
is useful in reducing the panel weight and improving
mechanical properties such as the panel strength and
energy absorption [4-6]. However, under extreme condi-
tions — such as constant loading, variable loading or high-
velocity impact — sandwich panels are prone to experience
failures such as debonding or delamination at the bonding
layer of the panel. Metal sandwich panels such as foam,
honeycomb and lattice panels have open or closed cavities
on their body structure [7-9]. These cavities are high to
contribute to a catastrophic failure of the sandwich panel
under extreme loading conditions. Therefore, it is vital to
perform certain modifications to the core panel of the
sandwich panel, either to the core surface and/or to the
core material properties in order to maintain its structural
integrity, but without significantly reducing the core den-
sity [9,10]. This proposed design modification involves
many core design parameters and may require a highly
time-consuming process. Therefore, it would be useful to
perform an extended analysis using significant design
parameters as part of an analytical approach to reducing
the duration of the process, especially when many criteria
and alternatives are involved in the design [11-13].

The multi-criteria decision-making (MCDM) method
is a useful decision-making tool involving qualitative and
quantitative factors [14,15]. The literature shows that the
MCDM method has been suggested as a means to solve
numerous engineering problems involving many design
criteria and alternatives [16,17]. The most recent MCDM
techniques are the analytical hierarchical process (AHP)
and the technique for order preference by similarity to
ideal solution (TOPSIS). These have been used due to
their simplicity and adaptability to many engineering
problems that require finding the optimal solution from
various design parameters [18,19]. Although the AHP is
said to have been largely influenced by expert opinion, in
this study, it is compared with the finite element analysis
(FEA) results and through consistency checking, which
must be less than 0.1 to minimise bias and avoid any
inconsistency. In addition, to enhance the accuracy of
the findings, the AHP results are combined with those
of the TOPSIS analysis to develop a more effective eva-
luation process and derive the optimum and ideal solu-
tion to the design problem [20]. Thus, through this hybrid
technique, all the significant criteria for each alternative
were assessed equally and represented in terms of rank.
The highest-ranked, which was close to 1.0, was declared
to be the best (i.e., optimal) solution to the engineering
problem and was thus selected as the preferred design
solution [21]. Therefore, the core design parameters, the
results for which had been determined previously using
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the FEA, were used in the hybrid MCDM analysis to
enhance the FEA results and obtain highly accurate
results in order to determine the optimum hemispherical
core design for sandwich panel applications.

The importance of determining the optimum hemi-
spherical core design is vital for improving the failure
behaviour of metal sandwich panels. The combination
of the FEA results and the MCDM method provided a
better approach to determining the optimum design for
a core panel without involving additional costs in terms
of the manufacturing process and the time taken [22].
Using FEA, the critical parameters that can contribute
to the catastrophic failure of a metal sandwich panel -
such as delamination, tearing and buckling - can be
determined based on the localised stress distribution
and on fatigue analysis using stress life theory at the
critical region of the sandwich panel [23,24]. To further
analyse core design optimisation, it is useful to employ
the hybrid analysis using the AHP and the TOPSIS since
this can analyse and reveal all the intertwined dependent
factors [25,26]. From the previous literature, it was noted
that the MCDM method is usually used in engineering
design selection, accompanied by survey and question-
naire forms [27]. There is a lack of research that analyses
in-depth the critical factors that contribute to metal sand-
wich panel failure using the hybrid MCDM analysis method
to determine the optimum sandwich panel core design
[28,29]. This study gap made it vital to explore this topic
to improve the manufacturing process and knowledge of
the failure behaviour of metal sandwich panels. Hence, the
proposed method could be a milestone in the metal sand-
wich panel field, especially when designing and choosing
the best core configurations for a metal sandwich panel.

In this study, the results of the FEA under four-point
bending conditions were segregated into nine main cri-
teria that make major contributions to the sandwich
panel’s performance. The objectives of this study are to
investigate the optimum solution for a hemispherical
dimple core design through an analytical approach using
the MCDM method, the AHP, and the TOPSIS. The AHP
was used to determine the weightages for all nine main
criteria that had been segregated through the FEA results.
The analysis was extended using the TOPSIS to determine
the best alternative core design for a sandwich panel.
This study contributes in three key ways to the literature
on the selection of the optimum core design for a sand-
wich panel and the method described. First, it outlines
the relationship between the significant criteria for the
core design parameters, along with all the alternatives
analysed together, to produce an optimum solution to
the problems of the core design. Second, it reveals the
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potential of the FEA results to be infused with the hybri-
disation MCDM method to enhance the accuracy with
which engineering design problems are solved and reduce
the time required to solve a design problem. Finally, it
provides the simplest method for selecting the core design
for a sandwich panel without involving the more complex
design approaches to solving such problems. This com-
bined method can be used in future core design selection,
especially in nano-scale designs and complex and tiny
metal sandwich panel applications.

2 Materials and methods

In this study, a geometrical sandwich panel was devel-
oped using a finite element modelling software package
and was simulated under four-point bending conditions.
The geometrical sandwich panel consisted of AR500 steel
as the top and bottom panels with the magnesium alloy
AZ31B as the main core panel. The main core panel sur-
face was modified with different sizes of hemispherical
dimple core designs. The hemispherical dimples were
5.0, 6.0, 7.0 and 8.0 mm in diameter and 2.5, 3.0, 3.5
and 4.0 mm deep. The methodology for this study is pre-
sented in the flowchart shown in Figure 1. The input from
the FEA was then analysed and optimised using hybrid
MCDM tools to select the optimum hemispherical core
design to use as the main core for a metallic sandwich
panel.

2.1 Classification of criteria from FEA

A three-dimensional geometrical sandwich panel was simu-
lated using four-point bending under constant amplitude
loading (CAL) and variable amplitude loading (VAL), based
on ASTM C393 [30]. The geometrical sandwich panel was
180 mm in length, 40 mm in width and 27 mm thick,
including the adhesive material, as shown in Figure 2.
Epoxy resin was assigned as the adhesive material to
bond the sandwich panel, which was modelled with a
1.0 mm thickness at the upper and lower bonding regions
in the simulation. A four-point bending setup was prefer-
able in the simulation since this provided an equal loading
distribution across the sandwich panel in more optimum
conditions than the three-point bending setup [31]. This
was important in indicating the delamination phenomena
that occurred, especially at the bonding layer of the sand-
wich panel. The Gerber fatigue stress life theory has been
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Figure 1: The methodology flowchart for this study.

used to simulate sandwich panels at their maximum poten-
tial performance since it is the most suitable to use with
highly ductile materials and only considers the maximum
fatigue failure of the materials [32]. A tetrahedral mesh type
with a fine span angle centre was used, while a meshing
size of 1.0 mm was chosen as this would produce highly
accurate and precise simulations. For the hemispherical
dimple core sandwich panel with a diameter of 5.0 mm,
the total number of nodes was 1,482,584, with 753,732 ele-
ments. For the hemispherical dimple core sandwich panel
with a diameter of 6.0 mm, the total number of nodes was
1,491,058, with 756,443 elements. For the hemispherical
dimple core sandwich panel with a diameter of 7.0 mm,
the total number of nodes was 1,497,846, with 758,222 ele-
ments. For the hemispherical dimple core sandwich panel
with a diameter of 8.0 mm, the total number of nodes is
1,507,227, with 760,999 elements. In terms of loading, the
geometrical sandwich panel was subjected to 70 and 50% of
the maximum loading strength of the weakest material in
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Figure 2: The geometrical sandwich panel with its (a) size and dimension and (b) in simulation.

the sandwich panel, magnesium alloy AZ31B. This was to
ensure that the loading given to the sandwich panel did not
exceed the maximum capacity of the metal sandwich panel
and to maintain the structural integrity of the sandwich
panel bonding area. In addition, the selection of 70 and
50% of the maximum loading strength was made to high-
light the differences in mechanical performance, especially
when using the MCDM method, the AHP, and the TOPSIS
to determine the optimum dimple core design. The aim was
to ensure that at the next analysis stage (using the AHP
and the TOPSIS), the final analysis outcomes would prove
consistent and enhance the accuracy of the results. The
responses from this analysis were categorised into the nine
main criteria that made the principal contributions to the
sandwich panel failure, as shown in Table 1. Figures 3 and 4
illustrate the example data. The von Mises stress and shear
stress distributions on the geometrical sandwich panel were
gathered from the FEA as two of the sets of criteria analysed in
this study.

These nine main criteria were selected from the FEA
due to their significant effects on the overall sandwich
panel performance. According to the existing literature,
delamination effects under four-point bending conditions
occur when the effective bonding area experiences a high
stress concentration at the bonded area due to the con-
tinuous loading given to the panel before it fails [33,34].
This continuous loading leads to multiple failure effects,
such as matrix cracking, face wrinkling and shear yielding,
which are the main contributory factors to the significant
delamination phenomena that affect the sandwich panel

[13,35]. Moreover, the stress distribution under continuous
cyclic loading in four-point bending conditions also deter-
mined the fatigue life and damage distribution of the sand-
wich panel, which could vary based on the cyclic loads
given to the panel. Therefore, based on that explanation, it
can be deduced that it is worth exploring the performance
of non-homogenous materials in sandwich panels with
different hemispherical dimple core designs, especially
in the bonding area. It is also vital to determine their per-
formance due to their significant effects on the delamina-
tion phenomena and to improve the interlaminar bonding
strength of the panel [4,33,36]. However, determining their
performance based on the FEA results has not provided
viable results due to the various criteria that need to be
considered. Therefore, MCDM tools like the AHP and the
TOPSIS are useful to explore, besides the genetic algorithm

Table 1: The segregated main criteria after being segregated from
the FEA results

The main criteria

Max. von Mises stress (MPa)

Max. shear stress (MPa)

Total deformation (mm)

Max. von Mises stress on bonding area (MPa)
Max. Shear stress on bonding area (MPa)
Fatigue life at core panel (CAL)

Max. damage value at core panel (CAL)
Fatigue life at core panel (VAL)

Max. damage value at core panel (VAL)

O 0NNV ~WN PP
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Figure 3: The example of the von Mises stress distribution for the geometrical sandwich panel using a four-point bending simulation under

70% of cyclic loading conditions.

Figure 4: The example of the shear stress distribution for the geometrical sandwich panel using a four-point bending simulation under 70%

of cyclic loading conditions.

and the more economical tools that are used, in order to
enhance the results gathered from the FEA and determine
the optimum core design of a metal sandwich panel
[13,28,37].

2.2 Defining the main criteria weightages
using the AHP

In defining the weightages for each criterion identified
from the FEA, the AHP was used to perform and construct
a fair pairwise comparison matrix (PCM) table. The PCM
table was constructed based on the hierarchical tree,
which consists of the main goal and the nine main cri-
teria, along with the four hemispherical core design alter-
natives, as shown in Figure 5. The Saaty rating scale was
referred to when constructing the fair PCM table, with a
geometric mean technique used to aggregate the responses
for the main criteria, as shown in Table 2.

In addition, all the responses in the PCM table assigned
to these nine main criteria were evaluated carefully, based
on previous research by several authors [36,38,39]. To avoid
bias and ensure the consistency of the values in the PCM
table, final tests were undertaken by conducting consis-
tency checks using the consistency index (CI) shown in
Eq. (1) and the consistency ratio (CR) shown in Eq. (2) [40]:

CI- % W
CR = % 2

Eqg. (2) was divided by the random consistency index
(RI) value as shown in Table 3.

This was important for improving the balance and
consistency between each value assigned in the PCM
table and enhancing the reliability of the value assigned
[25,37,41]. The main steps for determining the weightages
for each criterion are illustrated in Figure 6. The deter-
mined weights that had been assigned using the AHP
were then used as the weightages for each criterion in
the following analysis, which used the TOPSIS.

2.3 Determining the optimum hemispherical
core design for a sandwich panel using
the TOPSIS

In the next analysis, the optimum hemispherical core
design of a sandwich panel was determined by analysing
the weightages for each criterion using the normalised deci-
sion matrix (DM) table and the TOPSIS method. The TOPSIS
method utilises the concept of shortest and farthest dis-
tances through the ideal positive-negative solution [28,29].
The normalised DM table was constructed using Eq. (3)
[19,26]:

xk

Z:Z](Xi}()z .

=i

3

The normalised DM table values were then multiplied
by the weightages for each criterion to produce the
weighted normalised DM table. Once this table had
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Figure 5: The constructed hierarchical tree based on the FEA results.

Table 2: The Saaty rating scale for constructing the PCM table [42]

Values Value definition

Both elements are equal
Moderate importance
Strong importance

Very strong importance
Extreme importance
Intermediate values

N O N U w

Table 3: The Rl range [15]

n 2 3 4 5 6 7 8 9
RI 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45

been established, the positive- and negative-ideal solu-
tions were determined. At this stage, the positive- and
negative-ideal solutions for the criteria values in the
weighted normalised DM table were determined, based
on the shortest and farthest distance values for each cri-
terion. The farthest distance value becomes the positive-
ideal solution, while the shortest distance value becomes
the negative-ideal solution [19,22,27]. However, this study

identified that some criteria, such as total deformation and
the maximum damage value on the core panel, tended to
have the shortest distance values and thus became posi-
tive-ideal solutions. This was because the minimised value
of the ideal solution was more favourable and had a more
significant effect on the performance of the sandwich
panel than the maximised value of the ideal solution.
Through these positive-negative values of the ideal solu-
tions for the main criteria, the separation measure for each
alternative (in this case, the different hemispherical core
designs) was conducted using Egs. (4) and (5) [19,21,28]:

m i/p

ak = Zw}‘(ri}‘ —rfP| L i=1,2. , m, (4)
j=1
m 1/p

dle =1 Ywief -ror| L i=12..., mo )
j=1

Once the positive and negative separation measures had
been evaluated, the final analysis of relative closeness to the
ideal solution was conducted using equation (6) [21,28]:

s
* di

i :m, OSRi*Sl. (6)
1 1
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Figure 6: The steps to consider when determining the weightages for each criterion.

In the relative closeness analysis, any value close to a
value of 1.0 becomes the most favourable alternative
within the analysis and is usually ranked the highest
[19,43]. A set of alternatives was ranked according to an
order range of between O < Ci < 1. Any value close to a
value of 0.0 is usually less favourable within the analysis.
Therefore, the output from the FEA and the subsequent
analysis stages using the hybrid technique of the AHP
Figure 7: A metal sandwich panel specimen after being cured for 3 and the TOPSIS enabled the optimum hemispherical sand-
days at room temperature. wich panel core design to be determined and justified.

Figure 8: The set-up of the four-point bending test using Fatigue Servo Hydraulic Machine and a Dewesoft Data Acquisition system.
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Figure 9: The metal sandwich panel specimen in the four-point
bending setup with the strain gauge at the bonding area of the
metal sandwich panel attached to the data acquisition system.

2.4 Experimental work for the validation
process

For the experimental work, the material for the top and
bottom sheets was AR500 steel, while the core material
was magnesium alloy AZ31B. All the materials had been cut
using a computer numerical control machine and sand-
wiched together using ET538 epoxy resin from Permabond.
All the specimens had been cured for 3 days at room tem-
perature, as shown in Figure 7. The metal sandwich panel
specimens were tested using the 100kN Fatigue Servo
Hydraulic Machine, as shown in Figure 8. The strain gauge

2813.1 Max
1494.5

0.059724 Min

2009.4 Max
1027.5
913.37
799.21
685.04
570.88
456.71
342,54
22838
114.21
0.04266 Min
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was set up at the bonding area of the metal sandwich
panel specimens, as shown in Figure 9.

The Dewesoft data acquisition system was used to
capture the strain signals at the bonding area while cyclic
loading was given to the sandwich panel. A four-point
bending setup was chosen since this produced an equiva-
lent force that would be distributed on the metal sandwich
panel so that an optimum force was given to the sandwich
panel. Two hemispherical dimple core designs — with dia-
meters of 8.0 and 6.0 mm and depths of 4.0 and 3.0 mm —
were tested at 70 and 50% of the maximum strength of the
metal sandwich panel under constant cyclic loading. The
failure of the sandwich panel was observed, the indication
for which was based on significant effects such as the peak
data strain signal, random friction sounds and debonding
at the bonding layer of the sandwich panel.

3 Results and discussion

3.1 FEA of the sandwich panel under four-
point bending conditions

The FEA of the geometrical metal sandwich panel was
conducted using four-point bending simulations under
CAL and VAL. Four types of geometrical sandwich panels
were used; these featured different hemispherical core
designs in terms of their diameter and depth. This study
focused on the effects of different sizes and dimensions

(a)

(b)

Figure 10: Von Mises stress distribution in the geometrical sandwich panel at (a) 70% and (b) 50% of cyclic loading conditions.
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of hemispherical core design, which would indicate the
factors that significantly affected the sandwich panel’s
performance. These involved the stress distribution on
the whole panel and at the bonding area, total deforma-
tion, fatigue life distribution before failure and maximum
damage distribution in the core panel. Figures 10-14
show the FEA results following the four-point bending
simulation. The figures reveal that significant stress dis-
tribution and total deformation occurred in the bonding
region and the core panel, which were essential criteria

104.87 Max
79341

0.15258 Min
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and needed to be considered in the subsequent analysis.
The final FEA results were categorised, as presented in
Table 5. The results demonstrate that nine main criteria
significantly affected the performance of the sandwich
panel and were the main contributors to its failure.

The simulation showed promising results in terms
of displaying the sandwich panel’s behaviour under four-
point bending conditions. However, deciding on the optimum
core design for the sandwich panel remained difficult
due to the data intertwined between the various criteria.

(a)

74.904 Max
66.5%4

0.10898 Min

(b)

Figure 11: Von Mises stress distribution in the bonding area of the geometrical sandwich panel at (a) 70% and (b) 50% of cyclic loading

conditions.
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0.26492 Max
023548
0.20605
0.17661
014718
0.11774
0.088306
0.058871
0.02%435

0 Min

0.18923 Max
0.1682
0.14718
0.12615
0.10513
0.084102
0.063076
0.042051
0.021025

0 Min

(b)

Figure 12: The total deformation experienced by the geometrical sandwich panel at (a) 70% and (b) 50% of cyclic loading conditions.

As Tables 4 and 5 illustrate, the values for all nine main 3.2 Determination of the weightages for
criteria were fairly close and intertwined. Therefore, further failure criteria using the AHP

analysis was crucial to identify the interconnection between

these nine main criteria from the FEA results, which had a  Using the categorised FEA results from Tables 4 and 5,

close relationship with the overall performance of the geo- s outlined in Section 3.1, the PCM table was developed
metrical metal sandwich panel in terms of stress distribu- o determine the weightages for each failure criterion.
tion, bonding strength and fatigue life. The PCM table enabled a comparison between the

1176.5 Max
11225

1071

1021.9
975.02

930.3

887.63
846.92
808.07
771.01 Min

1176.5 Max
1176.2
1175.9
1175.6
1175.3

1175

1174.7
11744
1174.1
1173.8 Min

(b)

Figure 13: The fatigue life distribution before failure for the geometrical sandwich panel at the core panel under (a) 70% and (b) 50% of
cyclic loading conditions.
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0.67444 Max
0.64861
0.62279
0.5969
057113
0.54531
051948
049365
046783
0.442 Min

0.085195 Max
0.085174
0.085152
0.08513
0.085108
0.085087
0.085065
0.085043
0.085022

0.085 Min

(b)

Figure 14: Damage distribution to the core panel at (a) 70% and (b) 50% of cyclic loading conditions (red circle indicates the maximum
damage value at the core panel).

Table 4: The segregated main criteria from the FEA results with the values of alternative hemispherical core designs at 70% of cyclic loading
conditions

Criteria Alternatives (Diameter; Depth)

8.0; 4.0 mm 7.0; 3.5 mm 6.0; 3.0 mm 5.0; 2.5 mm
Max. von Mises stress (MPa) 2814.9 2808.2 2831.4 2798.9
Max. shear stress (MPa) 1483.2 1479.6 1494.5 1474.7
Total deformation (mm) 0.275 0.269 0.265 0.262
Max. von Mises stress on bonding area (MPa) 111.3 110.7 98.4 96.0
Max. shear stress on bonding area (MPa) 63.9 63.4 55.7 54.1
Fatigue life at core panel (CAL) 1310700 1635400 2000900 1992400
Max. damage value at core panel (CAL) 0.674 0.686 0.001 0.691
Fatigue life at core panel (VAL) 2640000 2830000 2990000 2990000
Max. damage value at core panel (VAL) 0.757 0.671 0.601 0.669

Table 5: The segregated main criteria from the FEA results with the values of alternative hemispherical core designs at 50% of cyclic loading
conditions

Criteria Alternatives (Diameter; Depth)

8.0; 4.0 mm 7.0; 3.5 mm 6.0; 3.0 mm 5.0; 2.5 mm
Max. von Mises stress (MPa) 2026.5 2016.2 2009.4 2003.6
Max. shear stress (MPa) 1066.8 1061.7 1058.3 1055.4
Total deformation (mm) 0.196 0.192 0.189 0.187
Max. von Mises stress on bonding area (MPa) 74.9 72.8 74.9 71.9
Max. shear stress on bonding area (MPa) 42.5 40.2 43.1 40.5
Fatigue life at core panel (CAL) 1995460 2000900 2000900 2000900
Max. damage value at core panel (CAL) 0.085 0.001 0.001 0.001
Fatigue life at core panel (VAL) 2991400 2992900 2993100 2993100

Max. damage value at core panel (VAL) 0.003 0.003 0.003 0.003
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Table 6: The nine main criteria with their definitions for the analysis using each weighted criterion

Criteria Criteria definitions

Max. von Mises stress (MPa)

Max. shear stress (MPa)

Total deformation (mm)

Max. von Mises stress on bonding

area (MPa)

Max. shear stress on bonding area (MPa)

failure

before debonding
Fatigue life at core panel (CAL)

cyclic loading
Max. damage value at core panel (CAL)
Fatigue life at core panel (VAL)

cyclic loading
Max. damage value at core panel (VAL)

The maximum strength of the sandwich panel can withstand before failure

The maximum shear strength of the sandwich panel can withstand before debonding
The maximum elongation experienced by the sandwich panel when subjected to loading
The maximum strength at the bonding area of the sandwich panel can withstand before
The maximum shear strength at the bonding area of the sandwich panel can withstand

The amount of life possessed by the core panel of the sandwich panel under constant

The maximum damage value at the core panel area under constant cyclic loading
The amount of life possessed by the core panel of the sandwich panel under variable

The maximum damage value at the core panel area under variable cyclic loading

connections involving each criterion using the Saaty
rating scale [27,39,42]. From the hierarchical tree, shown
in Figure 5 in the previous section, the nine main criteria
and their definitions were developed; these are shown in
Table 6. Table 7 shows the constructed PCM table for all
nine main criteria. The linguistic scale on the PCM table
was determined using the Saaty rating scale, based on
previous research conducted by various authors.

To avoid any perception of bias and ensure the relia-
bility of the PCM table for this study, consistency checking
was undertaken on the criteria values in the PCM table.
Table 8 shows the average A value that was calculated
from the ratio of the weighted summation value for each
criterion to the normalised value for each criterion in the
PCM table. Therefore, Eq. (1) was used to determine the CI
for the developed PCM table, which was found to be
0.13871. Then, Eq. (2) was used to determine the CR, after
which it was found that the CR value was 0.096, which
is less than 0.1. The CR value was less than 0.1, so it could
be concluded that the constructed PCM table was accep-
table from a consistency perspective and free from any

perceptions of bias. Thus, all the weighted criteria values
in the PCM table could be used to perform the subsequent
analysis, which would determine the optimum hemisphe-
rical core design for sandwich panel applications.

3.3 Determining the optimum hemispherical
core design using the TOPSIS

As this study employed the hybridisation technique of
MCDM, the weightages for each criterion were determined
using the AHP method and processed using the TOPSIS
method. This would resolve the differences between the
several hemispherical core design alternatives and thus
ascertain the optimum design for use in sandwich panel
applications. To determine the optimum hemispherical
core design, a normalised DM table was constructed.
Using Eq. (3), the weightages for each criterion were
multiplied by the normalised DM table values to obtain
the weighted normalised DM table, as shown in Tables 9
and 10.

Table 7: The PCM table, developed according to the Saaty rating scale for the nine main criteria

Criteria c c2 c C4 c5 («3) c7 c8 c9

Max. von Mises stress (MPa)-C1 1.00 3.00 3.00 3.00 2.00 0.20 0.33 0.20 0.33
Max. shear stress (MPa)-C2 0.33 1.00 3.00 3.00 2.00 0.20 0.33 0.20 0.33
Total deformation (mm)-C3 0.33 0.33 1.00 0.33 0.33 0.33 0.33 0.33 0.33
Max. von Mises stress on bonding area (MPa)-C4 0.33 0.33 3.00 1.00 2.00 0.33 0.50 0.33 0.50
Max. shear stress on bonding area (MPa)-C5 0.50 0.50 4.00 0.50 1.00 0.33 0.50 0.33 0.50
Fatigue life at core panel (CAL)-C6 5.00 5.00 4.00 3.00 3.00 1.00 4.00 0.50 2.00
Max. damage value at core panel (CAL)-C7 3.00 3.00 3.00 2.00 2.00 0.33 1.00 0.20 0.50
Fatigue life at core panel (VAL)-C8 5.00 5.00 4.00 3.00 3.00 2.00 5.00 1.00 3.00
Max. damage value at core panel (VAL)-C9 3.00 3.00 3.00 2.00 2.00 0.50 2.00 0.33 1.00
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Table 8: Summarisation of the weighted analysis for all the criteria

CR

Ratio

Ratio of A to weightage for each

criterion

Weightage of each

criterion

Weighted sum value known as A for

Criteria

index (n)

each criterion

10.60
10.67
10.19
10.26

0.08
0.06
0.03
0.06

0.80
0.63
0.31

0.58

Max. EVM (MPa)
Max. SS (MPa)

TD (mm)

0.58
0.90

Amax —n

Max. EVM on bonding

area (MPa)

n-1
Cl=(10.11 - 9)/(9 - 1)

0.139

0.05 10.03 1.12

0.55

Max. SS on bonding

area (MPa)

Using the Cl value, the CR were

determined:

1.24

9.76

0.22

2.14

Fatigue life at core
panel (CAL)

a

0.10 10.05 1.32

0.99

Max damage value on

core (CAL)

RI

(0.139)/1.45 = 0.096

CR

1.41

9.94

0.27

2.73

Fatigue life at core
panel (VAL)

Design selection for a hemispherical dimple core sandwich panel

1.45

9.48

0.13

1.25

Max damage value on

core (VAL)

CR < 0.1; Acceptable

10.11

Average A Max

— 2463

Through the information in Tables 9 and 10, the posi-
tive- and negative-ideal solutions for each criterion were
determined. Table 11 shows the positive- and negative-
ideal solutions that were segregated from the information
in Tables 9 and 10. As Table 11 shows, some of the features,
such as the total deformation and maximum damage value
of the core panel under CAL and VAL conditions, were the
preferred choices because the minimum values of these
properties were preferable due to their minimal impact on
the performance of the sandwich panel. For example, the
minimal changes in total deformation of the sandwich
panel under cyclic loading conditions were preferable to
the extensive total deformation experienced by the sand-
wich panel. In previous literature, it has also been high-
lighted that the value of the positive-ideal solution was
determined by the preferable solution value, while the
negative-ideal solution was chosen from the least preferable
solution value [22,28,43].

From the information in Table 11 and by using Egs.
(4) and (5), a summation of the positive- and negative-
ideal solutions from all the criteria employed was deter-
mined for each alternative, as shown in Table 12. Therefore,
as the positive- and negative-ideal solutions had been
determined, the relative closeness value of each alterna-
tive was evaluated using Eq. (6). Relative closeness value
analysis, also known as the closeness coefficient (CCi), was
important in determining the ranking of all the alternatives
in this study, as the TOPSIS method was based on the
Euclidean distance between the closest and farthest
distances of the positive- and negative-ideal solutions
[21,28,39]. Finally, the alternative with a CCi value nearest
to 1.0 was marked as the best alternative for the core design
of a sandwich panel. It was found that the hemispherical
dimple core design with a diameter of 6.0 mm and a depth
of 3.0 mm ranked the highest and was therefore the pre-
ferred choice as the optimum core design for use in sand-
wich panel applications under 70 and 50% of cyclic loading
conditions, as shown in Figures 15 and 16. Therefore, it was
concluded that by extending the FEA using the hybrid
MCDM method, the optimum core design for a sandwich
panel could be determined. This was achieved at no addi-
tional cost, which was especially useful since numerous
factors need to be considered when making critical mate-
rial or design selections.

3.4 Validation of the MCDM method analysis

Based on the hybrid MCDM analysis using the AHP and
TOPSIS methods, it was noted that the hemispherical
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Table 9: The weighted normalised DM table at 70% of cyclic loading conditions
Criteria Alternatives (Diameter; Depth)

8.0; 4.0 mm 7.0; 3.5 mm 6.0; 3.0 mm 5.0; 2.5 mm
Max. von Mises stress (MPa) 0.038 0.038 0.038 0.037
Max. shear stress (MPa) 0.030 0.029 0.030 0.029
Total deformation (mm) 0.015 0.015 0.017 0.014
Max. von Mises stress on bonding area (MPa) 0.030 0.030 0.027 0.026
Max. shear stress on bonding area (MPa) 0.030 0.029 0.026 0.025
Fatigue life at core panel (CAL) 0.082 0.102 0.125 0.124
Max. damage value at core panel (CAL) 0.056 0.057 0.000 0.058
Fatigue life at core panel (VAL) 0.126 0.135 0.143 0.143
Max. damage value at core panel (VAL) 0.074 0.065 0.058 0.065
Table 10: The weighted normalised DM table at 50% of cyclic loading conditions
Criteria Alternatives (Diameter; Depth)

8.0; 4.0 mm 7.0; 3.5 mm 6.0; 3.0 mm 5.0; 2.5 mm
Max. von Mises stress (MPa) 0.038 0.038 0.038 0.037
Max. shear stress (MPa) 0.030 0.030 0.029 0.029
Total deformation (mm) 0.015 0.015 0.015 0.015
Max. von Mises stress on bonding area (MPa) 0.029 0.028 0.029 0.028
Max. shear stress on bonding area (MPa) 0.028 0.027 0.028 0.027
Fatigue life at core panel (CAL) 0.109 0.110 0.110 0.110
Max. damage value at core panel (CAL) 0.099 0.001 0.001 0.001
Fatigue life at core panel (VAL) 0.137 0.137 0.137 0.137
Max. damage value at core panel (VAL) 0.066 0.066 0.066 0.066

dimple core design with a diameter of 6.0 mm and a
depth of 3.0 mm showed positive results, so it was chosen
as the optimum hemispherical dimple core design for
metal sandwich panels. Figure 17 shows the fatigue life
modelling for the hemispherical dimple core of the metal
sandwich panel under constant and variable cyclic loading.
The analysis was performed by assessing the maximum
damage values at the critical dimple region on the core

Table 11: The positive- and negative-ideal solutions for each
criterion

Criteria Si+ Si—

Max. von Mises stress (MPa) 0.038 0.037
Max. shear stress (MPa) 0.030  0.029
Total deformation (mm) 0.014 0.017
Max. von Mises stress on bonding area (MPa)  0.030  0.026
Max. shear stress on bonding area (MPa) 0.030  0.025
Fatigue life at core panel (CAL) 0.125 0.082
Max. damage value at core panel (CAL) 0.000 0.058
Fatigue life at core panel (VAL) 0.143 0.126
Max. damage value at core panel (VAL) 0.058 0.074

panel of the metal sandwich panel using specific finite ele-
ment software. From these figures, comparisons were made
between hemispherical dimples with diameters of 8.0 and
6.0mm and depths of 4.0 and 3.0 mm. It was observed
that the hemispherical dimples with diameters of 6.0 and
5.0 mm tended to have more life cycles under constant and

Table 12: The summation of positive- and negative-ideal solutions,
based on the core design alternatives using CCi analysis

Conditions Si+ Si- Closeness Ranking
coefficient (CCi)

Under 70% of 0.074 0.007 0.081 4

cyclic loading 0.062 0.025 0.283 3

condition 0.006 0.075 0.930 1*
0.058 0.047 0.445 2

Under 50% of 0.098 0.002 0.018 4

cyclic loading 0.002 0.098 0.979 3

condition 0.000 0.098 0.996 1*
0.002 0.098 0.979 2

*The highest ranked to be selected as the most suitable dimple
core design for sandwich panel.
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Figure 15: The ranking of the hemispherical dimple core design
alternatives under 70% of cyclic loading conditions.

variable cyclic loading compared to the others. This illus-
trates that hemispherical dimples with large dimensions in
terms of diameter and depth tend to have lower life cycles
and be more likely to experience early delamination phe-
nomena when subjected to extreme loading conditions. In
addition, the coefficient of determination showed that all
the trendline values were above 0.85, proving the accuracy
of the correlation between the maximum loading given to
the metal sandwich panel and the total life cycles before
failure, as well as a good level of agreement with the ana-
lysis of the hybrid MCDM method.
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Figure 16: The ranking of the hemispherical dimple core design
alternatives under 50% of cyclic loading conditions.

Furthermore, the bonding area of the metal sandwich
panel was analysed using the experimental method of
four-point bending under CAL conditions. Figure 18 shows
the strain signal distribution at the bonding area of the
metal sandwich panel using hemispherical dimples with
a diameter of 6.0 mm and a depth of 3.0 mm. It can be
observed that the strain signal showed a low noise distri-
bution in a uniform trend and detected a high-frequency
signal in the range of between 7,000 and 14,000s. On
the other hand, Figure 19 shows the strain signal distribu-
tion at the bonding area of the metal sandwich panel
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Figure 17: The fatigue life modelling between maximum allowable bending stress given to the metal sandwich panel against the total life

cycles on logarithmic scale.
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Figure 18: The microstrain signal at the bonding area of the metal
sandwich panel using a hemispherical dimple core design with a
diameter of 6.0 mm and a depth of 3.0 mm at 50% of maximum
strength of cyclic loading.

using hemispherical dimples with a diameter of 8.0 mm
and a depth of 4.0 mm. It can be observed that the strain
signal showed a high noise distribution in a non-uniform
trend and detected a high-frequency signal at a range of
between 1,500 and 2,700 s. Metal sandwich panel failure
was also indicated based on the friction sound (at a high
pitch) due to the matrix cracking at the dimple region.
Therefore, Figures 18 and 19 indicate that a hemispherical
dimple core with a diameter of 6.0 mm and a depth of
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Figure 19: The microstrain signal at the bonding area of the metal
sandwich panel using a hemispherical dimple core design with a
diameter of 8.0 mm and a depth of 4.0 mm at 50% of maximum
strength of cyclic loading.
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3.0 mm possessed higher life cycles under constant cyclic
loading than the dimple core with a diameter of 8.0 mm
and a depth of 4.0 mm. Thus, the above analysis proves
the results produced through the MCDM analysis and indi-
cates that the selection of hemispherical dimples with a
diameter of 6.0 mm and a depth of 3.0 mm was accurate. It
produced findings equivalent to the numerical (fatigue life
modelling) and experimental results.

4 Conclusions

The aim of this study was to determine the optimum
hemispherical dimple core design for metal sandwich
panel applications that demonstrate improved failure
behaviour. Nine main criteria were obtained from the
FEA, and these were segregated and analysed using the
hybrid MCDM method with the AHP and the TOPSIS.
Using the AHP method, it was found that the CR for the
developed PCM table was 0.09567. This consistency checking
value was less than 0.1 (<0.1), which indicated that the PCM
table values were acceptable from the perspectives of consis-
tency and bias for all the selected criteria. The values in the
PCM table were used to determine the weightages for all the
essential criteria using both conditions (50 and 70% of cyclic
loading). Using the TOPSIS, it was found that the highest-
ranked alternative was the hemispherical dimple core design
with a diameter of 6.0 mm and a depth of 3.0 mm under 70
and 50% of cyclic loading conditions (the CCi values were
0.9300 and 0.9956, respectively). The poorest behaviour
was displayed by the hemispherical dimple core design of
the largest size, which had a diameter of 8.0 mm and a
depth of 4.0 mm (the CCi values were 0.0807 and 0.0182,
respectively).

From this final analysis, it was concluded that using
the smallest size and dimensions in the hemispherical
dimple core design would tend to result in better perfor-
mance in terms of bonding strength and fatigue life for
sandwich panel applications. This illustrates that the
optimisation process using the MCDM method produced
a significant result, which was proven through the fatigue
life modelling analysis at the dimple core hot region and
the experimental method. It is therefore possible to deter-
mine the optimum hemispherical dimple core design
for a non-homogenous metal sandwich panel at a low
cost because this approach does not involve material or
testing costs. It is recommended that this study should be
extended by focusing on the development of nano-scale
dimple core designs for applications that require lightness
and greater complexity.
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