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ABSTRACT
  A sandwich structure is always designed to have maximum Strength and Stiffness. In this research, three main 
design factors i.e. facesheet thickness, core height and panel with each having three different values (levels) have 
been chosen and a L9 Orthogonal Array has been generated using Taguchi Design in Minitab software. The Sheet 
Stresses and Shear Stresses have been calculated for all 9 configurations. From Taguchi Analysis it has been observed 
that the optimum level for different design parameters are F/S thickness .8mm, Core Height 8mm and Panel Width 
50mm.Then PCA assisted GRA has been performed on the two responses and it has been observed that the optimum 
parameter level are F/S thickness. 8mm, Core Height 8mm and Panel Width 50mm. ANOVA analysis has also been 
performed to find out the effect of selected design elements on the two types of stress values of the sandwich panel. 
It has been observed that the Facesheet Thickness has the maximum effect on Sandwich Stresses.

      Keywords:Kevlar® honeycomb core; FEA of composite sandwich structure; Taguchi analysis; PCA assisted 
GRA; ANOVA analysis

INTRODUCTION
  Composite sandwich structures are fabricated by joining two or more different constituents with an adhesive 
for absorbing their properties. They have wide usage in automotive and space industry because they offer lots of 
advantages over other materials such as high strength, high stiffness, low density, low wear and high corrosion 
resistance. [1].Figure 1 shows the structure of a composite sandwich structure.
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Figure 1. Sandwich Panel
 
  Different studies have been conducted on the different types of behaviour of composite sandwich 
structures. Suresh Kumar et al. [3] observed that cell size along with core height is the most influencing 
structural parameters and the cell wall thickness is the least influencing one. Rupani et al. [4] observed 
that in T direction of core more compressive strength can be achieved and the Modelling of honeycomb 
sandwich structures with actual cell configuration is difficult and time consuming and it can be simplified 
by using equivalent homogeneous body for the core.

  Altan et al. [5] suggested the method of detection of in-plane and out-of-plane effective elastic 
constants of honeycomb core. Kumar et al. [6] observed that by enhancing the height of core both tensile 
and flexural strength can be increased. Prakash et al. [7] found that the core shear modulus of PUR FOAM 
is pretty less than that FRP honeycomb core even if they have the same density.

  Nurashikin et al. [8]  in their experimental result observed that Al 6061 have the highest value of 
stress and force for both testing while thermoplastic shows the lowest value. Thomas et al. [9] observed 
that the most of the properties of a Honeycomb core depend on the different geometrical parameters like 
core cell size, core cell wall thickness etc.
  Rao et al. [10] found that instead of core height, the wall thickness of a core cell is more responsible 
for determining the crushing strength of the sandwich panels. Akiwate et al. [11] also studied the effects 
of the variation in core height and sandwich panel skin to determine various mechanical properties.
  Kumar et al. [12] observed that the stiffness value initially increases at a faster rate and then reduces 
and tends to become constant with increasing thickness of face sheet. Mohammed et al. [13] found that the 
honeycomb core having square shape bears the highest load as compared to other form of core shapes 
(hexagonal have the lowest value).
  Form the literature review it has been observed that most of the research has been done on analysis of 
effect on properties of sandwich structure due to variation in core materials and core cell wall thickness, 
but not much research has been available on effects on sandwich stress properties due to variation of 
thickness of facesheet, height of commercial hexagonal honeycomb core and panel width of sandwich 
structure assisted with Taguchi design, Analysis and PCA-GRA. So, here seems an opportunity to make an 
analysis of variation of facesheet, height of commercial hexagonal honeycomb core and panel width of 
sandwich structure assisted with Taguchi design, Analysis and PCA-GRA.

  In this research, three main design factors i.e. facesheet thickness, core height and panel with each 
having three different values (levels) will be chosen and a L9 Orthogonal Array will be generated using 
Taguchi Design in Minitab software. Then, as per the fifth configuration given by Taguchi Design, a 
sandwich structure will be modelled and FEA of this modelled structure (three point bending test) will be         
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done in ANSYS. From FEA the Critical load and ultimately the deflection in the panel will be calculated. After 
that a sandwich structure having the similar configuration to that of the initially modelled configuration will be 
fabricated and it also will be tested for Three Point Bending Test on UTM as per ASTM 393 standard. The 
deflection obtained through two different testing methods for sandwich panel will be compared and validation of 
the model will be checked. After generating a valid sandwich panel model, the critical load values using FEA 
will be calculated for all nine configurations and ultimately the Sheet stress and Shear stress in the sandwich 
panel can be detected. Then these values of sheet stress and shear stress will be entered in the L9 OA as respons-
es and Taguchi analysis will be performed. Using Taguchi analysis the optimum parameter levels will be 
obtained. Then PCA assisted GRA will be performed on the two responses again the optimum level for different 
parameter will be obtained. Then confirmatory test and ANOVA analysis will also be performed to determine the 
effect of different design parameters on the different stress values of the sandwich panel. 

EXPERIMENTAL WORK
2.1 Selection Of Raw Material and Different Design Parameters For Sandwich Structure-

a. Material Selection-

The following materials has been selected for the different elements of the sandwich structure-

1. Face Sheet Material- Carbon fiber (It will be responsible for bearing the bending stress of the sandwich  
  structure. Carbon fibers have higher elastic constants, so they act as best material for facesheet.)

2. Core Material- Kevlar Honeycomb core (It is made up of Kevlar fibers which are Para -Aramid fibers. 
 (PK2 Plascore) [2] Kevlar Honeycomb Structure has High tensile strength and High tensile modulus  
 Also Kevlar is about five times lighter than steel in terms of the same tensile strength.

3. Adhesive -Epoxy with Hardener (18%).

Design Parameters- 

The main design parameters chosen for composite sandwich structures are -
 Core Thickness- (8mm ,10mm and 12.7mm)
 Face sheet Thickness- (.4mm .6mm and .8mm)
 Panel Width - (40mm, 45mm, 50mm)

2.2 Taguchi Design

 Due to its suitability, Taguchi Design has been adopted and for this, 3 factors with each having 3 levels 
have been utilized.  These factors have been entered in Minitab 19 software and the following L9 OA has been 
received as shown in table 1 below. 
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Table1. L9 OA obtained through Taguchi Design

2.3. Modelling And Finite Element Analysis

 Modelling is done in the Ansys as shown in figure 2. The Face sheets are modelled orthotopically in the 
Ansys composite prep-post while the homogenised core is modelled in Design modeller available in Ansys. The 
homogenised core is modelled by replacing honeycomb cells with a solid core as shown in figure 3. 

Figure 2. Modelling with actual honeycomb
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Figure 3. Equivalent modelling

 For the Validation of Model, the Central Configuration form Taguchi L9 OA i.e. the 5th Configuration, as 
shown in Table 1 has been selected for Finite Element and Experimental Analysis.

For FEA, it has been assumed that sandwich will fail due to shearing of the core.

Finite Element Analysis of Configuration 5- 

a. Critical Load obtained by FEA for configuration 5-

Figure 4. FEA for obtaining the Critical Load for configuration 5
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Figure 4 shows that the value of critical load obtained by FEA of the configuration no. 5 is 1677.7N.

b. Panel Deflection obtained by FEA for configuration 5-

Figure 5. FEA for obtaining the Deflection for configuration 5

Figure 5 shows that the value of critical load obtained by FEA of the configuration no. 5 is 2.253mm.

2.4 Experimental Analysis For Composite Sandwich Panel

  The sandwich structure having the configuration similar to the Fifth configuration as that of the Taguchi Design 
has been produced using the “Vacuum Assisted Hand Lay-Up Method”. The figure 6 shows the finally fabricated 
sandwich panel.

Figure 6. Finally Fabricated Sandwich Panel       

  Then three point Bend Test has been performed on a sandwich panel having span length 150mm and width 
50mm as per ASTM C393 standard and the values of critical load has been calculated and ultimately the deformation 
in panel has been detected. Figure 7 shows the tested specimen.
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Figure 7. A Test Specimen after 3-Ponit Bend Test

The value of critical load calculated for this test is 1660N. Using the following formulae, the different properties of 
sandwich panel can be obtained-  

     o      Flexural Rigidity or Bending Stiffness, D = E(d3–c3) b/12                   ……(1)
     o      Shear Rigidity, U  = G (d + c)2 * b/4c                                 …….(2)
     o Panel Deflection= PL3 /48D + PL/4U                     …….(3)

Where,        Core thickness (c), 
              Face-sheet thickness (t), 
              Sandwich Width (b),
              Span length (L), 
              Critical force (P), 
                     Young’s modulus (E) of face sheet (61340 MPA) and 
                     Shear modulus (G) of core (98-102 MPA) are different notations.

Using the equations 1, 2, 3 and different corresponding values for chosen sandwich structure, the values obtained for 
D, U and Deformation as 103.49 MNmm2, 55056.40N and 2.283mm respectively.

2.5 Fea Model Validation

  Table 5 shows the comparison in the results of the Load/Deflection obtained through FEA method and Experi-
mental analysis. The percentage error between two types of analysis is within permissible range i.e. 1.16% so it has 
been achieved that the Model created is valid and this model can be utilized for analysis of similar type of composite 
sandwich structures. 

Table 5. Result comparison of FEA and Experimental Analysis

2.6 Taguchi Analysis For L9 Oa

  FEA model has been used for finding the ultimate load and ultimately the values of the two types of stress and 
then these all stress values have been tabulated as shown below. 

RESPONSE

Stiffness

FEA RESULTS

380.29N/mm

EXPERIMENTAL RESULTS

375.87

% ERROR

1.16%
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Table 6. Taguchi L9 OA with two types of Stress responses

  The Taguchi method employs a statistical tool of performance known as “Signal To Noise Ratio” denoted as 
S/N ratio for the analysis of the responses. In this analysis, two response characteristics i.e. Sheet Stress and Shear 
Stress both are of “Smaller-is-better” type. 

Taguchi Analysis for Sheet Stress and Shear Stress for “Smaller-is-better option” - Figure 5 and Figure 6 show 
“Main effects plot for Mean S/N ratios” for Sheet Stress and Shear Stress. 

Figure 5. Main effects plot for SN ratios for Sheet Stress
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Figure 6. Main effects plot for SN ratios for Shear Stress

From the Taguchi analysis of both the responses, it has been found that the optimum stress values have been 
achieved for Face sheet Thickness .8 mm, Honeycomb Core height 8 mm and Panel Width 50mm

2.7 Grey Relation Analysis For Validation Of Taguchi Analysis

  Grey relational analysis (GRA) had been invented by a Julong Deng. Grey Relational Analysis (GRA) is a part 
of Grey System Theory. This analysis can be used as a helpful tool in various engineering and management fields. 
Ertugrul et al. [14] mentioned that in GRA the correlation between reference sequence and comparability sequences 
has to be obtained and that correlation can be used to determine the ranking. Hasani et al. [15] observed that the 
integration of GRA and the Taguchi Method is suitable for the optimization of different process parameters for rotor 
motor to improve its process efficiency. 

  Three point bending test is used to find the Sheet Stress and the Shear Stress in the composite sandwich panel. 
GRA formula for the “Smaller is Better” have been adopted for determining the optimum values for the two different 
types of stresses.

Table 7. Normalized value, Deviation Sequences and GR Co-efficient for stresses 
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2.8 Principal Component Analysis For Finding The Weightage Of Two Resposnese, To Be Used To Calculate Grey 
Relation Grade

  PCA is one of the most widely used multivariate statistical techniques. In this research, the PCA of the Grey 
Relation Co-efficient has been done using Minitab Software to find the weightage of two responses. The table 8 and 
table 9 shows the Eigen values and Eigen vectors obtained through Minitab after PCA of two responses.

Table 8. Eigen analysis of the Correlation Matrix

Table 9. Eigen Vectors 

  The weight of two responses can be calculated by squaring the values under column PC1 of table 9. After 
squaring the values under PC1 column for two responses it has been observed that the two responses have the equal 
weightage i.e. (.707^2= 50%).

  As the two responses have the equal weight, GRG has been calculated by calculating the average of the Grey 
Relation Coefficients. Table 10 shows the values of Grey Relation Grades for all 9 configurations of the Taguchi 
design. Also the Rank has been calculated for the GRG.
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Table 10. Grey Relation Grades and Ranks

2.9 Determination Of Optimal Input Design Factors and Their Respective Levels-

  To detect out the optimum level of different input factors, the mean value of GRG for each level of input factor 
has been evaluated and the highest value from the mean of GRG has been selected for each factor.

  In Table 11, the bold dark values of GRG represent the largest value for the different levels of each process 
factor and these bold values correspond to F/S thickness .8mm, core height 8mm and panel width 50mm 
for optimum response characteristics.

Table 11. Grey Relation Grade Values Analogous to Different Levels of Input Design Factor

  The GRA confirms that the optimum design has is available for F/S thickness .8mm, core height 8mm and 
panel width 50mm for optimum response characteristics

2.10 Anova Of Input Design Factors On Performance Characteristics

  Kaushik and Singhal [16] observe that, to analyze the contribution of each process factor, Anova can be performed 
on the GRG values. Table 12, ANOVA analysis of GRG values, depicts the % contribution of each design factor for 
the combined response of Sheet Stress and Shear Stress. The table 12 shows that the design factors i.e. Facesheet 
Thickness, Core Height and Panel Width have 86.33%, 5.81% and 4.53% contribution respectively and F/S Thickness 
is the most significant factor.    t
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0.3396825
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Table 12. Analysis of Variance of GRG values

Regression Equation:

 = 0.5757 - 0.2232 FST_0.4 - 0.0290 FST_0.6 + 0.2521 FST_0.8 + 0.0705 CH_8.0
- 0.0246 CH_10.0 - 0.0459 CH_12.7 - 0.0377 PW_40 - 0.0253 PW_45 + 0.0630 PW_50

2.11 Confirmatory Test

  The Table13 shown below explains that the results of GRA analysis are in total agreement with the results 
of the Taguchi Analysis. Also it has been observed that the optimum values for two types of Stresses for exists at 
F/S Thickness of .8 mm, Core height of 8 mm and Sandwich Width of 50mm.

Table 15. Analysis of results of Taguchi and GR Analysis

CONCLUSION
  In this research, three main design factors i.e. facesheet thickness, core height and panel with each having 
three different values (levels) have been chosen and a L9 Orthogonal Array has been generated using Taguchi 
Design in Minitab software. The Sheet Stresses and Shear Stresses have been calculated for all 9 configurations. 
From Taguchi Analysis it has been observed that the optimum level for facesheet thickness is .8mm, for core 
height is 8mm and for panel width is 50mm. Then PCA assisted GRA has been performed on the two responses 
and it has been observed that the optimum parameter levels are similar to that of Taguchi Analysis. i.e. facesheet 
thickness .8mm, core height 8mm and panel width 50mm. ANOVA analysis has also been carried out to find out 
the effect of different design parameters on the different stress values of the sandwich panel. It has been observed 
that the Facesheet thickness has the maximum effect on stress properties.

  It has been observed that the optimum stress properties for the sandwich panel exists at Face sheet Thickness 
.8 mm, Core height 8 mm and Panel width 50mm and the values of Sheet Stress and Shear Stress are 1081.605 N/mm2   
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3

1

3
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3
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and2.908 N/mm2 for this configuration. The ANOVA analysis shows that the Design factor Facesheet Thickness, 
Core Height and Panel Width have 86.33%, 5.81% and 4.53% contribution respectively and the most significant 
factor, affecting the sandwich stress properties is facesheet thickness.
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