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ABSTRACT

Producing a light structure with affordable cost without sacrificing strength has always been a chal-lenging task for designers. Using a hybrid material approach provides an expanded methodology to combine materials having different costs and properties (for example, combining fibers with high cost and high stiffness such as carbon with low cost, less stiffness fibers such as glass). Hence, a com-parative approach is useful for the evaluation of design solutions in terms of weight and cost. In this study, a methodology for a combined weight and cost optimization for sandwich plates with hybrid composite facesheets and foam core is presented. The weight and cost of the hybrid sandwich plates considered are the objective functions subject to required equality constraints based on the bending and torsional stiffnesses. The hybrid sandwich plates considered consisted of thin hybrid composite facesheets, symmetric with respect to the mid-plane of the sandwich plates. The facesheets considered consisted of carbon/epoxy and E-glass/epoxy fiber-reinforced polymer. The layup of the fibers of the facesheets were restricted to some discrete sets of plies having orientation angles of 0, ±45 and 90. A multi-objective optimization technique was applied to minimize simultaneously the weight and the cost of the hybrid sandwich plate. The normalized normal constraint method with Pareto filter was used to generate the Pareto frontier trade-off curve. The Pareto trade-off curve was constructed by optimizing a sequence of combining weight and cost objective functions, while every function was minimized using the Active Set Algorithm. 
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1  INTRODUCTION

Sandwich structure with foam core and composite material facesheets is currently being widely used in many engineering applications. This structure is attractive for use in aero-space, automotive, maritime and civil structures applications due to its high performance (e.g. bending stiffness, strength) to weight ratios, as well as a range of integrated functions, such as thermal and sound insulation, corrosion resistance, good energy absorption and lower maintenance cost [1, 2]. Achieving minimum weight of structures is one of the important objectives in some engineering applications. Many studies were focused on how to obtain the optimum design of sandwich structure with facesheets (metal or composite) involve a single material through minimizing the weight and at the same time maximizing the stiffness, strength, etc. [2–7]. However, all these studies were restricted to a single objective optimization problem to minimize the weight of the sandwich structure. A few studies included the cost of the sandwich structure as a design driver [8, 9]. 

Using laminate composites for facesheets enables the designer to change ply material, ply orientation angles and the plies stacking sequence to achieve the desirable properties. Thus, when applying an optimization technique to sandwich structure with composite facesheets, there are multiple design variables, which include ply material, ply orientation angles, plies stacking sequence and in addition the core thickness. Hence, this result a complex design and analysis process, where a number of design parameters can be manipulated to alter the final 
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properties of the sandwich structure. Thus, to solve these complexities in single or multi-objective design optimization problems, several different methods and techniques have been proposed. 

A computational model combined topology and stacking sequence optimization of composite laminated structures was presented by using an optimization algorithm Interior Point Algorithm with the finite element code, Abaqus [10]. A modified Non-dominated Sorting Genetic Algorithm NSGAII was used to solve two-objective functions the weight and the deflection of the of sandwich panels with corrugated core and Pareto front for non-dominated design points was obtained [11]. Multi-parameter optimization approach was applied to optimize the lightweight-fiber-reinforced polymer (FRP) composite truss structure subjected to nonlinear structural constraints [12]. Sometimes applications combine more than one material having different costs and properties in order to combine desirable properties. The highest flexural strength was achieved when the specimens consist 24% S-2 glass with T700S carbon [13, 14]. The impact resistance for a hybrid sandwich structure made from a metallic facesheets and intermediate composite or wood layers adhesively bonded between the facesheets and the core material was improved 

[15]. A positive hybrid effect observed when incorporate intermediate natural fibers reinforced plastics (NFRP) layer into the conventional sandwich panels with aluminum facesheets [16]. 

The studies published on optimizing the sandwich structure do not focus on multiple optimization parameters for hybrid facesheets composite sandwich structures. In this study, we propose an optimization methodology to minimize the weight and the cost simultaneously of symmetric sandwich plate made from hybrid composite facesheets. The multi-objective optimization is expected to show the relationship between the two materials for the facesheets and the suitable trade-off in order to maximize the efficiency of the hybrid sandwich structures. 

2  STIFFNESS MATRICES OF SANDWICH PLATE

The stiffness matrices are evaluated by assuming that the thickness of the core remains constant under loading and the in-plane stiffnesses of the core are negligible. Under these assumptions, the extensional stiffness matrix [A], coupling stiffness matrix [B] and bending stiffness matrix [D] of a sandwich plate are governed by the stiffnesses of the facesheets [17]. 

When the top and bottom facesheets are unsymmetrical with respect to the facesheets mid-plane but are symmetrical with respect to the mid-plane of the sandwich plate, than [A], [B] 

and [D] for the sandwich plate given by
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where [A] f, [B] f and [D] f are the extensional, coupling and bending stiffness matrices of the facesheets, respectively, the superscript  f refer to the facesheet, and  d is the distances from the mid-plane of the upper facesheet to the mid-plane of the bottom facesheet. 
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3.1  Problem definition

In this study, a symmetric sandwich plate made from hybrid composite laminate facesheets and foam core were considered. Every facesheet consisted from carbon/epoxy and glass/

epoxy plies. High stiffness carbon/epoxy plies were placed in the outer layers to provide high bending stiffness as shown in Fig. 1. Where the t , t  and t  denote to the thickness of cr

g

c

the carbon/epoxy layer, E-glass/epoxy layer and the core layer, respectively. The procedure which has been followed to compute the optimal design variables to minimize the objective functions is illustrated in Fig. 2. 

The multi-objective optimization technique was applied to minimize the weight and the cost simultaneously of the sandwich plate with hybrid composite facesheets .  The normalized normal constraint method with Pareto filter [18] was used to generating the Pareto frontier trade-off curve. The design variables are the number and the angle of the each ply for both the carbon/epoxy plies and the E-glass/epoxy plies and also the core thickness. The optimizations were performed using constrained nonlinear minimization ( fmincon) function with active set algorithms in MATLAB. 

3.2  Weight and cost multi-objective optimization In multi-objective optimization problems two or more conflicting objectives subject to certain constraints have to be simultaneously optimized. In multi-objective optimization method, there is no unique solution, there is a set of solutions and the best solution measured regard-ing to all objective functions. 

In this section, the functions of the weight and the cost of the hybrid sandwich plate were considered to minimize simultaneously. The total weight of sandwich plate with hybrid composite facesheets with consider neglecting the weight of the adhesive bond material as shown in Fig. 1 can be expressed as following
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Figure 1: Sandwich plate with hybrid facesheets. 
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Figure 2: The flowchart of the optimization procedure. 

where,  W  is the total weight of the sandwich plate,  W  is the facesheets weight,  W  is the T

 f

 cr

carbon fiber facesheet weight,  W  is the fiberglass facesheet weight and  W  is the core weight. 

 g

 c

Thus, the weight of hybrid sandwich plate per unit area can be expressed as following 
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where,  L is the sandwich plate length,   b is sandwich plate width,  r  is the carbon/epoxy cr

density,  r  is the E-glass/epoxy density,  r  is the core density,  h  is the carbon/epoxy ply g

 c
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thickness,  h  is the E-glass/epoxy ply thickness,  N  is the number of carbon/epoxy plies,  N  
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is the number of E-glass/epoxy plies and t  is the thickness of the core. 

c

While, the total cost of sandwich plate with hybrid composite facesheets with consider only the cost of the fibers and the core materials can be expressed as following. 
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where,  C  is the total cost of the sandwich plate,  C  is the facesheets cost,  C  is the core cost, T

 f

 c

 C  carbon fiber facesheet cost and  C  is the fiberglass facesheet cost. Therefore, the cost of cr

 g

hybrid sandwich plate per unit area can be expressed as following 
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 g

weight. 

Therefore, the multi-objective optimization problem to minimize the weight and the cost simultaneously, eqns (4) and (7) can be mathematically formulated as following
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Design constraints

1
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Combinatorial constraint number of +45 plies = number of -45 plies (ply balancing) Bound constraints



 N ,  N ,  t

 cr

 g c ≥ 0  (11)

4  NUMERICAL EXAMPLE AND RESULTS

In this example, we considered a sandwich plate made from hybrid composite laminate facesheets and polyisocyanurate closed-cell foam core. The facesheets were assumed to be symmetrical with respect to the mid-plane of the sandwich plate. Every facesheet consisted of carbon/epoxy and E-glass/epoxy plies. High stiffness carbon/epoxy plies were placed in the outer layers to provide high bending stiffness as shown in Fig. 1. To be more practical laminate design for the facesheets and availability of experimental data, we assumed the layup of the fibers of the facesheets was restricted to some discrete sets of plies layup having orientation angles of 0, ±45 and 90. We assumed the single ply thickness of the carbon/epoxy ply  h  and E-glass/epoxy ply  h  were equal in all optimization techniques  h   =  h  = 0.2 mm. 

 cr

 g

 cr

 g

2Lb-Polyisocyanurate foam was assumed for the core material. 

The material properties used in this study are given in Table 1. The ratios between the stiffnesses, densities and the costs of the carbon/ epoxy to the E-glass/epoxy were 3.5, 0.8 and 11, respectively. The design assumed requirements for given bending and torsion stiffnesses. 

The normalized normal constraint method with Pareto filter was used to generating the Pareto Table 1: Material properties. 
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Density
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22
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Poisson 

Material type

GPa

GPa

GPa

ratio

kg/m3

$/kg

Carbon/epoxy AS4/3501-6 [19] 147
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7
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22[20]

E-glass/epoxy [19]
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1.4

4.3

0.28
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2[21]

2Lb-Polyisocyanurate foam [22] 0.00844 0.00319 0.001516 -

32

83
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frontier trade-off curve and active set algorithm was used to obtain the optimum values of design variables. 

4.1  Minimizing the weight and the cost simultaneously of hybrid sandwich plate In this section, a multi-objective optimization technique was applied, where the weight and the cost of the sandwich plate were minimized simultaneously and the optimum values of design variables for every solution has been generated on the Pareto frontier trade-off curve has been obtained. The design problem assumed subjected to the simultaneous bending and torsion stiffnesses equality design constraints of given bending stiffness of 80,000 (N.m) and torsion stiffness varying in three values 20,000, 40,000 and 60,000 (N.m) to achieve the ratios 0.25, 0.50 and 0.75 of the torsion stiffness to the bending stiffness. 

The optimal results of the design variables and the objective functions for single objective optimization to minimize the weight or the cost are shown in Tables 2 and 3, respectively, where the θ  and   denoted to the plies angles of the carbon/epoxy  and  E-glass/epoxy, cr

θg

respectively, meanwhile t  and t  denoted to the thickness of the carbon/epoxy and E-glass/

cr

g

epoxy facesheets layers, respectively, where  t  = N  ( h ) and  t  = N  ( h ). 

 cr

 cr

 cr

 g

 g

 g

As can be seen, from the results of weight objective optimization in Table 2 the optimum minimum weight was increased by 11% when the ratio of D /D  increase from 0.25 to 0.5, 66

11

while increased by 9% when the ratio of D /D  increased from 0.5 to 0.75. In contrast, 66

11

from Table 3, the optimum minimum cost was increased by 11% when the ratio of D /D  

66

11

increases from 0.25 to 0.5, while increased by 42% when the ratio of D /D  increases from 66

11

0.5 to 0.75. 

Table 2: Optimum weight results and corresponding cost for given D /D  ratio. 
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0.00035
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0.00040

0&±45

0
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0.75

4.15

259.69
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0.00043

±45

0

-

1Optimum. 

2Corresponding. 

Table 3: Optimum cost results and corresponding weight for given D /D  ratio. 
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206   A.I. Salem & S.L. Donaldson, Int. J. Comp. Meth. and Exp. Meas., Vol. 5, No. 2 (2017) After that, multi-objective optimization technique was applied for minimizing the weight and the cost simultaneously. Figure 3 presented the Pareto trade-off curve for minimizing the weight and the cost simultaneously of the hybrid sandwich plate for given ratios 0.25, 0.5 and 0.75 of torsion to bending stiffness. The end points  A and  C on every curve, indicate the ideal design for the minimum cost and minimum weight, respectively, as obtained previously by applying single objective optimization. 

Obviously in Fig. 3 when we move from the right side to the left, the weight of the sandwich plate will decrease and the cost will increase. Moreover, every point on the Pareto-frontier curve represents a unique optimal solution. Thus, the choice of the optimal solution can then be made according designer’s preference, balancing cost versus weight. For example, point  A on Fig. 3 on the Pareto-frontier curve indicates the ideal design for the minimum cost objective (which ends up all glass) for the facesheets. While, point  C presented the ideal design for minimum weight (which ends up all carbon). The point  B shows the compromise solution and the true advantage of hybridization. 

To explore the Pareto front result in more detail, the three points on the Pareto front curve of the hybrid sandwich plate were quantified in terms of (weight, cost) as: A (31.55, 120.73), B (10.24, 164) and C (3.79, 237.89). The results of the objective functions and optimum design variables at the three points are shown in Table 4. As we can see point  B is 36% more 280
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Figure 3:  Pareto trade-off curve for weight and cost for 0.25, 0.5 and 0.75 ratios of torsion to bending stiffness. 

Table 4: Optimum results at the points A, B and C for given D /D = 0.5. 
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expensive than  A and 68% lighter, at the same time, point  B is 31% cheaper than  C and 170% 

heavier. 

The effect of design variables for every optimal design on the Paredo tread off curves for 0.25, 0.5 and 0.75 ratios of torsion to bending stiffnesses are shown on Figs 4–6, respectively. As can be seen from Figs 4 and 5, we can divide them into three regions, the first region around the minimum weight design where the facesheets are made of carbon/epoxy with varying of the core thickness. The second region is the hybrid region extends where the facesheets are made of carbon/epoxy and E-glass/epoxy with a slight difference of the core Figure 4:  Carbon, glass and core layers thicknesses versus the optimum weight of the sandwich plate which resulted from weight and cost minimization for given D /

66

D = 0.25. 

11

Figure 5:  Carbon, glass and core layers thicknesses versus the optimum weight of the sandwich plate which resulted from weight and cost minimization for given D /

66

D = 0.5. 

11
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66

D = 0.75. 

11

thickness. The third region extends where the facesheets are made of E-glass/epoxy with varying core thickness. While, when the ratio of D /D increase to 0.75 the third region dis-66

11

appeared as shown on Fig. 6. That is because the ratio of D /D = 0.75 cannot be achieved 66

11

by using fully E-glass/epoxy with 0, ±45 and 90 configuration for the facesheets. Therefore, the carbon/epoxy was selected to support the E-glass/epoxy to meet the design requirements. 

This lead to significant decrease in the optimum weight accompanied with high increase in the optimum cost solution of the hybrid sandwich plate comparing to the results obtained with ratio of D /D = 0.25 and 0.5. 

66

11

5  CONCLUSIONS

A methodology of multi-objective optimization for sandwich structure with hybrid composite facesheets and foam core was developed and presented. Multi-objective optimization was applied and Pareto frontier trade-off solutions between the weight and cost were generated by using the normalized normal constraint method with Pareto filter. 

The optimization methodology proposed a preliminary conceptual framework which can be used by designers to select design variables including fiber type, ply orientations and the geometric constraints (face sheets thicknesses and core thickness). Considering a hybrid concept of multiple fiber types with different properties and costs in the same composite structure as described in this study provides to designer the ability to meet the specified design requirements while balancing the weight savings with minimum cost. 
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WEIGHT AND COST MULTI-OBJECTIVE OPTIMIZATION
OF HYBRID COMPOSITE SANDWICH STRUCTURES
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ABSTRACT

Producing a light structure with affordable cost without sacrificing strength has always been a chal-
lenging task for designers. Using a hybrid material approach provides an expanded methodology to
combine materials having different costs and properties (for example, combining fibers with high cost
and high stiffness such as carbon with low cost, less stiffness fibers such as glass). Hence, a com-
parative approach is useful for the evaluation of design solutions in terms of weight and cost. In this
study, a methodology for a combined weight and cost optimization for sandwich plates with hybrid
composite facesheets and foam core is presented. The weight and cost of the hybrid sandwich plates
considered are the objective functions subject to required equality constraints based on the bending
and torsional stiffnesses. The hybrid sandwich plates considered consisted of thin hybrid composite
facesheets, symmetric with respect to the mid-plane of the sandwich plates. The facesheets considered
consisted of carbon/epoxy and E-glass/epoxy fiber-reinforced polymer. The layup of the fibers of the
facesheets were restricted to some discrete sets of plies having orientation angles of 0, +45 and 90. A
multi-objective optimization technique was applied to minimize simultaneously the weight and the cost
of the hybrid sandwich plate. The normalized normal constraint method with Pareto filter was used to
generate the Pareto frontier trade-off curve. The Pareto trade-off curve was constructed by optimizing a
sequence of combining weight and cost objective functions, while every function was minimized using
the Active Set Algorithm.

Keywords: cost, hybrid, multi-objective optimization, normalized normal constraint method, weight.

1 INTRODUCTION

Sandwich structure with foam core and composite material facesheets is currently being
widely used in many engineering applications. This structure is attractive for use in aero-
space, automotive, maritime and civil structures applications due to its high performance
(e.g. bending stiffness, strength) to weight ratios, as well as a range of integrated functions,
such as thermal and sound insulation, corrosion resistance, good energy absorption and lower
maintenance cost [1, 2]. Achieving minimum weight of structures is one of the important
objectives in some engineering applications. Many studies were focused on how to obtain
the optimum design of sandwich structure with facesheets (metal or composite) involve a
single material through minimizing the weight and at the same time maximizing the stiffness,
strength, etc. [2-7]. However, all these studies were restricted to a single objective optimiza-
tion problem to minimize the weight of the sandwich structure. A few studies included the
cost of the sandwich structure as a design driver [8, 9].

Using laminate composites for facesheets enables the designer to change ply material, ply
orientation angles and the plies stacking sequence to achieve the desirable properties. Thus,
when applying an optimization technique to sandwich structure with composite facesheets,
there are multiple design variables, which include ply material, ply orientation angles, plies
stacking sequence and in addition the core thickness. Hence, this result a complex design and
analysis process, where a number of design parameters can be manipulated to alter the final
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