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Combined Structural and Manufacturing Optimization

of Stiffened Composite Panels

Joseph Lynn Henderson,* Zafer Giirdal,f and Alfred C. Loos%
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

Manufacturing considerations have been incorporated into the design optimization of a blade-stiffened
composite panel. For the manufacturing analysis, a one-dimensional resin film infusion model is developed
to compute the infiltration time of the resin into a fabric preform of the panel. Results are presented
showing the effects of design variables that are important for structural performance, such as cross-
sectional geometry variables and material properties, on the panel manufacturing effort. In addition, the
effects of manufacturing process variables, such as pressure and temperature, on the structural perfor-
mance are studied. The structural problem is formulated to minimize the panel mass subject to buckling
constraints. A simplified buckling analysis model for the panel is used to compute the critical buckling
loads. The objective of the manufacturing problem is to minimize the resin infiltration time. Optimum
panel designs for the manufacturing and structures problems alone, as well as for the combined problem,
are generated using a genetic algorithm. The results indicate a strong connection between the structural
and manufacturing design variables and tradeoffs between the two responses, and illustrate that a mul-
tidisciplinary approach to the problem is essential to incorporate manufacturing into the preliminary

design stage.

Introduction

NE of the traditional goals of aircraft structural design is

to minimize weight. Laminated composite materials are
a natural choice as replacements for metallic structural appli-
cations, where high stiffness-to-weight ratios are required. For
many aircraft applications, structural panels, such as those en-
countered in skins, ribs, and spars, are additionally strength-
ened by stiffening elements. In recent years, the optimal design
of composite stiffened panels has been widely studied.' ™ The
optimization process, however, is most often based only on the
structural response of the panel. Typically, the objective is to
optimize the cross-sectional geometry to minimize the total
weight of the panel while satisfying constraints on failure loads
based on strength and buckling. In addition to the geometric
design variables, laminate stacking sequences in different seg-
ments of the panel are also frequently used as design varia-
bles.’”’

One consideration, however, that has not been addressed in
the research just mentioned but arises frequently, particularly
for stiffened composite panels, is manufacturing. Geometries
that may be optimal from a structural point of view may not
lend themselves well to cost-effective manufacturing. In some
cases, in fact, the panel geometry may be dictated solely by
manufacturing considerations, and/or existing manufacturing
techniques. A recent research effort in incorporating cost into
the design of composite structures was performed under the
NASA Advanced Composite Technology (ACT) program,
aimed at the development of low-cost, innovative structural
concepts for composite assemblies.® A design tool, called COS-
TADE,’ has been developed to provide support to design-
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ers by projecting the effects of preliminary design decisions
on the manufacturing cost and to allow tradeoff studies be-
tween the cost and weight of various design configurations
prior to concept selection. An important element of cost esti-
mation is the manufacturing plan and the estimation of the cost
for each of its process steps. A variety of manufacturing pro-
cesses are considered in COSTADE, including automated fab-
ric layup and fiber placement, hand layup, resin transfer mold-
ing, pultrusion, thermoplastic thermoforming, etc. The cost
estimates are based on manufacturing time and resource cost
relations that use a set of ground rules for recurring and non-
recurring costs.

Application of the methods of engineering optimization to
detailed manufacturing processes is an area that has recently
gained considerable attention. The design of dies and processes
for injection molding of plastic parts has been a particularly
productive area.'®”"* Using design variables that control the
dimensions of the dies (and consequently, the geometry of the
finished product) along with processing parameters, such as
injection pressure and temperature, substantial cost savings
could be achieved during fabrication of parts. For example, the
optimization strategy used in Ref. 8 was to minimize the in-
jection pressure that helped lower the capital cost of molding
equipment as well as reduce the required clamping forces. A
constraint on the maximum temperature used for melting was
implemented to ensure that material degradation was pre-
vented. A sensitivity analysis for the polymer extrusion process
was developed in Ref. 11 and used along with a gradient-based
search algorithm for the design of the dies. Minimization of
the warpage of injection molded parts was accomplished by
designing the wall thickness, as well as process variables such
as injection time, postfill cooling and packing times, packing
pressure, and melt and coolant temperatures.'” Optimal place-
ment of injection gate locations was performed in Ref. 13 to
improve the quality of plastic parts.

The application of optimization in manufacturing of metallic
parts was the topic of a series of recently published papers on
metal forming."*~"7 For example, an optimization method for
preform die shape design was developed in Ref. 14. The ob-
jective of the design was to reduce the difference between the
actual final forged shape and the desired final forged shape of
a part so that the exact net-shape could be produced. A method
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for designing forging preform shapes based on sensitivity anal-
ysis and shape optimization with finite element simulation was
performed in Ref. 17. The shapes were designed by including
the influence of complex material behavior, which is controlled
by strain rate and temperature.

For composite materials, the processes of resin transfer
molding (RTM) and resin film infusion (RFI) have recently
gained considerable attention for cost-effective fabrication of
stiffened composite panels.'®”** Science-based models for the
simulation of the manufacturing processes involved in RTM
and RFI have been developed for evaluating the infiltration of
resin into a given structural shape such that fully consolidated
and void-free parts are obtained.”’~** However, the primary
objective of these models is simply to analyze the manufac-
turing process for a given composite geometry and set of ma-
terial properties. With the exception of some effort on the se-
lection of a processing cycle, which involves determination of
the temperature and pressure profiles as a function of the man-
ufacturing time, no attempt has been made to optimize the
design itself. In fact, as will be postulated in this study, the
geometry may have a strong impact on not only the manufac-
turing technique selected, but also the processing variables in-
volved, which is not addressed in the research cited earlier.

The present paper takes a multidisciplinary approach to the
design optimization problem at hand, whereby stiffened com-
posite panels can be generated that not only achieve the desired
structural response, but also are easily manufactured. It is also
possible that, without much of a penalty in the structural per-
formance, the manufacturing cost of a panel will be reduced
substantially by incorporating the appropriate manufacturing
analysis and constraints in the design process. To this end, the
work presented here seeks to incorporate elements of manu-
facturing into the design optimization of a blade-stiffened
panel. It is desired to observe the effects of structurally im-
portant design variables, such as cross-sectional geometry and
material properties, on the manufacturing of the panel design.
In addition, the less obvious effects of manufacturing process
variables, such as pressure and temperature, on the structural
performance are studied.

Analyses and Formulation

Elements of Resin Film Infusion

The composites manufacturing process selected to be mod-
eled is that of RFI, which employs a dry textile preform of the
part to be manufactured. For complex-shaped parts, such as
those commonly found in aircraft structural applications, RFI
is a cost-effective manufacturing technique in that its major
component processes such as resin impregnation, consolida-
tion, and cure all occur simultaneously. The cure temperature
and compaction pressure become the essential parameters in
the manufacturing analysis, although, as will be demonstrated
later, the geometry of the part to be filled is also important.
The basic setup of the RFI process is shown in Fig. 1.

To model RFI, the following processes must be considered
simultaneously in the manufacturing analysis: resin flow, resin
kinetics, resin viscosity, and preform compaction. The individ-
ual processes are then combined to model the RFI process for
a one-dimensional representation of a stiffened panel cross sec-
tion.

The resin infiltration through the preform of the part can be
described as flow through a homogeneous porous medium. As-
suming that the flow is laminar and that the resin can be treated
as an incompressible Newtonian fluid, the infiltration can be
expressed by Darcy’s law. The one-dimensional differential
form of Darcy’s law relates g, the flow rate per unit area nor-
mal to the flow, to the pressure gradient as

dz
g=--—=¢ M
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where P is the pressure, S is the permeability of the preform,
7 is the resin viscosity, and z is the flow direction coordinate
(in this case, as will be illustrated later, through-the-thickness
of the panel). Equation (1) also shows the relationship between
the flow rate and a time-dependent quantity known as the in-
terstitial velocity (dz/df). Here, ¢ is the preform porosity and
t is the time variable. As will be explained later in the one-
dimensional RFI model, integration of Eq. (1) determines the
amount of time necessary for the resin to flow a certain dis-
tance.

An empirical relation for the resin viscosity (n) is governed
by the Williams—Landel-Ferry (WLF) equation™

—ClT — T(a)]

Gt T = T + fn[”f)(Tg)]} €))

T, o) = exp {

where T, is the glass transition temperature, the temperature
below which the resin is brittle and glass-like, and C, and C,
are specified constants. Both the glass transition temperature
model and the viscosity at T,, 1(T,), are resin-specific, and can
both be expressed as polynomial functions of the degree of
cure (a)®

T(a) = 283.42 + 196.4a — 925.40°
+ 3435a° — 4715a* + 21974° 3)

en[n(T)] = 20.72 + 8.56c — 9.690> + 41.17a°  (4)

The values of the constants are also resin-dependent and have
the values C, = 29.667 and C, = 36.926 for Hercules 3501-
6. It is assumed that when the resin viscosity reaches 1000
Pa s, the resin is considered to have gelled, or solidified to the
point that flow is no longer possible. It is desired to have the
preform completely infiltrated prior to resin gelation. If not,
the part will contain voids that will degrade its structural per-
formance.

The resin-curing process involves an exothermic chemical
reaction, where a thermosetting resin, like Hercules 3501-6,
will form cross links, locking the polymer chains into a three-
dimensional lattice structure that cannot be reshaped by heat.
Thus, as time progresses, the resin rapidly becomes less fluid
and eventually solidifies, producing the desired part. This pro-
cess is quantified by the degree of cure (&), which is the ratio
of the amount of heat evolved during the reaction up to some
time ¢ to the total heat of reaction evolved during the entire
curing process. Chiou and Letton® give the kinetics model for
Hercules 3501-6 resin as

3
da '“Ei n,
5 =2 sAexp (——RT> (1 - a )

i=1
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where g;, A;, and n; are experimentally determined constants,
and E, are the activation energies, which are also resin-specific.
Table 1% gives the values of these parameters for Hercules
3501-6. R is the universal gas constant, and T is the temper-
ature at which the resin is cured. Solving Eq. (5) gives a as a
function of time, which serves as the input for the viscosity
model.

Pressure is necessary to drive the resin into the preform,
compact the preform to its required dimensions, and increase
the fiber volume fraction by reducing the air pockets left in
the preform. The compaction pressure is not only directly tied
to the flow rate in Darcy’s law, but also indirectly by way of
the porosity. The fiber volume fraction (v;) of the composite
is related to the porosity as follows:

y=1-—¢ (6)

Gutowski et al.*® developed a relationship between the fiber
volume fraction and the compaction pressure. The pressure
required for consolidation is written as

=K V(v/vy) — 1 D
( vV (Vmax/V/) - 1)4

where v, is the initial fiber volume fraction, v,,, is the maxi-
mum allowable fiber volume fraction that depends on the fiber
packing arrangement, and K is a constant based on the fiber
material. For AS-4 carbon fibers, K = 0.159 kPa, v, = 0.51,
and v,,. = 0.829.° From the fiber volume fraction, the thick-
ness of an individual ply can be computed as follows:

P

hyy = &lpryy ®)

where £ is the areal weight of the fiber, and p; is the fiber
density. For AS-4 fibers, these values are £ = 0.152 kg/m®, and
p;= 179 X 10° kg/m’.

The last element that factors into Darcy’s law is the per-
meability of the preform. Permeability is a measure of the
preform resistance to resin flow and is dependent on the fiber
radius, the porosity/fiber volume fraction, the packing arrange-
ment of the fibers, and the fiber direction. The permeability
along the fiber direction is given by the Kozeny-Carman
equation®’

Sn = r 3/4K1(1 - ¢)2 &)

where r is the fiber radius, taken to be 4 um, and K, is a
constant with the value of 0.7. The permeability perpendicular
to the fibers is computed by Gebart®® as follows:

S2s = Kol ’(V (Meax /1) — 1) (10)

K, is a constant with the value of 0.231, and v,,, is the max-
imum allowable fiber volume fraction.

One-Dimensional RFI Model

Encompassing the physical processes of RFI discussed ear-
lier, a one-dimensional flow model has been developed to com-
pute the resin infiltration time of a blade-stiffened panel. The
panel under consideration is shown in Fig. 2. The panel con-
sists of a skin laminate, and blade and flange laminates, which
make up the stiffener. The variables A, and h, represent the

Table 1 Kinetic parameters for the
complex cure reaction of Hercules 3501-6

i nA,s”' EJ/R K n; g

1 17.37 11,220 1.06 0.850
2 19.16 10,250 1.17 0.095
3 46.22 20,570 3.05 0.055
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Fig. 2 Stiffened panel cross-sectional geometry.

skin and flange thicknesses, respectively. The blade laminate
is in a plane perpendicular to the plane of the skin and flange
laminates. Its thickness is represented by w,. The skin width
and the flange width are denoted by w, and wy, respectively.
For structural applications, several unit cells (Fig. 2) typically
comprise the stiffened panel as shown in Fig. 3. The panel
carries a total load of F; and has overall dimensions of W X L.

The skin and blade laminates of the panel are composed of
N, and N, plies, respectively, of thickness h,,, as determined
by Eq. (8). The fiber orientations are assumed to be either O,
*45, or 90 deg. The O deg-fiber direction is along the length
of the panel. The skin and blade laminates are also assumed
to be symmetric about the midplane and balanced. The flange
laminate is obtained by splitting the bottom portion of the
blade laminate in half. Thus, the flange thickness (%)) is one-
half of the blade thickness (w,).

The infiltration time equations for the skin, flange, and blade
portions of the panel are developed following the procedure
outlined by Cai and Lawrie.”® It is assumed that the resin flows
uniformly such that one-dimensional flow is always main-
tained. The infiltration times for each panel section are ob-
tained by integrating Darcy’s law [Eq. (1)] and applying the
continuity equation, which states that the mass flow rate must
remain constant throughout the panel. These times for the skin,
flange, and blade, respectively, are computed as follows:

_o ([

t = PSxJO [fo 7(t) dz] dz 11
2y 1 21 1 z

tf=%£ [EL 0 dZ%Jr Eszl (1) dz] dz  (12)

¢ N 1 (7 wr 1 * w,
== - ndz <+ < =
tb P 5 Ss A "7( ) 2 w, Sf . T’(t) dZ_ Wf

+ EI—J n() dz} dz (13)

Here, z), 25, and z; denote the following through-the-thickness
locations in the panel

z = h,, Z=h + hf’ 3 =h, + hf + h, a4
The skin and flange permeabilities (S, and S;) are those per-
pendicular to the fibers [Eq. (10)]. The blade permeability (S,),
however, is dependent on the stacking sequence and is com-
puted by averaging the permeability of each layer, a method
used by Fingerson et al.”® In the blade, permeability of 0-deg
plies is that perpendicular to the fiber direction [Eq. (10)], and
for 90-deg plies, it is that in the fiber direction [Eq. (9)]. For
+45-deg plies, it is the average of these two permeabilities.
Note that in Eqs. (11-13), the viscosity is left within an in-
tegral expression in z because it varies with time, and subse-
quently, location. In the computation, these integrals are di-
vided into smaller intervals over which the viscosity is taken
to be piecewise constant.
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Structural Analysis Model

The planform of the stiffened panel is shown in Fig. 3. For
the purposes of structural analysis, a simple unit cell comprised
of a stiffener located centrally with respect to a skin segment
shown in Fig. 4 is considered. The unit cell is subjected to
uniform end-shortening in the x direction, which corresponds
to an end load of F, and is simply supported along the four
edges. This type of loading implies that the skin and stiffener
elements deform together along the x direction, and they are
assumed to buckle in multiple sinusoidal half-waves in the out-
of-plane direction along the length and width of the panel.

The structural criterion in the present work is buckling re-
sponse of the panel under the prescribed end loading. As will
be explained later, design variables that govern the manufac-
turing process also impact the structural behavior of the panel.
One of the goals of this research is to explore the changes in
the buckling response of the panel as a function of changes in
these design variables. Consequently, a detailed buckling anal-
ysis would be prohibitively expensive at this point. Therefore,
a simpler approach is taken.

One possible approach to the buckling analysis is to smear
the engineering properties of the skin and stiffener. However,
this method might eliminate some important aspects of the
panel’s buckling behavior, such as interstiffener buckling. To
account for this, the panel is assumed to be composed of two
separate structural elements as illustrated in Fig. 5. Here, the
skin structural element is the portion of the panel between the
flanges of two stiffeners. The stiffener element consists of the
blade, flange, and the portion of the skin beneath the flange.
Under a uniform end shortening, the applied loading can be
distributed as follows:

F = (EA)skin F

T (BA) g + (EA)gin ©
EA (13)

Fsmf - ( )stiff Fc

(EA)sliff + (EA )skin

where A represents the cross-sectional area and E is Young’s
modulus. These forces are then compared to the critical loads
that will cause each element to buckle as will be discussed
later in this paper. To compute the engineering properties of
the skin and stiffener, micromechanical principles and classical
lamination theory are used.

The structural response of the skin element is computed as
a simply supported laminated plate of width w; — w,, under-
going buckling. Under compression in the x direction, the lam-
inate will buckle into m and n half-waves in the x and y di-

]
L, L

f.

— ——
s

Fig. 4 Panel unit cell and
loading.
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Fig. 5 Skin and stiffener structural elements.

rections, respectively, when the load reaches a critical value
given by

"

:l:‘n = min ((W: = wy) (W_L> {Dn <ﬂ> + 2(Dy; + 2Dg)
mn m L
mn : n ¢
% l:L(W: - Wf)] D= (Ws - Wf) }) (16)

where D,; are the flexural stiffnesses of the skin laminate.
The stiffener element is treated as a simply supported col-

umn undergoing axial loading. The critical value of F at

which the column will buckle is given by Euler’s formula

g:tl'f = WZ(EI)sufr/Lz a7

where I, is the moment of inertia of the stiffener cross sec-
tion, which depends on the stiffener geometry. The stiffener
modulus (E) is computed by classical lamination theory,
with the laminate used in the calculation combining the stack-
ing sequences of the skin, flange, and blade laminates.

Optimization Problem

Formulation

There are three sets of design variables to be optimized:
geometric, material, and manufacturing. The variables are se-
lected as those that impact both the manufacturing and struc-
tural response of the panel. The geometric variables define the
cross section of the panel, as shown in Fig. 2. These are the
skin and blade thicknesses, the skin and flange widths, and the
blade height. Note that the panel length (L) remains constant
because it has no impact on the one-dimensional manufactur-
ing analysis.

Material variables come in the form of the ply orientation
angles, i.e., stacking sequences, of the skin and blade lami-
nates. Both of the laminates are taken to be balanced and sym-
metric. Because the flange is an extension of one-half of the
blade laminate, as previously described, its stacking sequence
is also half that of the blade, and thus, is not symmetric. To
reduce the number of material variables, the plies are further
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arranged into stacks, consisting of four plies of the same ori-
entation (a 45-deg stack consists of two +45-deg plies and
two —45-deg plies to maintain the balanced condition). The
three possible stacks are 0,, £45,, and 90, deg. Thus, for an
N-ply symmetric laminate in this work, only N/8 stacks have
to be considered in the optimization. Previous research®*®’
employed two-ply stacks for a total of N/4 for balanced and
symmetric laminates. However, to decrease the total number
of design variables, the four-ply stacks are preferred.

The material variables govern the thicknesses of the skin
and blade. For N, and N, plies in the skin and blade laminates,
respectively, the thicknesses are

h, = N, hyy, Wy = Nyhyy (18)
The material variables also affect the structural and manufac-
turing responses of a panel design. The in-plane properties are
dependent on the total numbers of each ply orientation,
whereas the stacking sequence itself governs the flexural prop-
erties. In addition, the stacking sequence of the blade laminate
also determines its permeability as previously discussed.

The manufacturing variables are the compaction pressure
and the cure temperature. Pressure not only affects the resin
infiltration time, but also the panel’s structural response by
changing its material properties. Although the compaction
pressure has a profound effect on the manufacturing analysis
of the panel, preliminary results indicate that it has only a
slight effect on the structural performance. In addition, prelim-
inary optimization data reveal that the optimizer will increase
the value of P to whatever maximum allowable value it is
given. In the actual manufacturing process, however, there are
practical limits to the amount of pressure used. For these rea-
sons, pressure is not treated as a design variable. On the other
hand, although the cure temperature has no direct impact on
structural performance, it plays too large a role in the manu-
facturing analysis to remain a constant. Variations in cure tem-
perature may lead to premature gelling or curing of the resin
before the infiltration process is completed.

The optimization problem includes both continuous and dis-
crete design variables. The geometric and manufacturing var-
iables are continuous, but the stacking sequence optimization
is a discrete problem because the ply orientations are limited
to three choices. The optimization procedure used must there-
fore account for this. The optimization problem at hand is a
multicriterion one. The structural objective is to minimize the
mass of the panel

M = LAWIw)(vps + ¢p,) (19)

where L (0.762 m) is the panel length, A is the total cross-
sectional area of the panel, v is the fiber volume fraction, ¢
is the porous volume fraction occupied by the infiltrated resin,
and p; (1.79 X 10° kg/m®) and p, (1.26 X 10’ kg/m’) are the
fiber and resin densities, respectively. The mass expression
given in Eq. (19) is for a panel consisting of W/w, stiffeners
(W = 0.812 m). It is inconsequential for this work if there are
a noninteger number of stiffeners. On the manufacturing side,
the goal is to minimize the resin infiltration time, the sum of
the individual times for each panel section

t=t,+4+1, (20)
The constrained optimization problem is stated in Eq. (21)

minimize ¢ = B,M + B,t

& = (Fskin/F;iiln) = 1= ru. —
8= (Fase/Fait) — 1 = ryie —
g:=099 —A =0
ga=wiwpy) =7 =0
gs=2— (w'/w,) =0
ge=0w/w) — =0

1=0
1=0

=
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Fig. 6 Genetic algorithm flowchart.

Here, B, and B, are weighting parameters that govern the rel-
ative importance of the individual objectives and are selected
to normalize their magnitudes. For the results shown in this
paper, these parameters were selected such that each objective
had equal weight. The corresponding values of 8, and 3, were
0.125 and 0.002, respectively. The structural constraints (g,
and g,) state that the actual loading in each element [Eq. (15)]
cannot exceed its critical buckling value [Egs. (16) and (17)].
The manufacturing constraint (g;) ensures that the preform of
the panel be completely filled with resin prior to resin gelation,
where A is the percentage of the preform filled with resin. The
constraint is relaxed to allow 99% and above to be considered
completely filled. In addition, constraints are placed on the
geometric design variables to restrict the value of the flange
width to a range of 2w, = w, = 7w, (g, and g), and ensure
that space equal to at least 0.5w; remains between individual
stiffeners (ge).

Genetic Algorithms

A genetic algorithm (GA) is the optimization method
chosen for the problem. The GA is a probabilistic optimization
method that works on a population of designs by mimicking
the processes of genetic evolution. GAs have several advan-
tages over other optimization procedures. They do not require
any derivative information and are insensitive to the complex-
ity of the objective function. For this work, the strongest rea-
son for selecting the GA is its ability to deal with discrete
design variables.

Figure 6 is a flow chart of the basic GA. The GA begins
with an initial population of II (50) designs randomly gener-
ated. The objective function value for each individual design
in the population is evaluated to assess its performance. New
designs are created through the processes of selection, cross-
over, and mutation, and the optimization procedure is repeated
until a specified number of generations has passed or after a
specified number of generations without any improvement in
the objective function value of the best design is reached.

The GA is an unconstrained optimization procedure. There-
fore, to incorporate the necessary constraints, a penalty func-
tion approach is taken. Penalty functions augment the objective
function, and are used in a minimization problem to increase
the value of each objective function when constraint violations
are encountered. The augmented panel mass (M*) is given by
the following expression:

30-32

Mt = |BM i max (g8, if g>0 or £>0
BM+ e min (g,g) if g =0 and g =0
(22)
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Here, x, (4.0) is the parameter that penalizes B,M for con-
straint violations, and &, (0.005) is a bonus parameter. Both of
these quantities are positive. The bonus parameter is used to
give a slight advantage to designs that satisfy both of the struc-
tural constraints (g, and g,) by reducing their objective func-
tion values. The bonus also distinguishes between designs of
the same mass, but with different degrees of constraint satis-
faction. M* is further penalized if the geometric constraints (
84, &s, and ge) are not satisfied. This new augmented panel
mass is given by

M** = M* + x, max (ga, &s ge 0) (23)

where y, (6.0) is the penalty parameter.
The augmented infiltration time (¢#*) is

t* = B,t + x; max (g, 0) 24)

Again, x; (10.0) is a penalty parameter for designs not satis-
fying the fill constraint (g;). Using the two augmented objec-
tives, a new composite objective function (W) can be formed.
The unconstrained optimization problem for use with the GA
then becomes

minimize ¥ = M** + p* (25)

Results and Discussion

The results presented here will first illustrate the nature of
the structural and manufacturing responses of blade-stiffened
panel designs and how changing the design variables will im-
pact these responses. To illustrate the motivation behind the
multidisciplinary approach to the problem, this section begins
with the discussion of optimal panel designs from a previous
study.

Table 2 presents the 10 best designs obtained by Nagendra
et al.* from a study of the weight minimization of a blade-
stiffened panel with buckling constraints. The design variables
used in that study were the blade height (k) and the stacking
sequences of the skin and blade laminates. The thicknesses of
the laminates were also allowed to vary in stacks of four plies
with the total number of plies being N, and N, for the skin
and blade, respectively. The values of skin width (w, = 20.30
cm) and flange width (w, = 6.10 cm) were fixed, and the panels
were designed to carry an axial load of 3.50 MN/m and a shear
load of 0.876 MN/m. The designs in Table 2, listed in order
of increasing panel mass, as obtained by Nagendra et al., were
then analyzed by the one-dimensional RFI manufacturing
model to compute the time required to fully infiltrate the panels
with these geometries. Because the weight minimization prob-
lem in Ref. 4 did not require any manufacturing-related vari-
ables, values for the applied pressure and temperature must be
chosen to perform the manufacturing analysis. Based on pre-
liminary results obtained with RFI model, the pressure and
temperature were selected to be 700 kPa and 120°C, respec-
tively. Included in Table 2 are the resin infiltration times (7)
and the ranking of the designs in terms of this measure of

Table 2 Manufacturing analyses of minimum
weight designs from Ref. 4

h,, cm N, N, M, kg t,s t, rank

8.03 32 76 10.95 1,181 4
7.72 32 72 10.96 1,012 2
8.09 32 76 10.98 3,225 9
7.75 36 72 10.98 1,249 5
7.89 36 72 11.04 1,275 6
7
3
0
1
8

8.06 36 72 11.12 1,474
772 36 72 11.15 1,174
7.74 32 80 11.16 Gelled 1
7.80 40 68 11.16 981
7.74 36 76 11.17 1,712

manufacturing efficiency. The masses (M) given in the table
are for panels composed of four stiffener elements, whereas
the infiltration time is computed for the unit cell because the
manufacturing analysis is one-dimensional.

From this table, it can be seen that the lightest design only
ranks fourth in terms of its infiltration time, whereas the ninth-
best structural design ranks first, and therefore, is the design
that can be manufactured the fastest. Note that the weight dif-
ference between the best and tenth-best designs is only about
2%, whereas there is more than a factor of 3 difference be-
tween the lowest and highest infiltration times. Also, note that
the resin gels before infiltration is complete in the design
ranked tenth. Although no direct relationship between the
structural and manufacturing objectives can be made from the
data, Table 2 shows that these objectives differ substantially
enough to warrant a multiobjective approach to the optimiza-
tion problem. The results also suggest that it is possible to
achieve substantial gains in manufacturing time without much
of a loss in structural performance.

The optimization results for the structural problem alone,
including the values of the geometric and material variables
as well as the results of the structural analysis for a loading of
800 kN and pressure of 700 kPa, are listed next. Geometric
variables: skin width (w,) = 27.82 cm, flange width (w) =6.13
cm, blade height (h,) = 5.00 cm, skin thickness (A,) = 0.479
cm, and blade thickness (w,) = 0.957 cm. Material variables:
skin stacking sequence (0,) = [*£45,, deg], and blade stacking
sequence (0,) = [0y deg]. Manufacturing variables: compac-
tion pressure (P) = 700 kPa and cure temperature (7)) = 120°C.
Structural analysis: applied loading (F) = 800 kN, panel mass
(M) = 7.65 kg, stiffener buckling ratio (ry) = 0.983, skin
buckling ratio (ry:,) = 0.996, flange-to-blade ratio (w,/w,) =
6.40, and flange-to-skin ratio (w;/w,) = 0.220. Manufacturing
analysis: resin infiltration time () = 693 s and percentage filled
(A) = 1.00. The resulting all-zero-ply blade gives the stiffener
the maximum stiffness along the loading direction so that it
can carry the majority of the load. Meanwhile, the *+45-deg
plies keep the skin just under the verge of buckling. The ge-
ometric constraints are also both satisfied. In addition, the
manufacturing response of the design is assessed with the one-
dimensional RFI model. To do this, however, a cure temper-
ature must be selected because it is not a design variable in
the structural optimization. As before, a value of 120°C is cho-
sen. The list of structural optimum variables in the previous
text shows that the design is fully infiltrated and fills in
693 s.

For the manufacturing optimization, the problem is refor-
mulated because earlier results indicate that the optimizer at-
tempts to reduce the panel to a flat plate of dimensions W X
L X h,, i.e., the skin. To support the desired loading without
buckling, the skin thickness must be allowed to vary. Thus,
the number of plies in the skin (,) and the cure temperature
are the sole design variables. In accordance with the structural
optimization results, the stacking sequence of the resulting skin
is taken to be of the form [*£45,,,, deg],, since the permeability
of the skin is always that perpendicular to the fibers, regardless
of the fiber orientation. The manufacturing optimum for the
same pressure (700 kPa) and loading (800 kN) as the structural
optimum is shown next: N, = 116, A, = 1.39 cm, T = 151°C,
Fain = 0924, M = 14.1 kg, and ¢t = 17.05 s. Note that cure
temperature is now a variable and for the manufacturing design
has an optimal value of 151°C. In addition, the skin is almost
three times thicker than that of the structural optimum. The
difference in the objectives will be discussed later.

The combined optimum (P = 700 kPa, F = 800 kN) for the
same compaction pressure and loading is given next. Geo-
metric variables: w, = 27.15 cm, w, = 6.66 cm, h, = 5.25 cm,
h, = 0.479 cm, and w, = 0.957 cm. Material variables: ®, =
[+45,, deg], and O, = [0s, deg/90; deg],. Manufacturing var-
iables: P = 700 kPa and T = 120°C. Structural analysis: F =
800 kN, M =791 kg, Fsiiff = 0.994, Fskin = 0.979, Wf/Wb = 6.95,
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and wy/w, = 0.245. Manufacturing analysis: = 498 s and A
= 1.00. Comparing the geometry to that of the structural op-
timum, it can be seen that the skin is now 2.4% narrower than
before, whereas the flange width and blade height have grown
by 8.6 and 5.0%, respectively.

The stacking sequence of the skin remains [+45,, deg], as
in the structural optimum because it does not affect the manu-
facturing analysis. The blade, however, has incorporated two
90-deg stacks into the all-zero structural optimum to reduce its
permeability, and thus, reducing its infiltration time. The blade
height is increased to 5.25 cm (a 5% increase) compared with
the structural optimal design. The addition of 90-deg plies ac-
counts for the increase in the blade height because the stiffener
modulus is less than that for the all-zero blade. The stacking
sequence is described as [0;, deg/90; deg], because the buck-
ling model for the stiffener depends only on the numbers of
each ply orientation, not on their order. The resulting stacking
sequence given earlier causes the stiffener buckling ratio to
approach its critical value, rather than the skin buckling ratio
that was the case for the structural optimum. The ratio of
flange width to blade thickness is also nearly critical. All other
constraints, however, are satisfied with a margin. The panel
mass of the combined optimum shown earlier is 3.4% higher
than that of the structural optimum, but 44% lower than that
of the manufacturing optimum. Comparing the combined op-
timum infiltration time of 498 s to the 693 s achieved at the
same cure temperature of 120°C, approximately a 28% de-
crease in infiltration time is achieved.

To verify that the design given previously is indeed optimal,
the design variables can be perturbed to observe the effects in
the structural and manufacturing responses of the panel. The
plots that follow demonstrate these resulting tradeoffs in the
objective function. The figures show the parametric variation
of the infiltration time and the panel mass as a function of
various design variables.

For example, Fig. 7 shows the effect of varying the skin
width, while keeping the other design variables fixed at their
optimal values, on the infiltration time and panel mass. From
the figure, it can be seen that increases in w, decrease both the
panel mass and fill time. The ® symbol indicates that the resin
has gelled prior to complete infiltration of the preform, and
the © symbol indicates the largest value w, can take. The +
symbols indicate bounds for buckling constraint satisfaction.
The upper bound is where the stiffener buckling ratio is crit-
ical, and the lower bound is where the skin buckling ratio is
critical. The optimum value of 27.82 cm lies in the middle
rather than at the lower bound because of the discrete nature
of the genetic algorithm. The plot indicates that the lowest

Panel Mass (kg)

[ ) S——— L L P L |

0 500 1000 1500 2000 2500 3000

All Time (9

Fig. 7 Objective tradeoff for variable skin width. The ® symbol
indicates that the resin has gelled prior to complete infiltration of
the preform, and the © symbol indicates the largest value w, can
take. The + symbols indicate bounds for buckling constraint sat-
isfaction.

values of the two objectives occurs when w, = W, but both
buckling constraints are violated. Thus, the skin width com-
puted by the GA is the optimum.

The effect of changing the blade height (see Fig. 8), while
keeping the other design variables fixed, on the two objectives
is similar to that of the skin width. The smallest infiltration
time and panel mass occurs when the A, shrinks to zero. How-
ever, to satisfy both buckling constraints, the height must be
at least 5.25 cm, which again was the optimum value given
earlier. Arrows are used to indicate the direction of increasing
buckling constraint satisfaction.

Varying the flange width, as shown in Fig. 9, produces a
different result. This time, the plot indicates an opposition in
the objectives. The minimum-mass design occurs when w; =
0.14w, (M = 7.40 kg). This design also has the largest infiltra-
tion time (¢ = 2,406 s), and designs with smaller flanges cause
the resin to gel prematurely. Moreover, the buckling constraints
for this design are violated.

The minimum time design, on the other hand, does satisfy
the buckling constraints, and occurs when w; = 0.64w, (t = 299
s, M = 9.82 kg). Above this value, both the mass and time
increase. This design, however, violates the geometric con-
straint that w, = 7w,. Here, w, = 19w,. The value of w; that
satisfies all of the constraints is 0.245w,, giving the optimum
design, as previously found, which is 19% lighter than the
minimum time design, but fills 67% less quickly. It would
appear that relaxing the geometric constraint would give a bet-
ter design in terms of the manufacturing response, but recall
that all other design variables are fixed. Thus, a change in the
constraint would affect the outcome of the optimization and
the resulting design.

Figure 10 shows that compaction pressure has a common
effect on the fill time and panel mass. As with the skin width

10 ¢

o]

Panel Mass (kg)

OAJAL‘ P S S R U U RN SR |
0O 500 1000 1500 2000 2500 3000

Fill Time (9
Fig. 8 Objective tradeoff for variable blade height.
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Fig. 9 Objective tradeoff for variable flange width.
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Fig. 10 Objective tradeoff for variable pressure.
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Fig. 11 Manufacturing, structural, and combined optima.

and blade height, increasing the pressure decreases both the
structural and manufacturing objectives, although the effect is
more pronounced in the time rather than the mass. Note that
premature gelation of the resin does not occur over the plotted
pressure range, and that the pressure should be below 1000
kPa for the buckling constraints to be satisfied. This is the
optimal pressure for the given geometry and cure temperature
and yields a time and mass of 307 s and 7.82 kg, respectively.
Recall that variations in temperature have no direct impact on
the structural response of the panel.

Finally, it is desired to examine the tradeoffs between the
structural and manufacturing objectives in the optimal designs
previously discussed. Figure 11 plots these optima. The lines
connecting the optima are used for illustration purposes. From
the figure, it can be seen that the manufacturing optimum has
the lowest infiltration time, but also the highest panel mass.
The structural optimum, on the other hand, has the highest
time, but the lowest mass. The difference in objectives between
the manufacturing and structural optima are 98% for the time
and 84% for the mass. That is, the manufacturing optimum for
the baseline pressure and loading fills 98% faster than the
structural optimum for the same case, but is 84% more mas-
sive.

The combined optimum, as expected, essentially falls in be-
tween the structural and manufacturing optima, but lies closer
to the structural design. Going from the structural design to
the combined, the panel mass increases. However, compensat-
ing for the higher mass, the infiltration time decreases. These
results indicate that there is a definite tradeoff between the
manufacturing and structural responses in the design of a stiff-
ened composite panel and that a multidisciplinary approach is
essential to the optimization problem.

Concluding Remarks

The goal of this research was to integrate manufacturing
considerations into the design optimization of a blade-stiffened
panel with cross-sectional sizing and process control design
variables such as pressure and temperature. Simplified models
were developed to determine the panel mass, the critical buck-
ling loads, and the time for resin infiltration as measures of
the structural and manufacturing responses. The manufacturing
analysis is based on a one-dimensional RFI model, and is ca-
pable of accounting for the influence of temperature and pres-
sure on the resin viscosity and curing characteristics that are
important for achieving void-free and fully cured composite
parts. The manufacturing model is first used to determine the
resin infiltration time for a set of designs obtained based on
weight minimization only. Results showed a wide range of
variation in the infiltration times of panels that weighed prac-
tically the same and, hence, the possibility of tradeoffs between
structural weight and manufacturing effort.

A GA was used to generate optimum designs for the struc-
tures and manufacturing cases alone, as well as for the com-
bined case. The design variables were selected as those that
influence both disciplines, and include the cross-sectional ge-
ometry, laminate stacking sequences, compaction pressure, and
cure temperature. The results presented in this paper demon-
strated a strong correlation between structures and manufac-
turing, confirming that the approach to the problem must be
multidisciplinary if manufacturing is to be incorporated into
the design process. Using this methodology, it is possible to
observe the effects of structurally important design variables,
such as geometry, material properties, and laminate stacking
sequence, on the manufacturing performance of the panel de-
sign, and the less obvious effects of manufacturing process
variables, such as pressure and temperature, on the structural
performance. For example, compared with the minimum
weight design, the combined weight and infiltration time op-
timum design had 90-deg layers in the stiffener blades (without
a change in the blade thickness), which help reduce the infil-
tration time by about 28%. The loss in the stiffness of the blade
was compensated for by increasing the blade height by 5% so
that the load-carrying capability of the panel was maintained
without violating the buckling constraint. The change in the
cross section caused less than 4% weight penalty.
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