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Slotted1 waveguides embedded in aircraft skin panelsmay not support a buckling loadwithout failure in the copper

waveguide due to stress concentrations created by the corners of the slots. To create designs strong enough to avoid

compressive failure before buckling instability, an initial offset in the copper waveguide may be added so that the

supporting skin cover and backplane take additional load to prevent failure at the waveguide slot corners. A structural

model is developed to include a gap in the eigenvalue analysis through a prestress term, and subsequently to account for

the gap inanoptimizationprocedure.Additionally, a curve fit is used toaccount for local bucklingmodes that reduce the

plate buckling mode of the final panel design. These factors combine to allow for a low-fidelity model to account for the

gapand local bucklingwithout theneed for ahigh-fidelitymodel usingplate or contactmodeling.This low-fidelitymodel

is then run through an optimizer, producing designs that are stronger and/or lighter for a fraction of the computational

cost of prior high-fidelity models.

Nomenclature

A = area
d1 = slot width
d3 = slot centerline offset
d6 = waveguide height
E = Young’s modulus
G = shear modulus
Kt = concentration factor
Pcr = critical buckling load
P0 = axial load before gap closure
r = fillet radius
s = nearest slot corner distance
tx = thickness of material/location X
u = axial displacement
w = transverse displacement
δ = copper end offset
εx = strain of type x
νA = Poisson’s ratio
σx = stress of type x

I. Introduction

W HEN a structure is composed of multiple materials, the differ-
ing material properties often lead to different limiting stress

values for each material. As a result, structures may see certain
materials fail before others due to the uneven loading and the varying
stiffness and strength properties for each material. One type of
structure that suffers from this is the structurally embedded load-
bearing slotted waveguide [1]. These so-called slotted waveguide
antenna stiffened structures (SWASSs) [2,3] are aimed at integrating
the waveguides used by weather radars, communications antennas,
and similar systems into the skin of the aircraft itself in a load-bearing
capacity to reduce the overall mass of the aircraft. Because antennas
are typically not intended to support loading, they are surrounded by
stronger materials to shoulder portions of the loads and prevent them
from buckling or deforming in ways that compromise their electro-
magnetic performance. Brooks and Canfield [1] showed that a load-
bearing copperwaveguide could notwithstand the compressive loads

before buckling instability of the structure, despite the presence of
additional supportingmaterial. The SWASSs being analyzed here are
based upon the fourth proposed design shown byKim et al. [2] for an
aircraft skin panel, which was composed of a metallic inner wave-
guide surrounded by a fiberglass sleeve, a fiberglass skin 2outer mold
line (OML), and graphite epoxy skin of the aircraft panel inner mold
line (IML) as in Fig. 1a.
Each material has its own independent thickness shown in Fig. 1b,

whereas the slot dimensions themselves use the same nomenclature
as depicted in Fig. 1c. Each of these individual waveguides is
wrapped in fiberglass before they are combined into a larger panel,
as shown in Fig. 1a, with the total number dictated by the desired
radiation pattern/strength and the space between wing spars
Copper’s high stiffness value results in it shouldering a sizable

portion of the load, but the low yield stress means that it fails well
before the supporting graphite–epoxy IML skin and fiberglass sleeve
and outer skin. To alleviate this issue, one solution is to implement an
initial gap between the copper waveguide and the end of the support-
ing materials as in Fig. 2. A gap is created by sliding the copper
waveguide tube into the fiberglass wrap so that the copper tube slides
freely. This allows the fiberglass wrap and composite skins to absorb
loading as they deform until the copper encounters the loading sur-
face so that it does not fail prematurely.
However, the modeling of the initial gap leads to issues when

analyzing the structure’s buckling characteristics because the copper
waveguide is free to slide within the supporting materials. The
standard eigenvalue finite element analysis relies upon a set of nodes
placed along the structure’s length; but, because the copper does not
experience initial loading before the gap’s closing, it does not com-
press axially with these initial nodes. However, the copper does resist
the transverse deflection, and thus cannot be ignored before the gap’s
closing.
The approach described here accounts for the initial gap in the

eigenvalue analysis, thereby allowing low-fidelitymodels to properly
model the gap’s impact without the need for computationally expen-
sive contact modeling for use within an optimization procedure.
The low-fidelity model replaces the several thousand elements

required for the higher-fidelity model with a series of two element
types: those with slots and those without, as shown in Fig. 3b, with
nodes placed at the ends of each slot shown as black dots. Each node
ensures displacement and rotation are continuous between elements,
whereas 4the nodes beyond the ends of the first and last waveguides
pinned in. Three-dimensional (3-D) models of both individual wave-
guides and full panels are pinned along their outer edges, as shown in
Fig. 4. The transverse location of these edges is determined by the
location of the beam axis used in the corresponding one-dimensional
(1-D) models, which will be detailed further in Sec. III. The stress
concentrations created by the slot corners are accounted for using a fit
developed by Brooks and Canfield [1], whereas the need for contact
modeling is eliminated by the update in the eigenanalysis detailed in
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the following. In this analysis, the nodal points on the supporting
materials are chosen based upon the gap length and the initial stress
required to close the gap. Doing so ensures that these initial nodes
align with the corresponding nodes on the previously unloaded
copper waveguidewhen the gap is closed. Using this choice of nodes
allows for consistent postgap displacement among all materials,
whereas the pregap displacements are still accounted for.

II. Gap Modeling Using Prestress Terms

Due to the presence of the offset, the standard eigenvalue problem
must be updated to account for the change in stiffness that occurs

when thegap is closed. Just as in the standard eigenvalue problem, the
total potential energy may be used to formulate the eigenanalysis:

Πe � U� V (1)

Themain difference stems from the change to the strain energyU that
now includes additional terms for initial strains ε0 or initial stresses
σ0, although they typically would not be used at the same time [4]:

U �
Z �

1

2
fϵgT �E�fϵg − fϵgT �E�fϵ0g � fϵgTfσ0g

�
dV (2)

based upon the relationship

fσg � �E��fϵg − fϵ0g� � fσ0g (3)

This methodwill account for the gap by using either the initial strain
term to account for the displacement needed to close the gap due to
an axial load and shorten it to the same length as the copper wave-
guide within, or by using the initial stress term to represent the load
needed to close the gap. Similar methods have been used for
analyzing the eigenfrequencies of structures under follower load-
ing, as in the work of Goyal and Kapania, but these looked at their
effects on eigenfrequency analysis rather than eigenvalue buckling
analyses [5].
In Eq. (1), V corresponds to the potential of the applied axial load,

which is equal to the applied loadmultiplied by the distance bywhich
the beam is shortened [6]:

V � P

Z
L

0

ϵxx dx (4)

For both strain energy and applied load potential terms, the axial
strain for a beam can be expanded as [7]

ϵx � ϵxx � zκxx �
�
du

dx
� 1

2

�
dw

dx

�
2

� 1

2

�
du

dx

�
2
�
� z

�
d2w

dx2

�

(5)

where εxx corresponds to the strain of the nodal/midplane, and κxx
corresponds to the curvature. Substituting Eqs. (2), (4), and (5) into
Eq. (1) and assuming only the axial strains are substantial,

Fig. 3 Model fidelities: a) finer mesh requiring remeshing every time
parameters are changed, and b) coarse 1-D mesh (black dots are nodes)
that can be easily updated within an optimization routine.

Fig. 4 Simply supported edge conditions. Plate models are constrained
on their outer edges along a plane corresponding to the transverse
location of the beam axis.

Fig. 1 Waveguide3 concept and components. The SWASSpanel is composed of the innermetallicwaveguide, the fiberglass sleeve andoutermold line, and

the CFRP inner mold line, with the material thicknesses and waveguide dimensions specified by its target function.

Fig. 2 Offset proposal. The supporting material will extend a distance δ beyond one end of the waveguide insert.
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Πe �
Z �

1

2
�E��ϵx�2 − �E�ϵxϵ0 � ϵxσ0

�
dV � P

Z
L

0

ϵxx dx (6)

Although the offset distance is dictated as a design variable in the

larger optimization procedure, the term used is dictated by the

analysis method employed. For an eigenvalue problem, the initial

stress term is used to account for the closed gap: after which, the

displacements in the sleeve and copper waveguide are the same.

Alternatively, the initial strain term can be used for a two-step load-

displacement analysis as a validation case.
The eigenvalue problem may be formulated by setting the first

variation of Eq. (6) to zero. Focusing on the total strain energy

term and distinguishing between the postgap strain εc and the initial
strain ε0,

δU �
Z �

1

2
Eδϵcϵc �

1

2
Eϵcδϵc � Eδϵcϵ0

�
dV � δU1 � δU2 (7)

Expanding Eq. (7) in terms of the relationship within Eq. (5) and

consolidating like terms [8],

δU1 �
Z

L

0

�
EA

�
du

dx

�
dδu

dx
� EQ

�
d2w

dx2

�
dδu

dx
� EQ

�
du

dx

�
d2δw

dx2

� EI

�
d2w

dx2

�
d2δw

dx2
� EA

dδu

dx

du0
dx

� EQ
d2δw

dx2
du0
dx

� EQ
dδu

dx

d2w0

dx2
� EI

d2δw

dx2
d2w0

dx2

�
dx (8)

δU2 �
Z

L

0

�
EA

�
1

2

�
dw

dx

�
2

� 1

2

�
du

dx

�
2
�
dδu

dx

� EA

�
du

dx

dw

dx
� 1

2

�
dw

dx

�
3

� 1

2

�
du

dx

�
2 dw

dx

�
dδw

dx

� EQ

�
d2w

dx2

�
dw

dx

dδw

dx
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��
du

dx

�
2

� 1

2

�
dw

dx

�
2 du

dx

� 1

2

�
du

dx

�
3
�
dδu

dx
� EQ

�
d2w

dx2

�
du

dx

dδu

dx

� EQ

�
1

2

�
dw

dx

�
2

� 1

2

�
du

dx

�
2
�
d2δw

dx2

� EA

�
1

2

�
dw0

dx

�
2

� 1

2

�
du0
dx

�
2
�
dδu

dx
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�
du0
dx

� 1

2

�
dw0

dx

�
2

� 1

2

�
du0
dx

�
2
��

dδw

dx

�
2

� EA

�
du0
dx

� 1

2

�
dw0

dx

�
2

� 1

2

�
du0
dx

�
2
��

dδu

dx

�
2

� EQ

�
d2w0

dx2

��
dδw

dx

�
2

� EQ

�
d2w0

dx2

��
dδu

dx

�
2

� EQ

�
1

2

�
dw0
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�
2

� 1

2

�
du0
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�
2
�
d2δw

dx2

�
dx (9)

where δU2 corresponds to the higher-order terms that are neglected in

the analysis. In each of these terms, Q corresponds to the first area

moment of inertia:

EQ �
Z

Ez dA (10)

In a homogeneous structure, Q would be equal to zero when taken

about the structure’s centroidal axis. However, for structures com-

posed of multiple materials, these values become nonzero and are

proportional to the areas of each kth material multiplied by its

distance above or below the global centroidal axis:

EQ �
Z

Ez dA �
Z

E�zk � z0� dA ≈ z0A (11)

Returning to the potential of the applied compressive load P from

Eq. (4), inserting Eq. (5) updates the equation such that [6]

V � P

Z
L

0

ϵxx dx� P

Z
L

0

�
du

dx
� 1

2

�
du

dx

�
2

� 1

2

�
dw

dx

�
2
�
dx (12)

In an inextensible beam, the neutral axis is assumed to be a constant

length, and therefore all du∕dx terms are zero, leaving only the term

corresponding to the end shortening due to transverse deflection as

the structure buckles. Looking next at the first variation, as was done

with the strain energy, the equation becomes

δV � P

Z
L

0

�
dδu

dx
� du

dx

dδu

dx
� dw

dx

dδw

dx

�
dx (13)

Substituting Eqs. (8) and (13) back into the first variation of Eq. (1)

results in [8]

δ�1�Π � 0 �
Z

L

0

�
EA

�
du

dx

�
dδu

dx
� EQ

�
d2w

dx2

�
dδu

dx

� EQ

�
du

dx

�
d2δw

dx2
� EI

�
d2w

dx2

�
d2δw

dx2

� EA
dδu

dx

du0
dx

� EQ
d2δw

dx2
du0
dx

� EQ
dδu

dx

d2w0

dx2

� EI
d2δw

dx2
d2w0

dx2
� P

�
dδu

dx
� du

dx

dδu

dx
� dw

dx

dδw

dx

��
dx

� δU2 � δVe (14)

where

Ve � −
Xn
k�1

�wkFk � θkMk� (15)

for k � 1 to n nodes.
With the formulation complete, and neglecting higher-order terms,

the equation can next be discretized in accordance with the finite

element method. The exact nature of the representative equations for

axial and transverse displacements will vary, depending upon which

beam elements are employed, such as Euler–Bernoulli beam ele-

ments or Timoshenko beam elements. In both cases, the equations

used will be composed of some combination of both linear shape

functions and the Hermite cubic shape functions, with the former

being used for axial deformation.
For a Timoshenko beam element, an additional constraint equation

is added, relating the rotation θ to both the derivative of the transverse
displacement w and the shear rotation ψ [9]:

dw

dx
� θ� ψ (16)

This updates the transverse displacement w so that it can be divided

into a portion due to bending wb and a portion due to shear ws, with

the latter only dependent upon the shear load V:

w � wb � ws (17)

dws

dx
� κGAψ (18)

where

ψ � −V
κGA
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Rather than the standard Hermite cubic shape functions, the shape

functions used for these Timoshenko elements are found in the work

of Przemieniecki [10].5 Nevertheless, for either element type, an issue

between the original, undeformed element lengths L0 and the short-

ened element lengths L that are present after initial strain ε0. As a
result, two sets of nodal displacements exist in the finite element

analysis of this model: those for before any load was applied, and

those for after the initial strain is reached.
Discretizing in accordance with either element type and integrat-

ing over the initial length L0, the initial displacements can be

represented by

�K0�

8>>>>>>>>>>><
>>>>>>>>>>>:

u10

w10

θ10

u20

w20

θ20

9>>>>>>>>>>>=
>>>>>>>>>>>;

�

8>>>>>>>>>>><
>>>>>>>>>>>:

P0

F10

M10

−P0

F20

M20

9>>>>>>>>>>>=
>>>>>>>>>>>;

(19)

whereK0 corresponds to the initial stiffnessmatrix; andP,F, andM
correspond to the axial force, shear force, andmoment at each end of

the element before the gap’s closing, respectively. Discretizing

Eq. (14) and integrating across each element’s now shortened length

result in the following nodal form of the equation:

�K�

8>>>>>>>>>><
>>>>>>>>>>:

u1

w1

θ1
u2

w2

θ2

9>>>>>>>>>>=
>>>>>>>>>>;

��K0�

8>>>>>>>>>><
>>>>>>>>>>:

u10

w10

θ10
u20

w20

θ20

9>>>>>>>>>>=
>>>>>>>>>>;

�P�N�

8>>>>>>>>>><
>>>>>>>>>>:

u1

w1

θ1
u2

w2

θ2

9>>>>>>>>>>=
>>>>>>>>>>;

−

8>>>>>>>>>><
>>>>>>>>>>:

P

F1

M1

−P

F2

M2

9>>>>>>>>>>=
>>>>>>>>>>;

� ��K��P�N��

8>>>>>>>>>><
>>>>>>>>>>:

u1

w1

θ1
u2

w2

θ2

9>>>>>>>>>>=
>>>>>>>>>>;

�

0
BBBBBBBBBB@
�K0�

8>>>>>>>>>><
>>>>>>>>>>:

u10

w10

θ10
u20

w20

θ20

9>>>>>>>>>>=
>>>>>>>>>>;

−

8>>>>>>>>>><
>>>>>>>>>>:

P

F1

M1

−P

F2

M2

9>>>>>>>>>>=
>>>>>>>>>>;

1
CCCCCCCCCCA
� 0 (20)

where K corresponds to the element stiffness matrix, and N corre-

sponds to the geometric stiffness matrix. Using the relationship in

Eq. (19), Eq. (20) can then be updated to

��K� � P�N��

8>>>>>>>>>><
>>>>>>>>>>:

u1

w1

θ1
u2

w2

θ2

9>>>>>>>>>>=
>>>>>>>>>>;

�

0
BBBBBBBBBB@
�K0�

8>>>>>>>>>><
>>>>>>>>>>:

u10

w10

θ10
u20

w20

θ20

9>>>>>>>>>>=
>>>>>>>>>>;

−

8>>>>>>>>>><
>>>>>>>>>>:

P

F1

M1

−P

F2

M2

9>>>>>>>>>>=
>>>>>>>>>>;

1
CCCCCCCCCCA

� ��K� � P�N��

8>>>>>>>>>><
>>>>>>>>>>:

u1

w1

θ1
u2

w2

θ2

9>>>>>>>>>>=
>>>>>>>>>>;

�

0
BBBBBBBBBB@

8>>>>>>>>>><
>>>>>>>>>>:

P0

F10

M10

−P0

F20

M20

9>>>>>>>>>>=
>>>>>>>>>>;

−

8>>>>>>>>>><
>>>>>>>>>>:

P

F1

M1

−P

F2

M2

9>>>>>>>>>>=
>>>>>>>>>>;

1
CCCCCCCCCCA

� 0 (21)

Using the identities outlined within thework of Przemieniecki [10],

the K and N matrices become

�K��2
6666666666666666666666666664

EA

L
0

EQ

L
−
EA

L
0 −

EQ

L

0
12EI

L3�1�Φs�
6EI

L2�1�Φs�
0 −

12EI

L3�1�Φs�
6EI

L2�1�Φs�

EQ

L

6EI

L2�1�Φs�
�4�Φs�EI
L�1�Φs�

−
EQ

L
−

6EI

L2�1�Φs�
�2−Φs�EI
L�1�Φs�

−
EA

L
0 −

EQ

L

EA

L
0

EQ

L

0 −
12EI

L3�1�Φs�
−

6EI

L2�1�Φs�
0

12EI

L3�1�Φs�
−

6EI

L2�1�Φs�

−
EQ

L

6EI

L2�1�Φs�
�2−Φs�EI
L�1�Φs�

EQ

L
−

6EI

L2�1�Φs�
�4�Φs�EI
L�1�Φs�

3
7777777777777777777777777775

(22)

�N� �

2
66666666666666666666666664

1

L
0 0 −

1

L
0 0

0

�
5� 1

�1�Φs�2
�

5L

1

10�1�Φs�2
0 −

�
5� 1

�1�Φs�2
�

5L

1

10�1�Φs�2

0
1

10�1�Φs�2
L

60

�
5� 3

�1�Φs�2
�

0 −
1

10�1�Φs�2
−
L�2� 10Φ� 5Φ2�

60�1�Φs�2

−
1

L
0 0

1

L
0 0

0 −

�
5� 1

�1�Φs�2
�

5L
−

1

10�1�Φs�2
0

�
5� 1

�1�Φs�2
�

5L
−

1

10�1�Φs�2

0
1

10�1�Φs�2
−
L�2� 10Φ� 5Φ2�

60�1�Φs�2
0 −

1

10�1�Φs�2
L

60

�
5� 3

�1�Φs�2
�

3
77777777777777777777777775

(23)
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where

Φs �
12EI

κGAsL
2

(24)

As stated earlier, if the beam is homogeneous, then the EQ terms
would go to zero due to symmetry, and the matrix in Eq. (22) would
reduce to the standard form shown in the work of Przemieniecki
[10]. Additionally, if thematerials’ shear stiffnesses are increased to
near infinity, thenΦs would reduce to zero and both matrices would
further reduce to their Euler–Bernoulli forms.

III. Single Waveguide Implementation

For the foregoing revised eigenvalue problem, an example wave-
guide [3] was generated to test the procedure against a load-
displacement analysis. The cross-sectional areas that were used to
calculated cross-sectional properties for the 1-D finite elementmodel
(FEM) are shown in Fig. 5, with Fig. 5a denoting the unslotted cross
section and Fig. 5b denoting the slotted cross section.
Each material has its own independent thickness, as denoted in

Table 1, alongside the dimensions corresponding to the waveguide
itself (d1–d6). The copper thickness is divided between the top slotted
surface tc and the unslotted sidewalls and bottom tcs. The fiberglass
thicknesses are separated between the sleeve around the copper
waveguide tf and the outer mold line tfo; but, due to the unaligned

nature of the fiberglass fibers, there are no internal ply thicknesses.
The graphite–epoxy composite used for the IML, however, is divided
between the thicknesses of the 0 deg plies tga, the 45 deg plies tg45,
and the 90 deg plies tgn. The lower limits of each ply thickness

are based upon manufacturable minimum gauge thickness, but the
optimization process discussed later heavily favors the 0 deg plies
in all designs using a �0; 90�s or �0 �45 –45 90�s layup, eliminating
the need to round thicknesses to integers of this minimum ply
thickness.
Due to the electromagnetic requirements, the copper waveguide’s

thicknesses are defined outward from the inner chamber, for which
the width is defined by d5 and the height by d6. With the basic
waveguide shape created, the slots are then cut into the upper surface
based upon how many are required for a given design. Every slot
starts as a rectangle with a width of d1 and a length of d2. Each slot is
offset from the centerline of the waveguide by distance d3 and from
each successive slot by d4. For the low-fidelity models, the length-
wise location for each node corresponds to the ends of each slot,
dividing it between two types of elements: thosewith a slot and those
without, as shown in Fig. 5. Within Fig. 5, green corresponds6 to the
graphite epoxy, orange corresponds to S-glass fiberglass, and brown
corresponds to the copper waveguide itself, with each one’s relevant
material properties shown in Table 2. Copper [11] has a higher
stiffness as compared to that of the unaligned S-glass fiberglass listed
byAZOmaterials [12], and it ismuch denser and slightlyweaker than
the unidirectional T300/5208 graphite–epoxy [13] laminates used for
the supporting IML.

The 1-D model is placed under a compressive axial load while

pinned at each end and is composed of alternating elements with

either unslotted or slotted cross sections, as shown in Figs. 5a and 5b,

respectively. Although the nodes may be placed anywhere the user

desires, the varying cross sections shown in Fig. 5 indicate that the

transverse location for each element’smodulus weighted centroid yn,
centroid yc, and center of mass ym will vary as

yn �
P

n
i EiAi ⋅ yniP

n
i EiAi

(25)

for i � 1 to n areas:

yc �
P

n
i Ai ⋅ yciP

n
i Ai

(26)

Table 2 Material properties

Young’smodulus,
GPa Poisson’s ratio

Density,

kg∕m3

Copper (C26000) 110 0.35 8960
Fiberglass 89 0.22 2490
Graphite–epoxy
(T300/5208)

Axial: 132.38
Transverse: 10.76

ν12 or ν13: 0.24
ν23: 0.49

1800

Table 1 Variable nomenclature: 7waveguide design variables

Dimension Representative

Bounds

Lower,
mm

Upper,
mm

Waveguide dimensions

Slot width d1 1 3

Slot length d2 — — ——

Slot offset (midslot to midline) d3 2 7

Slot spacing d4 — — ——

Waveguide inner width d5 — — ——

Waveguide inner height d6 8 12

Waveguide length L — — ——

Slot corner fillet radius r 0.0833 1.5

Material thicknesses

Copper thickness (slotted surface) tc 0.125 2

Copper thickness (unslotted
surface)

tcs 0.125 2

Fiberglass thickness tf 0.125 2

Outer-mold-line thickness tfo 0.125 2

Graphite–epoxy thickness (0 deg) tga 0.1 0.95

Graphite–epoxy thickness (45 deg) tg45 0.0325 0.95

Graphite–epoxy thickness (90 deg) tgn 0.0325 0.95

Fig. 5 Varying cross section. Along the waveguide’s length, the presence of a slot causes the waveguide’s cross section to change, influencing its stiffness,
between a) unslotted cross sections and b) slotted cross sections.
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for i � 1 to n areas:

ym �
P

n
i Mi ⋅ ymiP

n
i Mi

(27)

for i � 1 to n areas.
The beam axis used in the MATLABmodels was located halfway

between themodulus weighted centroids for the slotted and unslotted

sections shown in Figs. 5a and 5b. This is due to the presence of the

slot causing the neutral axis to shift down relative to its location in the
unslotted cross section, and so a common beam axis between the two

locations was chosen for the 1-D models to cancel out many of the

nodal moments as the load moves between slotted and unslotted
elements. This beam axis runs along the centerline for larger panels,

which would appear in the center of the middle waveguide for panels

with an odd number of waveguides, as in Fig. 5, whereas panels with
an even number of waveguides would result in the beam axis running

between two individual waveguides. With the beam axis chosen, the

stiffnesses are then calculated about that chosen axis:

EI �
Xn
i

Ei ⋅ �Ii � Aid
2
i � (28)

for i � 1 to n areas.
In Eq. (28), di corresponds to the distance between the target axis

and the local centroidal axis for each subarea on the cross section.
Based upon the dimensions for Kim andCanfield’s design 4 [3]8 , an

initial load-displacement analysis shows that the structure should

buckle before copper failure occurs. The blue and green curves in

Fig. 69 become unstable as the transverse deflection increases without
a bound as the axial load approaches the critical buckling load, which

is indicated by the dashed blue and green horizontal lines for Euler–

Bernoulli and Timoshenko critical buckling loads, respectively. The
solid magenta horizontal line indicates the load that causes compres-

sive failure by yielding of the unslotted copper. For the slotted copper,

Fig. 6 shows that, well the below the critical buckling load, the copper
will fail due to the stress concentration present at the slot corners, as

indicated by the dotted–dashed horizontal line. Even if the fillet

radius is increased to its maximum value of half the slot width, as
in the analyses in Sec. IV, failure still occurs before reaching the

buckling load.
In contrast, Fig. 7 shows how implementing an initial offset of only

0.8 mm delays the copper loading long enough to increase the corner

failure load to slightly more than the predicted buckling load when

using Timoshenko beam elements. Now, the corner failure load

(dashed line) is simultaneous with the slot corner failure (dotted–
dashed line).
Further increase in the offset linearly increases the load at which

copper failure will occur, as shown in Fig. 8, but this is limited by the
potential buckling of the supportingmaterial before the gap’s closure,
which is accounted for in the optimization routine described next.

IV. Optimization

The inclusion of the EQ terms to account for nonuniform cross
sections and the gap to prevent premature failure of the copper insert
allows for an optimization procedure to account for them and to
develop designs that do not fail due to stress, leading to designs that
are lighter and/or stronger.Within the optimization procedure, a low-
fidelitymodel of the designs is subjected to constraints that ensure the
waveguide dimensions are physically feasible, that they meet mini-
mum loading and maximummass constraints, and that they meet the
necessary electromagnetic performance requirements. Additionally,
the optimization allows for designs to be tested bothwith andwithout
the initial gap to show its impact.
Throughout the course of the multiobjective optimization, the two

objectives employed were to minimize the mass and maximize the

Fig. 7 Gap implementation. Inclusion of an initial gap delays loading
copper, allowing the supporting materials to take most of the load and
prevent local failure by yielding of the copper at the slot corners.

Fig. 8 Critical load vs gap length. As the gap length increases, more and
more of the load is absorbed by the supporting material.

Fig. 6 Nominal buckling analysis. Buckling occurs before unslotted
copper failure, but local failure at slot corners occurs well before
buckling.
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buckling load by using a MATLAB implementation [14] of sequen-
tial quadratic programming [15]. The initial Pareto front was gen-
erated using the weighted sums method:

min f � η ⋅ f1 � �1 − η� ⋅ f2 (29)

f1 �
Pcr0−Pcr

Pcr0

(30)

f2 �
Mtot−Mtot0

Mtot0

(31)

where Pcr0 represents the minimum acceptable buckling load, and
Mtot0 represents the maximum acceptable total mass. The front was
then filled in through the use of the epsilon-constraint method,10 which
chooses of the objectives in Eq. (29) while constraining the other to a
parametrically varying value ϵ:

min f1 subject to f2 ≤ ϵ (32)

min f2 subject to f1 ≤ ϵ (33)

Depending upon the value being optimized, the other is converted
into a constraintwherePcr0 orMtot0 in the numerator are replaced by a
target value along the suspected Pareto front based upon the initial
results from weighted sums [16].
In both the epsilon-constraint and weighted sums methods, a

set of 24 nonpositive inequality constraints are imposed: gj ≤ 0,
j � 1; : : : ; 24, for gj, given in Tables 3–7. The first nine constraints
in Table 3 are grouped together as geometric constraints because they
ensure the geometry of the waveguide is feasible.
Constraints g1 through g5 ensure that the waveguide is wider than

it is tall and that the slots do not overlap with one another or with the
edges of the walls of the waveguides themselves. Constraints g6 and
g7 ensure that any designs created are no worse than the worst
acceptable design; when filling in the Pareto front using epsilon-
constraint method, they will be updated with the target value in place
of Mtot0 or Pcr0, depending upon which term is being optimized.
Constraint g8 ensures that the fillet radius is no larger than half of the

slot width, which would result in an overall shortening of the slot and

the ends having no points perpendicular to the slot sides. Finally,g9 is
a sizing constraint that, when combined with the bounds in Table 1,

ensures that the inner and outer mold lines have the same maximum

thickness, regardless of ply thicknesses within the IML.

The second set are stress constraints 12in Table 4 ensure no material

exceeds its yield criteria before buckling.

Constraints g10 and g11 verify that none of the plies within the

graphite–epoxy fail due to axial stress or transverse stress in their

local coordinate systems. Similarly, constraints g12 and g14 ensure

that the stresses within the fiberglass sleeve, the fiberglass outer mold

line, and the copper waveguide 13do not exceed their yield stresses,

respectively. However, g13 also ensures that the stress concentrations
at the corners of the slots in the copper waveguide’s upper surface do

not exceed the yield stress for copper either. The aim of g13 is to

ensure local failure does not occur before buckling, thereby prevent-

ing degradation in performance (either structural or electromagnetic)

due to local failure.

The next pair of constraints in Table 5, g15 and g16, ensures that the
gap itself is feasible. Constraint g15 ensures that the axial strain

immediately before the supporting material buckles must be greater

than the strain required to close the initial gap. Constraint g16
prevents infeasible negative gaps from arising during the optimiza-

tion procedure.

The next set of constraints in Table 6 is aimed at ensuring the

electromagnetic performance of the waveguide. Constraints g17 and
g18 ensure that the centerline spacing d3 is within 10% of the

theoretical target value d3t, as calculated in accordance with Mis-

ilmani et al.’s equation 2 [17]. Constraints g19 and g20 ensure that the
waveguide wavelength λg is within 10% of the chosen slot spacing.

The 10% limit is chosen to ensure the slots remain in phase with one

another because shifting the slot locations a few millimeters can

cause the design to resonate with a frequency outside of the design’s

bandwidth. If the slots are no longer in phase, the radiation patterns

Table 4 Stress constraints

g10 �
σga − σgyielda

σgyielda

g11 �
σgt − σgyieldn

σgyieldn

g12 �
σf − σfyield

σfyield

g13 �
σcorner − σcyield

σcyield

g14 �
σc − σcyield

σcyield

Table 5 Gap constraints

g15 �
δ
L − ϵcr
ϵcr

g16 � −δ

Table 6 Electromagnetic
constraints

g17 �
d3t − d3

d3t
− 0.1

g18 �
d3 − d3t

d3t
− 0.1

g19 �
λg
2
− d4
d4

− 0.1

g20 �
d4 −

λg
2

d4
− 0.1

Table 7 Panel constraints

g21 �
max�σc; σf; σg� − �σbottomdimple�

max�σc; σf; σg�

g22 �
max�σc; σf� − �σside dimple�

max�σc; σf�

g23 �
max�σc; σf� − �σtop dimple�

max�σc; σf�
g24 �

Papplied − Pbuckle

Papplied

Table 3 Geometric11 constraints

g1 � d6 − d5
g2 � d1 � 2 � �d2 � tcs� − d5
g3 � 2 � d1 − d5
g4 � d2 − d4
g5 � d2 � �nslots − 1� � d4 −Lc

g6 �
Mtot −Mtot0

Mtot0

g7 �
Pcr0 − Pcr

Pcr0

g8 � r −
d1
2

g9 � tg − 2 mm
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from each slot will not reinforce one another properly and the overall
performance will be degraded.
The final set of four constraints in Table 7 includes those dealing

specificallywith the expansionof the singlewaveguide into a panel of

multiple waveguides together. Expanding the designs into panels
simply supported on all sides introduced a phenomenon known as
dimpling, as illustrated in Fig. 9.
As a result, the constraints in Table 7 were introduced to prevent

this phenomenon, as well as ensure the panel meets its loading
requirements.
Constraintsg21,g22, andg23 prevent dimpling of the bottom, sides,

and top edges of the panel in accordance with the work of Ley et al.

[18]:

σdimple �
2Ef

�1 − ν2f�
�
tf
s

�
2

(34)

The equation is formulated in terms of the face sheet’s Young’s
modulus Ef, Poisson’s ratio νf, and thickness tf, as well as the cell
size s. Within the waveguide designs, the material values are based
upon the material present on each face, whereas the “cell size” is

based upon the corresponding dimension of the internal void. Look-
ing back at Fig. 5, s is set equal to d5 for the top and bottom surfaces,
whereas s is set equal to d6 for the sidewalls. These differences in
materials and thicknesses result in the three separate constraints.

Finally, g24 ensures that the buckling load for a simply supported
panel is greater than the load applied to the X-47B’s wing panel. The
value of the applied panel load Ppanel may be adjusted in this final

constraint to design panels located anywhere along the wingspan, in
accordance with internal loads obtained from a global FEM for the
whole wing structure.
The first iteration of the procedure used weighted sums to attain an

outline of the Pareto front, followed by the epsilon-constraint method
to fill in the gaps between the weighted sums points. The driving

constraints within the optimization procedurewere the yield stress of
the copper waveguide at the slot corners, the maximum offset length
of the gap, the centerline slot spacing, and the dimpling of the top
surface. Looking first at the centerline offset, this value contributed to
the s∕D term in the approximation for the stress concentration factor
at the slot corners [1]:

Kt �
�
−4.262

�
d

D

�
� 4.712

��
1� 0.0308

s
D

��
r

D

�−0.295
(35)

This equation was developed through the use of high-fidelity models
in a prior publication [1], allowing the optimizer’s low-fidelity mod-
els to properly account for the stress concentrations at the slot corners.
To reduce the stress concentration factor, the optimizerwould attempt
to increase s∕D, but doing so would adversely affect the reflection
coefficient [17] and harm the design’s electromagnetic performance;
so, the lower mass designs still fell short of the maximum centerline
spacing.
Looking next at the maximum gap offset length, it was closely tied

to the corner stress aswell due to its ability to reduce the percentage of
the load the copper experienced before buckling. However, if the gap
was increased too much, the surrounding materials would begin to
buckle before the copper ever came into contact with the loading
surface. The inclusion of the dimpling constraints (implemented after
high-fidelity models showed such failures) made designs without an
initial gap impossible because at least one constraint was always
violated. Removing the dimpling constraints and setting the offset to
zero resulted in the small Pareto front shown in Fig. 10, which is
entirely dominated by the Pareto front for designs with a gap. The
gap drastically increases the buckling load the designs can support
while also decreasing the corresponding mass due to the models
without gaps needing to thicken the copper to prevent failure at the
slot corners.
The designs without a gap also could not satisfy the stress con-

straints without the variable wall thickness of the copper waveguide,
even with the dimpling constraints removed. If all four walls were
required to be the same thickness, no feasible designs were found.
Instead, allowing the slotted surface thickness to vary allowed the
surrounding walls to be thickened, and thus take some of the load
away from the slotted surface and its concentration factors. The impact
of allowing this variable thickness can also be seen in the gap models,
with the variable thickness designs achieving slightly lowermasses for
the same buckling load or larger buckling loads for the same mass.
Both were achieved by allowing the optimizer to thicken the slotted
surfacewithout themass penalty of thickening the other three surfaces.
Allowing the antennas to shoulder a portion of the loading turns them
into multifunctional structures that are stronger than designs in which
the copper remained entirely unloaded, whereas the gap allows the
designs to be much lighter and stronger than the designs loading the
copper from the offset.

Fig. 10 Optimizedpareto front. The gap allowed for designswith lowermasses and/or strongerbuckling loads,whereas the frontwithout a gap is entirely
dominated.

Fig. 9 Dimpledpanelmodel.Narrowerpanels pinnedonall sides tended
to see local failure, known as dimpling.
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For the bottom-left edge of Fig. 10’s Pareto front, the designs took
the copper thicknesses to their minimum thickness of 0.125 mm for
all four edges due to copper having the highest density of all three
materials used. Consequently, the gap and thicknesses of the inner
and outer mold layers gradually increased to raise the buckling load.
These designs are the closest to the utopia point due to thewider range
of mass values as compared to the range of buckling loads, with the
one closest to the utopia when all constraints are active having the
values given in Table 8. The optimized design thickens the outermold
line and 0 deg plies of the graphite–epoxy while also taking the slot
width and fillet radii to their maximum values.
The optimum in Table 8 results in a buckling load greater than the

nominal design while also being significantly lighter. The slots cause
a slight penalty in all three properties shown in Table 9, but the cross-
sectional property values remain relatively similar between the ele-
ments where a slot is present and those that are not within the overall
waveguide.
Due to the length of the Pareto front, the designs can vary greatly

between those that favored a minimized mass versus a maximized
buckling load. The former favored enlarged slots with minimal
copper thickness, whereas the latter favored smaller slots but a thicker
slotted surface thickness to compensate for the increased concen-
tration factor. Additionally, as the thicknesses increased in the sup-
porting materials for the higher buckling load designs, the gaps also
increased in a roughly linear fashion to keep the portion of the load in
the copper from causing local failure at the slot corners.

V. Panel Application

After optimizing a single waveguide, the next step was to combine
multiplewaveguides into a panel that can be placed within the skin of

a target aircraft, such as Northop Grumman’s X-47B. Although the
exact load distributions are not available, a representative loading
distribution can be created using the aircraft’s publicly available
geometry (shown in Fig. 11) and the maximum gross takeoff weight
(MGTOW) to estimate a wing-root moment of 10 × 106 lb ⋅ in.
Units are left as imperial to be consistent with the 15publicly avail-

able data fromNorthropGrumman. Themost restrictive case used for
optimization used the listed MGTOWof 44,000 lb [19], a flight load
factor of three, and a factor of safety of 1.5. Several assumptionswere
madewhen estimating 16the wing loading, including that the lift would
be generated entirely by the portion of thewings outside of the engine
nacelle, the lift distribution on the inboard section is linear due to its
rapidly narrowing chord length, and elliptical lift on the constant
chord length outboard section. These assumptions resulted in the
moment distribution as a function of spanwise location, shown
in Fig. 12.
To estimate the compressive load experienced by a panel in the

upper skin of the wing, the moment is divided by the corresponding
wing depth at each spanwise location, assuming that the moment is
entirely supported by compressive and tensile loads in the upper and
lower skins, respectively, whereas the shear is entirely supported by
the internal spars. Dividing further by the chord length at each
spanwise location, an estimate for the load per unit chord that any
panel must support is shown in Fig. 13. This shows that, despite the
decreasing moment value, the shortening chord length resulted in a
spike near the hinge where the maximum load per unit span occurs.
The loading was converted from pounds per foot to newtons per
centimeter, but the spanwise location is shown in imperial units to
match with the dimensions given by Northop Grumman.
The underlying rib and spar spacings were unknown, but varying

numbers of waveguides can be combined to form a panel of any
desired width. For the purpose of the optimization, a panel was

Table 9 Optimized14 element and objective values

Unslotted elements Slotted elements

EI, N ⋅m2 343.7 340.5

EA, MN 8.832 8.790
κAG, MN 1.408 1.395

Fig. 11 X-47B dimensions and areas. Using the listed dimensions, the

r·equired areas, lengths, and thicknesses could be estimated [19].

800,000

lb∙ft

600,000

400,000

200,000

5 10 15 20 25

Fig. 12 X-47B moment distribution. The moment decays exponentially
as it approaches the wingtip.

Table 8 Pareto design point

Dimension Value, mm

d1 3.0

d2 15

d3 3.0

d4 19

d5 22.86

d6 12

tc 0.125

tcs 0.125

tf 0.5213

tfo 1.067

tga 0.6984

tgn 0.0325

tg45 0 (�0; 90�s layup)
r 1.5

δ 1.1

Table 10 Pareto17 optimal
objective values

Objective variables Objective values

Pcr 52.91 kN

Mtotal 0.0738 kg
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modeled as having 16 slots per waveguide and 12 waveguides per
panel so as to fit into a portion of a panel between two connection
points visible near the trailing edge of the wing in Northrop Grum-
man’s public release [20] and approximated in Fig. 11. Due to the
placement of the cables, it is assumed that 10 ribs are spaced in
roughly 1 ft intervals along the span of the wing’s inboard section.
With this assumption, the panel outlined in Fig. 11 would contain
two waveguide panels split down the centerline by one of the
wing’s ribs.
Models with similar aspect ratios showed that local modes were

prevalent, even when what appeared to be global buckling modes
were seen. As a result, buckling occurs well before the loads pre-
dicted by the beam equations of Timoshenko and Gere [21]. To
account for panel buckling below the buckling load of a single
waveguide beam, a curve was fit to the high-fidelity panel FEM
critical load [Eq. (36)] based upon multiple aspect ratios and cross-
sectional dimensions was plotted alongside the data in Fig. 14:

k �
�
−0.1524 ⋅

�
tf
tfo

�
� 0.3924 ⋅

�
tcs
tc

�
� 0.3593 ⋅

�
tfo
tg

�

� 3.888 ⋅
�
a

b

�
− 47.74 ⋅

�
d6
b

��
⋅m−0.5031 � 0.8553 (36)

where a∕b is the ratio of the panel’s width over its length, andm is the

total waveguides. The panel factor k can then be multiplied by the

number ofwaveguides times the buckling load for a singlewaveguide

from the prior analyses, allowing the 1-D models to now be used

within the optimization of a larger panel. The panel’s right edge is

located roughly 2 ft from the assumed wing root in Fig. 13, requiring

it to support a load of 185.9 N∕mm.
Using the same optimization procedure as for the single wave-

guides, a Pareto front of potential designs is developed, with designs

ranging from those with a very low mass and low buckling loads to

designs with a substantially increased buckling load and larger mass,

as shown in Fig. 15.
A line connecting a point near the lower-left end of the Pareto front

marks the point closest to the utopia and shows, just as with the single

waveguide, the large variance in mass leads to the optimum given in

Table 11 favoring a decreased mass over an increased buckling load.

Large slots and small thicknesses decrease the copper mass, whereas

the favoring of graphite–epoxy over fiberglass gives the best strength

to mass increase.
For this design, as with many on the lower-left end of the Pareto

front, the driving constraints are the dimpling constraints that

ensured the fiberglass sleeve and outer-mold-line thicknesses are

thick enough, whereas the graphite–epoxy is thickened to provide

the largest increase in strength for the lowest increase in mass.

Although the properties for an individual waveguide are lower for

the optimized panel design, when compared to their individually

Fig. 14 COMSOL data and curve fits. The curve fit tracks the COMSOL data, following an exponential decay.

Fig. 15 The 12-waveguide panel optimization. The lower half of the front keeps the copper to aminimumby increasing the supportingmaterials,whereas
the upper half is forced to add back copper to further increase its strength.

Fig. 13 Load per unit span. The shortening chord lengths result in a
spike near the hinge.
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optimized counterparts, the panel size ensures that the properties in

Table 12 are still strong enough to meet the load requirements.

Additionally, this design had a predicted panel factor of k �
1.7322 that, when compared against the results from a higher-fidelity

18 COMSOL model, was only 0.69% less than the COMSOL model’s

panel factor of k � 1.7442. The buckled structure in Fig. 16 shows

the final panel buckles with a global bucklingmode, although its load

is slightly less; this is likely due to the inability to properly model the

contact modeling when the gap closes. Instead, a prestress is used to

approximate the load present upon the gap’s closure.

With a fully optimized design, the panels can withstand the 4.5
load factor required for an X-47B’s flight loads while still fitting into
a panel roughly 1 ft2 in size and weighing only about 1.65 lb.

VI. Conclusions

The presence of stress concentrations at the corners of a wave-
guide’s slots necessitates the inclusion of an initial gap between the
supportingmaterial and themetallic waveguide to ensure local failure
does not occur before the buckling of the whole structure. Through
the use of a prestress term, the gap is accounted for within the
standard eigenvalue analysis, avoiding the need to perform load-
displacement analyses for every design. This is especially useful
when used within a larger design optimization procedure, enabling
the use of an eigenvalue buckling analysis that was impossible
beforehand. The gap’s inclusion allows for drastic increases in buck-
ling load and/or decreases inmass as compared to the designswithout
it. To expand the optimization to full panel designs, curve fits were
generated based upon data taken from high-fidelity models. Using
the high-fidelity data, an equation was generated to relate the buck-
ling load of the panel (simply supported on all four sides) to the
buckling load of a single waveguide design. With both the gap, the
stress concentration factor, and the panel approximation included,
the computational load for the optimization was drastically reduced
and the need for both contact and platemodeling eliminated, allowing
for the optimization to simplify the procedure from a high-fidelity 3-
D panel model down to a 1-D beam model that could be rapidly
optimized using a low-fidelity mesh.

References

[1] Brooks, J., and Canfield, R. A., “Slotted Waveguide Stress Concentra-
tion Factor,” AIAA JOURNAL, Vol. 60, No. 6, 2022, pp. 3844–3851.
https://doi.org/10.2514/1.J060864

[2] Kim,W., Canfield, R. A., Baron, W., Tuss, J., and Miller, J., “Structural
Design and Optimization of Slotted Waveguide Antenna Stiffened
Structures Under Compressive Load,” Carbon-Related Materials in

Honor of Nobel Laureate Akira Suzuki’s Lecture at IUMRS-ICEM

2018, edited by C. Miron, P. Mele, S. Kaneko, and T. Endo, Springer
International, Cham, Switzerland, 2020. pp. 65–86.
https://doi.org/10.1007/978-3-030-44230-9

[3] Ha, T., and Canfield, R. A., “Design Optimization of a WR-90 Slotted
Waveguide Antenna Stiffened Structures,” 52nd AIAA/ASME/ASCE/

AHS/ASC Structures, Structural Dynamics and Materials Conference,
AIAA Paper 2011-2147, April 2011.
https://doi.org/10.2514/6.2011-2147

[4] Cook, R. D., Malkus, D. S., Plesha, M. E., andWitt, R. J., “Formulation
Techniques: Variational Methods,”Concepts and Applications of Finite
Element Analysis, 4th ed., Wiley, Hoboken, NJ, 2002, pp. 142–143.

[5] Goyal, V. K., and Kapania, R. K., “Dynamic Stability of Laminated
Beams Subjected to Nonconservative Loading,” Thin Walled Struc-

tures, Vol. 46, No. 12, 2008, pp. 1359–1369.
https://doi.org/10.1016/j.tws.2008.03.014

Fig. 16 Optimumpanel bucklingmode: a) corner view, and b) top view. The optimumdesign buckles with a global mode when constrained on the nodal
axis.

Table 11 Optimized panel
dimensions

Dimension Value, mm

d1 3.0

d2 15

d3 2.424

d4 19

d5 22.86

d6 10.42

tc 0.125

tcs 0.125

tf 0.3343

tfo 0.4854

tga 0.3599

tgn 0.0325

tg45 0 (�0; 90�s layup)
r 1.5

δ 0.7506

Table 12 Panel optimized
properties

Unslotted Slotted

EI, kN ⋅m2 1.608 1.581

EA, MN 60.48 59.99
κAG, MN 10.69 10.54

Table 13 Pareto optimal panel design

Objective variables Objective values

Pcr 253.4 kN

Mtotal 0.7462 kg

BROOKS AND CANFIELD 11

https://doi.org/10.2514/1.J060864
https://doi.org/10.1007/978-3-030-44230-9
https://doi.org/10.2514/6.2011-2147
https://doi.org/10.1016/j.tws.2008.03.014
Joseph Brooks
Sticky Note
Update to "COMSOL Multiphysics"



[6] Shames, I. H., and Dym, C. L., “Finite Elements for Elastic Stability,”
Energy and Finite Element Methods in Structural Mechanics, Taylor
and Francis, New York, 2003, p. 401.

[7] Thomas, J. M., “A Finite Element Approach to the Structural Instability
of BeamColumns, Frames, andArches,”NASAGeorgeMarshall Space
Flight Center, NASA TN D-5782, Marshall, AL, May 1970.

[8] Shames, I. H., and Dym, C. L., “Finite Elements for Elastic Stability,”
Energy and Finite Element Methods in Structural Mechanics, Taylor
and Francis, New York, 2003, pp. 628–630.

[9] Przemieniecki, J. S., “Inertia Properties of Structural Elements,” Theory
of Matrix Structural Analysis, Dover, Mineola, NY, 1985, pp. 74–80.

[10] Przemieniecki, J. S., “Stiffness Properties of Structural Elements,”
Theory of Matrix Structural Analysis, Dover, Mineola, NY, 1985,
pp. 293–295.

[11] COMSOLMultiphysics, Software Package, Ver. 5.2a, COMSOL, Bur-
lington, MA, 2016.

[12] “S-Glass Fibre,”AZOMaterials Datasheet,Manchester, England, U.K.,
https://www.azom.com/properties.aspx?ArticleID=769 [retrieved XX
XXX XXXX]19 .

[13] Singh, S. B., and Kumar, D., “Cutout Shape and Size Effects on
Response of Quasi-Isotropic Composite Laminate Under Uni-Axial
Compression,” Structural Mechanics and Engineering, Vol. 35, No. 3,
June 2010, Paper 335.
https://doi.org/10.12989/sem.2010.35.3.335

[14] Canfield, R. A., “Quadratic Multipoint Exponential Approximation:
SurrogateModel for Large-ScaleOptimization,”Advances in Structural
and Multidisciplinary Optimization, Springer International, Cham,
Switzerland, 2017, pp. 648–661.
https://doi.org/10.1007/978-3-319-67988-4_49

[15] Schittkowski, K., “NLPQL: A FORTRAN Subroutine Solving Con-
strained Nonlinear Programming Problems,” Annals of Operations

Research, Vol. 5, June 1986, pp. 485–500.
https://doi.org/10.1007/BF02739235

[16] Arora, J. S., “Multi-Objective OptimumDesign Concepts andMethods,”
Introduction to Optimum Design, 4th ed., Academic Press, New York,
2017, pp. 771–794.

[17] Misilmani, H. M., Al-Husseini, M., and Kabalan, K. Y., “Design of
Slotted Waveguide Antennas with Low Sidelobes for High Power
Microwave Applications,” Progress in Electromagnetics Research C,
Vol. 56, Jan. 2015, pp. 15–28.

[18] Ley, R. P., Lin,W., andMbanefo,U., “FacesheetWrinkling in Sandwich
Structures,” NASA CR-1999-208994, Jan. 1999.

[19] Ortega, T. J., “X-47B UCAS: Unmanned Combat Air System,” North-
rop Grumman Systems Corp. Datasheet, San Diego, CA, Aug. 2015,
https://www.northropgrumman.com/wp-content/uploads/UCAS-D_
Data_Sheet.pdf [retrieved 7 Jan. 2022].

[20] McKinney, B., “Tests Prove That Tailless, Unmanned Jet Can Operate
Safely in All Planned Flight Test Environments,” Photo Release–

Northrop Grumman Completes Structural Proof Testing of

Second X-47B Aircraft, Northop Grumman Corp., San Diego, CA,
14 March 2011, https://news.northropgrumman.com/news/releases/
photo-release-northrop-grumman-completes-structural-proof-testing-
of-second-x-47b-aircraft [retrieved 23 Aug. 2022].

[21] Timoshenko, S. P., andGere, J.M., “Buckling of Thin Plates,” Theory of
Elastic Stability, 2nd ed., LSC Communications, Mineola, NY, 2018,
pp. 348–439.

12 BROOKS AND CANFIELD

https://www.azom.com/properties.aspx?ArticleID=769
https://doi.org/10.12989/sem.2010.35.3.335
https://doi.org/10.1007/978-3-319-67988-4_49
https://doi.org/10.1007/BF02739235
https://www.northropgrumman.com/wp-content/uploads/UCAS-D_Data_Sheet.pdf
https://www.northropgrumman.com/wp-content/uploads/UCAS-D_Data_Sheet.pdf
https://news.northropgrumman.com/news/releases/photo-release-northrop-grumman-completes-structural-proof-testing-of-second-x-47b-aircraft
https://news.northropgrumman.com/news/releases/photo-release-northrop-grumman-completes-structural-proof-testing-of-second-x-47b-aircraft
https://news.northropgrumman.com/news/releases/photo-release-northrop-grumman-completes-structural-proof-testing-of-second-x-47b-aircraft
Joseph Brooks
Sticky Note
Retrieved 6 Dec. 2017



Queries

1. AU: Please check that the copyright (©) type is correct. Please note that the code will be added upon publication.

2. AU: Please note that acronyms and abbreviations must be used more than once in the main text to remain in the paper.

3. AU: Please define CFRP, 4-SS, WS, and Eps in the figures.

4. AU: Please review and edit “the nodes beyond the ends of the first and last waveguides pinned in” for clarity.

5. AU: Please review and edit the sentence beginning “Nevertheless, for either element type : : : ” for clarity and completeness.

6. AU: The sentence beginning “Within Fig. 5, the green corresponds : : : ” refers to different colors in Fig. 5. However, the figure
was submitted in grayscale. Please review and edit as necessary or provide new figure files. If you need to send a new figure file,
please supply it in .eps or .tiff format. (Formats of .jpg, .doc, or .pdf can be used with some loss of quality.)

7. AU: Some of the tables have been changed per journal guidelines. Please confirm your meaning is retained.

8. AU: The text reads “Kim and Canfield’s design 4 [3]” but Ref. [3] is by Ha and Canfield. Please review and edit as necessary.

9. AU: The text reads “The blue and green curves in Fig. 6” but Fig. 6 was submitted in grayscale. Please review and edit as
necessary or provide a new figure file. If you need to send a new figure file, please supply it in .eps or .tiff format. (Formats of
.jpg, .doc, or .pdf can be used with some loss of quality.)

10. AU: Please review and edit “which chooses of the objectives” for clarity.

11. AU: To be included as a table in this journal, the tablemust have 1) headings, 2)more than one column of data, and 3)more than
one row of data. Therefore, please review and edit Tables 3–7, change them figures, or incorporate the data into the main text.

12. AU: Please review and edit the sentence beginning “The second set are stress constraints : : : ” for clarity.

13. AU: Major syntax and/or punctuation adjustments were made throughout the paper for clarity; please read closely to confirm
that your meaning was retained. If not, please review and edit as necessary.

14. AU: Please define EI, EA, and κAG in the tables.

15. AU: Please provide the appropriate citation/reference or footnote for “publicly available data from Northrop Grumman”.

16. AU: Please review and edit the sentence beginning “Several assumptions were madewhen estimating : : : ” for clarity and verb
tense.

17. AU: Tables 10 and 13 are not cited in this paper. Please cite the tables in the main text (which does not include the Conclusions
section, figures, or tables) in numerical order or remove them.

18. AU: Please clarify/define COMSOL.

19. AU: For Ref. [12], please provide the date of retrieval for the url.

BROOKS AND CANFIELD 13

Joseph Brooks
Sticky Note
Copyright appears correct.

Joseph Brooks
Sticky Note
(OML) can be added into Section III when discussing outer mold line (OML) thickness t_fo.

Joseph Brooks
Sticky Note
Carbon Fiber Reinforced Polymer (CFRP) can be added to the figure label and on Page 1.
Simply supported on four sides (4-SS) can be added to the text on page 10 to clarify that is what it represents.
WS can be added to the text on page 7 to indicate it refers to weighted-sums method.
Eps can be added to the text on page 7 to indicate it refers to epsilon constraint method.

Joseph Brooks
Sticky Note
Can replace "beyond the ends of the first and last waveguides pinned in." with "at the ends of the first and last waveguide elements are pinned in the transverse direction."

Joseph Brooks
Sticky Note
Update sentence to "Nevertheless, for either element type, an issue arises due to the change in length between the original, undeformed element lengths L_0 and the shortened element lengths L that result after the initial strain epsilon_0 occurs."

Joseph Brooks
Sticky Note
Update sentence to "Within Fig. 5, the dark gray lower edge corresponds to the graphite epoxy, the lighter gray upper edge and sleeve correspond to S-glass fiberglass, and the dark inner ring corresponds to the coper waveguide itself, with each one's relevant material properties shown in Table 2."

Joseph Brooks
Sticky Note
Meaning is retained.

Joseph Brooks
Sticky Note
This should read "...Ha and Canfield's design..."

Joseph Brooks
Sticky Note
Delete "blue and green"

Joseph Brooks
Sticky Note
Update "...which chooses of the objectives in Eq. (29)..." to "...which minimizes one of the objectives f_1 or f_2 in Eq. (29)..."

Joseph Brooks
Sticky Note
Update to "The second set of constraints in Table 4 are stress constraints designed to ensure no material exceeds its yield criteria before buckling. 

Joseph Brooks
Sticky Note
EI is the modulus weighted moment of inertia for each element.
EA is the modulus weighted area for each element.
kappaAG is the modulus and shape weighted shear stiffness for each element.

Update Table 9 Label to "Optimized element property values"

Joseph Brooks
Sticky Note
Reference 19 is the Northop document referenced. 

Joseph Brooks
Sticky Note
Update sentence to: "Several assumptions were made when estimating the wing loading which included: the lift would be generated entirely by the portion of the wings outside of the engine nacelle, the lift distribution on the inboard section is linear due to its rapidly narrowing chord length, and the lift on the constant chord length outboard section is distributed elliptically. 

Joseph Brooks
Sticky Note
On page 9 - Update sentence to "...while also being significantly lighter, with values shown in Table 10."

On page 10 - Update sentences to: "A line indicates the point along the Pareto front closest to the utopia, known as the Pareto optimal point which is listed within Table 13. The large variance in mass leads to the optimum design given in Table 11 favoring..."

Joseph Brooks
Sticky Note
Update to "COMSOL Multiphysics"

Joseph Brooks
Sticky Note
Retrieved 6 Dec. 2017

Joseph Brooks
Sticky Note
Reword sentences as: "Similarly, constraint g_12 ensures that the stress within the fiberglass sleeve and OML do not exceed their yield stress, while g_14 ensures that the axial stress in the copper waveguide does not exceed its yield stress. Additionally, g_13 also ensures that the stress..."

Joseph Brooks
Sticky Note
Additional column should be added listing purpose of each constraint within the table. Purposes listed in comments by each table.



Funding Information

No funding information available.

14 BROOKS AND CANFIELD




