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Abstract
Over the past several decades, composites have increasingly become the material of choice in
modern aircraft structural design. This is primarily due to the high stiffness- and strength-to-
weight ratios offered by conventional composites when compared to metals. Unconventional
composite designs, such as tow-steered composites, have demonstrated potential for further ex-
panding these advantages. Unlike their conventional composite counterparts, tow-steered com-
posites feature layers with spatially varying fiber orientations. When applied to wing design,
tow-steered composites offer an increase in design freedom at the cost of higher design complex-
ity, making them ideal candidates for design optimization. We develop a methodology for the
aerostructural design optimization of tow-steered composite wings using high-fidelity physics
models. We also quantify the benefits of this new technology by performing a fuel burn min-
imization for both a tow-steered and a conventional composite wing design. This assessment
is done for the undeflected Common Research Model, which is representative of a twin-aisle
transport aircraft. We find improvements of up to 2.4% in fuel burn and 24% in wing weight
relative to the optimized conventional composite design. We show that this improvement is due
to a combination of improved passive aeroelastic tailoring and local strength tailoring in high-
stress regions in the tow-steered structure. For a higher-aspect-ratio (13.5) wing design, we find
improvements of up to 1.5% and 14% in fuel savings and wing weight, respectively. To better
understand the effect of aspect ratio on tow-steered wing design, we perform an optimization
study where the aspect ratio is varied between 7.5 and 13.5. We found that there are diminishing
returns in the benefit of tow steering as the aspect ratio is increased because less passive load
alleviation is possible.
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ao Overlap tow drop rule
A Laminate membrane stiffness matrix
d Wingbox depth
D Laminate bending stiffness matrix
D11, D12, D11, D66 Laminate/skin bending stiffness matrix components
D1, D3, D2 Smeared panel bending stiffness matrix components
EIs Effective panel bending stiffness
E1, E2, G12, G23, G13 Ply stiffness moduli
Ladd, Lcut Minimum tow add and add lengths
Lx Wingbox panel length
M1, M12, M2 Laminate moment resultants
N1, N12, N2 Laminate force resultants
Rmin Minimum tow-path turning radius
sp Stiffener pitch
tcp Panel thickness control point variables
tp Panel thickness
||∇t0|| Minimum panel thickness gradient
~v Tow-path tangent vector
Xt, Xc Tensile and compressive ply strengths in fiber direction
Yt, Yc Tensile and compressive ply strengths in transverse direction
S Ply shear strength
θ0 Main tow angle
κ Tow-path curl
κxx, κxy, κyy Laminate bending curvatures
ν12 Ply in-plane Poisson’s ratio
ψ Tow-path divergence
ψ1 Bend-twist coupling parameter

1. Introduction2

The automated fiber placing (AFP) machine has revolutionized the manufacturing of carbon-3

fiber-reinforced composite structures in general, and the manufacturing of aerostructures in par-4

ticular [1, 2, 3]. AFP machines have robotic arms that lay down composites in a series of pre-5

impregnated, fiber-reinforced tows. When tow paths are programmed to be straight and alternate6

in orientation from layer to layer (e.g., 0◦, ±45◦, 90◦), a conventional composite laminate can be7

efficiently produced. This has led to a rapid growth in the use of composites as a “black metal”8

replacement for metallic structures in the aerospace industry, making it possible to design lighter,9

more efficient structures.10

There is no requirement that the tow paths in the composite layup must be straight. When11

curved tow paths are specified in each layer, the resulting composite is referred to as tow-steered.12

Since the directional stiffness and strength of a composite are inherently dependent on the local13

fiber direction in each layer, tow steering offers a significant increase in design freedom over14

conventional composites. For simple laminate designs, researchers have already demonstrated15

that tow-steered panels can be designed to outperform their conventional counterparts in terms16

of maximum strength [4, 5, 6] and buckling performance [7, 8, 9]. A number of researchers17
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have demonstrated that these benefits are not just theoretical; they are realizable through the18

manufacturing of tailored, tow-steered structures [10, 11, 12, 13].19

Despite these benefits, tow-steered composites have yet to be utilized in a major aircraft20

structural component. Given that recent transport aircraft, such as the Airbus A350XWB and21

the Boeing 787, contain as much as 50% composite materials by structural weight [14] 1, it is22

surprising that aircraft manufacturers have yet to take full advantage of the benefits offered by23

tow-steered composites. One reason for this is the difficulty in defining certification standards for24

these unconventional laminates. The second reason is that there is only limited work quantifying25

the benefits of adding tow steering into the composite design of complex structural components,26

such as the wing structure. Another challenge in the design of tow-steered structures is that it27

is not obvious nor intuitive what the tow paths should be for such a structure so that it maxi-28

mizes the benefits offered by its variable directional stiffness properties. The goal of the present29

work is to address the latter two difficulties by developing a methodology for performing high-30

fidelity multidisciplinary design optimization (MDO) of tow-steered structures, and quantifying31

the benefits of tow steering for flexible-wing design.32

Some researchers have already started to use MDO to estimate the performance benefits33

of tow-steered composite wings. Stodieck et al. [15] investigated the benefits of tow-steered34

composites when applied to wing design. In their work, they minimized the structural wing35

weight of the Common Research Model (CRM) aircraft considering several structural sizing36

maneuver flight conditions and found that by adding tow steering to the design, they could reduce37

the wing structural weight by up to 12% relative to a conventional unsteered design. This study38

also included consideration for dynamic flight conditions (gust analysis and flutter onset), but39

these constraints were found to be largely inactive for the optimum design. Instead, the active40

constraints were mostly related to static maneuver flight conditions.41

A similar study by Stanford and Jutte [16] investigated high-aspect-ratio wing design and42

found up to an 8.8% reduction in structural weight. The structural weight reductions in these43

studies were made possible through a combination of additional structural and aeroelastic tailor-44

ing of the wing structure enabled by tow-steered composites.45

The work presented here differs from the previous studies mentioned above in several ways.46

First, we include wing twist and cross-sectional shape design variables, enabling the full aerody-47

namic shape optimization and aerostructural design trades. Second, while previous efforts used48

a medium-fidelity vortex-lattice method approach corrected with computational fluid dynamics49

(CFD) data to model the aerodynamics, the work presented herein uses a higher-fidelity aerody-50

namic model based on Reynolds-averaged Navier–Stokes (RANS) CFD. Lastly, we also consider51

the effect that wing aspect ratio has on the benefits offered by tow steering.52

We solve a series of fuel burn optimization problems for an aircraft geometry based on the53

CRM. To quantify the benefits of tow steering, we perform the optimizations with both tow-54

steered and fixed-ply-orientation conventional composites. These design cases provide insight55

into the potential benefits of tow steering when applied to modern aircraft wing designs. We56

then compare the benefits of the same tow-steered optimized design with a second conventional57

composite design where the layup of the wing skins are free to be rotated by the optimizer. This58

is to quantify how much of the benefit on the tow-steered design is due to aeroelastic tailoring59

as opposed to the structural tailoring of load paths. We also perform the tow-steered and fixed-60

ply-orientation conventional composite design optimizations for a higher-aspect-ratio variant of61

1https://www.airbus.com/aircraft/passenger-aircraft/a350xwb-family/a350-1000.html, Last
accessed on January 20, 2019.
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the CRM that is more flexible. This provides insight into the benefits of tow steering for next-62

generation high-aspect-ratio wings. Finally, the effect of aspect ratio on the wing design per-63

formance is evaluated by re-optimizing the tow-steered and fixed-ply-orientation conventional64

composite designs for aspect ratios ranging from 7.5 to 13.5.65

2. Computational Framework66

The optimization methodology used in this study is based on the MACH (MDO for aircraft67

configurations with high fidelity) framework [17]. MACH is an optimization framework de-68

veloped for high-fidelity aerostructural analysis and design optimization of aircraft wings that69

accounts for the wing flexibility in both performance evaluation and design. The framework’s70

aerostructural solver is composed of a detailed computational structural mechanics (CSM) solver71

coupled to a CFD solver. The solver also features an efficient coupled adjoint approach for com-72

puting the design sensitivities with respect to large numbers of variables [17, 18]. The adjoint73

approach solves a linearization of the governing equations that yields accurate sensitivities. These74

sensitivities are then passed to a gradient-based optimizer, which is given the freedom to simul-75

taneously optimize the aerodynamic shape and internal structural sizing of the aircraft wing.76

We provide a brief overview of the components of MACH in this below; for a more detailed77

description, please refer to our previous work [17, 19].78

The aerodynamic solver used in MACH is ADFlow [20, 21], a second-order, finite-volume79

CFD solver. ADFlow has the capability to perform both Euler and RANS analysis on both struc-80

tured multiblock and overset meshes. In this work, we use the RANS solver with the Spalart–81

Allmaras turbulence model. ADFlow is responsible for computing the aircraft aerodynamic82

loads and functions of interest—lift, drag, and moment—in the aerostructural solver. ADflow83

efficiently computes derivatives of its functions of interest through a discrete adjoint approach,84

which was implemented through the selective application of automatic differentiation [20, 22].85

The structural solver in MACH is TACS (Toolkit for Analysis of Composite Structures) [23],86

which is an efficient parallel CSM solver that is particularly effective in the analysis of the thin-87

walled structures that are typical in airframes. TACS is responsible for computing the aircraft88

structural deformations and functions of interest—stress, buckling, and mass—in the aerostruc-89

tural solver. Like its aerodynamic counterpart, TACS utilizes an adjoint approach for efficiently90

computing derivatives of its functions of interest with respect to the design variables [23].91

The coupling procedure for the aerodynamic and structural solver involves interpolating the92

structural displacements from the surface of the CSM mesh to the surface of the CFD mesh93

and then extrapolating those displacements to the farfield of the CFD volume mesh. This mesh94

deformation is accomplished by the framework’s mesh warping algorithm, which uses an in-95

verse distance weighting mesh warping approach [24] to preserve the quality of the mesh, thus96

preserving the accuracy of the CFD model during deformation.97

The aerostructural solution procedure in MACH is based on the aerodynamic and structural98

solvers and mesh warping algorithm. The procedure is a Gauss–Seidel approach, wherein the99

aerodynamic loads from the CFD model are passed as tractions to the CSM solver, which com-100

putes the elastic deformation of the structure [17]. These deformations are interpolated to the101

wing surface by tying each CFD surface node on the wing to its nearest CSM node with a series102

of rigid links [25, 26]. As mentioned previously, the mesh movement algorithm then propagates103

the deformations on the wing surface to the farfield of the CFD mesh. This results in new CFD104

mesh with a deflected wing profile, which is solved again to compute the updated aerodynamic105

loads. This procedure is then repeated until convergence. The aerostructural design derivatives106
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are computed by coupling the adjoints of the aerodynamic and structural solvers. This allows107

us to compute design derivatives with respect to O(103) design variables for little additional cost108

relative to the aerostructural Gauss–Seidel solution [17].109

The aerostructural functions of interests and corresponding derivatives are provided by SNOPT110

(Sparse Nonlinear OPTimizer) [27], a quasi-Newton gradient-based optimizer. SNOPT then uses111

the provided information to iteratively solve the coupled design optimization problem. SNOPT112

is particularly efficient in the solution of optimization problems with a large number of sparse113

constraints, such as those that we consider in this work. The optimizer is connected to the114

aerostructural solver in Python through the pyOptSparse interface [28] 2.115

3. Baseline Aircraft Model116

The design optimizations problems considered in this work are performed on the undeflected117

Common Research Models (uCRM). These models are based on the aerodynamic benchmark118

NASA Common Research Model (CRM) developed by Vassberg et al. [29] and extended for119

use in aeroelastic design analysis and optimization by Brooks et al. [30]. The uCRM models120

developed by Brooks et al. [30] come in two variants. The first variant (uCRM-9) maintains121

the original wing planform of the CRM, with wing dimensions and structural topology similar122

to that of the Boeing 777 aircraft. The second variant (uCRM-13.5) features a modified wing123

design with a higher aspect ratio of 13.5, which is larger than any commercial transonic aircraft124

designs flying today. We perform optimizations on both models in this work to understand the125

effect of tow steering on both medium and high-aspect-ratio wing design.126

Table 1: uCRM wing specifications.

Parameter uCRM-9 uCRM-13.5

Aspect ratio 9.0 13.5
Span (m) 58.76 72.00
Reference area (m2) 383.74 383.78
Quarter-chord sweep (deg) 35 35
MAC (m) 7.01 5.77

The planforms of each uCRM model are shown in Figure 1, and the design specifications127

are listed in Table 1. The geometry of both models include the aircraft wing, fuselage, and128

horizontal stabilizer. In these models, only the wing structure is modeled and considered to be129

flexible, while the remaining aircraft components are considered to be rigid. The wing structural130

model is composed of the upper and lower wing skins, ribs, and leading- and trailing-edge spars.131

The stiffeners of the design are included implicitly through a smeared stiffness approach, where132

their stiffness is added (“smeared”) into that of the ribs, skins, and spars [31]. This allows for133

the stiffeners’ design variables—height, width, and spacing—to be treated as continuous design134

variables by the optimizer. We model all wing structure components as composite laminates with135

the ply properties listed in Table 2.136

For each uCRM model, we perform the CFD computation on an overset mesh with roughly137

1.2 million volume cells. The engine nacelle, pylon, and vertical stabilizer are not considered. To138

2https://github.com/mdolab/pyoptsparse
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Figure 1: Wing and structural wingbox planform for the uCRM-9 (left) and uCRM-13.5 (right).

Table 2: Mechanical properties for the composites used on skin, ribs, and spars. Xt and Xc are the tensile and compressive
ply strengths in the fiber direction, Yt and Yc are the respective strengths in the transverse direction, and S is the shear
strength.

Material E1 E2 G12 G13 G23 ν12 Xt Xc Yt Yc S ρ

[GPa] [GPa] [GPa] [GPa] [GPa] [MPa] [MPa] [MPa] [MPa] [MPa] [kg/m3]

Unidirectional tape E752LT/AS4 (Skin) 117.9 9.7 4.8 4.8 4.8 0.34 1648 1034 64 228 71 1550
PW Fabric AS4/8552 (Ribs and Spars) 62.1 62.1 5 4.8 4.8 0.045 279 266 279 266 70 1550

account for the drag of these missing components, a fixed offset of 30 drag counts is added to the139

drag predicted by the CFD solver. The CSM mesh for each wing model has roughly 24,000 mixed140

interpolation tensorial component finite elements [32] with a total of about 136,000 degrees of141

freedom. An example of the CFD-CSM aerostructural solution at a 2.5 g maneuver condition for142

the uCRM-13.5 model is shown in Figure 2.143

4. Structural Modeling144

The procedure used to parameterize and model the conventional and tow-steered laminates145

considered in this work is based on the approach developed previously by the authors [33, 34].146

In the remainder of this section, we provide an overview of this procedure. We only consider the147

skins of the wing structure to be steered, while the ribs and spars are modeled using conventional148

composite laminates. To avoid dependence on discrete design variables related to the laminate149

stacking sequence, for which a gradient-based optimizer is not well-suited, a smeared stiffness150

procedure is employed to model the laminate properties of the wingbox panels, similar to that151

used for the stiffeners.152
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Figure 2: Aerostructural solution of the uCRM-13.5, showing the CSM stress distribution (left) and the CFD pressure
distribution (right).

The first step in the structural modeling is to define the tow paths for each layer of the lami-153

nate. In theory, each layer of the laminate can take on a unique tow pattern. For relatively thick154

laminates with a large numbers of plies, like those used in wing structures, this requires a large155

number of design variables to parameterize. Since the number of iterations required to converge156

the optimization scales with the number of design parameters, this increase in design parameters157

may result in prohibitively expensive optimization problems. Therefore, we restrict each layer of158

the laminate to take on one of four unique tow patterns. This is done by first defining a refer-159

ence tow orientation field, θ0, using B-spline control points distributed over the laminate. This160

reference orientation field gives the local tow direction for the first tow pattern, referred to as the161

main tow pattern. The remaining three tow patterns are then defined by offsetting the main tow162

orientation by 45◦, −45◦, and 90◦, such that the resulting laminate remains locally orthotropic163

with respect to the main tow path. If all tow orientation control point variables are set to zero,164

a conventional orthotropic laminate design (i.e., 0, ±45, 90◦) can also be reproduced. The ref-165

erence axis for all ply angles in the skins (i.e., the 0◦-direction) is defined to be parallel to the166

leading edge of the wing.167

An example of the tow pattern parameterization is shown in Figure 3. The percentage of the168

plies, or ply fractions, corresponding to each pattern is defined to remain constant throughout the169

laminate, and the main pattern makes up the majority of the plies and therefore contributes the170

most to the stiffness properties. Restricting the ply fractions to remain fixed during the optimiza-171

tion is not a limitation of the tow steering design process, but rather a simplifying assumption we172

make to isolate the structural and aeroelastic benefits offered by the actual steering of laminates173
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Figure 3: Example of the procedure used to define the main tow path and subsequent patterns.

from those due purely to the variation in ply fraction. This reduces the number of design variables174

necessary to parameterize the tow patterns of each ply down to one pattern. The ply fractions for175

each unique ply of each wingbox component are listed in Table 3.176

Table 3: Ply fraction breakdown by wingbox component

Component Patterns Pattern ply fractions

Skins {θ0 + 0◦, θ0 + 45◦, θ0 − 45◦, θ0 + 90◦} {0.625, 0.125, 0.125, 0.125}
Spars {0◦, 45◦, −45◦, 90◦} {0.125, 0.375, 0.375, 0.125}
Ribs {0◦, 45◦, −45◦, 90◦} {0.375, 0.375, 0.125, 0.125}

In the second step of the modeling procedure, the stiffness properties of each pattern are177

smeared through the thickness of the laminate based on their respective ply fractions. This ap-178

proximation works well for laminates with large numbers of plies with a uniform stacking se-179

quence [35]. This allows us to neglect the dependence of laminate stiffness on stacking sequence180

and treat the local panel thickness as an independent continuous design variable. Finally, the181

panel thickness is assigned spatially using the same B-spline control points from the tow path182

definition step.183

Typical conventional and tow-steered composite wingbox designs resulting from this param-184

eterization are shown in Figure 4. The procedure for taking this information and converting it185

into the necessary layup instructions for the AFP machine is straightforward. The tow patterns186

specify to the AFP machine the local direction of tows for the plies of the laminate as a function187

of spatial location. The number of plies of each pattern to be laid by the AFP machine can be188

computed by multiplying the local panel thickness and ply fractions and rounding the value for189
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each pattern to the nearest ply. We used this laminate design approach to design a tow-steered190

wing structure that was manufactured by Aurora Flight Sciences as a third sub-scale test arti-191

cle [13], demonstrating that the approach results in physically realizable designs.192

Figure 4: Exploded view of conventional composite plies (left) and tow-steered composite plies (right) for wingboxes
using the developed parameterization.

4.1. Laminate Failure193

We ensure that each panel in the wingbox model is adequately sized with respect to material
failure for each structurally critical flight condition. We model the laminate failure using the
maximum strain criterion,

max
{
ε1

ε1t

,
ε1

ε1c

,
ε2

ε2t

,
ε2

ε2c

,
γ12

γ12s

,−
γ12

γ12s

}
, (1)
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where ε1, ε2, and γ12 are the in-plane tangential, transverse, and shear strains, respectively, rela-
tive to the local fiber direction, and

ε1t =
Xt

E1
, ε1c =

Xc

E1
, ε2t =

Yt

E2
, ε2c =

Yc

E2
, γ12s =

S
G12

,

where Xt and Xc denote the tensile and compressive ply strengths in the fiber direction, respec-194

tively, and Yt and Yc are the strengths in the transverse direction. The in-plane shear strength195

is denoted by S . The values for these material properties are listed in Table 2. Due to the dif-196

ficulties introduced by the discontinuous nature of the maximum function in Equation (1), we197

approximate it using the Kreisselmeier–Steinhauser (KS) aggregation function [36, 37].198

The failure constraint is applied using a first-ply failure criteria, where no ply in the laminate199

is permitted to fail. The failure criteria are applied conservatively by evaluating Equation (1)200

at the centroid of each CSM element for the outermost plies. Because the stacking sequence201

is never specified in the laminate parameterization scheme, the calculation is performed in the202

local fiber direction for each of the four tow patterns. The failure value for each pattern at each203

location is then aggregated one final time, again using another KS function, into a single scalar204

value for each structural component (ribs, spars, and skins). The value for each component is205

then provided to the optimizer as a constraint.206

4.2. Panel Buckling207

We also constrain the wingbox panels from buckling in the optimization problem formula-208

tion. The buckling behavior is approximated through a simplified panel-level buckling analysis209

of the stiffened panels applied to every wingbox component. This buckling analysis considers210

both longitudinal and shear buckling modes through several different buckling mechanisms, in-211

cluding inter-stiffener panel buckling, stiffener buckling, and overall panel buckling (including212

skin and stiffeners). Each panel is treated as simply supported at the rib attachment points, and213

the panel length set to the rib pitch. Due to the high aspect ratio of the skin panels, the second214

panel dimension in the chord direction is approximated as being infinite. This allows the crit-215

ical buckling loads in this direction, N2,cr, to be neglected. Lastly, panel curvature effects are216

neglected.217

The first step of the procedure is to compute the critical buckling loads for each mechanism—
compression (N1,cr) and shear (N12,cr)—for each panel. These critical loads are dependent on the
local stiffness and geometric properties and are calculated using the approach of Stroud and
Agranoff [38], later applied by Kennedy et al. [39, 40]. In this approach, each mode is treated
separately and computed based on the formula summarized in Table 4. Here, EIs is the effec-
tive bending stiffness of the panel, while D1, D2, and D3 are the overall longitudinal, transverse,
and twist bending stiffness of the smeared panel. D11, D22, D12, and D66 are components of the
bending stiffness matrix, D, for the skin laminate and relate the mid-plane bending curvatures of
the laminate, κ, to the moment resultants, M, as follows:

Mxx

Myy

Mxy

 =


D11 D12 D16

D12 D22 D26

D16 D26 D66



κxx

κyy

κxy

 . (2)

Next, the local running load in each element, N1 and N12, are computed and used to evaluate the
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buckling constraint for each buckling mechanism based on an interaction criteria:

B(N1,N12) =
N2

12

N2
12,cr

+
N1

N1,cr
≤ 1. (3)

This results in a conservative envelope that is applied to every element in the panel. This method218

has the advantage of being computationally inexpensive relative to performing a full buckling219

eigenvalue analysis for each panel. Like the failure constraints, the buckling constraints are220

evaluated at the centroid of every element. Finally, these element constraints are aggregated over221

each component group using a KS function.222

Table 4: Critical loads for overall and skin buckling [38].

Overall buckling Skin buckling

N1,cr
π2EIs

spL2
x

2π2

s2
p

( √
D11D22 + D12 + 2D66

)
N12,cr ξ =

√
D1D2

D3
ξ =

√
D11D22

D12 + 2D66

If ξ > 1
4
L2

x
(D3

1D2)0.25
(
8.125 +

5.045
ξ

)
4
s2

p
(D3

11D22)0.25
(
8.125 +

5.045
ξ

)
If ξ ≤ 1

4
L2

x

√
D1D3

(
11.7 + 0.532ξ + 0.938ξ2

) 4
s2

p

√
D22(D12 + 2D66)

(
11.7 + 0.532ξ + 0.938ξ2

)

5. AFP Manufacturing Constraints223

To ensure that the resulting optimized tow-steered layups are physically realizable with224

modern-day AFP machines, several manufacturing restrictions are considered in this work. The225

first is a bound on the minimum turning radius, Rmin, of the tow paths for each tow pattern in the226

skins. This value is typically specified by the manufacturer to prevent the tow from puckering227

or twisting out of plane as it is being laid down by the machine, particularly in highly curved228

regions of the tow path. Smaller values of Rmin can often be achieved by using narrower tows;229

however, this may lead to longer manufacturing time for the same layup area.230

The second restriction is on the minimum cut and add lengths for the AFP machine tows.231

When the tows are laid down for a ply by the AFP machine, gaps or overlaps may occur between232

adjacent tow paths. To keep the layup smooth, the machine is often preprogrammed to add or cut233

tows in regions where the gap or overlap sizes, respectively, exceed a specified value expressed234

as a percentage of tow width. The machine has a minimum cut length for the tow (Lcut), which is235

limited by the distance between the AFP tow placing head and cutting mechanism. The minimum236

add length (Ladd) defines the minimum length of tow for two adjacent tow paths that must be laid237

before the machine may add a tow between the gap of the previous two. Unlike the minimum cut238

length value, the add length is not limited by the dimensions of the AFP machine and, as such, is239

at the designer’s discretion. The definition of each of these lengths is illustrated in Figure 5. Tow240

patterns featuring smaller cut and add lengths require more frequent cutting and repositioning241

of the tows in the layup process, leading to a higher manufacturing cost and time. To increase242
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Minimum cut length Minimum add length

Figure 5: Definition of tow cut and add length (reproduced from Brooks and Martins [41]).

the manufacturability of the optimized design, we must constraint each of these values in the243

optimization.244

The final restriction is on how quickly the number of plies can vary spatially through the245

laminate. This is typically constrained in the design process to prevent stress concentrations246

from occurring in regions featuring a large decrease in the number of plies.247

For the minimum tow-path turning radius and cut/add length constraints, we use the relation-248

ships derived in our previous work [41], where we showed that the tow paths of each ply of a249

tow-steered layup can be defined as the streamlines of a 2D unit vector field as,250

~v(θ) = cos(θ(x, y)) î + sin(θ(x, y)) ĵ. (4)251

Through this relationship and with further derivation, we showed that the minimum tow-path252

turning radius and tow-path cut/add lengths can be bounded by constraining the magnitude of253

the vector field curl, κ ≡ (∇ × ~v) · k̂, and divergence, ψ ≡ ∇ · ~v, respectively, as shown below:254

−
1

Rmin
≤ κ ≤

1
Rmin

, −
ln

( 1+ag

2(1−ao)

)
Lcut

≤ ψ ≤
ln

( 1+ag

2(1−ao)

)
Ladd

, (5)255

where ag and ao are the gap and overlap cut sizes for the AFP machine in percent tape width, re-256

spectively. We can bound the ply drop rate by constraining the thickness gradient of the smeared257

laminate:258

||∇tp(x, y)|| ≤ ||∇t0||. (6)259

To constrain the tow-path turning radius, cut/add length, and ply drop rate, we use a KS260

aggregation function once again. This is accomplished by computing the tow-path curl and261

divergence for each pattern, as well as the panel thickness gradient at each node on the skins262

of the CSM model, and then aggregating these into three scalar values (one for each constraint)263

over each wingbox skin panel.264

6. Bend-twist Coupling Quantification265

When comparing the amount of passive load alleviation introduced into the design through266

material bend-twist coupling, it is useful to define a metric to measure the local degree of cou-267

pling in the wing. It is well-known from classical lamination theory that the bend-twist coupling268
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in a laminate structure is closely related to the laminate bending stiffness matrix, D. The degree269

of spanwise bend-twist coupling is determined by the magnitude and sign of the off-diagonal270

term, D16, in Equation (2). The typical way of increasing this term is by using increasingly271

unbalanced ply orientations (i.e., unequal number of +θ and −θ plies) in the laminate layup.272

Shirk et al. [42] introduced the following non-dimensional coupling parameter to measure
the magnitude of this term:

ψ1 =
D16

√
D11D66

. (7)

This parameter was originally derived for the aeroelastic analysis for a cantilevered composite
plate. We extend this idea for the case of a thin-walled wingbox by treating it as a “sandwich”
structure, allowing us to compute the effective bending stiffness matrix of the wingbox through-
depth cross-section based on the stiffness matrices of the upper and lower skin panel pairs along
the span of the wingbox using

Deff =

(
d
2

)2

(Au + Al) , (8)

where Au and Al are the membrane stiffness matrices for each spanwise pair of upper and lower273

skin panels, respectively, and d is the local wingbox depth at each location, as illustrated in274

Figure 6. In this calculation, we neglect the effect of the stiffeners, spars, and ribs. This is275

acceptable, since we only want a metric that measures the bend-twist coupling added to the wing276

due to the directional stiffness tailoring of the skins, and the spars and ribs (which are made of277

balanced plies) make no contribution to this.278

Figure 6: Cross-sectional view of typical wingbox skin panels

The components of Deff can be substituted into Equation (7) to yield the bend-twist coupling
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parameter of the wing box,

ψwb
1 =

Au16 + Al16√(
Au11 + Al11

) (
Au66 + Al66

) . (9)

The effect of the wingbox depth, d, cancels out, so ψwb
1 ultimately only depends on the com-279

ponents of the membrane stiffness of each skin panel, Au and Al. Because the panel thickness280

and ply orientation in this study vary within the panel, and thus so do Au and Al, the membrane281

stiffness for each panel is approximated by averaging the values in each panel. Computing the282

coupling parameter at each spanwise wingbox section allows us to identify regions of the wing-283

box design for which the optimizer is taking advantage of the additional aeroelastic tailoring284

offered by anisotropy.285

7. Optimization Problem286

As previously mentioned, the goal of this study is to provide insights into the aeroelastic ben-287

efits of tow steering when applied to wing design. To this end, a series of fuel burn minimization288

problems is first performed on the uCRM-9. We run optimizations with both a tow-steered and289

fixed-ply-orientation conventional composite wingbox design. The benefits of optimized tow-290

steered design are then compared against a conventional design where the optimizer is free to291

rotate the wingbox skin plies relative to the wing. Next, the tow-steered and fixed-ply-orientation292

conventional composite design optimizations are performed on the uCRM-13.5. Including this293

design provides insight into the benefits of tow steering for high-aspect-ratio wing designs that294

are more flexible. Finally, an aspect ratio study is performed for the uCRM-9 design, where the295

wing aspect ratio is fixed at several values (7.5, 9, 10.5, 12, and 13.5) and re-optimized using the296

tow-steered and fixed-ply-orientation conventional composite designs. This provides insight into297

how the design trends change as aspect ratio is increased.298

Each optimization requires three aerostructural analyses: one cruise condition for evaluating299

the fuel burn performance, and two conditions for which the structural constraints are enforced—300

a −1.0 g push-over and 2.5 g pull-up maneuver condition. The lift of the cruise condition is set to301

be that of the nominal CRM (CL = 0.5), while the lift of the maneuver conditions are based on302

the maximum takeoff weight (MTOW) of the aircraft. The parameters for these three conditions303

are listed in Table 5. In the remainder of this section, we describe the optimization problems by304

detailing the objective function, design variables, and design constraints.305

Table 5: Optimization flight condition parameters.

Parameter Cruise 2.5 g −1.0 g

Mach number 0.85 0.64 0.64
Altitude (ft) 37 000 0 0
CL or lift 0.5 2.5 ·MTOW −1.0 ·MTOW

7.1. Objective306

The objective for all optimizations is to minimize the fuel burn for a given range. The fuel
burn is calculated using a rearranged form of the Breguet range equation,

FB = ZFW
(
exp

(
R cT

V∞ (L/D)

)
− 1

)
, (10)
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where ZFW, R, and cT are the aircraft zero-fuel weight, design range, and thrust-specific fuel
consumption, respectively, and V∞ and L/D are the cruise speed and lift-to-drag ratio, respec-
tively. The zero-fuel weight is defined as the total aircraft weight including payload and crew
without the fuel required for the mission and is given by:

ZFW = 1.25 ×Wwing + Wsecondary + Wfixed + Wpayload + Wreserve, (11)

where Wwing is the wingbox structural weight, Wsecondary is the weight of non-structural masses307

associated with the wing (e.g., control surfaces, actuators, etc.), Wfixed is the weight of the aircraft308

structure without the wing (e.g., fuselage, tail), Wpayload is the weight of the payload (e.g., pas-309

sengers, luggage), and Wreserve is the weight of the reserve fuel. The only portion of this weight310

that the optimizer can affect is the wing structural weight, Wwing. A factor of 1.25 is added onto311

the wing structural weight predicted by the CSM model to account for the weight of overlaps312

and fasteners. The values of the constants used to compute the objective are listed in Table 6.313

The fuel burn makes for a good multi-disciplinary objective function due to its dependence on314

both structural performance, through the zero-fuel weight, as well as aerodynamic performance,315

through L/D. In addition, its relationship to the direct operating cost of the aircraft makes it an316

appropriate metric for the aircraft performance.317

Table 6: Aircraft sizing specifications

Parameter Symbol Value Units

Design range R 7 725 nm
Design payload Wpayload 34 000 kg
Reserve fuel Wreserve 15 000 kg
Fixed weight Wfixed 107 814 kg
Thrust specific fuel consumption cT 0.53 lb/(lbf · h)

7.2. Design Variables318

The design variables can be divided into structural, geometric, and aerodynamic variables.319

We consider three different design parameterizations in this study: tow-steered composite (TS),320

fixed-ply-orientation conventional composite (C), conventional rotated-ply-orientation compos-321

ite (CR), and tow-steered and conventional composite with different wing aspect ratios (TS-AR322

and C-AR, respectively). Each of these parameterizations, with the exception of TS-AR and323

C-AR, use the same geometric and aerodynamic design variables but differ in the structural vari-324

ables they use. The design variables used for each design case are summarized in Table 7. All325

possible design variables are illustrated in Figure 7.326

The first of the structural variables is the panel thickness. These are set using 120 B-spline327

control points distributed over each skin, 20 control points distributed over each spar, and one328

variable for each rib. The structural variables also include the stiffener height, stiffener thickness,329

and panel length for each panel shown in Figure 7, for a total of 287 of each of these types of330

variables. The panel length variable is only used in the prediction of the analytical panel buckling331

formulas. In addition, all panels in each component (upper skin, lower skin, ribs, and spars) share332

a stiffener pitch variable, for a total of four. Finally, the tow-steered design parameterizations (TS333

and TS-AR) also include the tow-offset control point variable, θcp
0 , on each skin, for a total of 240334

additional variables. The main ply orientation in the skins for the conventional composite designs335
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Variable Description TS C CR TS-AR C-AR
xstiff thick Stiffener thickness (skin/spar/ribs) 238
xstiff height Stiffener height (skin/spar/ribs) 238
xstiff pitch Stiffener pitch (skin/spar/ribs) 4
xpanel length Panel length (skin/spar/ribs) 238
xtcp Panel thickness control points (skin/spar) 280
xribs Panel thickness (ribs) 49
xθcp

0
Tow offset control points (skin) 240 0 2 240 0

xshape FFD control points 240
xtwist Wing twist 8
xchord Chord scaling 0 0 0 1 1
xspan Span 0 0 0 1 1
xsweep Sweep 0 0 0 1 1
xαi Angle of attack for each case 3
xtail Tail trim angle for each case 3

Total design variables 1541 1301 1303 1544 1304

Table 7: Optimization problem design variables for tow-steered composite (TS), fixed-ply-orientation conventional com-
posite (C), conventional rotated-ply-orientation composite (CR), and tow-steered and conventional composite with vary-
ing wing aspect ratio (TS-AR and C-AR, respectively).

Figure 7: Possible design variables for optimization problems.
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(C and C-AR) are forced to remain parallel to the leading edge of the wing. This restriction is336

relaxed for the conventional rotated design (CR) by setting one tow-offset design variable for337

each skin. This gives the optimizer the freedom to rigidly rotate the layup of each skin with338

respect to the wing. This means that, for example, if the tow-offset angle is set to 10◦ for the339

upper skin, a layup of [0◦, 45◦, −45◦, 90◦] plies will turn into a layup of [10◦, 55◦, −35◦, 100◦]340

plies.341

The geometric variables are parameterized using a free-form deformation (FFD) volume ap-342

proach [43, 44]. In this approach, the wing and internal structure are enclosed by a volume343

whose surface includes a number of control points. As each control point is moved in space,344

any geometry inside of the volume is deformed in a similar fashion. The FFD volume used for345

this study is shown on the right in Figure 7. The optimizer is given freedom to control the wing346

cross-sectional shape by moving each of the 240 control points in the vertical (z) direction. The347

optimizer can control the wing twist at eight spanwise locations by rotating each chordwise seg-348

ment of control points. The last set of geometric design variables control the wing planform and349

are only active for the variable aspect ratio problems (TS-AR and C-AR). These design variables350

consist of one chord variable, which uniformly scales the chord of all spanwise cross-sections,351

the wing span, and a wing sweep that shears the wing tip in the stream-wise direction.352

The two aerodynamic design variables are the angle of attack and the horizontal tail incidence353

for each flight condition. These variables ensure the optimizer can satisfy the lift and moment354

constraints to trim the aircraft at each flight condition. The tail rotation is controlled by a small355

FFD volume surrounding the tail geometry.356

7.3. Constraints357

The design constraints can also be broken down into structural, geometric, and aerodynamic358

constraints. The constraints for each case are summarized in Table 8.359

We add the structural constraints to ensure that the resulting optimized wingbox design is360

adequately sized and manufacturable. The first set of constraints consist of the aggregated ma-361

terial failure and buckling constraints, discussed in Section 4. The failure constraint is applied362

only on the 2.5 g maneuver, since this condition is the most restrictive in terms of stress. The363

buckling constraint is applied to both the −1 g and 2.5 g conditions to ensure that both the skins,364

ribs, and spars are sized for buckling. A safety factor of 1.5 is placed on both the failure and365

buckling constraints to provide the necessary margin of safety as required by Federal Aviation366

Regulations Part 25 [45]. Linear adjacency constraints are enforced on the stiffener height and367

thickness variables to ensure that they do not vary too abruptly between adjacent panels. The368

last set of structural constraints pertain to the AFP manufacturing constraints described in Sec-369

tion 5. These include a constraint on the panel thickness gradient of the skins and spars used to370

limit the ply drop rate. The maximum thickness gradient value, ||∇t0||, is set to 1.3 mm/m, which371

corresponds to a ply drop rate of roughly 10 plies per meter. The tow-steering-specific manu-372

facturing constraints are applied only to the tow-steered cases (TS and TS-AR). These include a373

constraint on the tow-path turning radius of each steering pattern, which is constrained to a min-374

imum turning radius, Rmin, of 70 in. This value is recommended by AFP technicians at Aurora375

Flight Sciences for a 0.5 in-wide prepreg tape. As mentioned previously, while more aggressive376

values of tow-path curvature could be pursued through the use of narrower prepreg tape, this377

results in an increase in layup time and manufacturing cost. The final manufacturing constraint,378

the minimum tow cut and add lengths, are constrained to a value of Lcut = Ladd = 1 m, assuming379

a 50% gap/ 50% overlap rule (ag = ao = 0.5). This value was determined to be reasonable based380

on the dimensions of the uCRM wing structures.381
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We also enforce geometric constraints that relate to the physical restrictions of a realistic382

wing design. The first of these constraints prevents the cross-sectional depth at the leading-edge383

radius from decreasing. This is mainly to maintain the aircraft’s high-lift performance, a flight384

case which we do not consider directly in the optimization. We also prevent manufacturing and385

handling issues by constraining the trailing-edge and spar cross-sectional thicknesses. We con-386

strain the FFD shape variables from moving the camber line at the leading and trailing edge of387

the wing. These constraints prevent the shape variables from twisting the wing and guarantee388

that the twist and shape variables are independent. We enforce a volume constraint on the fuel389

bays inside the wing to ensure that there is enough space for the fuel required for the mission,390

computed by Equation (10), in addition to the reserve fuel. Next, a consistency constraint ensures391

that the panel length variables used in the panel buckling calculations match the physical dimen-392

sions of each panel. Additional geometric equality constraints are also enforced on the variable393

planform cases, TS-AR and C-AR. This includes a constraint on the aspect ratio of the wing. An394

optimization is run for each of these cases with an aspect ratio of 7.5, 9, 10.5, 12, and 13.5. A395

constraint is forced on the value of both the wing quarter-chord sweep, Λc/4, and reference area,396

S ref, to force the wing to retain the original values of the uCRM-9. These constraints ensure that397

no additional bend-twist coupling is added to the design through sweep and that designs maintain398

the same wing loading, respectively. These three constraints are enough to uniquely prescribe the399

planform for each aspect ratio.400

Next, we have constraints that enforce steady level flight at each analyzed flight condition.401

We have a lift constraint for each flight condition that matches the conditions specified in Table 5.402

We also have constraints enforcing that the pitching moment of the aircraft about its center of403

gravity must be zero for each flight condition.404

8. Results405

We now present the results for all of the design optimization studies. First, we demonstrate406

the benefits of tow steering for a typical wide-body transport aircraft by performing a tow-steered407

and fixed-ply conventional composite design optimization on the uCRM-9. The tow-steered opti-408

mized design is then compared against another optimized conventional design in which the opti-409

mizer is given the freedom to rotate the skin plies. Then, the effect of tow steering on high-aspect-410

ratio wing design is explored by performing conventional and tow-steered composite design411

optimizations on the uCRM-13.5. Finally, we investigate the trend with wing aspect ratio by412

re-optimizing the tow-steered and conventional composite wing designs with several different413

aspect ratios.414

8.1. uCRM-9 Optimization415

Here, we analyze the results of the first three optimization cases based on the uCRM-9 model.416

The convergence history of the optimization objective and feasibility (i.e., the magnitude of total417

constraint violation) for each uCRM-9 optimized case is shown in Figure 8. Each optimization418

is run for 48 hours with a total of 300 processors (100 processors per flight condition). From419

these optimization histories, we can see that the designs converge gradually before reaching the420

time limit. While further benefits in each design might be found by continuing the optimization421

for more iterations, the subsequent improvements were deemed to be small by the exit of each422

optimization.423
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Function Description TS C CR TS-AR C-AR
KSfail < 1.0 2.5 g Material Failure 4
KSbuckling < 1.0 2.5 g and −1.0 g Buckling 6∣∣∣xstiff heighti − xstiff heighti+1

∣∣∣ ≤ 0.0005 Stiffener height adjacency 183∣∣∣xstiff thicki − xstiff thicki+1

∣∣∣ ≤ 0.0005 Stiffener thickness adjacency 183∣∣∣xstiff thick − xpanel thick
∣∣∣ < 0.0025 Maximum stiffener-panel difference 238

KS||∇tp || < ||∇t0|| Panel thickness gradient 183
− 1

Rmin
< KSκ < 1

Rmin
Minimum tow-path turning radius 96 0 0 96 0

−
ln

(
1+ag

2(1−ao )

)
Lcut

< KSψ <
ln

(
1+ag

2(1−ao)

)
Ladd

Minimum tow cut/add length 96 0 0 96 0
tLE/tLEinit ≥ 1.0 Leading-edge radius 20
tT E/tT Einit ≥ 1.0 Trailing-edge thickness 20
(t/c)TE spar ≥ 0.80(t/c)TE sparinit

Minimum trailing-edge spar height 20
∆zTE,upper = −∆zTE,lower Fixed trailing edge 8
∆zLE,upper = −∆zLE,lower Fixed leading edge 8
V − Vfuel ≥ 0.0 Minimum fuel volume 1
Lpanel − xpanel length = 0 Target panel length 238
AR = [7.5, 9, 10.5, 12, 13.5] Aspect ratio 0 0 0 1 1
Λc/4 = 34.8◦ Quarter-chord sweep 0 0 0 1 1
S ref = 191.8 m2 Reference area 0 0 0 1 1
CL = 0.5 Cruise lift conditions 1
Li = ni TOGW Maneuver lift conditions 2
Ci

my
= 0 Trimmed flight 3

Total constraints 1316 1124 1124 1319 1127

Table 8: Optimization problem constraints for tow-steered composite (TS), fixed-ply-orientation conventional composite
(C), conventional rotated-ply-orientation composite (CR), and tow-steered and conventional composite with varying wing
aspect ratio (TS-AR and C-AR, respectively).
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Figure 8: Optimization convergence histories for each uCRM-9 case.

8.1.1. Conventional Versus Tow-steered Composites424

The resulting designs from the fixed-ply conventional and tow-steered composite optimiza-425

tions are summarized in Figure 9, which compares the aerodynamic and structural performance426

of the tow-steered (left) and conventional (right) composite wing designs. In the upper left cor-427

ner of this figure, we show the aerodynamic pressure distribution on the wing at cruise as well as428

several key performance metrics for both designs. Just below this is a front view of the aircraft,429

showing the relative deflection of the wing at each flight condition. In the bottom left corner, we430

show the wingbox structural information. This includes a plot showing the panel thickness distri-431

bution for each design and the tow paths for the main tow patterns for each skin. This structural432

information also includes contours for the failure and buckling constraints on the wing skins for433

the 2.5 g and −1 g maneuver conditions.434

On the right side of the figure, we show various spanwise metrics measuring the passive load435

alleviation and bend-twist coupling of each design. Starting from the top, we have the normalized436

lift distribution for the cruise and 2.5 g flight conditions, which represents the distributed lift per437

unit span over either aircraft. Below this, we have the aeroelastic spanwise twist distribution for438

both wing designs. Finally, in the bottom right, we have a plot of the spanwise non-dimensional439

bend-twist coupling parameter, ψwb
1 , which was introduced in Section 6.440

From Figure 9, we see 2.3% and 2.5% improvements in the design fuel burn and MTOW,441

respectively, of the tow-steered design relative to the conventional composite one. The optimizer442

accomplishes this through a significant reduction in structural weight (24%) for almost no aero-443

dynamic penalty, as seen in the L/D performance of both designs (less than 0.15% difference).444

To see how this is achieved, we examine the normalized lift distributions for each design. What445

we find is that both designs achieve a more elliptical lift distribution at cruise, which minimizes446

the induced drag of the aircraft and improves the L/D. Where the two designs differ is in the447

passive load alleviation for the maneuver flight conditions. For these conditions, the tow-steered448

wing is able to shift more of the lift distribution inboard at the 2.5 g maneuver condition. This449

means that the tow-steered design can more effectively reduce the bending moment in the wing450

for this condition, allowing the optimizer to reduce the wingbox weight, most noticeably at the451
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root and at the spanwise position of the trailing-edge break. This trend is similar to that observed452

by Stodieck et al. [15] when comparing a structural-weight-minimized tow-steered and conven-453

tional composite CRM wing design. The wing weight reduction of 24% found in this case is454

notably larger than the 12% found by Stodieck et al. [15]. The larger improvement is likely due455

to the carry-through segment of the wingbox, where weight improvements of the tow-steered456

design are greatest, since they did not include this segment in their optimization. The additional457

load alleviation contributes only in part to the lower structural weight seen on the tow-steered458

design. As will be seen in the following section, there is another factor associated with the local459

tailoring of the load paths in the structure.460

This additional load alleviation can be explained by examining the spanwise twist distribution461

of both wings. What we find is that the twist distribution for both designs is nearly identical for462

the cruise condition. Again, this is due to the fact that both designs try to get close to an elliptical463

lift distribution. The two designs differ in that there is more spread in the aeroelastic twist464

deformation about the cruise condition for the tow-steered design. This allows the tow-steered465

structure to aeroelastically twist the wing tips down even further at the maneuver condition,466

leading to the additional passive load alleviation benefit seen in the lift distribution. The tow-467

steered design has 2.1◦ more washout at the wing tip for the 2.5 g maneuver than the conventional468

composite design.469

Examining the spanwise bend-twist coupling due to the wing skins (bottom right in Figure 9),470

the coupling increases along the span before reaching the maximum value and dropping off471

rapidly toward the tip. The reason for this sudden decrease in the use of coupling near the tips is472

that, as we approach the wing tips and the aeroelastic deflections increase, there is local loading473

and therefore a diminishing ability to tailor the load. These two factors counteract each other and474

lead to a peak in the effectiveness of the coupling occurring slightly before the tip of the wing.475
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Figure 9: Comparison of the uCRM-9 aerostructural optimizations using tow-steered (left) versus conventional (right) composites.
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Near the fuselage junction of the wing, the coupling initially drops and becomes negative.476

This is because the small displacements in this region limit the ability to tailor the structure477

aeroelastically in this region. Instead, the optimizer focuses on tailoring the strength of the478

structure in this region.479

The tow-steered design exhibits a higher twist in the wing jig shape compared to the con-480

ventional composite (mid-right in Figure 9). This is to compensate for the increased bend-twist481

coupling of the tow-steered design, which induces more aeroelastic twist on the outboard of the482

wing for both the cruise and maneuver conditions. In general, the change in aeroelastic twist in483

the 2.5 g maneuver due to this increase in coupling is larger than that seen on the cruise shape.484

The optimizer therefore needs to increase the jig twist on the wing to keep the normalized lift485

distribution for the cruise case closer to elliptical.486

The source of this additional bend-twist coupling can be found by analyzing the main tow487

paths for the tow-steered wing. By comparing the two wingbox designs, we find that the most488

noticeable difference is that the tow-steered optimized design sweeps the tow paths forward to-489

ward the tip of the wing. The use of swept-forward plies in this region leads to the increase in490

bend-twist coupling at the tip of tow-steered design in Figure 9. Thus, the tow paths in this region491

of the tow-steered structure are driven by load manipulation through aeroelastic tailoring. This492

use of unbalanced plies toward the wing tips is similar to trends that were found by Stodieck et493

al. [15] and Stanford and Jutte [16].494

In contrast to the wing tips, the tow paths of the tow-steered skins near the root seem to495

be driven by structural tailoring of the load paths and directional strength. Note that the wing-496

box is structurally supported by the boundary conditions at the symmetry plane (clamped) and497

wing-fuselage intersection (no vertical displacement). For the portion of the skins inside the498

fuselage, the optimizer rotates the tow paths to be perpendicular to its supports, maximizing the499

compression strength of the skins.500

The structural performance of both wingboxes provides additional information about the501

structural sizing for the maneuver cases. For the 2.5 g maneuver, we see that due to the compres-502

sion in the upper skins, they are almost entirely sized by the buckling constraint for both designs503

(bottom left of Figure 9). For this flight condition, the failure constraint also drives the sizing of504

most of the lower skins for both designs. Despite the fact that the region for both designs where505

these constraints are active is largely the same, the tow-steered structure is noticeably thinner near506

the root and trailing-edge break on both the upper and lower skins. In the tow-steered design, the507

leading-edge spar is also noticeably thinner near root of wing, despite the fact this component is508

not tow-steered. These results demonstrate the ability of tow steering to redistribute loads in crit-509

ical structural components through aeroelastic and structural tailoring, even if those components510

are not steered themselves. These differences account for the reduction in structural weight cited511

earlier.512

Finally, we assess how much the manufacturing constraints introduced in Section 5 (min-513

imum turning radius and cut/add length) limit the performance of the tow-steered optimized514

design. The minimum turning radius and cut/add length can be related to the tow-path curvature515

and divergence, respectively, through the inequalities provided in Equation (5). Substituting in516

the values specified in Section 7.3 gives the corresponding constraint bounds on the divergence517

and curvature used for the optimization: |ψ| < 0.41 m−1, |κ| < 0.56 m−1.518

By plotting the tow-path divergence and curvature for each pattern of tow-steered design in519

Figure 10, we can find where each constraint is active. For conciseness, we only include the tow520

patterns corresponding to the upper skin in Figure 10; however, the lower skins have a similar521

constraint activity. Regions featuring higher tow-path divergence magnitude feature more rapid522
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propagation of gaps and overlaps in the pattern, requiring more frequent tow cuts, while regions523

with higher curvature magnitude require tighter turning radii. From this figure, we can see that524

the most severe tow-path curvature and divergence occurs near the root of the wingbox, with525

a small amount near the tip. We also see that the locations and magnitudes of these constraint526

values differ slightly from pattern to pattern. From this, we can conclude that the manufacturing527

constraints are actively constraining the tow-steered design.528

These results differ from those of Stodieck et al. [15], who found that the manufacturing con-529

straints were active on the tow-steered design. This is likely due to the larger number of B-spline530

control points we used to parameterize the tow paths in the tow-steered skins. This highlights the531

importance of considering the manufacturing constraints for all patterns in the layup, not just the532

main tow pattern.533

Figure 10: Tow-path curvature and divergence for upper skin of tow-steered optimized uCRM-9 design.

8.1.2. Conventional Rotated Versus Tow-steered Composites534

We now relax the restriction on the conventional composite design by allowing the optimizer535

to rotate the wing skin plies. This is accomplished by giving the optimizer a single rotation design536

variable for each skin. This gives the optimizer the freedom to control the bend-twist coupling537

of the conventional wing and thus gives it the ability to aeroelastically tailor the design. The538

conventional optimization is run with these new design variables, and the results are compared539

to the tow-steered design.540

From Figure 11, we can see that by rotating the skin plies of the conventional composite541

design, the optimizer has reduced the improvement margin in design fuel burn and MTOW to542

1.4% and 1.5%, respectively, relative to the previous case. In addition, the structural weight543

improvement is now 15.7%. This decrease in relative performance margin is consistent with544

results found by Stodieck et al. [15] and Stanford and Jutte [16] when unbalanced plies were545

introduced to the conventional design. Based on the lift and twist distributions, it is clear that546
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the optimizer is able to reduce this margin by increasing the load alleviation of the conventional547

design. In fact, the load alleviation performance for the 2.5 g maneuver is nearly identical be-548

tween the two designs now. This means that any remaining benefit coming from the tow-steered549

design must be accounted for entirely by the local structural tailoring capability of the design.550

Using this information and the results from the previous case, we conclude that the benefit in551

fuel burn performance due to aeroelastic tailoring of the tow-steered design, when compared to552

the conventional design from the previous case, makes up roughly 0.9% of the previous 2.3%553

total. This means that the remaining 1.4% is due to local structural tailoring. Looking back at554

the tow paths of the conventional rotated design in Figure 11, we see that the optimizer makes555

the additional improvement in load alleviation possible by rotating the plies forward relative to556

the leading-edge spar of the wing, increasing the bend-twist coupling of the structure.557

In the lift distribution for the 2.5 g maneuver of the conventional rotated design in Figure 11,558

we see a small dip in the lift distribution at roughly the 40% span location (indicated on plot).559

To explore the cause of this phenomenon, we plot aerodynamic streamlines of the flow on the560

upper surface of the wing in this region (see Figure 12). We also plot contour of a separation561

sensor, which is defined as the dot product of local air velocity with the freestream direction [46].562

This reveals that the dip in the lift distribution in this region is due to a small region of separated563

flow on the upper wing surface. Comparing the airflow in this region for the conventional and564

tow-steered composite designs shows that this separated flow region is small for the conventional565

design, but grows larger for the tow-steered and conventional rotated designs. This is because as566

load alleviation is added into the design, the lift on the inboard of the wing must increase to offset567

the loss of lift at the tips. This increase in lift causes the airflow over the inboard of the wing to568

separate. This puts a practical upper limit on the maximum amount of load alleviation achievable569

by an aeroelastically tailored design. Because lower-fidelity aerodynamic models, such as panel570

methods and Euler-based CFD, do not model the physics required to predict separation, this571

highlights a benefit of using high-fidelity analysis in design optimization.572
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Figure 11: Comparison of the uCRM-9 aerostructural optimizations using tow-steered (left) and conventional rotated (right) composites.
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Figure 12: Separation sensor contour and airflow streamlines show region of separated flow on the 2.5 g for the tow-
steered and conventional rotated composite designs.

8.2. uCRM-13.5 Optimization573

We now present the optimization results for the higher-aspect-ratio uCRM-13.5 model. For574

this case, two additional aerostructural optimizations are run: one with a tow-steered wing design575

(TS), and one with a fixed-ply-orientation conventional composite design (CR). We plot and576

compare these results in Figure 13.577

Comparing the performance of the uCRM-9 designs in Figure 11 with those of the uCRM-578

13.5 in Figure 13 reveals design trends expected of a higher-aspect-ratio wing design. Specifi-579

cally, we see the fuel burn values for both uCRM-13.5 designs have decreased relative to their580

uCRM-9 counterparts. This is due to the reduction in induced drag owed to the larger span, which581

increases L/D. In addition, due to the larger moment arm on the wing structure, the structural582

weight increases for the uCRM-13.5 designs. From Figure 13, we see that adding tow steering583

to the uCRM-13.5 improves the fuel burn performance by 1.5% and MTOW by 1.5% relative to584

the conventional design. This benefit comes from the 14% reduction in weight achieved by the585

tow-steered design.586

In the lift and twist distribution, we see that, unlike for the uCRM-9 case, the optimizer587

is not able to add any additional load alleviation to the tow-steered design. This means that588

the performance improvements seen on this design are entirely due to local structural tailoring.589

Upon closer examination of the two high-aspect-ratio designs in Figure 13, we see that while590

the spanwise twist distributions are nearly identical for the cruise and maneuver conditions, the591

initial jig twist of the tow-steered design is noticeably higher. This suggests that the bend-twist592

coupling of the tow-steered wing as measured from the jig (unloaded) to cruise wing shape is593

different than that measured from the cruise to 2.5 g maneuver shape. This same asymmetry in594

twist distribution can be seen in the comparison of the tow-steered and conventional uCRM-9595

designs in Figure 11. The amount of bend-twist coupling seen on the 2.5 g maneuver condition596

is reduced relative to what otherwise should be expected, which suggests a nonlinear behavior.597

Because the structural model used in this work is linear, the cause of this behavior must be either598

from the aerodynamics or aeroelastic coupling.599

By plotting the airflow on the upper surface of the wing for the 2.5 g maneuver, we find that,600

unlike for the uCRM-9 cases in Figure 12, the additional load alleviation is not being limited by601

separated flow at the root of the wing, so the cause is not aerodynamic.602
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Figure 13: Comparison of the uCRM-13.5 aerostructural optimizations using tow-steered (left) and conventional (right) composites.
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Figure 14: Separation sensor contour and airflow streamlines show no separated flow on uCRM-13.5 designs for 2.5 g
maneuver.

If the cause of the lack of additional load alleviation in the tow-steered uCRM-13.5 model is603

not aerodynamic, the only remaining possible explanation is aeroelastic coupling. From aeroe-604

lastic theory, it is well known that as wings become more flexible, the control effectiveness of605

the ailerons is reduced and even reversed. Hence this aeroelastic phenomenon is called control606

reversal. This is because, when the aileron is deflected downward, while the local lift for this sec-607

tion of the wing increases, the torsional load on the wingbox increases as well. This increase in608

torsional load leads to an aeroelastic twisting of the wing—in this case nose-down twist—which609

counteracts the desired effect of the aileron. For this reason, aeroelasticians define the control610

effectiveness as the ratio of the response (increase in roll moment of the elastic wing due to the611

deployment of the aileron) to the response of a rigid wing.612

The FFD twist parameterization used throughout this work can be thought of as behaving in613

an analogous fashion to a control surface. For example, as we twist the jig of the wing down at614

the wing tip using the FFD, the flying shape of the wing similarly experiences a decrease in twist615

at the tip. In response, the aeroelastic twist of the inboard of the wing increases due to the local616

reduction in load. This response counteracts some of the reduction in inboard bending moment617

expected from twisting the tip down with the FFD variable, and leads to a loss in sensitivity of618

the bending moment with respect to wing twist. This effect is illustrated in Figure 15, where619

the wing jig shape of the design is twisted down near the tip by twisting one of the spanwise620

FFD segments (shown in Figure 7) down. While this results in a net twisting down at this wing621

location for the 2.5 g wing shape, it is counteracted by a corresponding aeroelastic upward twist622

deformation farther inboard due to the change in load at the tip. This effect leads to a decrease in623

the sensitivity of twist in this location for the maneuver condition.624

To quantify the twist sensitivity, similarly to the aileron effectiveness, we define the effec-
tiveness of each spanwise FFD twist variable, xγi , as

ηγ =

(
dCMx
dxγi

)
e(

dCMx
dxγi

)
r

, (12)

where dCMx/dxγi is the derivative of total root bending moment of the aircraft with respect to each625

twist variable. The “e” subscript denotes the elastic or aerostructural derivative, while the the “r”626

subscript denotes the rigid or aerodynamic derivative. The elastic derivative can be computed by627
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Figure 15: Example of loss in FFD twist sensitivity of bending moment due to aeroelastic deformation.

solving the coupled adjoint for the aerostructural problem. The rigid derivative can be computed628

by freezing the aeroelastic shape and solving only with the aerodynamic adjoint. This value629

provides a measurement of how much sensitivity is lost for each spanwise twist variable due to630

aeroelastic effects. When the aeroelastic effects are small, this value should be close to unity.631

The twist effectiveness for the 2.5 g maneuver condition of the fixed-ply-orientation conven-632

tional and tow-steered optimized designs on both the uCRM-9 and uCRM-13.5 are compared633

in Figure 16. As expected, this value is closer to unity near the root of the wing, where the634

aeroelastic effects are smallest. As we move along the wing span toward the tip, the effectiveness635

declines. For the most flexible cases, this value actually becomes slightly negative, meaning that636

when these sections are geometrically twisted up, the bending moment would actually decrease637

due to the effect of the aeroelastic deflections inboard, a phenomenon similar to control reversal.638

The loss of control effectiveness is an aeroelastic phenomenon typically seen in very flexible639

aircraft wings. This trend is typically exacerbated as the bend-twist coupling in the wing is640

increased, often by sweeping the wing further back. From Figure 16, we can see that for the641

uCRM-9 cases, as the optimizer increases the bend-twist coupling of the tow-steered design, the642
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Figure 16: Comparison of twist effectiveness for root bending moment 2.5 g maneuver.

bending moment becomes less sensitive to the wing twist, especially near the tips, where the643

optimizer increases the coupling the most. This decrease in sensitivity at the tips may prevent the644

optimizer from utilizing even more coupling, ultimately limiting the amount of load alleviation645

that is possible. It can also be seen that the uCRM-13.5 designs have a lower effectiveness than646

the uCRM-9 designs, due to the increase in wing flexibility. Because the unsteered uCRM-13.5647

design already starts with low sensitivity near the tip of the wing, the optimizer is not able to add648

any further coupling in this region on the tow-steered design, preventing further load alleviation649

benefits.650

A previously mentioned, a third scale wingbox based on our uCRM-13.5 with optimized tow-651

steered composites was built by Aurora Flight Sciences. The wingbox was then tested at NASA652

Armstrong Research Center. The tests consisted of ground vibration testing and static loading.653

Figure 17 shows a photo of the tape being laid down by the AFP machine in the manufacturing654

of the optimized tow-steering wingbox and a photo of the static test for the same wingbox.655
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Figure 17: AFP machine manufacturing the tow-steered optimized uCRM-13.5 wingbox (left; courtesy of Aurora Flight
Sciences). Static test of the same wing (right; courtesy of NASA)

3
656

8.3. Effect of Varying Aspect Ratio657

In the previous sections, we examined the aerostructural design benefits offered by adding658

tow steering to wings of aspect ratios 9 and 13.5. We now extend this study by performing a659

sweep of optimizations of tow-steered and conventional composite designs with varying wing as-660

pect ratios. This is accomplished by taking the uCRM-9 design optimization problem and adding661

planform variables—span, sweep, and chord—to the FFD variables. The optimization for each662

design is then run with a series of different aspect ratio constraints (AR = [7.5, 9, 10.5, 12, 13.5]).663

The cases for AR = 9 are equivalent to the uCRM-9 tow-steered and conventional optimized664

cases presented earlier. The AR = 13.5 cases are not exactly the same as the uCRM-13.5 results665

presented earlier. The uCRM-9 and uCRM-13.5 designs feature different number of ribs, wing666

taper ratio, and fuselage positioning, none of which is varied during this aspect ratio study on667

the uCRM-9. Therefore, the resulting 13.5-aspect-ratio version of the uCRM-9 ends up being668

slightly different. The wing planform for each aspect ratio is shown in Figure 18.669

The trend for fuel burn, MTOW, L/D, and wing structural mass for the optimal-fuel-burn670

designs as a function of aspect ratio is shown in Figure 19. Adding tow steering to the design671

decreases fuel burn, MTOW, and wing mass for all aspect ratio designs. Similarly to the previous672

cases, L/D is largely unaffected by the use of tow steering. As the aspect ratio increases, the673

fuel burn decreases. However, toward the higher-aspect-ratio end, the benefit in fuel burn begins674

to decrease. By analyzing the trend in L/D, we deduce that this is because as the aspect ratio675

increases, the amount of induced drag on the design left to be reduced becomes smaller, while676

the viscous and compressibility drag begin to dominate. Analyzing the trend in MTOW, we see677

that as the aspect ratio increases, the MTOW decreases, except for AR = 13.5. By comparing the678

3www.nasa.gov
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Figure 18: uCRM planforms for variable-aspect-ratio study

trends in fuel burn and wing mass, we find that this increase in MTOW is due to the fact that679

as the aspect ratio increases, the improvements in fuel burn begin to taper off, while the rate of680

increase in wing mass continues to increase. This causes the increase in wing structural mass to681

eventually outpace the decrease in fuel burn, which leads to an increase in MTOW.682

The trend for passive load alleviation of each design can be seen in Figure 20. All designs tend683

towards an elliptical lift distribution at cruise with some load alleviation at the 2.5 g maneuver684

condition. The tow-steered AR = 7.5 case exhibits a prominent dip in the 2.5 g lift distribution,685

indicating flow separation. This indicates that lower-aspect-ratio designs are more susceptible to686

this type of flow separation. The reason for this is likely because, according to Figure 19, these687

designs have higher maximum takeoff weights, meaning that the designs have to meet higher lift688

requirements for their maneuver conditions. We also see that as the aspect ratio increases, the689

amount of bend-twist coupling utilized on the tow-steered design by the optimizer, particularly690

near the tip, decreases. This confirms the trend seen earlier in Section 8.2: As the aspect ratio691

of the wing increases, the amount of additional load alleviation used by the tow-steered design692

decreases.693
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Figure 19: Fuel burn, MTOW, L/D, and wing mass trends for increasing aspect ratio
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Figure 20: Passive load alleviation trend for increasing aspect ratio; tow-steered design (red), conventional design (blue).
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9. Conclusions694

In this series of design optimization studies, we investigated the aeroelastic benefits of tow695

steering as applied to flexible-wing design. To accomplish this, we performed a series of high-696

fidelity, gradient-based aerostructural fuel burn optimizations using both tow-steered and con-697

ventional composite wing designs for the uCRM-9 and uCRM-13.5 designs. The aerodynamics698

were modeled with a RANS-based CFD solver, and wing structure was modeled with a 3D CSM699

solver using shell finite elements. The optimization problem included both geometric variables700

(airfoil shapes and twist) and structural sizing variables (component thicknesses and tow path).701

Comparing the results of each design optimization provided insights into the benefits that tow-702

steering manufacturing has to offer for flexible-wing design.703

The first set of insights came from the results run on the uCRM-9 model, which is representa-704

tive of a Boeing-777-type aircraft. These results are summarized in Table 9. From these results,705

we found that the aircraft fuel burn and MTOW could be reduced by 2.3% and 2.5%, respec-706

tively, relative to a conventional composite design. This improvement is due to a 24% reduction707

in structural weight of the tow-steered design, owed to improvements in the design’s structural708

and aeroelastic tailoring. When the conventional composite design is allowed to rotate the plies709

in the skins, the improvements in fuel burn and MTOW offered by tow steering was reduced to710

1.4% and 1.5%, respectively, while the structural weight reduction was 15.7%. This is because711

the optimizer is largely able to match the load alleviation performance of the tow-steered design712

with the conventional design. We determined that 0.9% of the 2.3% decrease in fuel burn seen in713

the comparison between the tow-steered and conventional design’s performance was due to the714

additional load alleviation, while the remaining amount came from structural tailoring.715

Table 9: Summary of results for uCRM-9 aerostructural optimization studies using tow-steered composite (TS), fixed-
ply-orientation conventional composite (C), and conventional rotated-ply-orientation composite (CR).

Quantity TS C CR

Fuel Burn [kg] 85 535 87 558 86 745
MTOW [kg] 262 937 269 575 266 831
Wing mass [kg] 14 402 19 016 17 086

For the uCRM-13.5 optimization studies, we found that the tow-steered wing reduced the716

structural weight of the wingbox by 14% and the fuel burn by 1.5%. This was possible in large717

part by the increase in local structural tailoring of the wing design. When compared to the718

uCRM-9 design, the uCRM-13.5 tow-steered design featured nearly no passive load alleviation719

improvement relative to the conventional composite design. This suggests that aspect ratio plays720

a critical role in the amount of load alleviation that is possible for the tow-steered design.721

To investigate the trend with aspect ratio, we ran optimizations with wing aspect ratios vary-722

ing from 7.5 to 13.5. The trends indicate diminishing returns in fuel burn improvement for in-723

creasing wing aspect ratio. This is because the amount of additional load alleviation enabled by724

tow steering relative to the conventional design decreased with increasing aspect ratio.725

The results presented here show that tow-steered wing designs have the potential to decrease726

aircraft fuel burn and structural weight relative to conventional composite designs. Further work727

using the presented methodology could provide additional insights. As mentioned previously, the728

laminate ply fractions used in this work were fixed throughout the optimization. However, addi-729

tional improvements would likely be possible for both the conventional and tow-steered designs730

36



by allowing the optimizer to spatially vary the ply fraction distribution throughout the struc-731

ture. Additionally, further buckling performance improvements could materialize by giving the732

optimizer control over the stacking sequence of the wingbox laminates.733

A third scale model of our optimal 13.5-aspect-ratio, tow-steered wingbox was manufactured734

by Aurora Flight Sciences using their AFP machine. This wingbox was recently structurally735

tested by NASA, and the preliminary results were in good agreement with model predictions 4.736

Further insight might be revealed by allowing the optimizer to vary the wing planform—737

sweep, span, and chord. This would allow the optimizer to find the optimal wing aspect ratio738

and planform to minimize fuel burn for both a tow-steered and conventional composite design. It739

would also be worth quantifying the effect that changing the optimization objective would have740

on both the tow-steered and conventional composite wing designs. This could be accomplished741

by producing a Pareto front between two objectives: one that focuses more on structural perfor-742

mance (e.g., structural weight or TOGW) and another that focuses on aerodynamics (e.g., fuel743

burn or drag).744

Finally, we only considered three flight conditions—a cruise condition, a 2.5 g pull-up ma-745

neuver, and a −1 g push-over maneuver. This was done to simplify the problem and make it eas-746

ier to interpret the results from the aerostructural optimizations. Previous work on high-fidelity747

aerostructural design optimization has shown the need for considering multiple cruise flight con-748

ditions and constraints, such as gust loading, flutter [15, 16, 47], and buffet onset [46] to achieve749

more realistic designs. Flutter in particular would likely be an active sizing constraint for the750

higher-aspect-ratio wing designs presented in this work. Nevertheless, the work presented herein751

provides new insights into the design of tow-steered composite wings, and provides a framework752

for other multidisciplinary design optimization studies of tow-steered composite structures.753
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