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Abstract 7 
Flutter is traditionally delayed by modifying either a structure’s geometry or its stiffness 8 
distribution. Here, we show that allowing both to evolve simultaneously can unlock a 9 
fundamentally different route to aeroelastic stability. We concurrently optimize the cross-sectional 10 
geometry and fiber paths of a composite thin-walled wing–engine system to maximize flutter 11 
onset. The wing structure is modeled using Classical Laminated Plate Theory, while unsteady 12 
aerodynamic loads are represented by a Mach-number-corrected Wagner state-space formulation. 13 
The engine is modeled as a lumped mass with rotational inertia, follower thrust, and its associated 14 
gyroscopic reaction. The wing cross-section is parameterized as an arbitrary smooth closed curve, 15 
while fiber orientation is independently varied throughout the wing structure. A continuous penalty 16 
formulation prevents pinching, self-intersection, and excessive curvature during optimization. The 17 
optimization employs a modified Parallelized Complex Method (PCM) originally proposed by 18 
Namani Koureh et al. (2026) for fiber path optimization, reformulated here to accommodate 19 
variable cross-sectional geometry. The optimized designs achieve an approximately 42% increase 20 
in flutter speed relative to fiber-only optimization. Notably, this improvement does not result from 21 
suppressing the conventional flapwise flutter mechanism. Instead, simultaneous geometry–fiber 22 
tailoring fundamentally alters the aeroelastic instability pathway, with flutter onset becoming 23 
governed by a chordwise mode. These results demonstrate that concurrent optimization of 24 
structural geometry and fiber paths can redirect aeroelastic instability toward an alternative mode 25 
in thin-walled wing-engine systems. 26 
Keywords: Flutter Optimization, Shape Optimization, Curvilinear Fiber Path Tailoring, Self-27 
intersection Barrier 28 

1. Introduction  29 
Composite structures have traditionally relied on straight or constant-angle plies; however, 30 
advances in manufacturing techniques allowed fiber paths to vary spatially within a laminate, 31 
introducing a broader design space for tailoring local stiffness (Gurdal and Olmedo 1993; Honda 32 
and Narita 2011). This variable-stiffness (VS) concept has subsequently been extended to T-shaped 33 
panels (Chagraoui and Soula 2024), buckling of composite wing boxes (Huang et al. 2024), 34 
biconvex thin-walled sections (Haddadpour and Zamani 2012), and integrated aeroelastic tailoring 35 
(Bordogna et al. 2020), with studies reporting improved performance and stability (Kalanchiam 36 
and Chinnasamy 2012). Thin-walled beam theory, developed extensively by Librescu and Song 37 
(2006), provides the foundation for many of the aeroelastic models used in these investigations. 38 
For wing-mounted engines, stability analyses have progressively incorporated engine inertia, 39 
thrust (Farsadi et al. 2019), and gyroscopic effects (Namani Koureh et al. 2026), demonstrating 40 
that these couplings can substantially modify the aeroelastic response (Mardanpour et al. 2013). 41 
The incorporation of VS laminates into such engine-coupled systems has further revealed the 42 
potential of fiber-path tailoring to influence aeroelastic stability (Asadi et al. 2021). 43 
The influence of thrust on flutter predates the introduction of fiber-path tailoring as a design 44 
variable. Feldt and Herrmann (1974) investigated the flutter of a cantilevered wing subjected to a 45 



 

 

follower thrust force exerted by a lumped tip mass, while Hodges et al. (2002) subsequently 46 
established a direct relationship between thrust magnitude, the bending-to-torsion stiffness ratio, 47 
and the onset of instability. More recently, flutter-speed maximization through fiber-path tailoring 48 
has been pursued using Genetic Algorithms (Gu et al. 2012; Asadi et al. 2021), Particle Swarm 49 
Optimization (Yu et al. 2022), and deep-learning-based approaches for shape optimization (Chen 50 
et al. 2026). However, population-based methods can become increasingly computationally 51 
expensive as the fiber parametrization and corresponding design space grow in complexity. To 52 
address this challenge, Namani Koureh et al. (2026) proposed a Parallelized Complex Method 53 
(PCM) for optimizing a bivariate distribution of fiber angles throughout the wing while retaining 54 
a fixed rectangular cross-section. 55 
In contrast, cross-sectional shape optimization has been investigated across a broad range of 56 
engineering applications. Optimized boundaries have been considered in pontoon design (Lu et al. 57 
2025), aircraft wing shape and topology optimization (Høghøj et al. 2023), airfoil optimization 58 
(Dussauge et al. 2023; Chen et al. 2026), bodies in Navier–Stokes flow (Garcke et al. 2018), 59 
acoustic scatterers (Hiptmair et al. 2018), and full-aircraft aerodynamic shape optimization (Tfaily 60 
et al. 2024).  61 
Several geometric representations have been developed to parametrize shape optimization 62 
problems, including splines and Bézier curves (Piegl and Tiller 1997; Pekerman et al. 2008), 63 
Fourier series (Zahn and Roskies 1972; Deng et al. 2022), and level-set methods (van Dijk et al. 64 
2013). A recurring challenge in these applications is the emergence of self-intersecting boundaries 65 
during optimization. Once a boundary crosses itself, any finite-element mesh constructed from the 66 
resulting geometry may become invalid. This issue has also been encountered in reinforcement-67 
learning-based airfoil optimization, where unrestricted movement of control points can produce 68 
tangled geometries. Subsequent approaches have mitigated this problem by restricting the design 69 
variables to thickness and camber modifications rather than permitting unrestricted search 70 
(Dussauge et al. 2023). Within these representations, three broad strategies have been adopted; to 71 
prevent by construction (Zelickman and Guest 2025; van Dijk et al. 2013; Norato 2018; Lee and 72 
Sheikh 2026) or resolve self-intersection by removing it (Pekerman et al. 2008) or penalizing it 73 
(Walker 2016; Wu et al. 2019; Yu et al. 2021; Sassen et al. 2024; Paul et al. 2021).  74 
Despite these advances, the integration of a continuous geometric penalty with an exact algebraic 75 
self-intersection criterion, rather than heuristic proximity-based penalties such as those proposed 76 
by Yu et al. (2021), has not yet been established for aeroelastic shape optimization.  77 
The integration of freely optimized cross-sectional geometry with flutter-speed maximization 78 
remains comparatively unexplored. Mardanpour et al. (2019) modified wing cross-sections to 79 
smooth the internal stress flow and reported a corresponding increase in flutter speed, while 80 
Moshtaghzadeh et al. (2022) employed an evolutionary search to optimize flying-wing cross-81 
sectional geometries for the same objective. However, neither study integrates cross-sectional 82 
optimization with bidirectional fiber-path tailoring and wing-mounted engine dynamics, nor does 83 
either explicitly address self-intersection of the evolving cross-section through a discrete 84 
methodology that avoids constraining the design space. This gap motivates a unified aeroelastic 85 
optimization that couples geometric and stiffness tailoring. 86 
Addressing both gaps, we extend and modified the PCM approach of Namani Koureh et al. (2026) 87 
by replacing its fixed rectangular cross-section with an arbitrary Fourier-parameterized boundary 88 
and jointly optimizing the cross-sectional geometry and bidirectional fiber paths to maximize the 89 
flutter speed of a wing–engine system. In addition to enforcing closedness and boundedness, 90 
geometric admissibility is ensured through the algebraic self-intersection barrier introduced by 91 



 

 

Kakhsaz Malayeri (2026), which is incorporated directly into the flutter-speed objective rather 92 
than imposed through an a posteriori feasibility check. The formulation further suppresses cusp 93 
formation and excessive curvature, maintaining physically and numerically admissible cross-94 
sections throughout the optimization. This unified approach allows structural stiffness tailoring 95 
and cross-sectional geometry to evolve concurrently, expanding the aeroelastic design space 96 
beyond approaches in which fiber architecture is optimized independently on a fixed cross-section. 97 
More broadly, the proposed approach is not restricted to flutter optimization and can be extended 98 
to a wide range of multidisciplinary optimization problems involving fluid–structure interaction 99 
(FSI) systems. 100 

2. Governing Equations 101 
Fig. 1 depicts a widely adopted model for Thin-Walled Wing–Engine (TWWE) system, consisting 102 
of:(1) a load-bearing structure modeled as a single-cell, cantilevered thin-walled composite beam 103 
with a bivariate fiber-orientation distribution; (2) an engine that introduces follower thrust, 104 
gyroscopic reaction torque, and rotational inertia; and (3) unsteady aerodynamic loading acting on 105 
the wing (Namani Koureh et al. 2026).  106 

 107 
Fig. 1 Schematic of TWWE system, global (XYZ), local (NSZ), and engine (XEYEZE) coordinate 108 
systems, mid-line curve of cross section (dash), and fiber angle (𝜃) 109 
Under the following modeling assumptions: (1) small-displacement kinematics incorporating 110 
transverse shear deformation, wall-thickness effects, and cross-sectional warping; (2) constitutive 111 
behavior described by Classical Laminate Theory (CLT); (3) unsteady aerodynamic loading 112 
represented using Wagner’s state-space approximation within lifting-line theory; and (4) the 113 
engine represented as a lumped mass. Namani Koureh et al. (2026) derive the equations of motion 114 
of the thin-walled wing–engine (TWWE) system using a Ritz expansion, yielding: 115 

d𝚯

d𝑡
= − [

MFSI
−1 0 0
0 I 0
0 0 I

] [
CFSI KFSI −Fw

−I 0 0
−Cw −Kw DΛ

] [
𝜼̇
𝜼
𝜦

] = D𝚯 (1) 116 

where 117 
MFSI

KFSI

CFSI

=
=
=

Ms + ME − MF

Ks − KE − KF

−CF − GE

 120 

Here, M, K, and C are the mass, stiffness, and damping matrices, with subscripts F, s, E, and w 118 
indicating the fluid, structural, engine, and aerodynamic lag-state contributions. GE represents the 119 
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damping associated with the engine reaction torque. The vectors 𝜼 and 𝜦 contain the structural 121 
generalized coordinates and aerodynamic lag states, respectively; Fw is the corresponding Wagner-122 
induced aerodynamic force, and DΛ is the lag-state system matrix. 123 
In this formulation of TWWE, Namani Koureh et al. (2026) derived the aerodynamic loading 124 
under the assumption of incompressible flow and evaluate the flutter speed at relatively high 125 
subsonic Mach numbers (Ma ≈ 0.45), where the validity of this assumption becomes increasingly 126 
restrictive. Further improvements in flutter performance through geometric optimization is 127 
suspected to shift the operating regime toward even higher Mach numbers, making compressibility 128 
effects increasingly important. Accordingly, Appendix A gives the correction factors required to 129 
incorporate compressibility effects into Equation (1). 130 
2.1 Problem Statement 131 
The dynamic stability of the TWWE system is governed by the eigenvalues of the system matrix 132 
D, which are functions of both the fiber paths 𝜃 and the cross-sectional geometry 𝝉. Consequently, 133 
these two design variables provide independent yet intrinsically coupled means of modifying the 134 
aeroelastic stability characteristics of the system.  135 
At zero freestream velocity (𝑢∞ = 0), the system in (1) is marginally stable. As 𝑢∞ increases, the 136 
system becomes unstable once an eigenvalue of D crosses into the right-half of the complex plane, 137 
defining the critical flutter speed 𝑢∞

c . Optimization problem (2) therefore seeks the cross-sectional 138 
geometry and fiber paths that maximize 𝑢∞

c : 139 
 (𝝉∗, 𝜃∗) = argmax

𝝉,𝜃
𝑢∞

c (𝝉, 𝜃) (2) 140 

This optimization is subject to six geometric constraints: (C1) bounded fiber curvature; (C2) 141 
closure of the cross-sectional midline; (C3) confinement of the midline within a prescribed 142 
bounding box; (C4) bounded curvature of the cross-sectional midline; (C5) absence of self-143 
intersections of the midline; and (C6) regularity of the midline curve. To solve the optimization 144 
problem in Equation (2) subject to constraints (C1)–(C6), the cross-sectional geometry 𝝉 and fiber-145 
angle distribution 𝜃 are parameterized using the conventions introduced by Kakhsaz Malayeri 146 
(2026) and Honda et al. (2013), respectively. 147 
2.1.1 Cross-Section Shape  148 
The cross-sectional midline of the TWWE is represented by 149 

 𝝉(𝑡) = [𝑥(𝑡) 𝑦(𝑡)]T , 𝑡 ∈ [0,1] 151 
and parametrized using a truncated Fourier series: 150 

𝝉(𝑡) = [
𝑥(𝑡)
𝑦(𝑡)

] = ∑ [
𝑎𝑥𝑛
𝑎𝑦𝑛

] cos 2𝜋𝑛𝑡 + [
𝑏𝑥𝑛

𝑏𝑦𝑛

] sin 2𝜋𝑛𝑡

𝑁

𝑛=0

 𝑡 ∈ [0 1] (3) 152 

The corresponding design vector is defined as 153 

𝒙𝜏 = [𝑎𝑥1
,⋅⋅⋅, 𝑎𝑥𝑁

, 𝑏𝑥1
,⋅⋅⋅, 𝑏𝑥𝑁

, 𝑎𝑦1
,⋅⋅⋅, 𝑏𝑦𝑁

]  154 

Because the structural formulation requires an arc-length parametrization of the cross-sectional 155 
midline, the normalized parameter 𝑡 is converted to arc-length through 156 

𝑔(𝑡) = ∫ √𝑥̇2(𝑡) + 𝑦̇2(𝑡) 𝑑𝑡

𝑡

0

, 𝝉𝑠(𝑠) = 𝝉(𝑔−1(𝑠)) 157 

Here, 𝝉𝑠(𝑠) denotes the cross-sectional midline expressed in terms of its arc-length coordinate 𝑠, 158 
which is required for the evaluation of the system matrices D.  159 
2.1.2 Fiber Angle Distribution 160 



 

 

The fiber-angle distribution 𝜃(𝑠, 𝑧) is parametrized following the methodology introduced by 161 
Honda et al. (2013): 162 

tan𝜃(𝑠, 𝑧) = (
−𝜕𝑓

𝜕𝑠
) (

𝜕𝑓

𝜕𝑧
 )

−1

, 𝑓(𝑠, 𝑧) = ∑ ∑ 𝑎𝑖𝑗 (
𝑧

𝐿
)

𝑖

(
𝑠

𝛽
)

𝑗
𝑝

𝑗=0

𝑝

𝑖=0

(4) 163 

The corresponding design vector is 164 
𝒙𝜃 = [𝑎𝑝𝑝,⋅⋅⋅ ,1, 𝑎01] 165 

Here, 𝐿 and 𝛽 represent the wing span and the total length of the cross-sectional midline, 166 
respectively. To implement the fiber-path parametrization (4), the structural domain is discretized 167 
into small tiles along the circumferential and spanwise directions, with dimensions Δ𝑠 and Δ𝑧. 168 
Within each tile, the fibers are oriented tangent to the contour line of 𝑓(𝑠, 𝑧) that passes through 169 
the tile center, and maintaining uniform fiber volume fraction among tiles. Fig. 2 illustrates the 170 
resulting domain discretization and fiber-layout procedure. 171 

 172 
Fig. 2 Illustrations of discretization and sampling of fiber angles throughout the wing 173 
2.1.3 Discussion on Optimization Conditions  174 
Six constraints must be enforced in the optimization problem (2). Constraint (C1) limits the 175 
maximum curvature of the fiber paths. Following Namani Koureh et al. (2026), this constraint is 176 
imposed indirectly by restricting the fiber-angle design vector 𝒙𝜃 to a bounded hyper-rectangular 177 
domain: 178 

𝒙𝜃  ∈ [−B𝜃 B𝜃]𝑑 = 𝑅𝜃 , 𝑑𝜃 =  (𝑝 + 1)(𝑝 + 2)/2 − 2 (5) 179 
Here, 𝑑𝜃 denotes the dimensionality of the fiber-path design space. 180 
Constraint (C2) requires closure of the cross-sectional midline (𝝉(0) = 𝝉(1)) which is inherently 181 
satisfied by the Fourier representation in Equation (3). To ensure that the cross-section remains 182 
bounded within a prescribed rectangular region (C3), the triangle inequality gives: 183 

[
|𝑥(𝑡)|
|𝑦(𝑡)|

] ≤ 𝑁√2 [
max

𝑛
{𝑎𝑥𝑛

, 𝑏𝑥𝑛
}

max
𝑛

{𝑎𝑦𝑛
, 𝑏𝑦𝑛

}
] ≤ [

𝐵𝑥𝜏

𝐵𝑦𝜏

] (6) 184 

Accordingly, the Fourier coefficients are restricted to a hyper-rectangular design domain ℛ𝜏 ⊂185 
ℝ𝑑𝜏 , with 𝑑𝜏 = 4𝑁. 186 
Constraints (C4)–(C6), concerning bounded midline curvature, absence of self-intersection, and 187 
curve regularity, are strongly coupled and cannot be imposed directly through simple bounds on 188 
the Fourier coefficients. In particular, excessive local curvature can promote self-intersection, 189 
while regularity is required to avoid cusps and to ensure the existence of a valid arc-length 190 
parametrization ( ∥ 𝝉′(𝑡) ∥> 0). These constraints could be imposed as hard geometric constraints; 191 
however, doing so would require every candidate set of Fourier coefficients generated during the 192 
optimization to undergo a feasibility check before the flutter-speed objective is evaluated. 193 
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Repeated rejection of infeasible candidates can substantially increase the computational cost, 194 
reduce the efficiency of the search, or stall optimization process. 195 
To avoid this check-and-reject procedure, geometric feasibility is incorporated directly into the 196 
objective through the penalty function 𝜑 introduced by Kakhsaz Malayeri (2026). The penalty is 197 
constructed to decrease continuously as the cross-sectional midline approaches configurations 198 
exhibiting self-intersection, cusp formation, or excessive curvature. Thus, infeasible 199 
configurations are progressively penalized as they are approached, rather than being rejected only 200 
after being generated. Including 𝜑 barrier in optimization problem (2) yields:  201 

 (𝒙𝝉
∗, 𝒙𝜃

∗ ) = argmin
𝒙𝝉,𝒙𝜃

(−
𝑢∞

c (𝒙𝝉, 𝒙𝜃)

𝑢∞
ref

+ 𝜆
𝜑ref

𝜑(𝒙𝝉)
) subject to C1, C3 (7) 202 

Here, 𝜆 is a weighting factor, while 𝑢∞
ref and 𝜑ref are reference values used to normalize the flutter-203 

speed and geometric-penalty contributions, respectively. The barrier function is constructed such 204 
that 𝜑 → 0 as the midline curve approaches a configuration exhibiting self-intersection, a cusp, or 205 
unbounded curvature (Kakhsaz Malayeri 2026).  206 
2.2 Optimization Methodology 207 
The optimization problem (7) is solved using the Parallelized Complex Method (PCM) proposed 208 
by Namani Koureh et al. (2026). PCM employs a parallelized divide-and-conquer strategy in 209 
which the design space is partitioned into smaller cells. Within each cell, an initial Complex is 210 
constructed from randomly generated seed points, after which the Complex evolves toward an 211 
optimum while progressively contracting around the converged solution. A challenge in applying 212 
PCM to the problem (7) is the generation of sufficiently diverse initial Fourier-represented cross-213 
sectional geometries that are simultaneously free of self-intersection, regular, and suitable for 214 
initializing the Complexes. Randomly generated Fourier coefficients can readily produce 215 
geometrically invalid curves, making the construction of an adequate initial population non-trivial. 216 
Therefore, to generate adequate initial seeds, the cross-sectional design space 𝒙𝜏 is first partitioned 217 
into 𝑚𝜏 cells, denoted by 𝒞𝜏

(𝑖)
, 1 ≤ 𝑖 ≤ 𝑚𝜏. Within each cell, 𝑛𝑐 candidate geometries are 218 

generated randomly. Because these candidates are generated without explicit geometric 219 
constraints, they may exhibit cusps, self-intersections, excessive curvature, or other forms of 220 
irregularity and therefore cannot be used directly as initials.  221 
We address this issue by augmenting the PCM method of Namani Koureh et al. (2026) with a pre-222 
processing step. Rather than outright rejecting invalid initial seeds — drawn both from random 223 
sampling and a set of handpicked basic geometric shapes such as circles, ovals, and polygons — 224 
in search of new ones, the resulting cross-section curves are steered toward admissible 225 
configurations by minimizing the barrier function for these curves within their original cell (𝒞𝜏

(𝑖)
): 226 

 (𝒙𝜏𝑗

f )
(𝑖)

= argmax
𝒙𝝉

𝜑(𝒙𝝉)  𝒙𝝉 ∈ 𝒞𝜏
(𝑖)

1 ≤ 𝑗 ≤ 𝑛𝑐

(8) 227 

This auxiliary optimization is performed for a fixed and limited number of Pattern Search 228 
iterations. The iteration count is deliberately restricted because excessive refinement can cause 229 
initially distinct candidates within the same cell to converge toward a common local optimum, 230 
thereby diminishing the diversity of the resulting seed population. After the prescribed number of 231 

Pattern Search iterations, candidates satisfying 𝜑 (𝒙𝜏𝑗

𝑓
) ≥ 𝜑th are retained as feasible cross-232 

sectional seeds. These seeds are subsequently paired with fiber-angle designs to initialize the PCM 233 
optimization. Specifically, the fiber-design space 𝒙𝜃is partitioned into 𝑚𝜃 cells, 𝒞𝜃

(𝑖)
, 1 ≤ 𝑘 ≤ 𝑚𝜃, 234 



 

 

and each feasible cross-sectional seed is paired with a fiber-angle design. The resulting paired 235 
designs constitute the initial seed population for the PCM solution of optimization problem (7). 236 
To ensure that each Complex contains the same number of vertex (same Complex size 𝑑) the total 237 
number of initial candidates 𝑛𝑐 is selected such that 𝑛𝑐 ≫ 𝑑. Fig. 3 illustrates this process. 238 
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Fig. 3 Schematics of the Optimization process 240 
By incorporating this pre-processing step, the proposed strategy ensures that each Complex is 241 
initialized with a diverse set of geometrically admissible designs while maintaining broad coverage 242 
of the cross-sectional design space. 243 

3. Numerical Results 244 
The case-study thin-walled wing–engine system investigated by Namani Koureh et al. (2026) and 245 
Farsadi et al. (2019) is shown in Fig. 4, with the corresponding geometric and material properties 246 
summarized in Table 1. Using this case study, we present our numerical results for the optimization 247 
problem (7). 248 

Table 1 TWWE system parameters for optimization 249 
Units Value Parameter Subsystem 

m (0.03,14) (ℎ, 𝐿) 

Structure 

Gpa (206.75, 5.17, 5.17) (𝐸1, 𝐸2, 𝐸3) 

GPa (3.1, 3.1, 2.55) (𝐺12, 𝐺13, 𝐺23) 

- 0.25 (𝜈12, 𝜈13, 𝜈23) 

Kg.m-3 1528.15 𝜌𝑠 

Kg.m-3 1.224 𝜌 
Aerodynamic 

m (1.6, -0.16) (2𝑏, 𝑏𝑎0) 

Kg 275 𝑚𝐸 

Engine 
KN 83.18 𝑝𝐸 

Kg.m2. s-1 6480 𝑳 

m (0.6, 0.3, 0.3, 0.2,10.5) (𝜅𝑥, 𝑘𝑦, 𝜅𝜙, 𝑥𝐸 , 𝑧𝐸) 

Here, ℎ denotes the wall thickness, and 𝐿 is the wing length. The symbols 𝐸𝑖 and 𝐺𝑖𝑗 represent the 250 
Young’s and shear moduli, respectively, while 𝜈𝑖𝑗 denotes the Poisson’s ratios, 𝜌𝑠 and 𝜌 represent 251 
the material and air densities, respectively. The parameter 𝑏 represents the wing chord length, and 252 



 

 

𝑏𝑎0 is the distance between the geometric center of the wing structure and the airfoil center. For 253 
the engine, 𝑚𝐸 denotes the engine mass, 𝑝𝐸 is the engine thrust, and 𝑳 is the engine reaction torque 254 
constant. The parameter 𝜅 represents the engine radius of gyration, while 𝑥𝐸 and 𝑧𝐸 denote the 255 
engine offsets. 256 

 257 
Fig. 4 Schematic of TWWE system with its geometric parameters 258 
We present our numerical results in three stages. We first validate our formulation against the 259 
results of Namani Koureh et al. (2026) and Farsadi et al. (2019), who both restrict their analysis to 260 
a rectangular cross-section. We then extend these studies to arbitrary cross-sections by solving the 261 
optimization problem (7), and finally we post-process the resulting optimal designs. 262 
3.1 Validation 263 
To validate our formulation against the results reported by Namani Koureh et al. (2026) and 264 
Farsadi et al. (2019), we first consider their respective optimal fiber paths within our geometry-265 
free formulation. Both studies assume a rectangular cross-section and report optimal fiber 266 
distributions for their respective designs. To incorporate these designs into our formulation, we 267 
approximate the rectangular cross-sectional geometry of these studies using 𝑁 = 40 Fourier 268 
harmonics and prescribe the corresponding fiber paths reported in the two studies. For Namani 269 
Koureh et al. (2026), the reported fiber distribution is specified by 270 

𝑥𝜃 = [−1.35 −6.40 −6.80 3.89 0.24 1.72 −9.14 1 −2.67] 272 
whereas for Farsadi et al. (2019), it is given by 271 

𝜃(𝑧) = −1.21𝑧 + 0.48. 273 
Using these fiber angles together with the reconstructed rectangular cross-sections, we calculate 274 
the corresponding flutter speeds (incompressible) and compare them with the reported values in 275 
Table 2. For this analysis, we discretize the 𝑠 and 𝑧 coordinates using 200 and 68 nodes, 276 
respectively, and retain eleven Ritz terms in the formulation of matrix D in Equation (1). This 277 
choice of discretization and Ritz terms ensures convergence of the computed flutter speed, as 278 
demonstrated by Namani Koureh et al. (2026). 279 

Table 2 Flutter analysis validation 280 

Flutter Speed (m/s) 
Case 

Present Reference 

179.29 176.84 Namani Koureh et al. (2026) 

128.13 127 Farsadi et al. (2019) 

The results in Table 2 show good agreement with the reported values, validating our extension of 281 
the geometry-free formulation for flutter-speed prediction.  282 
3.2 Optimization 283 
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To ensure a fair comparison between our results and those reported by Namani Koureh et al. 284 
(2026), we enforce the same total midline curve length (𝛽) by introducing a second penalty term 285 
into the objective function: 286 

(𝒙𝝉
∗, 𝒙𝜃

∗ ) = argmin
𝒙𝝉,𝒙𝜃

(−
𝑢∞

c (𝒙𝝉, 𝒙𝜃)

𝑢∞
ref

+ 𝜆
𝜑ref

𝜑(𝒙𝝉)
+ 100 (

𝛽(𝒙𝝉)

1.714
− 1)

2

) (9) 287 

The additional penalty term drives 𝛽 toward the reference value of 1.714, thereby ensuring that 288 
the resulting wing designs have the same total weight as the reference design. 289 

Table 3 Solver and Optimizer parameters 290 
Value Parameter Solver 

(68,201) (Δ𝑠, Δ𝑧) 

Flutter 
7 𝑛 

3 𝑝 

2-6 𝑁 

(0.75,0.1) (B𝑥𝜏
, B𝑦𝜏

) 

Bounds 
10 B𝜃 

0.001 𝜀C 

0.125 𝜀B 

(0.1,100,2.5) (𝜆, 𝑢∞
ref, 𝜑ref) 

Optimizer 
(96,36) (𝑚𝜃, 𝑚𝝉) 

30 𝑑 

20 Optimization Runs 

Here, 𝑛, 𝜀C, and 𝜀B denote the number of Ritz terms, the convergence threshold for the PCM, and 291 
the convergence threshold for the bisection-based root-finding procedure used in the flutter-speed 292 
solver, respectively, following Namani Koureh et al. (2026). The optimization is performed on a 293 
96-core AMD CPU operating at 3.8 GHz. The resulting optimal designs are presented in Table 4 294 
and Fig. 5 and while linearly accounting for compressibility effects (Appendix A). 295 

Table 4 Optimization results for 2 ≤ 𝑁 ≤ 6, 𝛽 = 1.714 ± 0.7% 296 
Case Flutter speed (m/s) 

𝑁 = 2 68.98 

𝑁 = 3 129.44 

𝑁 = 4 176.32 

𝑁 = 5 215.05 

𝑁 = 6 218.85 

For 𝑁 = 5 case, the corresponding optimal design variables are: 297 
𝒙𝜃

∗ (1: 9)

𝒙𝜏
∗(1: 5)

𝒙𝜏
∗(6: 10)

𝒙𝜏
∗(11: 15)

𝒙𝜏
∗(16: 20)

=
=
=
=
=

 

[9.81 −8.96 −8.41 9.11 −0.91 −6.56 −8.41 1  9.70]

10−1[2.948 0.5813 0.1884 0.1015  0.1093]

10−1[−3.0549  −0.5820 −0.2069 0.2250 0.1048]

10−2[−5.8791 1.0633  0.3530  0.5967  0.1053]

10−2[ −5.8883  1.0602 0.3641 −0.1822 −0.099]

(10) 298 

Furthermore, as shown in Equation (10), the higher harmonics exhibit progressively lower 299 
amplitudes, indicating that additional harmonics beyond 𝑁 ≥  6 are unlikely to meaningfully 300 
improve the predicted flutter speed while also risking unwanted oscillatory features in the cross-301 
sectional geometry. 302 



 

 

 303 
Fig. 5 Optimization results for 𝑁 = 5, (A) real part of eigenvalues of matrix D with respect to free-304 
stream speed (𝑢∞), (B) imaginary part of eigenvalues of matrix D with respect to free-stream speed 305 
(𝑢∞), (C) fiber paths, (D) optimized geometry 306 
Solution (10) achieves 𝛽 = 1.7180 and 𝑢∞

𝑐 = 215.05 m/s (Ma = 0.63) closely matching the 307 
reference value of 1.714 and enabling a fair comparison with Namani Koureh et al. (2026) in the 308 
next section. 309 
3.3 Post-Processing 310 
We first consider the effect of two corrections in Equation (1) — chordwise migration of the elastic 311 
axis (𝑎(𝑧)) across the wingspan and the Mach number correction to the aerodynamic loading as 312 
illustrated in Fig. 6. 313 

 314 
Fig. 6 Correction Factors, (left) Elastic axis deviation due to geometric and ply angle asymmetry, 315 
(right) effect of Mach number on flutter speed — solid line indicating compressible flow 316 
As shown in Fig. 6, the elastic axis (e.a.) of the wing migrates by approximately 6 cm across the 317 
wingspan. Neglecting this migration increases the predicted flutter speed to 𝑢∞

𝑐 = 219.77m/s, 318 
corresponding to an overprediction of approximately 2%. This difference is relatively small and 319 



 

 

expected for the present design. However, for a more adverse configuration with highly 320 
asymmetric ply angles, this effect can reach up to 12%. 321 
Neglecting compressibility in the aerodynamic model further increases the predicted flutter speed 322 
to 𝑢∞

𝑐 = 237m/s, corresponding to a 10% overprediction. When both elastic-axis migration and 323 
compressibility are neglected, the predicted flutter speed increases further to 𝑢∞

𝑐 = 247m/s, 324 
resulting in a 15% overprediction. These results indicate that the two modeling simplifications 325 
interact and can amplify the overall error when neglected simultaneously. 326 
To further investigate the effects of geometry and ply-angle optimization, we consider six cases, 327 
summarized in Table 5: (Basic) a TWWE system with a constant zero ply angle and simple oval 328 
geometry with 𝛽 = 1.714; (Geometry) the TWWE system with only the optimized geometry 𝒙𝜏

∗ 329 
applied and zero ply angle; (Ply) the same oval geometry with only the optimized ply-angle 330 
variables 𝒙𝜃

∗  applied; (Optimized) the fully optimized design with both 𝒙𝜏
∗ and 𝒙𝜃

∗  applied using 331 
the values from (10); (Uni-ply) the optimized geometry 𝒙𝜏

∗ with a constant non-zero ply angle 332 
selected to maximize the flutter speed, 𝜃 = 78∘; and (Reference) the reference design reported by 333 
Namani Koureh et al. (2026). 334 

Table 5 Flutter speed comparison, all cases have 𝛽 = 1.714 ± 0.3% 335 
 336 
 337 
 338 
 339 
 340 
 341 
 342 
 343 
 344 
 345 

 346 
Attained results in Table 5 demonstrate that simultaneously optimizing the cross-sectional 347 
geometry and ply angles can substantially increase the flutter speed. To gain further insight into 348 
the physical mechanism responsible for this improvement, Fig. 7 shows the bending-to-torsion 349 
ratio of the critical eigenvalue at the wing tip (𝑧 = 𝐿) as a function of free-stream speed for the 350 
optimal configuration obtained from Equation (10). 351 

 352 
Fig. 7 Bending to torsion ratio, chordwise (solid) and flap-wise (dash) 353 
As indicated by the kink in Fig. 7 at 𝑢∞

𝑐 = 215.05 m/s flutter happens. Around this speed we 354 
extract the unstable eigenvalue and its corresponding eigenvector in order to calculate the flapwise 355 
(𝑣) and chordwise (𝑢) bending to torsion (𝜙) ratios 𝒟𝑣 = 𝑣(𝐿)/𝜙(𝐿) and 𝒟𝑢 = 𝑢(𝐿)/𝜙(𝐿), 356 
respectively. Below the flutter speed, both ratios remain close to a 0∘phase angle, with 𝒟𝑢 357 
exhibiting a substantially higher amplitude than 𝒟𝑣. At the instability crossing, the phase of 𝒟𝑢 358 

Case 𝑢∞
c  (m/s) Improvement 

Correction 

Ma e.a 

Basic 21.85 - ✓ ✓ 

Geometry 111.69 5.11x ✓ ✓ 

Ply 105.96 4.84x ✓ ✓ 

Optimized 215.05 9.84x ✓ ✓ 

Uni-ply 118.16 5.40x ✓ ✓ 

Reference 176.84 8.09x ✗ ✓ 

Reference 151.27 6.92x ✓ ✓ 



 

 

shifts abruptly to approximately 75∘  −  85∘, indicating a near-quadrature phase relationship 359 
between chordwise bending and torsion and, indicating a possible strong aerodynamic energy 360 
transfer to the structure. In contrast, 𝒟𝑣 reaches only approximately 50∘  −  55∘. These results 361 
indicate that the flutter mechanism in the optimal design given by (10) is primarily driven by 362 
chordwise bending rather than the flapwise-bending mechanism typically associated with flutter. 363 
To investigate the origin of this behavior further, we report the span-averaged stiffnesses across 364 
the various designs in Table 6. 365 

Table 6 Spanwise average of stiffness matrix  366 
Coupling stiffness Baseline Geometry Ply Optimized Amplification 

Flapwise 6.35 1.84×10⁵ 2.76×10⁶ 6.27×10⁶ 2.27× 

Chordwise 0 0 4.40×10⁶ 1.11×10⁷ 2.53× 

These results are consistent with the findings in Fig. 7. The span-averaged stiffness matrix reveals 367 
two distinct coupling pathways. Path A, corresponding to flapwise bending–torsion coupling, can 368 
arise for any cross-sectional geometry, including a symmetric geometry with a uniform ply angle, 369 
through an offset between the elastic and reference axes. Path B, corresponding to chordwise 370 
bending–torsion coupling, in contrast, requires non-uniform fiber tailoring; for a uniform ply 371 
angle, this coupling vanishes algebraically regardless of geometric asymmetry. Once activated by 372 
fiber tailoring, Path B is further amplified by geometric asymmetry, increasing by approximately 373 
~2.5×, compared with approximately ~2.3×, for Path A. The dynamic results in Fig. 7 provide 374 
direct evidence of this structural bias: at the flutter boundary, Path B, rather than the conventionally 375 
dominant Path A, governs the instability. We therefore attribute the improved flutter speed of the 376 
combined design to a shift in the governing coupling mechanism, enabled by fiber tailoring and 377 
reinforced by geometric optimization and existing engine mounting offset of 𝑥𝐸, rather than to 378 
suppression of the conventional flapwise flutter mode. 379 
3.3.1 Optimization Complexity 380 
The optimization problem in Equation (9) comprises three terms: the first represents the flutter-381 
speed objective, the second is the barrier function 𝜑, which penalizes self-intersecting geometries, 382 
and the third enforces a constant total mass across designs. Because the barrier function alone 383 
cannot guarantee a valid initial design, we precede the PCM proposed by Namani Koureh et al. 384 
(2026) with a preprocessing stage. In this stage, we apply a limited pattern-search algorithm to 385 
randomly generated Fourier curves to identify non-self-intersecting designs, which we then use to 386 
initialize the PCM. The barrier function 𝜑 plays a critical role in preventing self-intersecting 387 
designs during the optimization. This is important because self-intersections can corrupt or prevent 388 
the flutter-speed calculation, causing the optimization to terminate prematurely or, more 389 
problematically, yielding invalid designs that may nevertheless be favored by the optimizer and 390 
lead to false convergence. Over more than 50 million function evaluations during the optimization, 391 
the optimizer never crossed into the self-intersecting region of the design space while exploring it. 392 
We independently verified this result without relying on the barrier function output (𝜑); instead, 393 
we used the exact self-intersection solver provided in the code supplied by Kakhsaz Malayeri 394 
(2026). Table 7 further reports the average evaluation time associated with each of the three terms 395 
in the objective function and total run-time of the optimization. 396 

Table 7 run-time of the Optimization 397 
Function 𝑢∞

c  𝜑 𝛽 

Average call time (ms) 258 33 0.01 

Total run-time 53.21 hours  



 

 

4. Conclusion 398 
We maximized the flutter speed of a composite thin-walled wing with a wing-mounted engine by 399 
optimizing cross-sectional geometry and fiber orientation together. The cross-section is 400 
represented as an arbitrary closed curve using a truncated Fourier series, and fiber angles are 401 
parameterized with an established bivariate polynomial scheme (Namani Koureh 2026), letting 402 
geometry and fiber architecture vary freely. A continuous algebraic penalty built directly into the 403 
optimization objective enforces geometric admissibility — blocking self-intersection, cusp 404 
formation, and excessive curvature without a separate feasibility check at every iteration (Kakhsaz 405 
Malayeri 2026). We solved the resulting problem with a Parallelized Complex Method (PCM), 406 
preceded by a preprocessing step that generates diverse, non-self-intersecting initial cross-sections. 407 
Compressibility and elastic-axis migration are also captured, keeping the aeroelastic model 408 
accurate at the higher flutter speeds the optimization reaches. 409 
For the representative wing–engine system, joint optimization of geometry and fiber orientation 410 
raised the flutter speed considerably over the untailored baseline, by roughly a factor of two over 411 
fiber-path tailoring alone on an oval cross-section, and by 42% against Namani Koureh et al. 412 
(2026) — without adding structural weight. Across more than 57 million function evaluations, the 413 
penalty never let the optimizer select a self-intersecting cross-section, confirming that geometric 414 
admissibility held throughout the search. Additionally, we showed that the gain does not come 415 
from strengthening the classical flapwise bending–torsion coupling. Instead, non-uniform fiber 416 
tailoring activates a chordwise bending–torsion coupling pathway absent in uniform-ply designs, 417 
and geometric asymmetry amplifies it further. This shift in the dominant coupling mechanism 418 
explains the large flutter-speed increase achieved by optimizing geometry and fiber orientation 419 
together. 420 
We expect this PCM–barrier approach to extend beyond aeroelasticity to broader fluid–structure 421 
interaction problems involving geometry changes, follower forces, added-mass effects, and strong 422 
fluid–structure coupling.  423 
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Appendix A – Formulation of Compressible Aerodynamic Loading. 544 
Wagner’s state-space formulation for lift (𝐿) and pitching moment (𝑀) about the airfoil’s elastic 545 
axis are given by (Leishman and Nguyen 1990; Bakhtiari-Nejad et al. 2017): 546 

𝐿(𝑧, 𝑡) = −𝜌𝜋𝑏2(−𝑣0̈ 
+ 𝑢∞𝜙̇ − 𝑏𝑎𝜙̈) +

𝜋𝜌𝑏𝑢∞

√1 − Ma2
(−𝑣0̇ + 𝑢∞𝜙 + 𝑏 (

1

2
− 𝑎) 𝜙̇) +

2𝜋𝜌𝑏𝑢∞

√1 − Ma2
 (𝛾1𝑤

𝜆1 + 𝛾2𝑤
𝜆2)

𝑀(𝑧, 𝑡) = −𝜌𝜋𝑏3 (−𝑎𝑣0̈ − 𝑢∞ (
1

2
− 𝑎) 𝜙̇ − 𝑏 (𝑎2 +

1

8
) 𝜙̈) +

𝜋𝜌𝑢∞𝑏2

√1 − Ma2
(𝑎 +

1

2
) (−𝑣0̇ + 𝑢∞𝜙 + 𝑏 (

1

2
− 𝑎) 𝜙̇) +

2𝜋𝜌𝑢∞𝑏2

√1 − Ma2
(

1

2
+ 𝑎) (𝛾1𝑤

𝜆1 + 𝛾2𝑤
𝜆2)

(A. 1) 547 

Where 𝜙 denotes torsion, 𝑣0 represents bending, 𝜌 is the air density, 𝑢∞ the free-stream speed, 𝑏 548 
the half-chord of the airfoil, and 𝑎 the offset between the elastic axis, Ma is Mach number and 𝑎 549 
the airfoil mid-chord, normalized by 𝑏.  550 
The coefficients 𝛾𝑖𝑤

are given by 𝛾𝑖𝑤
= (1 − Ma2)𝛼𝑖𝛽𝑖𝑢∞/𝑏, and the aerodynamic lag states 551 

𝜆𝑖(𝑖 = 1,2) satisfy the conditions: 552 

𝜆̇𝑖(𝑧, 𝑡) + 𝛽𝑖(1 − Ma2)
𝑢∞

𝑏
𝜆𝑖(𝑧, 𝑡) = −𝑣̇0 + 𝑢∞𝜙 + 𝑏 (

1

2
− 𝑎) 𝜙̇ , 𝑖 = 1,2 (A. 2) 553 

where the coefficients are (𝛼1, 𝛼2) = (0.165 , 0.335) and (𝛽1, 𝛽2) = (0.0445 , 0.35). 554 
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