Progress in Aerospace Sciences 163 (2026) 101206

Contents lists available at ScienceDirect - AEII‘e;)IS]i’X CE

SCIENCES

Progress in Aerospace Sciences

ELSEVIER journal homepage: www.elsevier.com/locate/paerosci

Progress in aerodynamics and aeroelasticity of morphing aircraft
Yuting Dai?, Jinying Li®, Yating Hu®, Jiaying Zhang®> ©®, Yuming Zhang®, Ziyan Xi®®,
Yang Zheng °®, Michael I. Friswell ®

@ School of Aeronautic Science and Engineering, Beihang University, Beijing, 100191, China
Y Faculty of Science and Engineering, Swansea University, Swansea, SA1 8EN, UK

ABSTRACT

This review comprehensively synthesizes the progress concerning the aerodynamic and aeroelastic characteristics of morphing aircraft over the past years (circa
2010-2026). The morphing strategies are categorized into three primary dimensions based on established classifications: chordwise morphing (primarily camber
morphing), spanwise morphing (primarily spanwise bending), and planform morphing (including sweep and span morphing). For each morphing strategy, the in-
vestigations are systematically reviewed, detailing advances in steady and unsteady aerodynamics, aeroelastic modeling and characteristics, and the application of
active control strategies (aeroelastic and maneuver control). Distinct research priorities exist for different morphing strategies: chordwise camber morphing focuses
primarily on aerodynamics, while spanwise bending centers on aeroelastic modeling and characteristics. Moreover, given the potential application in configuration
adjustments across different flight phases, research on sweep and span morphing predominantly focuses on steady and quasi-steady states. The review also sum-
marizes the current methodologies employed in aerodynamic and aeroelastic analysis and highlights the primary approaches for incorporating aerodynamic (pri-
marily computational fluid dynamics) and structural nonlinearities, as well as their interaction frameworks, such as coupling with computational structural
dynamics. The implementation of morphing in control systems is also reviewed, where a notable trend is the integration of control law modules (primarily feed-
forward and feedback control) into fluid-structure interaction frameworks. As a conclusion, the gap between model and practical application for morphing aircraft
still exist. The challenges of detailed modelling for actuation system and time-varying aerodynamics should be paid more attention.

research on morphing has gradually matured, especially for camber
morphing and spanwise bending. In this context, several review papers
have been published to summarize the recent progress in morphing
research. Ajaj et al (2021) [2] provided a comprehensive review of the
aeroelasticity of morphing aircraft, with a particular emphasis on
structural modeling approaches and aeroelastic coupling mechanisms.
More recently, Mowla et al. (2025) [5] paid particular attention to
control strategies, which are systematically classified and discussed
their respective merits and limitations, offering a structured picture of
how morphing systems can be controlled across different contexts.
Complementarily, Parancheerivilakkathil et al. (2024) [3] focused on
especially Al-driven approaches to morphing technologies and further
discussed the potential industrial applications and future directions.
Compared with former reviews, the present paper places greater
emphasis on the aerodynamic studies of morphing technology. Specif-
ically, it categorizes various morphing concepts and systematically re-
views their impacts on steady and unsteady aerodynamics, aeroelastic
modeling, and control, with particular attention to the nonlinear aero-
dynamic characteristics induced by morphing. This perspective provides
a physics-based foundation that complements the structurally oriented,
control-oriented, and industrial-oriented reviews in the existing
literature.

1. Introduction

Morphing aircraft has gained significant research interest over the
past decade. It dynamically adjusts its aerodynamic configuration to
optimize performance across different flight phases and environmental
conditions [1]. Numerous experiments and numerical results have
demonstrated that morphing structures can enhance aerodynamic effi-
ciency, reduce fuel consumption, and increase multi-mission versatility.
Various morphing strategies offer specific advantages, such as sup-
pressing flow separation with camber morphing and increasing the
flutter boundary through spanwise bending.

Among many forms of classification of morphing strategies, the most
common one is to classify them according to morphing degrees of
freedom [2,3]: airfoil (camber and thickness), wing (twist, spanwise
bending, gull, and dihedral), and aircraft planform (span and sweep).
The morphing classification and schematics are shown in Fig. 1.

Early in the 1900s, the Wright Brothers applied roll control via twist
morphing to the first powered air vehicle [4]. Over the past few decades,
research on the structure, aerodynamics, and aeroelasticity of morphing
has never ceased. With the development of materials technology and the
progress of numerical simulation and wind tunnel research methods, the
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Abbreviation

ACTE Adaptive Compliant Trailing Edge
AoA Angles of Attack

ASTA Adaptive Super-Twisting sliding mode Algorithm
CFD Computational Fluid Dynamics

CSD Computational Structural Dynamics

DES Detached Eddy Simulation

DNS Direct Numerical Simulation

FEM Finite Element Method

FishBAC Fish-Bone-Active Camber

FSCI Fluid-Structure-Control Interaction
FSI Fluid-Structure Interaction

GRA Green Regional Aircraft

INDI Incremental Nonlinear Dynamic Inversion
LE Leading Edge

LEV Leading Edge Vortex

MAVs Micro Aerial Vehicles

NMI Nonlinear Model Inversion

RANS Reynolds-Averaged Navier-Stokes equations
ROM Reduced-Order Modeling

SMAs Shape-Memory Alloys

TE Trailing Edge

TEV Trailing Edge Vortex

UAV Unmanned Air Vehicle

VCCTEF Variable Camber Continuous Trailing Edge Flap
VLM Vortex Lattice Method

Significant research on structural design, aerodynamic simulation,
wind tunnel test verifications, and even flight tests have been done on
trailing-edge (TE) camber morphing. Woods et al. [6-9] propose a
continuous camber morphing trailing edge called fish-bone-active
camber (FishBAC), as shown in Fig. 2(a), and conduct a series of nu-
merical and wind tunnel investigations. There are also many projects
supported by the government and companies. In the Adaptive Compliant
Trailing Edge (ACTE) project [10], as shown in Fig. 2(b), a Gulfstream IIT
aircraft with a seamless camber morphing trailing edge is adopted for
the flight tests to verify the feasibility and deflection capability of the
morphing trailing edge. In the Mission Adaptive Compliant Wing
(MACW) project [11-14], flight tests on an Unmanned Air Vehicle
(UAV) are carried out to reduce drag and decrease fuel consumption by
camber morphing.

Spanwise bending is also a promising morphing strategy that has
received much research attention in recent years, especially the folding
wingtip. As shown in Fig. 3(a), the folding wingtip is adopted on the
Boeing 777X [15] to balance the airport space and aerodynamic per-
formance, although this application does not involve the dynamic
morphing process during flight. As shown in Fig. 3(b), the Albatross ONE
[16] of Airbus is a recent example of a passive folding wingtip, aiming to
alleviate the dynamic loads.

The common strategy for sweep morphing is the rotary-variable
sweep (RVS) [17], which changes the sweep angle by rotating the
wing root around an axis. It is applied to F-111 and F-14 [18]. For other

Airfoil
Camber morphing

morphing strategies, due to the balance between the difficulty of
structure implementation and aerodynamic performance improvement,
research is relatively scarce, and the technology is not yet mature.

The conceptual foundation of morphing aircraft lies in their ability to
dynamically adapt aerodynamic configurations during flight. However,
current research efforts remain predominantly focused on static aero-
dynamic analysis and the mechanical realization of morphing mecha-
nisms. Research on wunsteady aerodynamic and aeroelastic
characteristics during dynamic morphing is also critical for morphing
aircraft.

In Section 2, the paper introduces and summarizes the development
of aerodynamics and aeroelasticity. The morphing strategies are classi-
fied into three types, as shown in Fig. 1, corresponding to Sections 2.1,
2.2, and 2.3. Then, the aerodynamic and aeroelastic numerical methods
and the active control are classified in Section 3.

2. Development of aerodynamics and aeroelasticity for
morphing wing/aircraft

In this chapter, different sections represent morphing platforms,
including airfoils, wings, and aircraft. The detailed classification is
shown in Fig. 1. The development of aerodynamics and aeroelasticity of
morphing is classified into steady aerodynamics, unsteady aero-
dynamics, aeroelasticity (including aeroelastic model and characteris-
tics), and active control (including aeroelastic control and maneuver
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Fig. 1. Classification and schematics of morphing.
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Fig. 3. Representative work of spanwise bending: (a) Boeing 777X [15]; (b) Albatross ONE [16].

control).

2.1. Leading and trailing edge morphing of airfoil

The benefits of steady aerodynamics, unsteady aerodynamics, and
aeroelasticity are shown in Table 1. Due to the abundant investigation of
camber morphing in aerodynamics, leading-edge (LE) and TE morphing
have been demonstrated to significantly improve aerodynamic
performance.

Compared to traditional hinged flaps, TE morphing significantly

enhances lift-to-drag ratios under all lift coefficient ranges, especially
the high lift coefficient range. LE morphing suppresses flow separation
at the leading edge, which increases the lift peak and suppresses stall
flutter. Furthermore, both LE and TE morphing affect flow separation
and leading-edge vortex (LEV), which can be used to suppress stall
flutter and alleviate gust loads.

As shown in Fig. 4, a bar chart presents the literature count on
different morphing strategies and research objects to reflect the trend of
related research. It is evident that TE morphing is the most popular
morphing strategy in the airfoil planform.

Table 1
Aerodynamic and aeroelastic benefits of LE and TE morphing.
Morphing Steady aerodynamics Unsteady aerodynamics Aeroelasticity
style
LE morphing Increase lift in subsonic flows [19-23] Prevent/control the formation of LEV [26,27] Flutter: Suppress stall flutter [27]

Reduce Drag [20,21,23]

Enhance lift-drag ratio [20-23]

Delay stall/suppress flow separation [22,24,
25]

Increase lift in subsonic flows [19-21,
31-34]

Reduce drag [20,21,31,33-37]

Enhance lift-drag ratio in subsonic flows [9,
20,21,33,36,38,39]

Delay stall/flow separation [20,31,33]
Increase lift in subsonic flows [48]

Reduce drag in subsonic [48], transonic
flows [49]

Enhance lift-drag ratio in subsonic flow [48,
50-52]

Decrease noise [50]

TE morphing Delay stall [31,40]

decrease drag [31]

Thickness

Improve averaged lift coefficient [28] and lift-drag ratio [34],

Reduce the dynamic stall effect/delay stall [26,28]
Enhance lift through controlled flow separation [29]
Improve power efficiency of flapping [30]

Improve flutter stability boundary/Eliminate
stall flutter [43,44]
Alleviate gust load [45-47]

Reduce reverse flow regions [41]
Affect aerodynamic work due to pitch motion [30,42], improve
power efficiency of flapping [30]
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Fig. 4. Literature quantities and publication year at steady, unsteady aerodynamic, aeroelastic, and active control of LE, TE, combined morphing, and vari-

able thickness.

In the past 10 years, the camber morphing has been continuously
investigated, especially TE morphing. The research on variable thickness
is relatively rare in unsteady aerodynamics and aeroelasticity. There-
fore, this section mainly focuses on LE and TE morphing.

2.1.1. Steady aerodynamic characteristics

The steady aerodynamic effects of camber morphing wings have
been extensively explored through diverse camber morphing strategies.
Studies focusing on TE morphing dominate this field. Nelson et al.
(2024) [31] demonstrated by a wind tunnel experiment that TE
morphing alleviates the adverse effects of the reverse flow area on
finite-span wings, including negative lift, drag increase, and large
pitching moment impact. Similarly, Wu et al. (2017) [38] proposed a
carbon-fiber composite airfoil with multi-degree-of-freedom TE
morphing, achieving independent pitch moment control and high
lift-to-drag ratios across a wide angle-of-attack range. Dhileep et al.
(2022) [39] further validated the benefits of TE morphing via a Single
Corrugated Variable-Camber (SCVC) structure, showing significant
lift-to-drag ratio enhancements at moderate-to-high lift conditions.

In contrast, LE morphing has been optimized to delay stall applica-
tions. Colletti and Ansell (2023) [24] utilized genetic algorithms to
design leading-edge geometries. The wind tunnel experiment was con-
ducted to validate the suppression effect of LE morphing on flow sepa-
ration at the leading edge. Similarly, Magrini and Benini (2018) [53]
combined Class/shape transformation (CST) parameterization and ge-
netic algorithms to optimize leading-edge shapes while maintaining
constant arc length, ensuring compatibility with multiple aerodynamic
models.

Combined leading-trailing edge morphing strategies have also
emerged. Nemati and Jahangirian (2020) [19] proposed a robust
parameter optimization framework for combined LE and TE morphing,
achieving a 90% lift increase compared to cruise for a short period.
Wang et al. (2023) [20] numerically demonstrated that smooth para-
bolic LE and TE morphing outperform hinged flaps for lift increase, drag
reduction, and improved aerodynamic efficiency. LE morphing signifi-
cantly delayed stall, TE morphing delayed flow separation, with aero-
dynamic efficiency further enhanced by higher aspect ratios in 3D
wings.

These studies collectively emphasize the critical role of deformation

components in tailoring steady aerodynamic performance, with TE
morphing dominating aerodynamic efficiency improvements and flow
separation suppression, and LE morphing addressing stall challenges.

The research on variable thickness morphing is relatively scarce.
Koreanschi et al. (2017) [54] optimized the morphing parameters on
the upper surface of the wing by genetic algorithms and validated the
low speed drag reduction in wind tunnel experiments. Magalhaes et al.
(2022, 2024) [48,55] developed data-driven frameworks to predict the
aerodynamic coefficient of variable-thickness airfoils. Based on the
model, morphing shapes are optimized and extended to
high-Reynolds-number flows.

Experimental validation of airfoil morphing is challenging to
implement due to the realization of the morphing structure and control.
However, there have been quite a few studies on experiments in recent
years. Chanzy and Keane (2018) [35] conducted flight tests on a
morphing UAV, showing a 40% drag reduction but a lower rolling rate
than conventional flaps.

The Clean Sky Green Regional Aircraft (GRA) program, starting from
2006, aims at the green aeronautical technologies that best fit the Eu-
ropean regional aircraft after 2025. Morphing and multifunctional
wings for highly efficient aerodynamics are the critical technologies. As
a progressive work, Lin and Pecora et al. (2021, 2024) [32,56] ach-
ieved industrial-scale success with TE morphing for large aircraft,
demonstrating a 31.92% lift increase during takeoff and 9.04% during
landing through wind tunnel tests, as shown in Fig. 5.

While experiments provide critical insights into real-world perfor-
mance, numerical tools enable rapid exploration of complex morphing
geometries and multi-objective optimizations. Numerical optimization
is still the dominant investigation method of morphing. Rana et al.
(2022) [57] optimized geometrical parameters of the morphing airfoil
at Mach = 0.8, repositioning shock waves and significantly enhancing
lift-to-drag ratios. Magalhaes et al. (2022, 2024) [48,55] developed
data-driven frameworks combining deep neural networks and
meta-heuristic algorithms to predict the aerodynamic coefficient of
morphing airfoils.

Different morphing design and manufacturing methods may also
affect steady aerodynamic performance. Therefore, numerical simula-
tions based on the morphing structures are conducted in some in-
vestigations, especially for some new materials and control methods. For
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Fig. 5. Clean Sky GRA program: (a) morphing structure [32] and (b) wind tunnel test [56].

instance, Zhang et al. (2021) [36] integrated shape-memory alloys
(SMAs) and macro-fiber composites (MFCs) into TE morphing. The nu-
merical results demonstrated that the structure achieves active flow
control and drag reduction. Hao et al. (2021) [33] designed a contin-
uous TE morphing wing using multi-stable nanomaterials, showing
improved lift-to-drag ratios at large AOAs and delayed flow separation
in simulations. Gu et al. (2021) [21] combined topology optimization
and SMAs to achieve precise shape control, validated aerodynamic
performance through computational fluid dynamics (CFD). Advances in
smart materials and structural optimization have enabled smoother,
more reliable morphing mechanisms that are crucial for practical
applications.

FishBAC, pioneered by Woods et al. (2012-2021) [6-9], is a typical
example of TE morphing structure, as shown in Fig. 6. Rivero et al.
(2021) [9] compared FishBAC morphing and conventional hinged flaps
via wind tunnel experiments, proving at least 16% higher lift-to-drag
ratios of FishBAC. Fincham and Friswell (2015) [37] demonstrated
its aerodynamic superiority in multi-condition optimizations. Clements
and Djidjeli (2023) [34] highlighted improved aerodynamic efficiency
by FishBAC morphing and its effectiveness in ground effect.

Numerous studies on camber morphing have shown that it improves
the lift-to-drag ratio and suppresses stall and flow separation. Besides,
the numerical investigations of Ortiz-Melendez et al. (2023) [25]
demonstrated that LE morphing of the airfoil delayed stall and increased
maximum lift. Both LE and TE morphing make significant contributions
to the steady aerodynamic performance.

2.1.2. Unsteady aerodynamic characteristics
The unsteady aerodynamic effects of camber morphing wings are
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closely tied to dynamic deformation strategies and their interaction with
flow phenomena.

Studies on LE morphing highlight its role in suppressing dynamic
stall and modulating vortex dynamics. For instance, Ferrier et al.
(2017) [26] demonstrated that active LE morphing prevents the for-
mation of LEVs and effectively reduces the dynamic stall effect. Simi-
larly, Kang et al. (2020) [29] revealed that morphing LE skins at low
Reynolds numbers significantly enhance lift through controlled flow
separation when locked into the vortex shedding frequency. Wen et al.
(2024) [27] further demonstrated LE morphing by introducing a 315°
phase advance relative to pitching motion, which suppressed stall flutter
and regulated LEV generation.

TE morphing has been explored for flow separation reduction, en-
ergy extraction, and flow stabilization. Ko et al. (2021) [41] demon-
strated that passive TE morphing reduces reverse flow regions under
both steady and unsteady conditions. Wu et al. (2023) [42] showed that
TE morphing affects the LEV, changing the pressure distribution, as
shown in Fig. 7(a). TE morphing at a phase offset of —n/2 reduced en-
ergy extraction by over 300% while mitigating stall-flutter limit-cycle
oscillations. Similarly, Kan et al. (2020) [40] proposed periodic TE
morphing to delay stall.

In the FishBAC project, Clements and Djidjeli (2024) [59]
employed periodic FishBAC morphing in ground effect. The detached
eddy simulation (DES) is adopted to resolve von Karman vortices in
wakes, linking vortex dynamics to lift enhancement.

Combined LE and TE morphing strategies amplify synergistic effects.
Hoke et al. (2023) [30] reported a 36.2% efficiency improvement in
energy extraction for flat plates using combined morphing. Bashir et al.
(2024) [28] optimized morphing LE and morphing TE shapes, the

FishBAC

at=0s At=01s

Ar=02s

Fig. 6. FishBAC: (a) morphing structure [7] and (b) aerodynamic results [9].
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Fig. 7. (a) pressure distribution and vorticity of baseline and TE morphing of a pitching airfoil [42], (b)pressure distribution and vorticity of baseline and TE
morphing of wing slice under gusts [58], and (c) lift coefficient of an airfoil with different LE morphing angles y [22].

former delaying dynamic-stall AOA by 14.26% and the latter increasing
the lift coefficients. Dai et al. (2025) [58] suppressed gust-induced LEV
with combined LE and TE morphing and significantly alleviated gust
loads, as shown in Fig. 7(b).

These studies underscore the tailored efficacy of deformation com-
ponents: leading-edge morphing excels in vortex control, TE morphing
stabilizes unsteady flows, and their combination unlocks synergistic
performance gains.

Numerical modeling and linear aerodynamic models dominate un-
steady aerodynamic research. Fan and Breuer (2022) [60] developed a
3D low-order model for flapping wings, integrating quasi-steady blade
element momentum theory to quantify a 27% lift increase and 10% drag
reduction from camber morphing. Guo et al. (2024) [61] employed
CFD/CSD (computational structural method) coupling to analyze
fluid-structure interactions in TE morphing, revealing how skin
compliance, flow conditions, and actuation affect aerodynamic charac-
teristics. Li et al. (2018) [62] derived an analytical unsteady lift model
based on potential flow theory, simplifying the dynamic responses of
camber morphing airfoils.

While numerical tools enable rapid exploration of complex morphing
scenarios, experiments and high-fidelity simulations validate mecha-
nisms and refine predictive accuracy. Ko et al. (2021) [41] adopted PIV
measurements to investigate the passive TE morphing flow field in the
wind tunnel experiments. Kan et al. (2020) [22] utilized the CFD
method to obtain the unsteady aerodynamic characteristics of LE
morphing, revealing the effect of LE morphing on dynamic stall, as
shown in Fig. 7(c).

The interplay between morphing kinematics and vortex dynamics
defines non-steady performance, with applications spanning stability
control, energy harvesting, and flow separation management. A central
focus lies in dynamic stall mitigation. Bashir et al. (2024) and Ferrier
et al. (2017) [26,28] demonstrated that optimized LE morphing sup-
presses DSV formation and delays stall angles. Kan et al. (2020) [40]
linked TE morphing rates to stall delay, while Wen et al. (2024) [27]
emphasized phase-synchronized LE morphing to destabilize stall flutter.

Active TE morphing significantly impacts aerodynamic energy
extraction, which can be adapted for flow stability analysis. Wu et al.
(2023) [41] analyzed energy metrics to optimize TE motion for oscil-
lation suppression. Aerodynamic energy extraction efficiency is also
important for flapping wings. Hoke et al. (2023) [30] showed that
combined morphing amplifies positive aerodynamic work and improves
extraction efficiency during flapping.

Vortex control and lock-in mechanisms are critical for unsteady
performance. Kang et al. (2020) [29] identified frequency locking

between morphing actuation and vortex shedding as a key
lift-enhancing mechanism.

2.1.3. Aeroelastic modeling and characteristics

Aeroelastic modeling of camber-morphing wings is a complex
problem that requires simultaneous consideration of structure, aero-
dynamics, and camber-morphing factors.

Methodological advancements in aeroelastic modeling balance
computational efficiency with fidelity. Murugan et al. (2015) [63]
pioneered hierarchical modeling to decouple structural optimization
from fluid-structure interaction (FSI), reducing computational costs
without sacrificing critical physics. They decoupled compliant skin
optimization from aeroelastic simulations, using homogenized beam
models for efficient analysis. The study laid the groundwork for
computationally affordable aeroelastic design. Ochi et al. (2024) [64]
further emphasized experimental validation. They developed a loosely
coupled finite element and hierarchical Cartesian grid solver to analyze
the aeroelastic behavior of a passive TE morphing wing. The results have
been validated through wind tunnel experiments, and it was revealed
that the simulation results of RANS are more accurate than those of
Euler.

Woods et al. (2015) [65] integrated a Euler-Bernoulli beam-based
structural model with XFOIL aerodynamic simulations to predict equi-
librium shapes, aerodynamic coefficients, and actuation requirements of
FishBAC. The numerical model is validated by the experimental results,
as shown in Fig. 8.

For active morphing systems, Wright and Bilgen (2024) [66] pro-
posed a multi-objective optimization framework for piezoelectric
composite-driven camber morphing airfoils, integrating XFoil for aero-
dynamic analysis and ANSYS for structural modeling. Their approach
achieved static aeroelastic responses that maximized lift while mini-
mizing deformation, demonstrating the feasibility of real-world
deployment through prototype testing. Hu et al. (2022) [45] devel-
oped a fluid-structure interaction method of seamless wing morphing
based on the CFD method and modal superposition method, considering
the geometrical nonlinearity of the TE morphing.

Camber morphing also influenced the aeroelastic characteristics.
Syed et al. (2022) [43] investigated the stability of a highly flexible
flying-wing UAV and demonstrated that TE morphing significantly
improved flutter stability, offering insights into long-endurance UAV
design.

As a chordwise morphing strategy, the investigations on camber
morphing are not yet thorough enough. In fact, the curvature of
morphing can also change in the transverse direction, requiring
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Fig. 8. FishBAC: (a) experiment model [65] and (b) validation results [65].

consideration in three-dimensional terms. The flow mechanism consid-
ering active wing morphing and passive elastic deformation also re-
mains to be explored.

2.1.4. Active control

The control of camber morphing wings has evolved through so-
phisticated algorithms tailored to suppress aeroelastic instabilities and
mitigate external disturbances. Nonlinear and dynamic inversion con-
trol stands out for camber morphing control. Wang et al. (2022, 2021)
[46,47] proposed an incremental nonlinear dynamic inversion with
quadratic programming control allocation and virtual shape functions
(INDI-QP-V) for seamless morphing wings, reducing wing-root shear

forces and bending moments by over 44% during simultaneous gust and
maneuver load alleviation. The seamless wing and the alleviation results
are shown in Fig. 9(c).

Li et al. (2024, 2025) [44,69] achieved complete stall-flutter
elimination using a nonlinear-model-inversion (NMI) controller and a
reinforcement learning trained controller, where TE morphing gener-
ated counteracting vortices to suppress stall flutter.

Time-delayed and feedback control strategies address real-world
actuation constraints. Wu et al. (2022) [70] demonstrated that a
proportional-derivative controller with a 0.1-s delay reduced
stall-flutter limit-cycle amplitudes by 60%, leveraging CFD-based flu-
id-structure interaction (FSI) simulations to decode energy transfer

Zone 1 Zone 2 Zone 3 Zone 4 Zone S 15 %c

(d)

Fig. 9. (a) Wind tunnel experiment of VCCTEF [67], (b) spanwise-segmented TE and LE flaps [68], (c) seamless morphing wings [47], and (d) flight test of ACTE

project [10].
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mechanisms. Zhang et al. (2021) [71] proposed a morphing camber
concept based on a continuous two-segment structure comprising a rigid
segment and a deformable section. Their study examined the influence
of key parameters, such as the length-to-chord ratio and stiffness of the
morphing segment, on flutter behavior. To further stabilize the system,
they incorporated feedback control into a FishBAC TE morphing device,
effectively regulating pitch and plunge motions to mitigate aeroelastic
instability.

These studies highlight the dominance of model-based control in
handling nonlinearities, while time-delayed and feedback strategies
bridge theoretical designs with practical actuation dynamics.

Camber morphing excels in gust load alleviation, both at transonic
and low-speed conditions. Ullah et al. (2022, 2023) [68,72] employed
spanwise-segmented TE and LE flaps, as shown in Fig. 9(b), showing that
steady flap deflections reduced gust-induced wing bending moments by
54% and torsional moments by 58%. Dynamic flap deflections further
achieved near-complete load cancellation. In the same team, Klug et al.
(2020) [73] highlighted TE flaps’ superiority, compensating for 95% of
gust-induced lift perturbations at moderate AOA. In the variable camber
continuous trailing edge flap (VCCTEF) system by Nguyen and Berg
et al. (2020) [67,74], the GLA for a camber morphing wing is investi-
gated by numerical methods and experiments, as shown in Fig. 9(a).

While segmented flaps excel in localized load redistribution, seam-
less morphing enables holistic aerodynamic adaptation, balancing
aerodynamic efficiency and control ability. Hu et al. (2022) [45]
implemented a time-domain feedforward control based on seamless
wing morphing, achieving a 10%-53% reduction under different gust
amplitudes. Wang et al. (2021, 2022) [46,47] extended the conven-
tional GLA by combining seamless morphing with INDI-QP-V, demon-
strating simultaneous gust and maneuver load reduction in wind tunnel
tests. The ACTE project [10] has conducted a flight test of the seamless
morphing wing, as shown in Fig. 9(d). A flight of Mach 0.85 was ach-
ieved on a modified Gulfstream III aircraft equipped with a
three-dimensional seamless TE morphing with the maximum morphing
angle of 10°.

TE dominance is evident in both flutter suppression and gust control.
Li et al. (2024, 2025) and Wu et al. (2022) [44,69,70] linked trailing
edge vortices (TEV) to flutter destabilization, while Ullah et al. (2023)
[72] optimized TE flaps for transonic gust alleviation. In contrast,
leading-edge contributions are niche but impactful. Klug et al. (2020)
[73] found that TE flaps mitigated 50% of nose-up pitching moments
without significantly altering lift responses, underscoring their role in
moment equilibrium. TE actuation remains the cornerstone of morphing
control, but hybrid strategies incorporating leading-edge and seamless
deformation are emerging as versatile solutions. It is worth mentioning
that, in earlier studies, the use of combined LE and TE control surfaces
has also been proposed to mitigate control surface reversal in flexible
wings [75,76].

The active control work mainly adopts TE morphing. The abundant
research shows that TE morphing can basically replace the conventional
control surfaces and serve as one of the control surfaces for future
aircraft. While LE morphing has a relatively small contribution to

Table 2
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aerodynamics, it plays a significant role in aerodynamic moments and
the formation of leading-edge vortices. It also has considerable potential
for active control.

2.2. Twist and spanwise morphing of wing

Table 2 summarizes the aerodynamic and aeroelastic benefits of four
types of wing morphing. Sufficient research shows that spanwise
bending can improve the flutter boundary and alleviate gust loads. Twist
morphing significantly improves steady aerodynamic performance.

The literature count and publication years of this chapter are shown
in Fig. 10. Active control via spanwise morphing is popular in recent
years, especially aeroelastic control. Regarding the spanwise morphing,
the focus in the early stage is on aeroelastic characteristics. However, in
recent years, the research on its application in control is significantly
increasing.

The research on gull and dehidral are relatively scarce, especially in
aeroelasticity. This section mainly focuses on studies of spanwise
morphing. In each section, four morphing strategies are introduced in
sequence.

2.2.1. Steady aerodynamic characteristics

2.2.1.1. Twist morphing. Twist morphing has demonstrated significant
potential in enhancing steady-state aerodynamic performance across
various aircraft configurations. Kaygan and Ulusoy (2018) [77]
employed the Athena Vortex Lattice Method (AVLM) to analyze twist
angles ranging from —8° to 8° on an Airbus A320 wing model. Their
results revealed that optimized twist distributions could improve
lift-to-drag ratios at low angles of attack, validating twist morphing as a
viable strategy for flight control. As shown in Fig. 11, Rodrigue et al.
(2016) [78] conducted wind tunnel tests on a UAV wing with segmented
twist deformation, showing almost a 13% increase in lift-to-drag ratio at
2° angle of attack and a maximum lift coefficient improvement at 8°
angle of attack.

For the flying wing, Kelayeh and Djavareshkian (2021) [99] per-
formed CFD simulations on a uniformly twisted flying wing, identifying
a "neutral brink angle” beyond which twist effects diminished. While
aerodynamic efficiency improved at high angles of attack, performance
degraded at 0° angle of attack as the twist angle increased.

Jasa et al. (2018) [79] integrated gradient-based optimization for a
morphing wing, combining twist and altitude profile adjustments. Their
approach reduced fuel consumption by 0.2-0.7%, with surrogate models
achieving optimization accuracy within 1.5% of fully coupled methods.

2.2.1.2. Spanwise bending. Spanwise bending morphing, particularly
through foldable wingtips, has demonstrated significant potential in
enhancing steady-state aerodynamic performance. Cooper et al. (2015)
[85]pioneered the design of flexible folding wingtips using CFD and
neural network surrogate models. Their approach reduced abrupt
flow-induced loads by 5% and fuel consumption by 3% for reference
missions, validating the lightweight potential of morphing wingtips.

Aerodynamic and aeroelastic benefits of twist, spanwise morphing, gull, and dihedral.

Morphing style Steady aerodynamics

Unsteady aerodynamics

Aeroelasticity

Twist morphing Improve lift-to-drag ratio at low AOAs [77,78]
Fuel consumption reduction [79]

Smooth post-stall lift curve [80-83]

Fuel consumption reductions [85]

Drag reduction [86]

Spanwise bending

Gull

Gust load alleviation [84]

Flutter boundary improvement [87]
Gust load alleviation [88-91]

Enhance lateral maneuverability [92] -

Improve aerodynamic efficiency [93]

Dihedral Complex effect on lift-to-drag ratio [94,95]

Alter lateral and directional stability [94-96]

Improve lift at high AOAs [97] -
Improve energy efficiency [98]

Reduce wind gradient requirements for soaring [98]
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Fig. 10. Literature quantities and publication year at steady, unsteady aerodynamic, aeroelastic, and active control of twist, spanwise morphing, gull, and dihedral.
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Fig. 11. (a)Morphing shape [78], (b)Complete morphing wing assembly [78], and (c)lift-to-drag ratios of twist morphing wing and baseline [78].

Kazim et al. (2022) [100] optimized variable-geometry winglets for the
ONERA M6 airfoil, identifying a configuration with a 30° cant angle and ~ - = = — -—

65° sweep that improved lift-to-drag ratios by 5.33%, with \ ‘ ‘
outward-canted angles enhancing flow attachment. Complementing

these findings, Eguea et al. (2021) [86] employed a mid-fidelity - gl - / \
method coupled with Fluent CFX to study camber-morphing winglets. S — — S— - -~
Their results showed a significant reduction in induced drag due to

weakened tip vortices. / ‘ \ \ \ / ~ ‘ r
2.2.1.3. Dihedral morphing. Chang et al. (2023, 2024) [94,95] estab- — I I — - ~
lished an aerodynamic model with a uniform experimental design

method, CFD, and kriging algorithm. The wing configurations with wing ‘ \ ‘
dihedral are shown in Fig. 12. Under hypersonic conditions, L/D is . o / \ / \
highly sensitive to positive dihedral angles: small angles of attack see —— o - —

sharp L/D reduction with dihedral increase, while anhedral angles cause

a brief rise followed by a gradual decline. At high angles, dihedral effects ‘ ‘

diminish. Under subsonic conditions, L/D responds more strongly to / \ . e

dihedral changes at low angles, with anhedral delaying L/D drop at low

angles. Fig. 12. Wing configuration with wing dihedral [94].
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2.2.2. Unsteady aerodynamic characteristics

2.2.2.1. Twist morphing. Dynamic responses of twist morphing under
unsteady conditions remain underexplored but critical for practical
applications. Karimi Kelayeh and Djavareshkian (2024) [101] pro-
posed co-directional and counter-directional twist control strategies for
a highly swept flying wing. The CFD analysis demonstrated efficient
pitch and roll moment generation at low angles of attack. To address
unintended yaw moments during roll maneuvers, they introduced a
composite twist arrangement.

2.2.2.2. Spanwise bending. To date, limited research has been con-
ducted on the unsteady aerodynamic characteristics of spanwise
bending. Joshi and Bhattacharya (2022) [102] conducted towing tank
experiments on a flat plate with controlled spanwise bending at a 90°
angle of attack to imitate a wing during a dive maneuver. The study
revealed that bending toward the flow increased unsteady drag, while
reverse bending suppressed initial force peaks, with vortex interactions
dominating transient responses. Jia et al. (2021) [103] executed Direct
Numerical Simulations (DNS) and experiments on a 30° swept wing,
demonstrating that dynamic bending delayed LEV growth at 80%
spanwise locations. Dai et al. [104] analyzes how morphing frequency
and amplitude affect the unsteady force characteristics and performance
of a spanwise-morphing wingtip, proposes a scaling law based on a
generalized Duffing—van-der-Pol model, and reveals the dominant role
of morphing amplitude in shaping force-response phase, harmonic
content, and vortex-structure topology.

Spanwise morphing is often accompanied by complex three-
dimensional flow, yet current studies on the underlying flow mecha-
nisms remain relatively limited, and none have taken structural coupling
into account.

2.2.2.3. Gull morphing. Guo et al. (2016) [92] developed a nonlinear
flight dynamics model for a gull-morphing wing, considering the change
of center of mass and inertia. The analysis revealed that asymmetric
morphing significantly enhances lateral maneuverability but induces
roll and slip motions, while symmetric morphing changes the balance
point of the aircraft. Harvey (2018) [93] conducted wind tunnel tests
on gull-wing configurations with folding angles ranging from 90° to
154°, mimicking seabird gliding postures. Lower elbow angles improved
aerodynamic efficiency but reduced passive pitch stability.

2.2.2.4. Dihedral morphing. Roy et al. (2019) [97] explored the effects
of dihedral and anhedral angles on a double-delta wing at low speeds.
The wind tunnel and simulation analyses revealed that small anhedral
angles improve lift at high angles of attack by shifting vortices inward.
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2.2.3. Aeroelastic modeling and characteristics

2.2.3.1. Twist morphing. Aeroelastic interactions in twist morphing
systems have been systematically investigated for micro aerial vehicles
(MAVs). The Ismail et al. (2014-2022)[80-83]combined FSI simula-
tions and wind tunnel tests to evaluate wash-in and wash-out twist
configurations. The morphing shapes are shown in Fig. 13. Wash-in
deformation increases lift-to-drag ratios but raises drag due to stronger
wingtip vortices. The smooth post-stall lift curve of the wash-in
configuration enhances the maneuverability of MAVs, which improves
indoor missions and obstacle avoidance flights. Conversely, wash-out
configurations exhibit weaker vortices, marginally reducing drag but
failing to offset lift losses.

2.2.3.2. Spanwise bending. Aeroelastic interactions in spanwise bending
systems have been a focal point in the last decades. De Breuker et al.
(2011) [105] integrated nonlinear aeroelastic effects into folding
wingtip design, combining beam models with Weissinger's aerodynamic
theory. The optimized winglets reduced energy consumption by almost
half compared to fixed configurations.

Despite the superior aerodynamic performance of folding wingtips,
their aeroelastic stability is a significant challenge in practical applica-
tions. Hu et al. (2016) [106] numerically investigated the aeroelastic
stability of a folding wing and proposed a stability criterion. As shown in
Fig. 14, Wilson et al. (2017) [107] explored hinged wingtips through
engineering models and wind tunnel tests, identifying hinge stiffness
and damping as critical factors for flutter suppression. The Ni and Zhao
series (2015-2019) [108,109] investigated folding wings utilizing
nonlinear aeroelastic models and component modal synthesis methods.
Their work revealed that nonlinear effects, such as hinge location and
stiffness, dominated aeroelastic stability at high dynamic deformation
rates.

The dynamic response and transient analysis of spanwise bending
have also been investigated, especially flutter analysis. Snyder et al.
(2009) [110] investigated the flutter characteristics of a folding wing
through linear elastic beam and strip theories. The results indicate that
flutter frequency decreases with increasing folding angle. Zhao and Hu
(2012-2013) [111,112] established parameterized aeroelastic models
to predict transient responses and analyze flutter characteristics. It is
revealed that the flutter characteristics are significantly affected by
folding angles. Jung et al. (2013) [113] demonstrated that optimal
folding angles improve flutter boundaries by 20%.

To present the effects of each parameter of the folding wingtip more
intuitively, the following Table 3 has been summarized.

Besides the investigations on aeroelastic characteristics, the
advanced simulation frameworks are proposed. Verstraete et al.
(2019) [115] proposed a CFD-FE coupling simulation methodology to
simulate nonlinear aeroelastic behavior across flight conditions. Liska

Non-morphing condition

Wash in Twist Morphing

Wash out Twist Morphing

Wing
Deformation
from Isometric

from Front view

view a4 N o
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from Side view ‘—_\/
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Fig. 13. Wash out and wash in twist morphing on MAV wing [83].
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Fig. 14. (a) Folding wing tip for loads alleviation concept [107], (b) Front view of the concept showing various positions of the fold in different situations [107].

Table 3

effect of parameters of the folding wingtip on aeroelastic characteristics.
Parameters Influence
Mass A low wing-tip mass was beneficial for the aeroelastic stability both

for flexible and fixed hinges [90].

Flare angle Flare angle brings a better gust mitigation effect [84,89,90].

Wingtip A longer wingtip length brings a better gust mitigation effect [84].
length

Hinge A nonzero hinge damping value was beneficial, allowing there
damping duction of the inertial load [88]

spring A smaller spring stiffness corresponds to a better gust mitigation
stiffness effect [84,89,114].

et al. (2009) [116] developed unsteady potential flow theory with
modal approaches for continuum aeroelastic modeling.

Multi-segment folding wings and Z-shaped wings exhibit significant
improvement in aerodynamic performance, while the deteriorative
stability and aeroelastic characteristics have become obstacles to their
application. Wang et al. (2012) [117]investigated multi-segment
folding wings using substructure and panel methods, showing a 15%
lift-to-drag ratio improvement but a 10% reduction in flutter speed.
Mardanpour et al. (2014) [87] analyzed Z-shaped passive morphing
wings, as shown in Fig. 15, achieving 10-15% improvement on
lift-to-drag ratio at the cost of stability degradation at high speeds.

In aeroelastic modeling and characteristic analysis, structural non-
linearities induced by large deformations are accounted for in various
ways, whereas aerodynamic nonlinearities are seldom considered. For
gull and dihedral morphing, current research focuses on aerodynamic
performance, leaving a gap in aeroelastic coupling analysis.

(a)

Fig. 15. (a)Geometry of the flying wing [87] and (b) schematic front view of the morphed configuration of the flying wing [87].
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2.2.4. Active control

2.2.4.1. Twist morphing. Active control strategies leveraging twist
morphing have shown promise in replacing conventional control sur-
faces. Pecora et al. (2012) [118] developed an aeroelastic model
comparing aileron-based and twist-based roll control for
high-aspect-ratio wings. The results indicate that spanwise-linear twist
distributions achieved 1.6 times higher roll rates than ailerons, requiring
only minor twist angles for equivalent control authority. Lobo do Vale
et al. (2021) [119] demonstrated limited roll control capability but
significant load alleviation potential of a coupled twist-camber morph-
ing wing through lift line theory. Flight tests exhibit roll control po-
tential in no-wind conditions, while the energy consumption and
structural weight are still to be considered.

Ahmadi et al. (2024) [84] analyzed passive twist-fold wingtips
using mid-fidelity aeroelastic models, showing that twist morphing
significantly reduced root bending moments, while folding configura-
tions better suppressed flutter. However, low hinge stiffness exacerbated
flutter risks, particularly near the leading edge.

2.2.4.2. Spanwise bending. Active control strategies for spanwise
bending morphing have evolved from theoretical models to validated
prototypes. The research team led by J.E. Cooper [88-90,114,120-122]
et al. has pioneered innovative studies on foldable wingtip systems,
focusing on gust load alleviation, aeroelastic stability, and flight dy-
namics integration. Their work spans conceptual design, wind tunnel
validation, and nonlinear control optimization, offering transformative
solutions for next-generation adaptive wing technologies.

In early explorations, the folding wingtip is adopted for gust load
alleviation. Castrichini et al. (2016) [88] initiated research by inves-
tigating nonlinear folding wingtips for commercial jet applications.
Using vortex lattice methods (VLM) in LMS Virtual.Lab, they

(b)
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demonstrated that passive folding mechanisms could reduce root
bending moments by 18-22% under moderate-to-high frequency gusts.
A follow-up study (Castrichini et al., 2017) [89] introduced
negative-stiffness springs, which reduced transient bending moments by
25%, particularly effective in high-frequency gusts. These studies
highlighted the critical role of hinge damping and stiffness thresholds in
load alleviation.

Then the research focus shifted to the hinge design and aerodynamic
optimization. Building on previous findings, Castrichini et al. (2017)
[90] further explored hinge configurations, revealing that hinges
aligned at 25° to the free-stream direction with low stiffness could
alleviate up to 30% of static and dynamic loads. Concurrently, Cheung
et al. (2018) [114] conducted pioneering wind tunnel investigations on
three hinged wingtip configurations (stiffness-hinge, free-hinge, and
sprung-hinge) for gust load alleviation. Experimental data demonstrated
that free-hinge arrangement achieved 56% peak rolling moment
reduction during transient gusts, surpassing spring-loaded counterparts
in dynamic response mitigation.

Based on the above research, an active folding wingtip was applied to
gust load alleviation, and the flight dynamics of the active wingtip were
analyzed. The team transitioned to active control strategies in Wilson
et al. (2019) [120], patenting a semi-aeroelastic hinge device. This
feedback-controlled system dynamically adjusted wingtip angles in real
time, reducing peak gust loads by 30% and improving structural effi-
ciency and life. A subsequent study (Cheung et al., 2019) [121]
extended this work to high-aspect-ratio wings under 1-cos gust condi-
tions, as shown in Fig. 16. The movable secondary aerodynamic surface
on the folding wingtip stables the wingtip orientation across tested
speeds and angles. The folding wingtip controller by the secondary
aerodynamic surface enabled an 11% load reduction in long-duration
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gusts. Castrichini et al. (2019) [122] addressed flight dynamics
coupling effects, confirming that folding wingtips did not compromise
handling qualities.

The research on spanwise bending conducted by other teams has also
contributed to the control of folding wings. Fonte et al. (2018) [123]
implemented feedforward control on regional aircraft with morphing
winglets, reducing wing-root and wingtip bending moments by 2.5%
and 82.6%, respectively. Ajaj (2021) [124] highlighted the negative
impact of structural flexibility on folding effectiveness, noting that
increasing flare angle mitigated adverse effects on roll rates and aileron
efficiency. Balatti et al. (2022-2023) [91,125] optimized wingtip pa-
rameters using genetic algorithms and used PD controllers for GLA.
Introducing springs between the wingtip and the wing or reducing the
flare angle can increase flutter speed without significantly affecting
GLA. Yao et al. (2023) [126] conducted wind tunnel experiments for
the spanwise morphing wing to investigate the effect of amplitude and
frequency on gust alleviation.

Control research on spanwise morphing has focused on passive
control and rudimentary active control, with a notable lack of studies on
intelligent active control of the wingtip; additionally, aerodynamic
nonlinearities have rarely been considered. According to gull morphing,
existing work emphasizes passive morphing, with no implementation of
real-time control.

2.2.4.3. Dihedral morphing. Recent studies on dihedral and anhedral
wing configurations have demonstrated their significant impact on
aircraft stability across varying flight regimes. Meng et al. (2025) and
Liu et al. (2022) [96,127] investigated double-swept wave riders,
focusing on low-speed and hypersonic conditions, respectively. Both
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Fig. 16. (a) Wind model [121], (b) Model in the wing tunnel [121] (c) Load envelope of wing-root bending moment [121].
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studies highlighted that dihedral angles barely affect lift-to-drag ratios
but significantly alter stability. Wing dihedral improved lateral and
directional stability, while wing anhedral reduced lateral stability.

The investigation of Chang et al. (2023, 2024) [128,129] also drew
conclusions about stability. Under hypersonic conditions, longitudinal
stability is weakly influenced by dihedral angles, while anhedral angles
significantly enhance directional stability. Dihedral improves lateral
stability while anhedral reduces it. Under subsonic conditions, dihedral
angles of the delta wing offer greater overall advantages in improving
stability characteristics of this configuration.

The study on active control by variable-dihedral wings is lacking.
Zhang et al. (2024) [98] introduced a bio-inspired variable-dihedral
wing for unmanned aerial vehicles. Their dynamic soaring optimization
showed that a morphing anhedral wing (5°-50°) outperformed fixed
configurations, improving energy efficiency by 2.52%-25.43% and
reducing wind gradient requirements by 2.07%-15.56%. This innovative
approach bridges static dihedral studies with adaptive designs, high-
lighting future directions for morphing wing technologies.

2.3. Sweep and span morphing of aircraft planform

The aerodynamic and aeroelastic benefits of sweep and span
morphing are shown in Table 4. The aircraft's configuration change
contributes to the flutter suppression and adaptability in different flight
conditions. Both two morphing strategies have a significant impact on
the configuration change and are relatively difficult to achieve.

The literature quantities and publication year of sweep and span
morphing are shown in Fig. 17. Although they were proposed a long
time ago, relatively few studies have been conducted in recent years.

The aeroelastic characteristics of sweep morphing have gradually
attracted attention in recent years. There have also been new studies on
span morphing.

2.3.1. Steady aerodynamic characteristics

2.3.1.1. Sweep morphing. Sweep morphing suppresses flow separation
and optimizes vortex dynamics, enabling efficient multi-mission
adaptability. Zhang et al. (2020) [137] employed DNS to analyze
laminar separation over swept wings, revealing that midspan effect and
large sweep angles stabilize wake flow via streamwise vortical struc-
tures. Building on this, Ribeiro et al. (2022, 2023) [138,139] con-
ducted a series of DNS and resolvent analyses, demonstrating that sweep
angles alter vortex shedding patterns and affect flow separation. They
provided new insights into the mechanism of flow instability and flow
control strategies.

Sweep morphing has proven effective in optimizing steady aero-
dynamic performance across multiple flight regimes. Elelwi et al.
(2020) [140] combined XFLR5 and ANSYS Fluent to study tapered
wings with variable sweep, achieving a 32.93% improvement in aero-
dynamic efficiency. Dai et al. (2020) [130] extended this concept to a
morphing waverider, as shown in Fig. 18, validating its adaptability of
four sweep configurations across subsonic to hypersonic speeds. The
studies collectively highlight sweep morphing's capability to enhance

Table 4
Aerodynamic and aeroelastic benefits of sweep and span morphing.
Morphing Steady aerodynamic Unsteady Aeroelastic
style aerodynamic
Sweep Enhance multi-speed Increase time- Increase flutter
morphing domain adaptability averaged lift speed [132]
[130] [131]
Span Improve lift-to-drag - Flutter
morphing ratios [133] suppression

Increase flight [134-136]
endurance and range

[133]
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flow stability and multi-speed performance.

2.3.1.2. Span morphing. Span morphing significantly enhances steady
aerodynamic performance and improves flight endurance by increasing
span length. Si et al. (2024) [133] validated these findings through CFD
simulations and flight tests on a foldable span-extendable UAV, report-
ing a 36.94% increase in lift-to-drag ratio and an 86.22% improvement
in flight endurance. The study underscores the potential of span
morphing for long-endurance missions.

2.3.2. Unsteady aerodynamic characteristics

2.3.2.1. Sweep morphing. Dynamic sweep morphing introduces com-
plex unsteady effects, while dynamic hysteresis remains a critical chal-
lenge for real-time control. Han et al. (2014) [141] numerically
investigated UAVs with variable-sweep wingtips, revealing the effect of
flow hysteresis and added velocity. Wang et al. (2022) [142] integrated
bio-inspired flapping with local sweep morphing, boosting lift co-
efficients, maneuverability and stability. Similarly, as shown in Fig. 19,
Zeng et al. (2023) [143] used overset grids to analyze hysteresis
mechanisms, emphasizing the effects of additional velocity, flow hys-
teresis and air viscosity. Bai et al. (2025) [144] developed an unsteady
vortex-lattice model for shear variable-swept wings, showing that
increasing sweep angles reduce lift-to-drag coefficients and induce
clockwise hysteresis loops. Xi et al. (2025) [145] numerically investi-
gated the aerodynamic forces and flow field of a shear-variable sweep
wing at low Reynolds numbers, highlighting distinct wake characteris-
tics across different reduced frequencies.

2.3.2.2. Span morphing. Research on the unsteady aerodynamic char-
acteristics of a variable-span wing is still relatively scarce. Si et al.
(2024) [146] investigated transient aerodynamics in tube-launched
UAVs, revealing that the transient aerodynamic force creates a dy-
namic hysteresis loop around the quasi-steady data. It is attributed to the
hysteresis effect of flow, and the force distribution is changed by influ-
encing the formation of wingtip vortices. This work highlights the
importance of managing transient responses and hysteresis for effective
control.

2.3.3. Aeroelastic modeling and characteristics

2.3.3.1. Sweep morphing. Aeroelastic stability is highly sensitive to
sweep angle and structural configuration. Zhang & Zhao (2023) [147]
proposed a time-varying aeroelastic model for rapidly morphing wings,
identifying sweep angles as a key factor influencing flutter characteris-
tics. Wang & Guo (2024) [132] optimized hinge stiffness for spanwise
morphing and sweep angles for sweep morphing, as shown in Fig. 20,
increasing critical flutter velocity in high-risk bending angle. Xie et al.
(2024) [148] further explored supersonic flutter in diamond-back
folding wings with ROM, revealing the significant influence of modal
shape change on flutter characteristics at a 35° sweep angle and the
nonlinear variation trend of local flutter boundary. These studies high-
light the interplay between geometric parameters and flutter
suppression.

2.3.3.2. Span morphing. Euler-Bernoulli beam theory is frequently
adopted for the structural model of span morphing. Durmus & Kaya
(2021) [149] modeled a variable-span wing using a coupled
bending-torsion Euler-Bernoulli beam and analyzed its free vibration
characteristics via the differential transformation method. It is found
based on the model that the natural frequencies reduce with span
extension.

Various aeroelastic models for span morphing have been established
in recent years. Singha & Murugan (2022) [150] developed an aero-
elastic model based on moving loads of span-morphing wings, modelling
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Fig. 18. Sweep morphing strategy [130].

the morphing part as the equivalent moving load acting on the fixed
beam. Huang et al. (2018) [134] proposed an aeroelastic model
incorporating rigid-body motions and flutter analysis. The model is
based on unsteady strip aerodynamic theory and Euler-Bernoulli beam
theory. Huang & Qiu (2013) [135] developed a time-varying state-s-
pace model based on Euler-Bernoulli beam theory under time-varying

Low-speed/long-endurance state

High-speed/maneuvering state
~

boundary conditions and reduced order unsteady VLM. Ajaj et al.
(2013-2019) [151-154] proposed a time-domain aeroelastic model
based on the Rayleigh-Ritz method and the Theodorsen unsteady aero-
dynamic theory. For supersonic speed, Li & Jin (2018) [155] simplified
the variable-span wing as an axial-moving cantilever plate and estab-
lished a model based on the Kane method and piston theory.
Aeroelastic stability is also a focus point for span morphing, bringing
a challenge for its application. Based on the model established, Huang
et al. (2018) [134] found that span extension shifts flutter mechanisms
from bending-torsion coupling to rigid-body modes, reducing flutter
velocity by 30%. Moreover, the flutter velocity decreases with span
extension. It is also noted by Huang & Qiu (2013) [135] that flutter
velocity increases with the increase of morphing rate during span
extension but decreases during retraction. Haider et al. (2023) [136]
drew similar conclusions that higher extension rates enhance flutter
speeds at specific spans. Ajaj et al. (2013-2019) [151-154] investi-
gated the effect of span morphing on flutter suppression. The results
demonstrate that flutter suppression can be achieved by span morphing
but largely depends on the morphing scheme employed. For supersonic
speed, Li & Jin (2018) [155] concluded that periodically changing the
span length with appropriate amplitude can improve the transient
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Fig. 19. (a) Wind model [143] (b) numerical results [143].
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(a) Oblique View (b) Right Side View (c) Top View

Fig. 20. Spanwise morphing and sweep morphing [132]: (a) oblique, (b) right
side, and (c) top view.

stability of the span-morphing aircraft.
Based on the above studies, current research advancements in span
morphing demonstrate three aspects:

a) Comprehensive parametric studies have systematically characterized
the modal frequency modulation mechanisms inherent to span
morphing configurations.

b) Some progress has been made in developing reduced order aero-
elastic models for span morphing structures, though existing
frameworks predominantly address subsonic flow regimes. Only one
study employs the Kane method and piston theory to establish the
aeroelastic model of axially morphing cantilever plates for the su-
personic condition.

¢) Innovative structural architectures for span morphing implementa-
tions have been made and undergone aeroelastic stability assess-
ments. However, most studies were either analytical or numerical,
and there was a lack of experimental studies. And the nonlinearities
with increasing span length have not been considered in current
studies.

2.3.4. Active control

2.3.4.1. Sweep morphing. Advanced control strategies are essential to
harness the full potential of sweep morphing. Integration of adaptive
control frameworks and bio-inspired morphing strategies enhances
robustness and simplifies structural complexity. Yan et al. (2019) [156]
proposed an adaptive super-twisting sliding mode algorithm (ASTA) for
trajectory tracking, considering changes of aerodynamic parameters,
mass and inertial characteristics during sweep morphing.

Extending this, Dai et al. (2021) [157] applied ASTA to a morphing
waverider, achieving robust trajectory tracking with significantly lower
errors than conventional SMC. Gao et al. (2018) [158] achieved pitch
and roll control through symmetric and asymmetric sweep morphing in
a tandem-wing MAV, validating its control efficacy via a Kane multibody
model. Hui et al. (2019) [159] mimicked avian wings using
bio-inspired discrete sweep morphing, reducing induced drag while
improving lateral stability. The UAV achieved an optimal lift-drag ratio
and roll control through symmetric and asymmetric wing morphing.
Mallik et al. (2017) [160] designed a variable-sweep raked wingtip
(VGRWT), demonstrating that sweep morphing implements roll control
and increases flutter velocity.

2.3.4.2. Span morphing. The symmetric and asymmetric control of span
morphing shows great potential in aerodynamic performance optimi-
zation and maneuver control. Ajaj & Jankee (2018) [131] tested a UAV
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with symmetric/asymmetric span morphing in wind tunnels, demon-
strating that symmetric extensions improve aerodynamic efficiency,
while asymmetric morphing generates roll moments with low drag
penalties, though slower than conventional ailerons. Lee et al. (2023)
[161] developed a self-scheduled LPV-based control framework,
decoupling symmetric and asymmetric morphing parameters as sched-
uling parameters and control inputs, respectively.

2.4. Membrane wing

Recent research on membrane wings is primarily driven by the
development of MAVs [162], which operate in the low Reynolds number
regime (Re = 10* to 10°) like birds and bats. These palm-sized vehicles
require high maneuverability and fast adaptation to unsteady flow
conditions, which are difficult to achieve with rigid wings due to
massive flow separation. While much of the reviewed work focuses on
wind-tunnel experiments and high-fidelity simulations to resolve the
complex physics of fluid-structure interaction, the goal is to facilitate the
design of bio-inspired air vehicles for missions such as sensing and
surveillance.

The primary advantage of membrane wings is their ability to
passively adapt their camber in response to aerodynamic loads, which
leads to significant lift enhancement compared to rigid airfoils [163,
164]. At small angles of attack (AoA), the increased camber improves
the lift coefficient, while at higher AoAs, the membrane's compliance
allows the maximum camber point to shift upwind, effectively delaying
stall [165]. Furthermore, self-initiated membrane oscillations in the
unsteady regime can excite the shear layer, causing it to roll up into
large vortices that further increase mean lift [163].

Modeling membrane-wing aeroelasticity requires coupling structural
solvers with fluid dynamics tools. Structurally, researchers use finite
difference schemes for simplified 2D or 3D cases or finite element
methods (FEM) for complex batten-reinforced or perimeter-reinforced
frames [166-168], often employing a corotational framework or
p-version Reissner-Mindlin models to account for large displacements
and geometric nonlinearities. For the fluid domain, approaches range
from robust Reynolds-Averaged Navier-Stokes (RANS) simulations for
laminar or steady flows to high-fidelity Large Eddy Simulations
(LES/ILES) and Direct Numerical Simulations (DNS), which are essential
for capturing the transitional and turbulent scales characteristic of the
10*10° Reynolds number range [169-172].

The aerodynamic and aeroelastic benefits of membrane wings are
shown in Table 5.

3. Analysis frameworks of morphing

In Section 2, a wide variety of morphing technology updates are
categorized according to morphing schematics. However, only a limited
number of literatures proposed have progressed to the stage of flight
validation. As the most rigorous form of verification for morphing
technologies, Table 6 summarizes representative morphing aircraft
flight tests reported ever since 2010. Among the identified projects, the
ACTE program conducted flight tests on a full-scale aircraft platform,

Table 5
Aerodynamic and aeroelastic benefits of membrane wings.
Morphing Steady aerodynamics  Unsteady Aeroelasticity
style aerodynamics
passive Lift Enhancement Mean Lift Passive Flow
morphing [163,164,173-175] Augmentation [163, Adaptation [167]
Stall Delay [165, 174] Gust Load
176] Vortex Control [163, Alleviation [182,
Ground Effect 164] 183]

Benefits [177,178]
Boundary Condition
Optimization [179]

Active Actuation
Benefits [180,181]

Passive Flow
Control [184,185]




Y. Dai et al.

while the remaining demonstrations were primarily carried out using
small UAVs. The limited number of flight demonstrations reflects the
technical challenges associated with morphing aircraft, including the
power requirements of actuation systems, potential structural weight
penalties, limited control authority, and the complexity of integrating
morphing mechanisms into reliable flight control architectures.

Camber morphing has achieved the highest level of development and
is currently the only configuration demonstrated on a transport-class
aircraft [10-13]. In contrast, other morphing concepts remain largely
confined to small-scale experimental platforms, which are typically
designed to investigate specific performance benefits. Another flight test
worth noting is the Lockheed Martin X-56A MUTT program [186] in
2018~2019, which adopts a highly flexible wing with passive defor-
mation. Although not included in Table 6 as morphing aircraft design,
the studies on passive deformation of highly flexible wings is fruitful
[187-189], which also provide valuable insights for aeroelastic and
aeroservoelastic modelling.

Given the limited number of flight demonstrations, most morphing
studies remain at the stages of theoretical analysis, numerical simula-
tion, and wind tunnel tests validation. Consequently, accurate and
efficient modeling techniques play a critical role in the design and
analysis of morphing technologies. This section reviews the principal
modeling approaches used in morphing research. The aerodynamic and
aeroelastic analysis methods are summarized in Section 3.1 and 3.2. The
research on active control, including aeroelastic control, aerodynamic
control and maneuver control, is introduced in Section 3.3. The sum-
maries and analyses in this section are based on the work mentioned in
Section 2.

3.1. Aerodynamic analysis methods

Aerodynamic modeling often acts as the most computationally
demanding component in the analysis and design of morphing aircraft.
Compared with conventional aircraft configurations, aerodynamic
analysis towards morphing structures introduces additional complexity
due to their varying geometries and conjunction with structural
modelling. Therefore, aerodynamic analysis for morphing systems in-
volves trade-offs between computational accuracy, numerical cost, and
the feasibility of coupling with structural or even control models. The
aerodynamic modeling methods used in recent morphing-aircraft
studies are summarized in Table 7, which categorizes according to the
scope of application and morph schematics. The methods are listed in
order of an overall increasing modeling fidelity except for ROM and
Other categories.

A notable characteristic of aerodynamic studies in morphing
research is the wide spectrum of approaches employed, ranging from
low-order potential-flow methods to high-fidelity CFD. In practice,
steady aerodynamic analyses are commonly associated with applica-
tions such as airfoil optimization, cruise performance evaluation, or
conceptual studies of wing-level morphing configurations. In contrast,
the use of CFD tends to provide deep insight into the unsteady aero-
dynamic mechanisms associated with morphing. The distribution of
methods across morph schematics also reveals clear tendencies, where
lower-fidelity models are predominantly used in wing- or aircraft-level
studies, whereas CFD methods are frequently applied to airfoil-level

Table 6
Morphing techniques into flight tests.

Table 7
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Comparatives of main aerodynamic numerical methods.

Method Scope of Application Morph Schematics

VLM/UVLM Steady [77,79,140,152,153,  Twist [77,79,84,118], Span
1601, Gust [84,88], Other [135,152,153], Sweep [140,
unsteady [92,105,118,124, 144,160], Spanwise [88,
135,144] 105,124], Gull [92,115]

DLM Steady [123], Flutter [14, Camber [14,67], Spanwise

Panel Method

Potential Flow
theory”

Euler Equation

RANS/URANS

DES/DDES
DNS

Reduced Order

Model
Other  Strip
theory
Piston
theory
Laminar
NS

109-111,113], Gust [67,89,
90], Other unsteady [108,
122,132,190,191]

Steady [6,7,9,10,37-39,
50-54,63,65,66,140,153],
Gust [125], Flutter [13],
Other unsteady [87]

Steady [10,35,86,156],
Flutter [43,71], Other
unsteady [46,62,117,134,
151,154]

Steady [24,64,66], Gust [85]

Steady [7,17,19,20,23,25,
33,39,48-50,53,55,57,64,
80,81,83,86,96,97,100,
127-129,140,157-159,192],
Gust [45,58,68,72-74], Stall
[22,26-28,30,34,40,42,44,
70], Other unsteady [22,34,
36,61,62,94,95,99,101,104,
130,133,141,143,145,146]

Stall [34], Other unsteady
[34,36,59]

Other unsteady [137-139,
142]

Steady [48,55], Stall [44],
Gust [84], Other unsteady
[148]

Other unsteady [116]

Other unsteady [147,155]

Other unsteady [29]

[89,90,122,123,191],
Spanwise [108-111,113,
190], Sweep [132]

Camber [6,7,9,10,13,37-39,
50,53,63,65], Thickness
[50-52,54,66], Spanwise
[87,125], Sweep [140]
Camber [10,35,43,46,62,71,
86], Span [134,136,151,
154], Sweep [156],
Spanwise [86,117]

Camber [24,64,66],
Thickness [66], Spanwise
[85]

Camber [7,19,20,22,23,
25-28,30,33,34,36,39,40,
42,44,45,50,53,57,58,61,
62,64,68,70,72-74,86,192],
Twist [80,81,83,99,101],
Thickness [48-50,55],
Spanwise [86,100,104],
Dihedral [94-97,127-129],
Sweep [130,140,141,143,
145,157-159], Span [133,
146]

Camber [34,36,59]

Gull [142], Sweep
[137-139,142]

Camber [44], Thickness [48,
55], Twist [84], Sweep
[148], Spanwise [105,106]
Spanwise [116]

Span [155], Sweep [147]

Camber [29]

# Here indexes those claimed to model as potential flow but not specified as
panel method, VLM or DLM.

investigations. Among CFD methods, RANS/URANS still dominates the
mainstream. This pattern reflects the compromise between accuracy
requirements from the unsteady inherence of morphing and the prac-
tical complexity of aero-structural coupled modeling.

The group of potential-flow methods frequently used include panel

methods, VLM, doublet lattice methods (DLM) and other potential flow-
based analytical frameworks. Potential-flow methods are widely adop-
ted in morphing-wing studies due to high computational efficiency and
ability to capture the primary aerodynamic characteristics of lifting
surfaces. The main assumption is an inviscid and irrotational flow,
which allows the velocity field to be expressed as the gradient of a po-
tential function satisfying the Laplace equation:

Reference ID Year Ground test Wind tunnel test Morphing Schematics Morphing Technique Speed Aircraft Weight (kg)
[10,13] 2014, 2015 v Camber Distrubuted compliance 0.3-0.75Ma 16000

[35] 2017 v Twist sliding skin 14-24 m/s 15

[131] 2018 v Span Telescopic Span 15 m/s 15

[16] 2019 v v Spanwise Semi Aeroelastic Hinge 25 m/s 19

[119] 2021 v Twist, Camber Sliding skin Not reported

[133] 2024 v foldable unmanned aerial vehicle Span-extendable wing 22m/s-29 m/s 10
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The aerodynamic solution is typically constructed through the su-
perposition of singularity elements distributed on the lifting surface.
Panel methods discretize the body surface with singularity panels and
can account for arbitrary three-dimensional geometries, whereas VLM
and DLM represent the lifting surface by a lattice of vortices or doublets
and are commonly used for steady and unsteady lifting-surface aero-
dynamics, respectively. The computation of aerodynamic force Q or lift
force L through potential flow methods are presented in Table 8.
Potential-flow approaches are suitable for attached flows at low to
moderate angles of attack, subsonic or weakly compressible flows and
moderate morphing amplitudes, where viscous effects and flow sepa-
ration are negligible. In the context of unsteady aerodynamics,
potential-flow methods are used to evaluate aerodynamic load varia-
tions under shape deformation, gust response, and flutter. Widely used
implementations include XFOIL based on panel method, and ZAERO
with DLM for unsteady aeroelastic simulations.

Compared with potential-flow methods, CFD solves the governing
equations of viscous compressible flow and performs as a high-fidelity
aerodynamic analysis tool. The CFD computation is governed by
typical Navier-Stokes (NS) equations’, and the aerodynamic loads are
obtained by integrating the pressure and viscous stresses over surface:

op _

E + V~(pu) =0

0((/));1) +V-(puu) = ~Vp + Vv 2)
@ + V[(pE+p)u] = V-(v-u) — V-h

Within the CFD framework, different turbulence modeling strategies
lead to several levels of fidelity and computational cost. Overall, RANS/
URANS method is observed to dominate in literature, whereas Euler,
DES, and DNS approaches appear only in a small number of studies.
RANS/URANS models the average turbulent stresses through turbulence
closure models, providing a reasonable balance between accuracy and
computational efficiency. In existing studies, RANS/URANS simulations
also cover almost all kinds of application scenarios and morphing
schematics. In the perspective of morphing schematics, most studies
adopting CFD simulation focus on camber deformation, and unsteady
simulations appear more frequently than steady analyses.

Higher-fidelity turbulence-resolving approaches have also been
explored, but their applications remain limited. DES resolves large-scale

Table 8
Aerodynamic force computation with potential flow-based methods®.
Scope of Aerodynamic Method
application equation
Steady Q = — [;pndS Panel method
L =pU,T VLM
Unsteady Q(t) =Q(q.q.t) Time-marching potential solvers

(Unsteady panel method, UVLM)
Q(t) = jot H(t — Convolution models
7)n(z)dr
Q(k) = A(k)n(k)

@ In Table 8: S — surface area, p — pressure, n — outward unit normal vector, p —
air density, U, - freestream velocity, I" — circulation, q — generalized coordinate
vector, t — time, H(t) — impulse response function, 5 — generalized motion vari-
able, 7 — time variable, k — reduced frequency, A(k) — influence coefficient
matrix.

Frequency domain solvers (DLM)

!'In Eq., u - velocity vector, E — total energy, v- viscous stress tensor, h — heat
flux.
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turbulent structures while modeling the near-wall turbulence, offering
improved accuracy in separated flows but at a significantly higher
computational cost. DNS resolves all turbulence scales without modeling
assumptions and therefore provides the highest physical fidelity, espe-
cially for turbulence modeling, but its computational requirements are
still prohibitive for most practical morphing configurations.

For inviscid simulations, the Euler equations are also used in several
studies as a simpler CFD-based approach. Euler solvers neglect the
viscous term in NS equations and provide moderate computational ef-
ficiency. It can capture compressibility effects but cannot accurately
predict viscous phenomena involving boundary layers and flow sepa-
ration. Therefore, it is not as widespread as either RANS/URANS or
potential flow-based solvers in the field of morphing aircraft. While CFD
methods provide substantially higher accuracy than potential-flow ap-
proaches, the computational cost remains a key limitation, particularly
when coupled with structural solvers in FSI analyses. In most cases,
RANS/URANS-based CFD is generally suggested as the practical level
high-fidelity solver currently feasible for most morphing simulations.

A promising approach to alleviating the computational cost in
morphing-related FSI simulations and control design is ROM, which
aims to construct low-dimensional surrogate models from high-fidelity
data. ROM approaches can be broadly classified into physics-based
and data-driven categories. Since comprehensive reviews [193-195]
of both approaches already exist in the literature, only a brief overview
is provided here. Physics-based ROM methods derive reduced models
from high-fidelity simulations through modal decomposition and pro-
jection techniques, such as proper orthogonal decomposition (POD) and
Galerkin projection, which have been widely applied in CFD-based
aeroelastic modeling. In contrast, data-driven ROM methods have
recently emerged as a rapidly developing research direction, which
construct reduced order models directly from simulation or experi-
mental data using system identification or machine-learning techniques,
such as dynamic mode decomposition (DMD) and neural networks.

3.2. Aeroelastic analysis methods

The dynamics of morphing wing aeroelasticity can generally be
expressed as the solution of following unified form:

M(q)q+C(q.9)q +K(q,4)q +N(q, 4) = Q[q(7), 4(7)].c1o 3

where each term is defined as follows:

e q(t) denotes the vector of generalized coordinates (modal amplitudes
or generalized displacements) obtained through spatial
discretization.
M(q) is the generalized inertia operator. In typical applications it
reduces to a constant mass matrix, but in more advanced aeroelastic
studies it may also incorporate geometric nonlinearities, added-mass
contributions, or configuration-dependent coupling with the sur-
rounding fluid. For physically admissible configurations, it remains
symmetric and positive definite.

e C(q,q) represents the structural damping operator. While often
modeled as linear viscous damping in simplified aeroelastic analyses,
practical studies also account for amplitude- or rate-dependent
damping, such as aerodynamic hysteresis, structural friction, or
material viscoelasticity. Hence, C can depend on both displacements
and velocities.

e K(q,q) is the structural stiffness operator. In linearized models it is

expressed as a constant stiffness matrix Kp, whereas in more

advanced scenarios it takes a nonlinear form reflecting geometric
stiffening, large deflections, or restoring forces from nonlinear
mappings.

N(q,q) collects additional structural internal nonlinearities not

explicitly represented by K. This includes mode coupling effects

beyond classical stiffness terms, material nonlinearities (e.g.,
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plasticity, viscoelasticity), friction and contact effects, or higher-
order coupling terms that become significant in large-amplitude
aeroelastic responses.

The right-hand side Q[q(r),q(7)],c/oq indicates the aerodynamic

force, mapping the past trajectory up to time t to generalized aero-
dynamic forces. This is a general representation explicitly admitting
causality, hysteresis, irreversible and history-dependent phenomena
such as boundary-layer separation, shed wake dynamics, vortex—
structure interaction, and shock motion. The accuracy of this term
depends on aerodynamic analysis methods, as introduced in section
3.1.

As discussed in last section, a lot of efforts in current studies have
been put into aerodynamic modelling to retain essential fidelity at
affordable cost. However, for morphing and highly deformable wings, a
substantial portion of the literature focuses on accurately capturing
structural nonlinearities and deformation characteristics, which are re-
flected in the structural operators M(q), K(q,q), and the nonlinear term
N(q,q) in Eq. (3). In such studies, the aerodynamic model is often
simplified using one of the tractable approximations introduced above,
allowing the dominant structural effects and their aeroelastic in-
teractions to be more clearly isolated and analyzed. A statistical sum-
mary of the structural computation methods employed in existing
studies on morphing wings/aircrafts is presented in Table 9.

Structural research on camber morphing is much less extensive than
aerodynamic research, and the methods are relatively diverse and
dispersed. Different from aerodynamic analysis methods, Table 9 is
classified from a complementary workflow of structural physics, spatial
discretization, and dynamic solution strategies, which are not mutually
exclusive but often used in combination. Among the approaches re-
ported, FEM combined with modal superposition remains the most
adopted framework, providing a practical balance between modeling
fidelity and computational efficiency for medium-to high-fidelity aero-
elastic analysis.

For spanwise and span morphing, the existing literature on aero-
elastic analysis demonstrates a pronounced predominance of analytical
investigations and numerical methodologies, and there is a lack of
experimental studies. The nonlinearity of the structural model is
sometimes neglected. The Euler-Bernoulli beam and Rayleigh-Ritz
method are applicable to linear models, namely those with small
morphing and linear elasticity. However, some studies adopt the CSD
methods to consider the structure's nonlinearity. Furthermore, none of
the papers in literature has addressed the potential amplification of
geometric and aerodynamic nonlinearities with increasing span length,

despite their probable significance in span morphing wing
configurations.
Table 9

Comparatives of structural numerical methods.

Method Morph Schematics
Structural Linear elastic beam Camber [35,46,63,65,71], Spanwise [87,
physics 104,105,107,110,116], Span [134-136,
149,152,154]
Spatial FEM Camber [10,13,35,45,46,58,64-67,741,
discretization Twist [77,79,118], Spanwise [85,
109-113,115,116,190,191], Thickness
[66], Sweep [17,144,147,148,160], Span
[136,153]
FVM Span [192]
Rayleigh-Ritz Camber [71], Span [151-154]
method
Dynamic Mode Camber [13,14,45,58,67,74], Twist [77,
solution superposition 84], Spanwise [88,106,108,109,117],
method Span [191]
Time-domain Camber [44,60,61,70]
integration
Other CSD Twist [80-83]
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For sweep morphing, structural nonlinearity is taken into consider-
ation in most research. In contrast to aerodynamic modeling, structural
nonlinearities do not admit a universal formulation but are instead
strongly dependent on the specific configuration, material behavior, and
boundary conditions of the structure under study. Typical sources of
nonlinearity include large deflections and geometric stiffening effects,
material nonlinearities in composites or elastomers, and contact or joint-
induced nonlinearities. The use of composite materials further compli-
cates modelling due to their anisotropic stiffness and coupling between
bending and torsion. Accurate representation of these effects often re-
quires layered composite modelling or equivalent anisotropic beam
formulations. Therefore, structural nonlinear analysis is a problem-
dependent modeling process, supported by general numerical frame-
works but tailored to the geometry, material, and operational regime of
the structure. For example, in a study of a FWT (Conti et al, 2021) [191]
considering both geometric and hinge-induced nonlinearities, a multi-
body formulation is used to describe the system's nonlinear kinematics,
and the hinge-induced nonlinearity is described with:

N(q.q) =M(q.q)0 &)

where M is the coupling mass matrix of hinge, and 6 is the hinge
rotations.

The final component of aeroelastic modeling concerns the coupling
between the aerodynamic and structural analysis subsystems. This
coupling determines how the two models exchange information during
the simulation, particularly in terms of time advancement and the iter-
ation procedure within each time step. In the computation of aero-
elasticity, the FSI frameworks are commonly constructed in loose-
coupled or tight-coupled schemes, as shown in Fig. 21. In loose-
coupled approaches, the aerodynamic and structural solvers are
executed separately, with information exchanged once at discrete time
steps. This strategy is widely adopted in practice, especially when strong
aerodynamic or structural nonlinearities are involved, such as in simu-
lations involving high-fidelity CFD [45,64]. Tightly coupled frame-
works, on the other hand, solve the fluid and structural equations in a
more integrated manner, ensuring a higher level of consistency between
the two fields at each iteration. However, in many studies adopting this
strategy, nonlinear effects are either simplified or neglected to reduce
the computational burden. A key challenge of tightly coupled schemes
lies in their low computational efficiency, which is often addressed by
introducing techniques such as limiting the number of internal itera-
tions, relaxing convergence criteria, or employing adaptive precision
control. These measures aim to balance accuracy and stability while
keeping the overall cost at an acceptable level. For broader perspectives
on fluid-structure interaction and aeroelastic coupling, readers are
referred to several classic and comprehensive reviews in the literature
[196-199].

3.3. Active control frameworks

Active control via morphing structures enables real-time adaptation
to highly dynamic operational environments. The active control via
morphing can be divided into aerodynamic control, aeroelastic control
and maneuver control, as concluded in Table 10. The active control
methods are categorized based on the specific mission objectives into
three primary categories: Aerodynamics, which mainly focuses on lift-
to-drag optimization and stall delay; Aeroelasticity, which mainly in-
volves flutter suppression and gust load alleviation and maneuver load
alleviation; Maneuver, which involves flight mechanics-level trans-
formations for attitude and trajectory tracking.

In the current landscape of morphing aircraft research, camber
morph remains the most extensively investigated morphing modality,
which is applied across nearly all control objectives. Regarding control
law development, open-loop control is adopted at an amount close or
marginally surpassing to closed-loop strategies. The adoption of closed-



Y. Dai et al. Progress in Aerospace Sciences 163 (2026) 101206

Aerodynamic
Solver

Structural
Solver

@ aerodynamic aerodynamic
force P, force P,

FEM
Inven
cell ceater 1 cell center § gomemmamccmspessemsamedses, 000 pess=ess (inven to0........,
normalized PS ILT‘ ﬂ"" H
structural mode H Create
structural] nodes genenalived geoeralived i | around NACAD012 Coupling FEM model
aerodynamic aerodynamic :
force F, force F, CFD
™S = —— CFD solver (uTCart) :
checcccccadeccccaa cell center | cell center i :
—_—— :
Generalized geoenlized

" A aerodynamic force
aeroelastic equation =
of the whole wing

Generalized
displacement and
velocity

k3

Aerodynamic
Solver

Structural
Solver

Integration at ; Integration at 7;,,
memeeseeesececcoa-o 7 Structurestate  e-------=----------= Structure state
1 ] P ' p
————+={ Structural Model | ! =4 ' _| StructuralModel | j U
—" (FEM) H ' (FEM) !
g ' 1 . 4
. ' '
it 11 : ' : :
e® ! ! : 1
-
£2 : : RBFs] : RBFs H
S E ' ' | '
£ ; : : i
— Aerodynamic Model (| L Aerodynamic Model '
_— T b
: " (UVLM) ! Acrodynamic loads | (UVLM) :x\umlyn;nmc loa
1
:_ ______ Hamming | : ay i Hamming ] athn

Verstraeteet al. [103]

Smail et al. [157]

Fig. 21. Typical FSI frameworks: (a) loose-coupled [45,64]; (b) tight-coupled [115,192].
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Table 10

Comparatives of Active control methods.

Scope of Application

Morphing
schematics

Control law

Validation

Aerodynamics

Aeroelasticity

Maneuver

Flutter

Gust

Maneuver

load

Trajectory

Pitch/
Roll/Yaw

Camber [26,
27,29,30,
40-42]

Camber [44,
70,711,
Spanwise
[125], Span
[151-153,
155], Sweep
[160]
Camber [45,
47,58,67,68,
72-741,
Spanwise
[88-90,114,
120,121]

Camber [46,
471, Spanwise
[123,124]

Camber [46],
Twist [79],
Span [161]

Twist [101,
118], Sweep
[156,158],
Gull [93]

Open-loop
[26,27,29,
30,40-42]

Open-loop
[155,160],
PID [70],
NMI [44],
LQR [71]

Open-loop
[45,58,68,
72-74], PID
[911], ILAF
[671, INDI
[47], MDO
[74]
Open-loop
[46], INDI
[46,47]

Open-loop
[46,79],
INDI [46],
LPV [161]
Open-loop
[93,1011,
ASTA [156,
1571, PID
[158]

Simulation [26,
27,29,30,
40-42],
Experiment
[41]

Model [71],
Simulation [44,
70,155,160]

Simulation [45,
58,68,72-74,
88-911,
Experiment
[47,67,114,
121]

Model [46],
Simulation
[123,124],
Experiment
[47]

Model [46,79],
Simulation
[161]

Simulation
[101,118,
156-158],
Experiment
[93]

L R R L SRR R R L

Structural solver

.
.
.
.
.
.
.
.
-
-
-
-
.
.
-~

RN NSNS RNy

Solving structural

equations
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loop methods is currently still hindered by the immense complexity of
system design and high cost during computation. For aeroelastic control,
a high-fidelity fluid-structure-control interaction (FSCI) framework
makes simulation computationally demanding, and sensing requirement
in experiment validation is also prohibitive, as shown in Fig. 22.

Currently, most control efficacy validation of current morphing
controllers is designed and verified through numerical simulations. A
smaller subset of studies employs low-fidelity models for rapid iteration,
while a limited number of researchers have achieved physical experi-
mental validation. The validation experiments are confined to ground-
based tests or wind tunnel environments. A fully integrated active
morphing control system in a flight test environment is not observed. A
recent review has provided a comprehensive summary especially con-
cerning morph control, in which various control laws are described in
detail [3] (Parancheerivilakkathil et al, 2024). Readers may refer to it
for further information.

4. Discussion and challenges

An extensive review of aerodynamic and aeroelastic of morphing
wing/aircraft in the past decade is presented. To provide a clearer
overview of the research landscape, different morphing configurations
are further organized in Table 11 according to whether studies on active
control, ground experiments, wind tunnel tests, and flight tests have
been conducted. The richness of the corresponding literature clearly
reflects the maturity and development level of each morphing concept,
highlighting the configurations that have progressed from theoretical
and numerical investigations toward experimental validation and
practical implementation.

The research on camber and spanwise bending morphing is much
more comprehensive. Moreover, the investigations on camber morphing
focus on steady and unsteady aerodynamic characteristics, while the

Aerodynamic moment, Mg

6,6

EE N NN NN NN NN NN NN NN NN NN EENEEEREEEEEE

Control system

Calculate control output

6.6

and morphing amplitude

H(t)

Update mesh deformation
induced by rigid-body pitching

(sliding interface)

Update mesh deformation
induced by camber morphing
(diffusion-based solver)

Flow solver

No

Solving CFD
governing equations

End time?

l

TN NN NS NN SN NS EE N NN E NSRS R R

Yes

End

Fig. 22. Control law design framework with loose-coupled FSCI [70].
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Table 11
Research updates by morphing schematics.
Morph Active Control Wind Tunnel Ground Test Flight
Schematics Test Test
Camber [26,30,40-42, [8,9,24,31,38, [10,13,23, [10-13,
44-47,58,67,68, 41,45,47,64, 45,56,64, 119]
70-74] 671 65]
Thickness [49,51,54,66] [66]
Twist [35,78,80,82,  [78,119] [35,119]
99]
Spanwise [16,91,102, [16] [16]
103,114,121,
126]
Gull [93] [93]
Dihedral [97]
Sweep [156-158,160] [144,146, [171 [133,
159] 146]
Span [155,161] [131,153] [153] [131]

studies on spanwise morphing focus on aeroelastic modelling and
characteristics. Because camber morphing directly alters aerodynamic
shape, while spanwise morphing significantly affects structural dy-
namics and stability.

Camber morphing is the most mature and extensively studied
morphing configuration, mainly realized through LE and TE deflections
that derived from traditional flaps. In the studies of camber morphing,
the nonlinearity of structure and aerodynamics have been considered.
However, the improvement of substituting traditional flap with camber
morphing is seldom clearly discussed. At present, camber morphing is
limited to the form of the control surface.

Thickness morphing is currently focused on structural concepts,
especially the thermally driven actuation mechanisms based on SMAs.
Thickness morphing typically involves deformation in the mid-chord
region. While the concept shows potential for intelligent morphing
material related applications, its aerodynamic and practical advantages
over camber morphing have yet to be fully demonstrated.

Twist and spanwise morphing have progressed to wind tunnel vali-
dation in a considerable number of studies. Current research mainly
focuses on the nonlinear structural characteristics of these morphing
mechanisms, while the investigation of complex aerodynamic mecha-
nisms, such as the coupling between wingtip vortices and wingtip
bending, has not been thoroughly investigated. Active control studies in
this area are also scarce.

Aircraft-level morphing, including gull, dihedral, sweep and span
morphing, is limited due to the low feasibility of the structure. The focus
is mainly on steady and quasi-steady studies. Their potential application
lies in adjusting the wing configuration in accordance with different
working conditions rather than making rapid adjustments. Therefore,
there is also little research on strong unsteady aerodynamics computa-
tion or tests.

Two structural models are commonly identified in aircraft systems
for nonlinear analysis: local and distributed nonlinear structures. The
first confines nonlinearity to specific regions, such as joints, enabling
linear modeling for the remainder of the system. The second, exempli-
fied by highly flexible wings, involves nonlinearities distributed across
most degrees of freedom, necessitating comprehensive geometric or
material nonlinear modeling approaches.

The aerodynamic and aeroelastic research methods of morphing
include numerical simulation and experimental studies. Except for
camber morphing, the numerical simulation mainly adopts low-fidelity
numerical models, which ignore the aerodynamic nonlinearity. The
experimental studies are mostly conducted through wind tunnel tests,
while flight tests are few. Active control via morphing is classified into
aerodynamic control, aeroelastic control and maneuver control. The
validation approaches for most active control methods are numerical
simulations. For morphing strategies that are easy to implement, such as
camber morphing and spanwise morphing, the research in the past
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decade has been more in-depth and has moved closer to application.
New works have emerged gradually recently in other morphing sche-
matics. As a promising direction for the future of aircraft, morphing will
not be limited to a single type. Currently, research on the integration of
multiple morphing strategies is still lacking. There is also a need to
further strengthen the research on aeroelastic stability, control effect,
reliability, and time-varying aerodynamic performance of a single
morphing strategy.

Despite numerous achievements in the analysis of aerodynamic and
aeroelastic characteristics of morphing aircraft under various deforma-
tion modes, significant challenges persist in addressing the unsteady,
nonlinear, fast-response, and high-dimensional modeling arising from
continuous morphing. These challenges hinder existing methodologies
from comprehensively and effectively dealing with diverse hazardous
scenarios and practical requirements in engineering applications.

To be more specific, the main challenges include the following
aspects:

(1) Nonlinearities induced by morphing. Current research lacks inte-
grated aeroelastic modeling methods capable of simultaneously
addressing multiple types of nonlinearities. Most existing studies
on the aeroelasticity of morphing wings (particularly focusing on
leading and trailing edge morphing) are based on linear as-
sumptions. While a limited number of studies incorporate struc-
tural nonlinearities, nonlinear aerodynamic effects are rarely
considered. However, in actual flight scenarios, morphing wings
simultaneously exhibit various nonlinear factors, including
structural nonlinearities, nonlinear aerodynamics, and non-
linearities in the control system, leading to more complex aero-
elastic problems. Based on the current state of research,
investigations into such issues remain immature and warrant
further exploration.

(2) Effects of actuation system. Current research primarily focuses on
the interaction between structures and aerodynamics, with
limited attention given to the influence of actuation systems and
deformation rates on the aerodynamic and aeroelastic behavior
of morphing wings. With the development of actuator technol-
ogy, their dynamic characteristics exert increasingly significant
effects on the aeroelasticity of flight vehicles. In morphing wing
technologies, parameters such as actuation load, rate, and the
type of actuation system can substantially impact aeroelastic
characteristics. Since aeroelastic behavior is highly dependent on
actuator dynamics, actuator nonlinearities may play a critical
role in the nonlinear aeroelastic response of the system. However,
the sensitivity of the aeroelastic behavior of variable-camber
wings to different types of actuation systems has not yet been
adequately addressed.
Time-Varying Aerodynamic Effect. The morphing process of an
aircraft reduces the efficiency of traditional computational
methods and introduces nonlinear aerodynamic effects along
with local aerodynamic interference issues, so dynamic aero-
dynamic effect evaluation serves as a key problem of morphing
aircraft. During rapid morphing processes, traditional aero-
dynamic approaches become inadequate for capturing system
dynamic behaviors due to the inherent time-varying nature of the
system. Therefore, it is necessary to develop time-varying
nonlinear aerodynamic models, high-precision real-time rapid
evaluation methods, and to develop suitable testing and mea-
surement schemes for morphing aircraft.

The gap between model and practical application. The existing

research has investigated some aerodynamic and aeroelastic

characteristic in simulation modelling, but the actual morphing
system has some nonideal factors such as noise and delay, which
lead to inaccurate prediction in practical engineering. How to
further enhance the model's sophistication and accuracy to meet
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the requirements of practical engineering applications remains a
challenge.

As conclude, to accelerate the application of possible morphing
aircraft, the authors strongly suggest the comprehensively modeling
application for design and real fight test of camber morphing aircraft.
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