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Abstract: This paper provides a detailed review of the evolution and development of
corrugated wings, a biomimetic concept that is very effective under low Reynolds number
flights. We will highlight, through reviewing experimental and numerical studies, the
emphasis on its aerodynamic performance for lift enhancement, flow separation delay,
and drag reduction in the aerodynamics of corrugated wings. Furthermore, we focus on
topics such as fluid—structure interaction and aeroacoustics, presenting the possibility of
morphing wing technologies in tandem and its effects on an angle of attack at various flight
modes. This review outlines durability issues, materials selection, and experimental testing
complemented by numerical models while determining the importance of interdisciplinary
developments within corrugated wing aerodynamics using potential Al-assisted design.
Our review envisions the application of aerodynamics of corrugated wings in the develop-
ment of UAVs, MAVs, and future advanced aviation systems by integrating the principles
from biology to engineering.

Keywords: biomimetic design; morphing wing structures; drag reduction; lift enhancement;
flow separation; aerodynamic performance; MAVs; UAVs; low Reynolds number flight

1. Introduction

Corrugated wings are an emerging area of interest in biometric aircraft design and
aerodynamics studies. This interest stems from the potential aerodynamic advantages
of corrugated wing structures over traditional aerofoils in low Reynolds number flight
regimes [1-4]. Corrugated wings have been shown to enable flight at greater angles of
attack compared to conventional wing designs. These advantages are being explored to
enhance the performance of modern aircraft, particularly in vehicles such as UAVs and
MAVs. Moreover, some studies have reported a significant performance improvement due
to corrugation, especially at high angles of attack [5,6].

This review paper, therefore, aims to critically analyze the current understanding of
corrugated wing aerodynamics to assess its viability as a future replacement for traditional
aerofoils. This will include identifying the advantages of corrugation in aerodynamic
performance, such as the ability to delay the onset of flow separation and enhance lift
through vortical manipulation. Disadvantages, current limitations, and gaps in research
will also be explored to facilitate further research and development needed to understand
the complex interaction between corrugation and aerodynamic performance. Moreover,
the review will aim to trace the historical development of corrugated aerodynamics, from
its initial identification to the current stage of understanding.

Corrugated wings are characterized by alternating elevated ridges that form recessed
valleys along the chord length. These wings also typically vary in shape along the spanwise
length of the wing. This unique wing profile can be observed in many instances in nature,
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most notably in insects. The following section will highlight these instances and explore
why corrugation has been identified as an area of research interest.

1.1. Corrugated Wing Flight
1.1.1. Corrugation in Nature

One of the most studied examples of corrugated wings found in nature is the dragonfly
(Anisoptera) wing. However, the unique wing design can also be found in various insects
including beetles (Coleoptera) and ladybirds (Coccinellidae). The reason for the heavy
focus on the corrugation found on the dragonfly wing is due to its diverse range of flight
capabilities. This includes the ability to hover, perform backwards flight, and quickly
accelerate their flight. Their wing design grants them exceptional agility and speed, making
them the quickest and most maneuverable flyers in the insect kingdom [7]. The dragonfly
can glide up to 30 s without any significant loss of altitude [8]. The insect is classified as a
low Reynolds number flier, with a usual flight Reynolds being in the range of 10>~10° [9].

Although being less studied, as mentioned above, many types of beetles also exhibit
corrugated wing profiles. The corrugations found in beetle flight have been identified
to prevent large-scale flow separation [10]. Beetles typically operate at a lower Reynolds
number range compared to the dragonfly, operating at a Reynolds range of 102.

Since both dragonflies and beetles possess corrugated wings and operate at low
Reynolds numbers, it suggests that this evolutionary adaptation is particularly beneficial
for low-speed flight. Micro-CT scanning reveals that from an aerodynamic perspective,
dragonfly wings’ stiffness and precise aeroelastic design enable superior energy efficiency,
load management, and optimized flight performance compared to flexible MAV wings. As
shown in Figure 1, the digital reconstruction and cross-sectional micro-CT images of the
hindwing of Sympetrum vulgatum highlight the corrugated wing architecture, built up by
the intricate arrangement of veins and membranes [11]. This detailed structural analysis
demonstrates how the vein and membrane thickness increases from the wingtip to the root,
allowing the wing to effectively bear both inertial and aerodynamic loads. This insight
can be applied to identify potential applications for this technology, such as in low-speed
surveillance Unmanned Aerial Vehicles (UAVs).

Figure 1. (a) Digital reconstruction of the hindwing of Sympetrum vulgatum. (b—e) Cross section
micro-CT images showing corrugated wing architecture made up of the wing’s veins and mem-
brane [11].
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1.1.2. History of Corrugated Wing Research Leading to Technical Advances

The study of corrugated aerodynamics has been an area of research for centuries.
However, fascination with dragonfly flight dates back even further. Leonardo da Vinci
(1452-1519) observed the remarkable flight capabilities of dragonflies and inspired by their
four-winged morphology, conceptualized the ‘mechanical butterfly’—an early unmanned
aerial design that sought to mimic insect flight dynamics. Early research includes work
by [12], which notes the early interest in the influence of corrugation on air flow patterns
and suggests the potential benefit aerodynamically. Early attempts to understand the
aerodynamics of corrugated surfaces relied on wind tunnel experiments and observing
movements in fluids. While these studies confirmed the influence of corrugations on drag,
they lacked the technological capability to analyze the complex aerodynamic derivatives
required to predict performance accurately [13,14]. Advancements in technology intro-
duced new methods of analysis which would allow for the individual flight mechanisms to
be understood in detail. Such methods include the developments within computational
fluid dynamics (CFD) [15] and experimentation using particle image velocimetry (PIV) [16].
These methods allowed for a more focused investigation into previously unknown phe-
nomena such as vortical formation on the wing. Furthermore, these advancements in
research methods enabled researchers to easily modify factors such as flight speed and
corrugation geometry. The broader analysis provides a much deeper understanding of
performance across various flight regimes and scenarios, which is important to build an
overall profile of where the technology could be advantageous to implement in current
technology. Through time, many research papers have also drawn the conclusion that the
flight advantages observed in corrugated wings are applicable to the wings of bio-inspired
flapping wing micro air vehicles (MAVs) [17-19].

From Figure 2, the evolution in technological advances effect on MAV design can be
seen. The advancements have allowed for complex recreation and utilization of corrugated
aerodynamics to bio-inspire future MAV and UAV designs.

(b)
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j = =~ forits impressive flight bio-inspired vehicle
" capability, including high attempting to recreate the
" ~ manoeuvrability and the observed flight of
ability to maintain endured dragonflies was Leonardo
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Figure 2. The evolution of bio-inspired flight vehicles and technology: (a) Arial view showing the
profile of a dragonfly found in nature. Reproduced with permission from [20]. Copyright 2014,
Springer Nature. (b) Leonardo da Vinci’s dragonfly inspired unmanned aral vehicle the ‘mechanical
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profile 1

butterfly’ [21]. (¢) 3D scan and fabrication of a dragonflies corrugated wing profile [22]. (d) Developed
bio-inspired dragonfly MAV concept [23].

1.1.3. Evolutionary Traits

Corrugation, a reoccurring feature across a variety of insect wings, has developed
through millions of years of evolution. This suggests a clear evolutionary advantage for
the insects. Insects exhibiting corrugated wings are provided with a unique evolutionary
advantage. As mentioned above, the natural high maneuverability allows for precise
control and movement during flight. This grants the insects the ability to navigate complex
environments and hunt pray with greater agility. Moreover, the corrugated wing also
provides a superior strength-to-weight ratio [24]. For low-mass insects, this is crucial,
as minimizing weight is essential for improving flight efficiency. This evolutionary trait
enables long-range flight with lower energy expenditure.

Furthermore, the unique profile of the dragonfly wing is not just in its shape; its
geometry also varies along the length of the wing (longitudinal span), shown in Figure 3.
As you move towards the tip, the corrugated profile flattens out, more closely resembling
a flat plate. This evolutionary adaptation may enable passive flow control, allowing for
variations in lift along the span, similar to a manufactured wing with engineered wing
twist. This naturally optimized design reduces the need for additional energy expenditure
to maintain stable and controlled flight.

— - —
N s . . Profile 1 W
Profile2 — N\ "N\ —————
Profile 3 /\M

P

profile 2 profile 3

Figure 3. Variation of a dragonfly wing’s profile geometry along the spanwise direction of the wing.
as illustrated by [1]. Adapted with permission from [6]. Copyright 2025, Elsevier B.V.

Beyond its distinctive corrugated wings, the dragonfly possesses another unique
feature: a four-wing tandem configuration arranged in two pairs. This evolutionary trait
allows for enhanced maneuverability due to the independent movement of each wing
allowing for an increase in flight control. The aerodynamic benefits of a corrugated tandem
configuration will be explored in a subsequent section.

Overall, corrugated wings provide remarkable evolutionary advantages by enhancing
flight performance in keyways. The adaptations are the reason dragonflies have been
researched heavily and potentially provide a revolutionary bio-inspired solution to low
flight with high maneuverability.

1.1.4. Aerodynamic Design and Application

There are various factors involved in the design process of corrugated wing studies.
This varies from the shape, placement, and material of the wing. With these factors
significantly impacting aerodynamic performance, research utilizing methods such as
wind tunnel testing must be carefully analyzed to identify their design choices. As stated
above, corrugated wings have been identified to have applications in UAV (unmanned ariel
vehicle) and MAV (micro ariel vehicle) bio-inspired design. The use of these technologies
plays an ever-growing role in supporting human activities in multidisciplinary fields
including emergency aid, environmental monitoring, and 3D mapping [25]. Within these
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applications, significant 3D geographical mapping and stable flight at low speeds for
extended periods are essential in producing consistent and accurate imaging.

However, traditional aerofoils are not ideal for low Re flight, with studies such as the
one conducted by [26,27] finding that at a low Reynolds number of 20,000, a flat plate is able
to produce more lift than a traditional NACA aerofoil. Furthermore, corrugated wings have
been identified to be particularly applicable in emergency response scenarios. Their ability
to delay flow separation can translate to improved maneuverability. Maneuverability is a
key factor for navigating varying obstacles and terrains, a common factor in emergency aid
regimes. However, at low Reynolds and high angles of attack, traditional wing designs
perform poorly due to their limitations in maintaining laminar flow and delaying flow
separation [28].

The aerodynamic advantages of corrugated wings therefore offer a potential bio-in-
spired alternative that will enable both low-speed and high maneuverability applications,
allowing for improvement in a range of flight regimes.

1.1.5. Scope

This review delves into the fascinating world of corrugated wings, examining how
their unique structure influences aerodynamic performance across various angles of attack.
It highlights the potential of these bio-inspired designs in advancing technologies such
as UAVs, MAVs, and morphing wings, showcasing their versatility and promise. The
paper also reviews current methods—both numerical and experimental—used to evaluate
aerodynamic performance, offering a comprehensive look at how researchers are tackling
this complex field.

Importantly, this review identifies critical gaps in existing studies, providing fresh
insights into limitations and paving the way for future research directions. While prior
and recent review works, such as [29-31] have explored the impressive aerodynamics of
dragonfly flight, vortices and forces emanating from insects, this particular review focuses
exclusively on the corrugation of wings and their contribution to remarkable aerodynamic
performance. By addressing this missing link, this paper aims to deepen our understanding
of the role corrugation plays in enabling efficient, agile, and high-performance flight.

1.1.6. Parameters of Interest

To fully understand how corrugation affects the aerodynamics of wings, researchers
examine several key parameters that are essential for evaluating performance. These
parameters include aerodynamic forces, efficiency, and structural features that together
determine how well a wing operates under different conditions.

Table 1 presents an overview of the main aerodynamic parameters critical for perfor-
mance assessment. Among these, the coefficient of lift (C;) indicates a wing’s capacity to
generate lift, while the coefficient of drag (C;) measures the air resistance acting on the
wing. The gliding ratio (%) is a vital indicator of aerodynamic efficiency, reflecting the
relationship between lift and drag. Furthermore, the coefficient of pressure (Cp) identifies
areas of low pressure on the wing, providing insights into flow separation zones. Skin
friction, represented by the coefficient of skin friction (Cy), significantly impacts boundary
layer behavior, affecting overall aerodynamic efficiency. Other important factors include
the Reynolds number (Re), which allows comparisons across various flow regimes, and the
Strouhal number (St), which aids in predicting phenomena such as vortex shedding. The
stall angle (°) marks the critical point at which a wing begins to lose efficiency. Together,
these parameters offer a thorough understanding of a wing’s aerodynamic performance.
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Table 1. Aerodynamic parameters of interest and their importance.

Parameter

Metrics and Importance

Equation

Coefficient of Lift—(C;)

Quantifies a wing’s ability to generate lift relative to
the dynamic pressure and wing area. It is a critical
parameter for assessing aerodynamic performance,

particularly in achieving sufficient lift during various
flight conditions.

_ L
Cl T 0.5xpx AxV2

Coefficient of Drag—(C;)

Quantifies the aerodynamic resistance experienced by
a wing or body as it moves through air. It is a critical
measure for evaluating and minimizing drag forces,
directly impacting energy efficiency and overall
aerodynamic performance.

_ D
Cd T 0.5xpx AxV2

Gliding Ratio—(%)

Represents aerodynamic efficiency, indicating the
amount of lift generated relative to drag. A higher
ratio signifies better performance, as more lift is
produced for a given amount of drag, crucial for
optimizing gliding and energy efficiency in
flight designs.

o/l
g le)

Pressure Coefficient—(Cp)

Allows for the analysis of pressure distribution across
a surface, identifying regions of low pressure and
pinpointing critical areas like flow separation points.
This information is essential for understanding
aerodynamic performance and optimizing designs to
minimize drag and enhance lift.

_ P—Pw
Cp - O.5>s<po<,>kA*V02Q

Skin Friction Coefficient—(Cy)

Skin friction significantly impacts aerodynamic
efficiency by influencing the behavior of the boundary
layer, particularly its transition from
laminar-to-turbulent flow. This, in turn, affects drag
and overall performance, making it a critical factor in
optimizing aerodynamic designs.

_ Tw
Cf T 0.5xpx AxV2

Reynolds Number—(Re)

A dimensionless number quantifies the ratio of
inertial forces to viscous forces in a fluid flow. It
characterizes the flow behavior (laminar or turbulent)
and facilitates direct comparisons across varying flow
conditions, including chord lengths, velocity, and
fluid properties.

Re = Y

Strouhal Number—(St)

A dimensionless number that is important for
predicting unsteady flow phenomena such as vortex
shedding. It relates the oscillatory frequency of a flow

structure to its characteristic length and velocity,
providing insights into flow stability and periodicity
in aerodynamics.

S

Stall Angle—(°)

The stall angle refers to the critical angle of attack at
which a wing operates efficiently before experiencing
a rapid loss of lift due to flow separation. Identifying

this angle is essential for optimizing aerodynamic
performance and avoiding stall in flight conditions.

Shifting focus from performance metrics, Table 2 highlights the geometrical charac-

teristics of corrugated wings. Aspects like corrugation depth and frequency play a crucial
role in boundary layer control and flow separation mechanisms. The shape of the corruga-
tions, whether rounded or sharp, also affects aerodynamic behavior. Structural features
such as wing thickness and material not only influence the wing’s durability but also
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its drag characteristics. Additionally, the wing’s configuration—whether isolated or in
tandem—can significantly change its aerodynamic efficiency. Figure 4 complements this
analysis by illustrating the variations in geometrical parameters with detailed side profiles.
Together, the insights from these parameters and measurements shed light on how corru-
gation enhances aerodynamic performance and guide the design of bio-inspired wings
for optimized functionality. Building on these foundational insights into the aerodynamic
performance of corrugated wings, the next section delves into the experimental and nu-
merical methods used to validate such designs. By employing advanced simulations and
carefully designed experiments, these methodologies provide a deeper understanding of
the mechanisms driving performance and guide the development of bio-inspired designs.

Table 2. Corrugated wing geometrical parameters.

Parameter

Metrics and Description

Corrugation Depth

The height of the valleys impacts boundary layer control mechanisms.

Corrugation Frequency

The number of corrugations along the chord affects flow behavior.

Corrugation Shape The edge and peak shapes, from rounded to sharp, influence flow separation and lift.
Material of the Wing Impacts skin friction and boundary layer dynamics.
Wing Thickness Affects structural integrity and aerodynamic drag.
Wing Configuration Tandem or isolated configurations influence overall aerodynamic efficiency.

Corrugation Depth Corrugation ‘Valley’

| Wing Thickness

Chord Length |

12

|‘ Corrugation Frequency ‘\

(High)
Corrugation Frequency
(Low)

>

Corrugation Shape (Rounded Valley Variation)

Figure 4. Corrugated wing geometrical parameters showing the variation and measured parameters
with wing side profiles.

2. Experimental and Numerical Research Methods

This section will review the experimental and numerical studies conducted in the
study of the flow over corrugated wings. The objective is to highlight the evolution of
research on the topic rather than to provide an exhaustive review of the literature.
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2.1. Experimental Methods

The aerodynamics of low Reynolds number natural flyers has been the subject of
extensive research [32]. Our discussion will focus on the studies presented in Table 3.

Table 3. A list of experimental studies including the study parameters and flow Reynolds number.

Study Parameters and Experimental Description Reynolds Number  References
Scaled model in a water channel for fluid flow with beam analysis (structural). 450, 800, 900 [33,34]
Flight performar}llc.e of a drag(?nﬂy using wind tunnel and 35,000-60,000 [35]
igh-speed videography.
Dragonfly flight (gliding, ﬂappmg flight and power requirements) using wind 700-2400 [9,36,37]
tunnel and high-speed videography.
Comparison between dragonfly wing sections and technical aerofoils using an
e 10,000 [1]
open-circuit wind tunnel.
Detailed quantitative flow measurements of the flow over a corrugated aerofoil 34 000 [38]
using a low-speed wind tunnel and PIV for MAV applications. !
Similar to [38], but considered a wider range of Reynolds number. 58,000-125,000 [39]
Developed a method for the 3D reconstruction of a dragonfly wing and tested
the fabricated model in a low-speed wind tunnel with PIV. 5000, 8000, 12,000 221
Effects of compressibility on the aerodynamics of a simplified corrugated
aerofoil using a “Mars Wind Tunnel” with force measurements, pressure 10,000-25,000 [40]
sensitive paint, and schlieren imagery.
Wind tunnel experiments with MAVs equipped with bio-inspired corrugated 80,000-130,000 [16]

and profiled wings, using PIV for flow analysis.

Early experimental work explored the aerodynamic characteristics of corrugated aero-
foils compared to smooth aerofoils [33] and the structural form and function of corrugated
wings [34]. This was carried out using simplified models based on the chordal section
of an insect wing. By combining wind tunnel testing with high-speed videography, re-
searchers [35] were able to develop a theoretical framework to study the flight performance
of a dragonfly. Building on previous experiments provided further insight into dragonfly
flight including gliding flight [9], flapping flight [36], and power requirements [37].

The aerodynamic benefits of dragonfly wing sections compared to technical aerofoils
were presented in the wind tunnel study of [1]. Further research using PIV has confirmed
these findings. By focusing on the potential application of bio-inspired corrugated aero-
foils for MAV vehicle design, the work of [38] provided quantitative flow measurements
to elucidate the underlaying physics of why and how corrugated aerofoils could have
better aerodynamic performance for low Reynolds number flight. Similar research was
conducted by [39] which considered a wider range of Reynolds numbers. Most recently,
the work of [16] combined wind tunnel tests with PIV measurements to evaluate how tip
vortices interact with wing surfaces at relatively large Reynolds numbers. Their findings
demonstrated that low-aspect-ratio wings with flexible profiling significantly improved lift-
to-drag ratios, delayed stall to higher angles of attack, and enhanced overall aerodynamic
performance.

The studies presented so far only considered simplified models of insect wings based
on the chordal section. The work of [22] developed a method to reconstruct full dragonfly
wings in high resolution and the fabricated wing was then tested in a low-speed wind
tunnel with PIV. A first report on the effects of compressibility on a simplified corrugated
aerofoil was presented in the work of [40]. This study was conducted in a “Mars wind
tunnel” equipped with pressure sensitive paint and schlieren imagery.
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The limitations of wind tunnel and PIV measurements are discussed in [41,42], re-
spectively. Advancement in computing technology provided not only the possibility to
overcome some of these limitations but also complement the experimental studies using
numerical simulations to gain further insight.

2.2. Numerical Methods

In the context of the flow over corrugated wings, the complex interplay of the local
flow over the corrugated surfaces and the freestream in the form of vortical structures
and recirculating eddies was found to be difficult to capture using experimental methods
alone. In addition, CFD results could be coupled with FEA as a multiphysics approach to
study the aerodynamic and structural characteristics of corrugated wings. A review on the
use of CFD for the application of biomimetics from an aerospace engineering perspective
is provided by [43]. Here, Table 4 highlights a range of numerical studies together with
different approaches that several authors have attempted focusing on the aerodynamics of
corrugated wing sections.

Table 4. A list of numerical studies including the study parameters and flow Reynolds numbers.

Study Parameters and Numerical Methodology

Reynolds Number  References

Corrugated wing from [1].

2D—Unsteady (CFD) 500-10,000 [5]
Simplified dra%([))rf}{J iesi(e)izi}l,(()fc I}\:I[e)\)/vman’s gliders. 2000-8000 [44,45]
The interaction between for;:x;vjl{g] r?;lg;g;?é;g% in gliding dragonfly flight. 300-2000 [46]
2D (CF]g)(flljlrglsttee;IdV;?fdf?t);nﬁc[ 13]b (FEA) 500-2000 [47]
Simplified corrugated wing sections. 200-2400 (48]

3D—Unsteady (CFD)

Corrugated wing from [1].

3D—Unsteady (CFD) 1000-10,000 [15]
Flapping Tandem wings (aerofoil and flat plate) and corrugated wing form [1]. 1000 [49]

2D—Unsteady (CFD) and static 3D (FEA)

Reconstruction of the model from [1].
3D—Unsteady (CFD) 1400, 10,000 [50]
Two corrugated wings from [1,45].
2D—Unsteady (CFD) 14,000 [51]
Corrugated wing form [1] in gliding and flapping phases.
2D—Unsteady (CFD) 200, 4000 2]
Newly designed corrugated structure. 2D—Steady (CFD) and static 3D (FEA) 15,632 [52]
A realistic dragonfly wing.

2D—Unsteady (CFD) 10,000 [53]
Aerofoils with corrugated skin in tandem. 120,000 [54]

3D—Unsteady (CFD)

Several CFD studies were conducted using the commercial software Ansys
Fluent [2,44,50-52]. This popular software utilizes the Finite Volume Method (FVM) to
solve the Navier-Stokes equations. The general idea is to divide the computational domain
into smaller elements, or a mesh, enabling numerical methods to capture the flow physics
effectively. The accuracy of the solution largely depends on the quality of the generated
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mesh. A commonly adopted strategy is the sub-modeling approach, where the computa-
tional grid is partitioned into distinct regions with varying mesh resolutions, as depicted in
Figure 5.

Airfoil geometry

s v

Outlet flow

Velocity Inlet

(c)

Velocity Inlet

Symmetry
Plane

(d)

Symmetry Plane

8mm R=6.9cm

B Non-corrugation
Area = 17.4 cm?.

Symmetry plane

Figure 5. Numerical studies on corrugated wing profiles showcasing various domains and sub-
domains and mesh sizing approaches. (a) 2D structured mesh utilizing a rectangular domain [2];
(b) 2D unstructured mesh employing a C-domain [44]; (c) 3D unstructured mesh and C-domain [50];
(d) 3D unstructured mesh and half cylinder domain [55].

In general, a region around the wing section, which is the area of interest, will have
much higher mesh resolution compared to the free stream. Various outer domain geome-
tries were used, including rectangular [2,5,46,47,49,52], C-grid [44,50,51], and O-grid [15,54].
Boundary layer treatment is discussed in the next section.

2.2.1. Boundary Layer Treatment and Transition to Turbulence

A key issue for numerical methods is the boundary layer treatment to consider the
laminar-to-turbulent transition. For Reynolds number > 50,000, the theory of wing sec-
tions [56] describes the formation of a laminar separation bubble (LSB) as the key mecha-
nism for transition. At a lower Reynolds number (10,000-50,000), the separated shear layer
still gains enough momentum from the freestream to reattach to the aerofoil surface as a
turbulent boundary layer. However, in this Reynolds number range, the reattachment point
is relatively far back on the aerofoil. Research by [57] indicated that as the angle of attack
increases, the reattachment point moves toward the trailing edge, creating relatively large
separation bubbles (15-40% chord). Winslow et al. [27] highlights the challenges related
to the modeling of the transition for a flat plate, cambered plate, and various common
aerofoils. In this work, a structured RANS solver with a laminar—turbulent transition model
(based on the SA one equation model) was used to understand the low-Reynolds-number
aerodynamics. Visualizations of the intermittency contours for the NACA 0009 aerofoil
(Re = 50,000) revealed that the flow on the upper surface is laminar, which through a
separation bubble, re-attaches and transitions to a turbulent flow. In this case, the lower
surface remains laminar for much of its chord length. It was noted that at low angles
of attack, the numerical results matched those from experiments. However, for higher
angles of attack, a discrepancy between the data was observed. This was attributed to the
transition model employed within the CFD formulation for the Reynolds number range
considered. These findings highlight the fact that the flow transition over smooth surfaces



Aerospace 2025, 12, 262

11 of 42

is largely influenced by external disturbances due to the interaction between the shear layer
and the LSB.

For corrugated wings, however, the DNS of [58] at Re = 6000 provided key insights
into the transition to turbulence. This study highlighted that due to the complex interaction
between the main unstable shear layer produced at the leading-edge and an induced
reverse flow in the cavity between the second corrugation and the rear arc on the suction
side, a sudden transition to chaos was observed. The authors argue that this sudden
transition to chaos is the lead cause for the enhancement of aerodynamic performance.
The work of [4,44] confirmed the lift enhancement observation and indicated that the
protruding edges act as passive turbulators, generating small-scale vortices that enhance
momentum transfer within the boundary layer, thereby promoting earlier transition and
delaying flow separation. This observation was validated in the work of [15] which went
further and identified the critical Reynolds number for transition to be around 7500. It
is important to note here that capturing the laminar-to-turbulent transition numerically
remains a challenge. Laminar solvers, e.g., Refs. [44,50], do not model the transition.
However, they are still useful when paired with experimental data, as shown by [44]. Using
Unsteady Reynolds Average Navier-Stokes (URANS) with standard turbulence models can
overcome some of limitations but the work of [27] (smooth sections) and [51] (corrugated
sections) had demonstrated that turbulence models do not fully describe the flow conditions
experienced in experiments. Low Reynolds number transitional turbulence models offer
a promising alternative. A comparative assessment of such models for smooth aerofoils
is provided by [59]. The work of [60] addressed this by employing the Transition SST
turbulence model within URANS-based simulations, effectively capturing transitional flow
physics in corrugated wings. High fidelity simulation such as DNS and LES can model the
transition to turbulence but are computationally expensive. Future work on the transition
to turbulence over corrugated wing sections can explore how vortex interactions within
corrugation valleys further influence transition dynamics, explore appropriate turbulence
modeling strategies, potentially leading to enhanced predictive modeling capabilities.

2.2.2. Overview of CFD Methods

In addition to the FVM, other numerical approaches used by researchers that utilize
this grid generation approach include the Immersed Boundary Method (IBM) [5], pressure-
Poisson method [47], Implicit Large Eddy Simulation (ILES) [15], split-step finite-difference
scheme [49], and artificial compressibility method [48]. These approaches could be clas-
sified as “traditional” CFD methods that are based on directly discretizing the equations
of fluid mechanics. They are known to produce reasonably accurate results but could
become computationally expensive due to the high mesh resolution required for complex
geometries. On the other hand, the Lattice Boltzmann Method (LBM) used by [46] is be-
coming a serious alternative to traditional CFD methods where a particle-based approach
coupled with the kinetic theory is used to describe the fluid motion rather than solving
the equations of fluid dynamics. According to [61], in conventional methods, much of the
complexity lies in determining derivative approximations non-locally from adjacent nodes.
In contrast, the detail in the LBM lies in the particle description within the nodes themselves.
Interactions between nodes are entirely linear, while the method’s non-linearity enters a
local collision process within each node. This property makes the LBM very amenable to
high-performance computing on parallel architectures, including GPUs. Coupled with the
method’s simplicity, this means that parallelized LB simulations can be tailor-made for a
particular case more quickly than simulations using a conventional method [62].
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2.2.3. Verification and Validation

Regardless of the method used, the verification and validation of numerical simu-
lations remains an active research topic. The studies reported here used grid sensitivity
analysis to verify the numerical simulations. This is deemed sufficient to determine grid
independence. However, this should be combined with a procedure for estimation and
reporting of uncertainty due to discretization in CFD applications [63]. In terms of vali-
dation, the general approach is to compare the simulation results with experiments. The
work of [5] compared the results from the simulations directly with the experimental data
from [1] at Re = 10,000 and published data for a NACAQ008 aerofoil at Re = 2000 and
6000. In contrast, in the work of [44], water tunnel experiments were carried out to validate
the numerical results. This was necessary due to the lack of experiments at the Reynolds
number considered (8000) and the fact that a different geometry was considered from that
of [1]. A similar approach was used to study the combined effects of corrugated skin and
tandem aerofoils at Re = 120,000 using wind tunnel experiments to validate the simulation
results. For numerical simulations of a tandem flapping wing, in the work of [49], the
results were compared to the dynamic stall experiments from [64] and the experiments
of [35,36] that were discussed previously. It is important to note that the experimental
data discussed so far have been gathered using a force balance approach. The work of [15]
provided, arguably, the first 3D simulation for corrugated wing sections in the Reynolds
number range of 5000-58,000 to bridge the gap left by previous numerical and experimental
studies. Here, the authors validated their simulations by making a qualitative comparison
with the PIV measurements of [38] for Reynolds number = 34,000, shown in Figure 6.
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Figure 6. Comparison of velocity magnitude (a) and TKE (b) between computation and experiment.
Reprinted with permission from [15]. Copyright 2025, AIP Publishing.

Overall, the current trend of validating numerical simulations in this research topic is to
compare the results with experimental measurements. Oberkampf and Trucano [65] argue
that this approach of qualitative “graphical validation”, i.e., comparison of computational
data and experimental data on a graph or otherwise, is inadequate. Oberkampf and
Roy [66] provide a comprehensive framework for the verification and validation in scientific
computing. A key recommendation from this text regarding validation is to include input
and physical uncertainty analysis to complement the comparison with experimental and/or
published data.

Early numerical simulations were mostly two-dimensional. The experimental vali-
dation in [44] involved comparing the following data with the 2D simulations: flow field
visualization, velocity profiles in the wake, momentum layer thickness, and Strouhal num-
ber. The results demonstrated good agreement between the computed results and measured
values in the Reynolds number range 2000-8000. The suitability of 2D simulations was
further investigated in [47] by comparing the results with a 3D periodic spanwise grid,
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where the wing aspect ratio was 1 and the angle of attack was varied from 0 to 12 degrees.
A comparison of the time-averaged lift and drag coefficients demonstrated good agree-
ment. In addition, it was observed that there was no velocity parallel to the span of the
wing. Thus, it was concluded that the 2D simulation was sufficient. Later works, e.g.,
Refs. [15,50], considered the 3D flow over corrugated wings with a Reynolds number range
of 1000-100,000. Both studies were based on the geometry provided by [1]. The work
of [15] involved a simple extrusion of a 2D profile, where [50] reconstructed the various
profiles from [1] into a 3D wing. More recent research by [53] developed a high-resolution
3D model of a dragonfly wing using micro-CT and performed CFD simulations to validate
the generated model.

A key advantage of numerical simulations is the ability to couple different physical
processes, creating what is known as “multiphysics” simulations. The work of [47] used
the results from 2D CFD simulations of the flow over a corrugated wing section to conduct
an FEA study on a 3D structure that is a basic extrusion of the 2D model. Building on
this work, Lian et al. [49] extended the analysis by varying the thickness of the 3D model.
Similar results were obtained by [52] for a newly designed corrugated wing section using a
similar approach.

Overall, this review has demonstrated that there is still a debate regarding the aerody-
namics benefits of corrugated wings for low Reynolds number flows. In addition, we have
highlighted the need for more rigorous verification and validation methods, particularly
for CFD simulations. However, there is consensus in the literature that corrugated wings
provide structural benefits, allowing for a low mass yet stiff structure. To this end, re-
searchers [67] are exploiting the advancement in artificial intelligence and machine learning
to develop bio-inspired aircraft structures. In the next section, we will further explore the
multiphysics research conducted on this topic.

3. Multiphysics Effects on Corrugated Wings: FSI (One Way and
Two-Way Coupling), Aeroacoustics, and Tandem vs. Isolated Wings

The following sections will explore extensive research on corrugated wing aerodynam-
ics and their variation with changes in angles of attack. This section, however, will focus
on the intricate multiphysics effects on corrugated wings, specifically fluid-structure inter-
action (FSI), aeroacoustics, and the impact of wing arrangement. By providing an overview
of these multiphysics interactions, this paper aims to highlight key design considerations
for recreating the flight of dragonflies in bio-inspired aerial vehicles.

3.1. Aeroacoustics

The dragonfly has not only been identified for its impressive flight regime, but it
has also attracted research interest due to its low-noise flight [68]. Conventional aerial
vehicles generate significant noise pollution during flight due to the turbulent boundary
layer interactions with the body of the vehicle. Corrugated wings could have the potential
to manipulate the boundary layer to reduce the overall noise propagation produced during
flight. The biological advantage of corrugated wing fliers is the ability to fly undetected
by predators, whilst also enabling the advantage of being undetected whilst hunting prey.
UAVs and MAVs can benefit significantly from biomimicking this advantage to current
designs. Lower noise emissions translate to an increase in stealth capability for surveillance
and military applications, allowing for a greater chance of undetected data gathering.
Additionally, with the application of vehicles in environmental monitoring, the noise
generation of the vehicle is directly linked to its usability in a wide range of settings. This
is due to the generated noise having the ability to cause noise pollution, disrupt wildlife
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habits, and influence human settlements. Improving the aeroacoustics ability of the vehicle
is key to minimizing the ecological and social impact of surveillance vehicles.

The dragonfly’s ability to reduce noise levels was confirmed by [69], whose CFD
studies revealed that the serrated wing shape can significantly suppress noise generation
in the mid-frequency band. The results were also further validated through wind tunnel
testing. The microstructure of the dragonfly wing plays a crucial role in noise reduction
by influencing the formation and distribution of vortices and, consequently, the pressure
fluctuations across the wing. This affects the overall sound pressure level generated by
the wing. Interestingly, the paper found a significant effect of geometric parameters on the
results. The paper concluded that the overall size and serration height reduce overall noise
production up to a point until results are diminished or even increase noise levels. The
paper also found no benefit of increasing or reducing serration width on noise production.

Notably, sound wave generation is often directly linked to the aerodynamic efficiency
of the vehicle. Consequently, research into mitigating the propagation of sound from
corrugated wing flight also provides valuable insights into the remarkable efficiency of
corrugated fliers. Aerodynamic noise arises from fluctuating forces, flow—solid interaction,
shed vortices, and turbulence inflow. As insects flap their wings, fluctuating aerodynamic
forces and interactions with the surrounding airflow produce pressure variations. The
movement also sheds vortices and induces turbulence, contributing to the distinct sounds
heard during flight. A detailed review of noise sources emanating particularly from the
wing shapes of insects is provided by Moslem et al. [70].

Research by Jiang et al. [69] studied the micro geometry of dragonfly wings to reveal
the mechanism behind the low-noise flight of their leading veins. Through scanning elec-
tron microscopy, it was found that the leading-edge serrated veins of dragonfly wings
had the ability to improve the aeroacoustics of the insect. Through further CFD studies,
it was found that geometric parameters such as height, width, and overall amplification
factor of the microstructure all had a direct impact on the aeroacoustics of the wing. These
results were further validated through the analysis of pressure distribution and wind tunnel
testing, both of which confirmed that the serrated microstructure exhibits specific noise
reduction characteristics. The study concludes that the leading edge of the dragonfly wing
significantly influences the eddy current state, vortex size, and distribution on the wing
surface. The resulting pressure fluctuations on the wing are identified as the primary cause
of the reduced noise observed in the bionic wing. From a computational aeroacoustics
perspective, several methods exist for predicting radiated aerodynamic noise, including
the Ffowcs-Williams and Hawkings (FW-H) Equation, Kirchhoff Integral (KI) Method,
Lighthill’s Acoustic Analogy, Acoustic Perturbation Equations (APE), Boundary Element
Method (BEM), Helmholtz Equation Approach (HEA), and Linearized Euler Equations
(LEE). These methods can be coupled with flow simulations to predict far-field noise radia-
tion. Among these, the FW-H equation has been widely employed for predicting radiated
noise in aerodynamic applications. Using Green’s function, it accounts for both surface
and volume integrals to determine noise propagation. The surface integrals represent the
contributions from monopole (source strength) and dipole (force-related) acoustic sources,
while the volume integrals capture quadrupole sources, which are generally significant
in regions outside the source surface, where turbulent fluctuations contribute to noise
generation [71]. In a recent study, Wei et al. [72] developed a bio-inspired 3D sinusoidal
serration propeller design by integrating owl feather serrations and cicada forewing struc-
tures. The design achieved up to 5.5 dB noise reduction and a 20% increase in propulsive
efficiency. Using Large Eddy Simulations (LES) and the Ffowcs-Williams and Hawkings
(FW-H) equation, they validated the reduction in sound pressure levels and enhancement of
surface vorticity across various flow regimes. Their work highlights the potential for com-
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bining biomimetic geometries, applicable to corrugated wings, for noise suppression and
aerodynamic efficiency. While serrations, inspired by owl feathers, reduce noise through
edge flow manipulation, corrugated wings offer an alternative pathway by stabilizing
airflow and delaying separation. Integrating features from both designs, as demonstrated
in bio-inspired 3D serration studies, could harmonize noise suppression with aerodynamic
efficiency in low Reynolds number regimes, paving the way for quieter, energy-efficient
aerial systems.

3.2. Fluid-Structure Interactions (FSI)

FSlis a computational technique which focuses on the interaction of fluids and how
they influence or are influenced by the solid structure of the wing. During flight, structural
deformation occurs on the wings due to the variation of air pressure. The deformation
can have a significant effect on lift and drag production, therefore FSI simulations provide
insight into these interactions and are crucial for developing bio-inspired corrugated wing
aircraft. Within FSI aerodynamics, two key coupling approaches exist: one-way and two-
way. One-way coupling assumes a simpler approach, through the assumption that the
wing’s overall deformation is minimal and therefore has minimal influence on the airflow
around the wing. Two-way coupling, on the other hand, captures the complex interaction
between deformation and the subsequent airflow patterns around the wing in greater detail.

A study by Sun et al. [73] found a direct link between flexibility and thrust generation
within corrugated wings. The CFD concluded that the aerodynamic forces of flexible
corrugated structures are better than those of rigid wing models. Within corrugated
structures, the lift of flexible wings decreases; however, more thrust is generated. This is
because flexible wings create a larger vortex ring during the downstroke compared to rigid
wings. As a result, the flexible wing can generate more aerodynamic force than a rigid
wing. Furthermore, as the hind and forewing phases alternate, the flexible wing maintains
a more stable vortex sheet than the rigid wing, allowing for greater aerodynamic force
generation, as demonstrated in the results of [73] in Figure 7. The conclusion that flexibility
plays a role in defining and improving the aerodynamics of corrugated wings has also been
recorded in further studies [74-76].
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Figure 7. Vertical force coefficient of flexible corrugated structures, rigid corrugated structures, and
rigid flat plate in one cycle (phase angle (1) = 0°). Reprinted with permission from [73]. Copyright
2025, Elsevier B.V.
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A further study by Wang et al. [77] focused on how corrugated flexible wings in
twisting motion fly. The research found that during hovering flight, both stiff and flexible
wings achieve similar efficiency and power usage; however, this was observed only in
models with sufficient freedom of movement at the root of the wing. If the root lacks
adequate flexibility and restricts bending, the efficiency advantage highlighted earlier
is lost. The research suggests that hovering insects tend to develop wings with greater
flexibility, while insects prioritizing maneuverability evolve stiffer wings. This explains the
diversity of corrugated insect wings and underscores the importance of defining mission
goals for bio-inspired aerial vehicles. The design should align with the intended purpose.

3.3. Tandem vs. Isolated Wing Configuration

Insects such as the dragonfly exhibit two distinctive aerodynamic characteristics in
their wings that are intriguing: corrugation and a tandem configuration. This section will
explore the effect of tandem corrugated wings compared to isolated configuration. One
significant property of the tandem wing arrangement is the interaction of the hind wing
with the wake generated by the forewing. Studies have shown that placing a stationary hind
wing in the wake of a flapping forewing almost doubles the propulsive efficiency compared
to a lone flapping forewing, highlighting the complexity of wing interactions and making
them a compelling subject for multiphysics analysis [49,78,79]. However, dragonflies do not
employ a fixed set of hind wings; they instead have two pairs of independently actuated
wings. This allows the insect to adjust the phase angle (1) between the flapping motion
of the fore and hind wings. Dragonflies have been observed to manipulate the phase
angle (phase shifting) during various maneuvers. During take-off or while performing
maneuvers, dragonflies are observed to flap in phase ({ = 0°) and flap out of phase during
cruising or hovering flight [49,78,79]. Research suggests that flapping in phase allows for
higher force production, whereas flapping out of phase increases efficiency by enabling the
hind wing to utilize the energy generated from the wake of the forewing.

As seen from Figure 8, the velocity plot of the two corrugated wing configuration
demonstrates the effect of tandem wing configuration in wake generation and capture.

A study conducted by Salami et al. [80] used a 3D-manufactured tandem wing config-
uration to investigate the aerodynamic effect of the wings flapping with a variable neat
frequency (30-120 Hz). The results show that tandem wings generate approximately 50%
higher lift than the forewing or hindwing pairs acting alone. These results were agreed
upon by further research, which found that the maximum resultant force was produced by
tandem in-phase flapping wing configuration [81,82]. The studies also offered key insights
into the drive of this aerodynamic performance.

The phase angle responsible for the highest flight efficiency, however, has been found
to be different by two studies, a study by Wang and Russell [83] found the highest efficiency
at a phase angle of 180°, found experimentally to be 90° [84].

Zheng et al. [85] analyzed rigid tandem wings during hovering and forward flight at
dragonfly-like Reynolds numbers. Using force and PIV measurements, they found that tan-
dem wings generated less force than a single wing only at a 180° phase angle. Their study
demonstrated how phase angles and incoming flow influenced the strength and positions
of the leading-edge vortex (LEV) and trailing-edge vortex (TEV), impacting aerodynamic
interactions. From their work, as shown in Figure 9, the phase angle significantly affects
the mean force generated by the forewing and hindwing, with maximum hovering force
occurring at a phase angle of 0°. The flapping motion of the wings creates air vortices that
can either assist or hinder each other. Constructive vortex interactions occur when the hind-
wing flaps slightly behind the forewing, enhancing the LEV generation on the hindwing.
This leads to larger LEV formation, resulting in greater peak lift and thrust generation.
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Figure 8. Corrugated tandem wing aerodynamic wake at two different tandem configurations at 3°
AoA. Reprinted with permission from [18]. Copyright 2025, Springer Nature.
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Figure 9. Average Cyg for hovering and forward flights for different phase angles (1): (a) combined
performance of both wings, (b) forewings, and (c) hindwings. The black solid line and red dash
line in panel (a) indicate the Cy; of single hindwing in hovering and forward flights, respectively.
Reprinted with permission from [85]. Copyright 2025, Elsevier B. V.

Also, the measured force acting on the wings at various angles and flapping fre-
quencies found strong force peaks at the beginning and end of each oscillation. This
phenomenon suggests that the corrugated wings can capture air currents (wake capture) to
produce additional lift. This was a phenomenon captured in a previous study conducted
by Sun et al. [73]. The research found that a significant contribution to lift enhancement
was attributed to wake capture. The CFD study concluded that, due to the change in
motion, the wing utilized the wake formed during the previous half-stroke to generate
lift. Lift enhancement was observed at the end of each half-stroke and the beginning of the
subsequent half-stroke.

Tandem wings have been identified as one of the key mechanisms that allow corru-
gated insects to excel in their flight regimes, with the tandem configuration enhancing
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lift [79,86,87]. Although the tandem configuration allows for mechanisms of lift enhance-
ment for corrugated wings, many studies found that the lift of both the fore and hind wings
are noticeably reduced from that of a single wing at most phase angles during flapping
flight [18,49,78,81].

A further study conducted by Bie et al. [88], however, found significant sensitivity in
the arrangement of interacting wings. The research found that tandem wings can increase
the lift coefficient by 78.1% with an appropriate arrangement but also decrease the lift
coefficient by 51.6% with an inappropriate arrangement. This highlights the need for
further research on tandem wing configurations to produce optimal results.

4. Effects of Corrugation on Aerodynamic Performance

This section examines the current research on the influence of corrugation on aerody-
namic performance. The review focuses on identifying the distinct performance advantages
and disadvantages of corrugated profiles across both steady and flapping flight regimes.
Furthermore, it explores the persistence of these corrugation effects at varying angles of
attack (AoA).

Although this section aims to synthesize the current understanding of corrugated
aerodynamics, it is crucial to acknowledge a notable discrepancy in the wing profiles
employed across various studies. The geometric variation in these profiles may significantly
contribute to the differences observed in reported aerodynamic performance characteristics.

4.1. Effects on Lift Enhancement

Early research on dragonfly wing corrugation produced a mix of results in aerody-
namic enhancement [33,89]. Studies conducted by Rees [33,34] questioned the impact of
corrugation on flight performance. He found, through the examination of wing morphol-
ogy and theoretical principles, minimal performance difference between the corrugated
aerofoil and the smooth aerofoil. Additionally, this was reinforced by the study conducted
by [89] that suggested that no lift enhancement was observed in corrugated fliers; only the
avoidance of abrupt stalling at large angles of attack could be observed. Moreover, the
study by [90] also downplayed the effect of corrugation, instead attributing the flight per-
formance of the dragonfly to morphological features on the surface of the wing. The visible
small ripples were believed to contribute more to the lift than corrugation did. However,
these early studies provided valuable insight into the overall performance of corrugated
wings and highlighted the need for research conducted with improved equipment and
methods. The wind tunnel technology utilized for the studies may not have been able to
capture the complex interaction of flow over the corrugated profile.

With technological advancement and further studies, the corrugated valleys were
identified as a key geometrical factor for the dragonfly’s impressive flight and lift en-
hancement ability. Studies including [91,92] all identified corrugation to be a key factor in
improving aerodynamic efficiency through lift enhancement. More recently, the findings of
Au et al. [55] show that while corrugated wings enhanced lift during the downstroke, they
significantly reduced lift during the upstroke. The study suggests that lower corrugation
heights, such as 3% of local chord length, performed similarly to non-corrugated wings,
highlighting the potential for reduced power consumption and improved thrust-to-power
ratios with corrugated wing designs.

One of the most influential studies on lift enhancement was conducted by [1], who
analyzed the local aerodynamic characteristics of varying dragonfly cross-sections along
the longitudinal axis of the wing. The study used force balance measurements at Reynolds
numbers of 7880 and 10,000 to compare performance with a flat plate and a technical
aerofoil. The findings suggested that all cross-sectional geometries achieved a low drag
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coefficient, like a flat plate. However, the study also observed a noticeable difference in
lift generation compared to a flat plate. Depending on the position along the span, the
corrugated profile achieved much higher lift values than the flat plate, with results like
those of technical wing profiles. The study concluded that this was due to the formation
of recirculation zones in the corrugated valleys. These zones not only altered the effective
profile but also significantly influenced pressure distribution along the profile.

Furthermore, the study also found that irrespective of the leading-edge orientation,
negative pressure was still produced in the profile valleys. However, net negative pressure
on the upper side of the profile is only reached if the AoA is greater than 0°. These findings
were pivotal for the development of the understanding of corrugated aerodynamics. Also,
it demonstrated the importance of careful geometrical synchronization in dragonfly wings
to be able to meet the demand for static and aerodynamic performance.

The following subsection aims to highlight the key lift enhancement mechanisms
observed in further studies that allow a greater understanding of the observed results.

4.1.1. Recirculation Zones

Recirculation zones forming in the valleys is a key element which enables lift en-
hancement in corrugated flight [44,93-95]. Further studies, such as the one conducted by
Vargas [5] utilizing CFD simulations, suggest that the sharp geometry change associated
with the corrugated profile caused disruptions to the lift which had the effect of lift en-
hancement. Due to the airflow not being able to adhere to the sudden change in geometry,
it experienced flow disruption and separation. This incurred the formation of recirculation
zones (vortex zones) within the valleys and creating low pressure zones on the upper
surface, enhancing the production of lift. This was later built on by Liu et al. [94], who
conducted research that suggested that the protruding ridges of the corrugated surface act
as a trip point for the airflow, enabling the generation of vortex zones within the valleys.
In Figure 10, time-averaged streamlines generated by a corrugated profile at a Reynolds
number of 10,000, obtained through CFD analysis are presented. Numerous small regions
of recirculating flow can be seen forming on both sides of the profile.

b Reanachment
Scparation Point

Paint
separatix

_——

[ Recirculation )

S Fonge Peak (+ e

-~ shear drag
Peak (-jve
shear drag

Figure 10. (a) The formation of recirculation zones within corrugated wing cavity (b) showing flow
separation and reattachment due to steep geometry illustrated by [5]. Adapted with permission
from [95]. Copyright 2025, Springer Nature.

4.1.2. Leading Edge Vortex (LEV)

An LEV forms on the leading edge of profiles at low Reynolds numbers of 10* or
lower. The revolving vortex location remains at the leading edge and allows for the upper
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surface flow to separate and reattach at the trailing edge. A wing with a stable LEV is,
therefore, able to satisfy the Kutta condition at the trailing edge at angles of attack beyond
which classical stall would occur for wings where no LEV is present; consequently, a

substantial enhancement of the wing lift coefficient is achieved [96]. Figure 11 illustrates

the development of a leading-edge vortex (LEV) on two profiles, visualized using smoke

streamlines and CFD simulations.
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Figure 11. Leading edge vortex (LEV) development on a dragonfly wing and a flat plate. (A-D) LEV

formation on a corrugated dragonfly wing profile during motion. (E-H) LEV formation on a flat plate

in still motion. (I,J) LEV formation obtained using CFD for a flat plate and a corrugated profile [95,96].

The formation of LEVs during wing motion was discovered by Ellington [9]. By

formulating a reduced-order model with six motors to flap the profile in mineral oil, the

lift generated by varying wing motions could be determined. It was concluded that the

primary contributor to the lift during hover is LEV generated.

Further research has been conducted on the formation of LEVs and their role in

life enhancement in corrugated wings. The results conclude that the unique corrugated

geometry offers a distinctive advantage in lift enhancement at low Reynolds numbers in

comparison to traditional aerofoils and flat plates [97-101].
More recently, a study by [102], found that at Reynolds of 3500, 34,000, and 100,000
for a corrugated profile, the flow is trapped in the corrugations, and it is only at higher

angles of attack that the flow contributes to the creation of the LEV. The research also found

that a conventional profile experienced the smallest sized LEV, which was consistent with

producing the lowest lift out of the corrugated and flat profiles within the study.

However, a study conducted by Abdizadeh et al. [60] focused on the formation of
LEV on both a corrugated profile and a NACA 4412 but also considered ground effect.
It was found that at lower Re (5 x 103), like the previous studies, the corrugated profile

created more concentrated and stronger vortices than the NACA profile. An opposite result

is observed once the Reynolds is increased to 5 x 10* however, with the NACA profile

generating more lift than the corrugated profile. This was identified to be due to the high

velocity flow the trapped eddy in the corrugation being unable to hold the vortices near
the surface of the profile. Whilst the effect of LEVs is well documented to enhance lift, their
effectiveness depends on flight conditions. At low altitudes, where air is denser, the wing
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would experience a higher Reynolds number. As shown, this will impact the lift generation.
Therefore, integrating corrugated wings into flight vehicles requires careful consideration
of the mission profile.

4.1.3. Lambda Vortex Breakdown

As the aerodynamically desirable LEV vortex is developed, a secondary vortex, the
lambda vortex, also forms, rotating in the adverse direction to the LEV. The opposing
development of the vortex breaks down and weakens the lift enhancement effect of the
LEV stated above. The study by Fujita and Iima [91] investigated the differences in the
formation of the additional vortex between a corrugated wing and a flat plate at Reynolds
of 1500 and 4000 using CFD analysis. Through analysis of the results, Fujita concluded
that the unique geometry of the corrugated profile induced variations in the air speed and
level of turbulence experienced along the span of the profile. These distinctive variations
hindered the lambda vortex from forming a stabilized and cohesive structure, resulting in
a breakdown of the vortex. The LEV is therefore able to continue its lift enhancement effect
on the corrugated profile. The result of this being that the performance of the corrugated
wing was better when the AoA was greater than 30°.

The breakdown of the lambda vortex, however, was not the only desirable aerody-
namic effect observed in the study. The paper highlighted the corrugation valley’s ability
to ‘trap’ the broken vortex fragments within its valleys. Building on previous research by
Fujita and Lima [103], this effect was presented as enhancing the lift. The ability to retain the
fragments of the broken vortices was observed to create an averaged negative pressure area,
producing a more adverse pressure gradient between the two surfaces, further enhancing
lift production.

The research found that the corrugated wing recorded a larger maximum lift coefficient
than the flat plate. The paper therefore suggests that, to enhance aerodynamic performance,
the structure of the corrugated profile should be designed to encourage the lambda vortex
to collapse and keep the split vortex inside the V-shaped structure.

The paper outlines several limitations, such as the study considering only two
Reynolds numbers. At larger or smaller Reynolds numbers, the effect of flow viscos-
ity could differ from the vortex motion analyzed. The study was also conducted using
two-dimensional models, and it states that if expanded to three-dimensional analysis, a
deeper understanding of the vortex interactions could be obtained.

4.1.4. Effect on Drag Reduction

A study conducted by Vargas et al. [5] utilized computational fluid dynamics to investi-
gate the aerodynamic performance of dragonfly wings in gliding flight at ultra-low Reynold
numbers. The study found that the aerodynamic performance was at least equivalent to
and even sometimes better than a profiled aerofoil. At low angles of attack where the flow
was attached to both surfaces of the wing profile, the corrugated profile experienced an
increase in pressure drag. However, this effect was compensated by a concomitant decrease
in the shear drag. This phenomenon was attributed to the presence of re-circularization
zones within the valleys, which provided a negative shear drag contribution.

The lift enhancement of LEVs has been highlighted previously; however, due to the
resultant pressure force acting normally on the wing surface, drag is also significantly
increased by the presence of an LEV [103].

A key study into the effect of corrugated aerodynamics was undertaken by Levy and
Seifert [44]. The study covered a Reynolds number range of 2000-8000. The research com-
pared the aerodynamic performance of a simplified dragonfly model with a conventional
low-speed wing design (Eppler-E61) through computational simulations. The results found
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that the corrugated wing not only generated significantly more lift but also experienced
less drag. To further build on these findings, the researchers conducted further testing
through means of wind tunnel and water channel testing. The results ultimately mirrored
those observed through simulations. However, the key finding of this study was in the
corrugated wing'’s ability to reduce its drag to enhance overall flight performance. It was
found that the corrugated profile generated small and temporary whirlpools (spanwise
vortices) that reattached to the upper backside of the wing. This was shown to minimize
the intensity of the vortices shed by the profile, reducing the overall drag force experienced.
Further studies have also found corrugation to have a notable impact on reducing the
overall profile drag of a wing [79,82,104].

4.2. Flow Separation and Stall

Flow separation is a critical parameter in dictating aerodynamic performance. It occurs
when the airflow over a body detaches from the surface, creating a turbulent wake field. The
result is a significant reduction in lift, an increase in drag, and the potential for aircraft stalls.
Studies have found that corrugated profiles can delay the onset of flow separation until
much higher angles of attack (AoA) compared to flat plates or traditional aerofoils [78,79].
The following subsections summarize the mechanisms behind the ability of the corrugated
profile to maintain its desirable aerodynamic characteristics and avoid stalling.

4.2.1. Boundary Layer Control

Research conducted by Ellington [9] suggested that the corrugated wing'’s ability to
delay flow separation is due to the ability of the geometry to influence the behavior of the
flow’s boundary layer moving along the surface of the profile. As shown in Figure 12, at
Reynolds numbers of 10,000 and lower, the rotating flow in the grooves generates negative
viscous drag, but at higher Reynolds numbers, pressure drag becomes dominant, reducing
the corrugated wing’s performance compared to the profiled wing [105].

(a) Profiled wing (b) Corrugated wing
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Figure 12. Vorticity field at 5°, 10°, and 40° AoA at Reynolds number of 10,000, showing flow
attachment streamlines for two wing geometries. Left image: flow velocity around a flat plate. Right
image: flow velocity around a corrugated profile [50].

Considering that boundary layer separation occurs along the profile surface, a sig-
nificant decrease in lift and an increase in drag is observed. The findings of the research
suggested that the corrugations have an effect in triggering an early transition of the flow.
This promotes the transition in the flow from a laminar into a turbulent state at earlier AoA
than conventional aerofoils can. Turbulence mixing is observed due to this transition, a
phenomenon that delivers high-momentum fluid from the freestream to the profile wall.
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The additional momentum experienced allows the boundary layer to resist separation and
retain its aerodynamic performance at angles where conventional profiles would experi-
ence separation and stall. Research conducted by Bauerheim [58] built directly on this,
suggesting that the abrupt change induced by corrugation geometry destabilizes the shear
layer of the boundary layer and freestream flow. This forms the mentioned recirculation
zones, which were identified to have the ability to energize the boundary layer, further
contributing to delaying flow separation. Beyond separation delay, research conducted
by Lehmann et al. [78] suggested that corrugations have the potential to promote flow
reattachment. Through wind tunnel testing it was observed that streamwise vorticity had
the ability to draw separated flow back to the wing’s surface. The reattachment could
improve stall characteristics. This mechanism was further identified as a key factor to the
corrugated profile’s ability to maintain its aerodynamic advantages at high AoA detailed
in [106,107].

4.2.2. Functionality

It must be noted that studies such as the one published by Sane [108] have attributed
the dragonfly’s ability to delay flow separation to factors beyond corrugation. The research
suggested that the natural twist in the corrugated profile helps manipulate the airflow,
keeping it attached at the leading edge. This section will outline the unique aerodynamic
functions enabled by wing corrugation.

A study outlined previously, by Salami et al. [80], noted the aerodynamic advantage
of tandem wings. However, the study also found that tandem wings improve aerodynamic
stability. This finding could potentially allow for stable hovering of the vehicle. Traditional
aerofoils rely on constant forward motion to generate lift. So, this finding potentially
identifies a distinctive advantage to integrating bio-inspired corrugated wings into current
vehicles such as MAVs. Furthermore, the study by Alexander [109] presented the finding
that dragonflies actively control their wing twist through muscle control, allowing them to
further optimize their performance and delay flow separation during changes in angle of
attack maneuvers. However, to replace this functionality within the current aircraft design
would require the use of morphing wings. The suitability of this concept will be explored
in subsequent sections.

5. Consequence of Angle of Attack (AoA)

Angle of attack is defined as the angle between installations in the relative wind in
the plane of symmetry and the longitudinal axis of a body [110]. A well-documented
relationship exists between the AoA and aerodynamic forces. An adverse pressure gradient
produces an increasing amount of lift with increase in AoA until a critical point is reached.
This section will review the existing research conducted on aerodynamic AoA studies on
corrugated wings and how the performance varies compared to other researched profiles.

This section will also explore current studies which have gathered data on corrugated
aerodynamics at a range of AoA, to identify the critical regions of operation and to high-
light how viable corrugation aerodynamics are under various flight regimes. For general
usefulness, Figure 13 provides key angle definitions that will be referenced throughout
the text.
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Key Manoeuvre Angle Definitions
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Figure 13. A schematic illustrating the orientation of the Angle of Attack (AoA) experienced by the
wing, highlighting the reference angle and the difference between the positive and negative phase shift
angles. This serves as a reference for the subsequent discussion of AoA and maneuver-related angles.

5.1. Role of AoA in Manoeuvrers

Accurately predicting corrugated wing performance requires a thorough understand-
ing of the angle of attack (AoA) effects. AoA studies can define operational limits for
bio-inspired wings, ensuring safe and efficient flight. This knowledge is critical for maneu-
vers exceeding conventional flight, such as vertical take-off, where high AoA lift generation
is essential. Additionally, AoA analysis can identify optimal wing operating conditions by
identifying the angles that maximize the lift coefficient to drag coefficient ratio (%), a key
performance parameter indicated in Table 1.

5.2. Effect of AoA on Boundary Layer Flow

A study by Lavimi et al. [111] analyzed the performance of a corrugated wing structure
at various angles of attack using CFD. The study focused on the different physics of the
flow at very high AoA. Results showed that the corrugation significantly improved lift by
delaying flow separation and creating beneficial vortex patterns even at AoA as high as
30°. This was due to the development of a laminar bubble which affected turbulence and
boundary layer development.

As seen in Figure 14, the increase in AoA for the corrugated profiles creates a more
significant wake, as the corrugated profiles manipulate the boundary layer flow, mitigating
flow separation more effectively than the flat plate. Additionally, the figure illustrates
vortex development along the surface, with laminar separation bubbles forming at specific
locations, increasing turbulence intensity and enhancing boundary layer stability. The
vortices covering the aerofoil help delay flow separation in the corrugated profiles, con-
tributing to a higher lift coefficient compared to the flat plate. Overall, research has shown
that corrugated wings are less impacted by changes in AoA compared to profiles such as flat
plates or conventional aerofoils at low Reynolds numbers [58,92,112,113]. This enhanced
performance is attributed to the unique aerodynamic properties of the corrugated design.
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Figure 14. Streamline plots at Re = 10,000 comparing two corrugated profiles to a flat plate: (a) AoA
of 18.69° and (b) AoA of 38.36° [111].

5.3. Critical Angles of Attack

Critical angle of attack refers to the angle where airflow over the wing disrupts, causing
a stall. Table 5 summarizes a wind tunnel study conducted by Kesel comparing corrugated
profiles to a flat plate and an asymmetric aerofoil at a Reynolds number of 10,000 [1].

Table 5. Aerodynamic characteristics of wing profiles [1]. For details on 1, 2, and 3 profiles, refer to

Figure 3.
Profile Flat Plate Asymmetric Profile 1 2 3
Cro 0.022 0.390 0.270 0.053 0.262
CL max 1.209 1.182 1.373 1.170 1.410
Critical AoA +10° +8° +10° +10° +10°

As seen from the Table 5, Kessel found that the corrugated profiles can achieve a
higher lift generation at a higher AoA than the asymmetric profile (aerofoil). Although the
flat plate shares the same critical angle as the corrugated profiles, two of the profiles have
higher lift generation. The image below further captures the consequence of the increasing
Ao0A on the flight of corrugated wings compared to a flat plate profile.

Across most angles of attack, a trend can be seen that the corrugated profile generates
a greater gliding ratio than a flat plate, although at extreme angles the aerodynamic
performance is similar. Unlike flat profiles, the corrugated design maintains a desired
gliding ratio even at negative angles of attack (AoA). This versatility makes corrugated
profiles well-suited for maneuvers requiring sharp AoA changes in both positive and
negative directions. At an AoA of 0°, the corrugated profile can generate significantly more
lift than the counter flat plate profile. As shown in Figure 15, Kessel [1] identifies a critical
angle of attack at 8°, a value corroborated by various studies on corrugated aerodynamic
profiles. Table 6 summarizes the critical angles of attack reported in different research
studies, highlighting the consistency of findings across the field.
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Figure 15. Graph showing the variation in gliding ratio (%) comparing a flat plate with a dragonfly
wing (Profile 1, shown in Figure 3), as obtained by Kessel [1]. The inset illustrates the configuration
and dimensions of the two profiles.

Table 6. Critical AoA for corrugated wing aerodynamics.

Critical AoA Method Reference
6° CFD [114]
10° Wind Tunnel [40]
10° CFD [2]

5.4. Consequence of AoA on Pressure Distribution

The corrugated wing’s ability to delay flow separation to outperform current wings
has been highlighted, and the critical angles have been identified. However, it is important
to explore the pressure distribution along the wing to understand where separation occurs
and how this is influenced by a varying angle of attack.

As seen from Figure 16, a CFD study [111] reveals that the corrugated profile exhibits
pressure drops in its valleys, whereas the flat profile maintains a mostly uniform pressure
distribution along its surface. At higher angles of attack, the flat plate experiences flow
separation, characterized by a reversal in pressure distribution along its upper surface.
In contrast, the corrugated profile sustains a favorable pressure distribution and even
demonstrates the ability to reattach flow at the rear of the profile. This indicates that the
corrugated profile experiences fewer adverse effects from flow separation compared to the
flat plate at high angles of attack. With an increased pressure differential, aerodynamic
forces such as lift are enhanced, highlighting the corrugated profile’s ability to deliver
superior performance across a range of AoA values.
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Figure 16. Numerically obtained pressure coefficient against chord position for a flat plate and two
corrugated profiles at a Reynolds number of 10,000. (a—c) Profile geometries. (d) AoA of —9.4°,
(e) AoA of 12.94° [111].

The ability to retain flow attachment at high angles of attack is a key aerodynamic
parameter, enabling the corrugated profile to outperform traditional wing designs in such
conditions [38,98].

While the mechanisms behind the corrugated wing’s high AoA performance are well
understood, the detailed pressure distribution across its surface remains largely unexplored.
Previous studies have provided limited insight into the exact separation points along the
corrugated profile under varying conditions. This gap in knowledge presents an opportu-
nity to optimize wing geometries further, potentially unlocking even greater aerodynamic
performance at higher angles of attack.

5.5. A Brief Note on Induced Errors

Many research papers utilize wind tunnel testing to capture corrugated aerodynamics.
However, there is a large consequence of increasing AoA on experimentally induced errors.
Wind tunnels operate through measurements of controlled airflow over a body. At high
AoA, the area of the body exposed to the oncoming airflow is increased. This reduces
the effective working area, which increases the velocity of the air as it flows over the
model [41] and thus changes the pressure distribution. This can lead to inaccurate lift and
drag measurements [115].

Wake blockage is a further error in wind tunnel testing; in a test section, a wake is
formed behind the model which has a lower velocity and thus a higher pressure than the
free stream [41]. This effect causes a pressure differential that affects the drag of the model.
The larger the angle of attack, the more significant the discrepancy between the measured
and actual forces. These errors must be considered when analyzing the consequence of
Ao0A on corrugated aerodynamics, especially at high AoA, where the discrepancies are
larger [116]. Moreover, this highlights the importance of using testing methods such as
CFD and PIV to avoid these errors.

5.6. Vortex Shedding

Outlined in Section 4.1.4, a study conducted by Levy and Seifert [44] found that
spanwise vortices help reduce the overall drag of a corrugated profile. However, this study
also noticed interesting consequences of this phenomenon with varying AoA. By analyzing
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the mean lift against AoA for a Reynolds number of 6000, a dependence of lift amplitude on
AoA was observed. It was found that the lift curve can be split into two distinctive regions.
The first region, up to an incidence of 7° AoA, showed that the oscillations of the coefficient
of lift as a function of time were small and constant. The second region, above 7°, found
that the coefficient of lift suddenly grew because of increasing AoA. It is hypothesized
that this growth is due to the production of a different vortex shedding mode, with larger
amplitude and lower frequency.

As AoA continued to increase, a further increase in lift value was observed. Inter-
estingly, the comparative aerofoil tested experienced a gradual increase in the coefficient
of lift oscillations with increasing AoA. It was also observed that for the aerofoil, at low
Ao0A (<0.7°), the transition to a different vortex shedding mode also appeared, causing flow
separation from the lower surface of the technical aerofoil.

5.7. AoA on Tandem Wings

The study on tandem wings outlined in Section 3.3 conducted by Salami et al. [80],
found that the AoA had a significant impact on the aerodynamic efficiency of the wings.
The study found that at higher AoA, a greater pressure difference in the surface of the
dragonfly wing was generated with higher angles of attack. Due to this, the lift increased
with increasing AoA. However, in addition to this, the drag also increased with a positive
AoA. These results validated those obtained in an earlier study by Bomphrey et al. [117].
The study measured aerodynamic coefficients at both varying AoA and also flapping
frequencies. It was found that the higher frequencies correlated with a greater lift force
than the lower frequency at all AoA up to 10°. The study managed to match the drag force
of the MAV wing to one produced by a real dragonfly at natural wing frequency even at
higher AoA (AoA > 10°). However, due to the flow separation and stall caused by the
increasing AoA, the drag force increased dramatically. The hindwing has its stall between
10° and 12° AoA, whilst stall angles on the forewing were not found until 15° and 17°. It is
stated that due to the flexible surface area, very high frequencies cause the MAV wing to
have poor resistance to adverse pressure gradients at higher AoA. It was stated that the
wing beat frequency does not have significant effects on L/D improvement at low AoA,
which can be observed for high AoA. The critical gliding ratio angle of attack was found to
be 10° out of those investigated. Although the paper has limitations due to the experiment
only utilizing a setup with a corrugated profile, it provides valuable insights. However, it
would benefit from further exploration with a comparative wing shape design alongside
the corrugated profile. This would allow for a more comprehensive evaluation of the
aerodynamic efficiency of the corrugated profile, particularly at AoA 5.8°, in comparison
to other profiles at varying AoA. A more recent study, Ref. [88], explores how the angle
of attack (AoA) and hindwing positioning in tandem flapping-wing arrangements affect
aerodynamic performance, increasing lift by 78.1% with optimal setup and reducing it by
51.6% with poor arrangement.

It is important to consider that, due to the flapping nature of dragonfly wings, the
wings experience a variety of angles of attack changes through a flight regime. The follow-
ing image shows the variance of wing deformation throughout hovering flight maneuvers.

Figure 17 illustrates the spatial deformations and deflection of dragonfly wings during
hovering, highlighting the load distribution and deformation during both upstroke and
downstroke. The study [11] found the deformations during upstroke to be approximately
twice as large when compared to the downstroke motion. The paper concludes that to
be able to deal with the deformation due to changes in AoA a sophisticated aeroelastic
design and actuation of the wings is required. A stiffer wing would experience higher
performance due to less energy being dissipated due to deformation with changes in
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AoA. Another study [118] found that during the upstroke, inertial forces dominate wing
deformation, while aerodynamic forces lead to downstroke. Inertial deformation increases
sixfold with rapid rotation, influencing dragonfly wing mechanics and design inspiration.
The structural deformation of flapping motion is a key area of corrugated flight which must
be explored further. Through design optimization, more efficient MAV and UAV vehicles
may be designed.
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Figure 17. Spatial deformations and deflection of dragonfly wings during hovering flight. (a) Distri-
butional load application. (b) Deformation during downstroke. (c) Deformation during upstroke.
Adapted from references [11,104].

6. Morphing Wings

The concept of introducing morphing wings is an extension of bio-inspired wing
concepts currently being studied to aid the development and improvement of current
conventional aircraft designs. The technological concept is to develop aircraft wings that
can dynamically change shape during flight to achieve performance optimization under
different flight regimes and conditions [119].

Morphing wings aim to mimic the adaptability of insect and bird flight found in
nature. This includes the ability to adapt wingspan, sweep angle, and wing twist. The
technology has the potential to improve aircraft maneuverability and efficiency. However,
with this potential comes a technological barrier, as challenges arise in implementing the
technology into current aircraft wings. The technology relies on a highly advanced actuation
system to control the shape of the wings and any fluctuations in design. Additionally, the
addition of a wing morphing process increases the complexity of structural integration
substantially, requiring research into materials and design procedures. Moreover, the
addition of morphing technology to wings requires the development of control algorithms
to enable transitions in wing shape. This presents a substantial computational challenge
to overcome.

The following subsections will explore current research on morphing corrugated wings.
An aircraft could be developed to combine exceptional performance in low Reynolds num-
ber flight and high angle of attack maneuverability by utilizing a corrugated configuration
and adapting to high Reynolds number flight through a transition to traditional aerofoil
designs. For example, the Figure 18 illustrates such a potential design that uses corrugated
wing morphing aerodynamics to optimize performance across various flight regimes, start-
ing with a low Reynolds number configuration and transitioning to a traditional aerofoil
for high Reynolds number flight.
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Figure 18. Schematic showing the potential application of corrugated wing morphing aerodynamics
to achieve desired performance across various flight regimes: (a) low Reynolds number configuration
with a corrugated wing profile, (b) increased Reynolds number with a transitional corrugated to
bio-inspired profiled aerofoil, and (c) high Reynolds number configuration with a traditional aerofoil.

6.1. Morphing with Corrugation in Nature

Insects possessing corrugated wings, such as dragonflies, exhibit passive morphing
during flight due to the flexibility of their wing membranes and veins. While the mus-
cles at the base of their wings enable independent forewing and hindwing movement,
the passive deformation of the wing structure occurs in response to aerodynamic forces.
This spontaneous cambering improves aerodynamic efficiency and compensates for bend-
ing deformation caused by air pressure, highlighting the adaptive nature of their wing
design [30,120-122].

Flow Sensing, Active Flow Control, and Application to Wing Morphing

As stated in the previous section, the dragonfly can passively morph its wings to
enhance the aerodynamic capability of its corrugated wings. It is important to understand
how this passive effect is possible and how it can be integrated into bio-inspired aircraft.

A detailed study investigating the aerodynamic sensing capabilities of dragonfly
wings [123] used neural activation models and CFD simulations to determine that strate-
gically positioned bristles on wing ridges can effectively capture aerodynamic flight pa-
rameters. The dragonfly’s wings, including bristle-bump complexes and leading-edge
serrations, act as a biological filter, enhancing sensor specificity. The research highlighted
the potential of bio-inspired flow sensors, which could enable real-time monitoring of
flight parameters and initiate wing morphing to suit the desired flight regime. Using a
leading-edge sensor, active control of wing morphing could be implemented, as shown in
Figure 19.

Dragonflies exhibit fixed-wing shapes that cannot actively morph like those of birds
or bats. Despite this limitation, they achieve exceptional flight control through unique
mechanisms. Using two pairs of independently controlled wings, dragonflies combine the
passive mechanical properties of their wings, including structural features like corrugation,
with active muscle control to adjust flight dynamics [124]. Nevertheless, exploring and un-
derstanding active flow control and wing morphing is essential for enhancing aerodynamic
efficiency in bio-inspired designs like Micro Air Vehicles (MAVs). Birds, bats, and insects
use morphing wings to adapt their flight mechanics, often through muscle-controlled
flexing or passive deformations [70]. For example, Liu [125] examined the active and
passive control of dragonfly wings, demonstrating that passive rotation dominates most of
the wing’s flapping cycle, with muscle-driven adjustments enhancing vortex strength at
upstroke reversal. Previously, [86] modeled the dynamic morphing of wings to increase
lift by altering the flow structure and wing area. As outlined earlier, the complex surface
corrugations on dragonfly wings have been shown to potentially enhance aerodynamic
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performance by increasing spanwise stiffness [32,86,126]. While many studies suggest
that such morphing mechanisms improve stability and performance, e.g., [28], some com-
putational models argue that corrugated surfaces do not necessarily outperform smooth
plates [127]. However, active flow control and morphing remain significant focuses in
biomimetic design, offering the potential for more efficient flight in UAVs and MAVs.
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Figure 19. Scanned electron microscopy image showing sensory bristle locations on the corrugated
wing (indicated by the black arrows) [123].

6.2. Aerodynamic Coefficients of Corrugated Morphing Wings

A study explored corrugated composites for morphing structures by adding a cor-
rugated section to the trailing edge of an aerofoil, allowing a 4% change in chord length
and 12° deflections. Wind tunnel testing showed that the concept worked well at low
speeds, reducing drag in the corrugated trailing edge with minimal impact on structural
performance [128]. A subsequent study [129] tested a NACA 0012 aerofoil, finding that
while corrugation had adverse effects on aerodynamic performance, it retained flexibility
in morphing.

From the perspective of static aeroelastic behavior, the work [130] uses a nonlinear
aeroelastic framework to model the aerodynamic and structural responses of these wings
under large deformations. The findings indicate that corrugations can negatively impact
aerodynamic performance, but proper design—such as low amplitude, low wavelength
corrugations and recessing them within the aerofoil—can mitigate these effects. The study
also demonstrates the framework’s ability to analyze complex aeroelastic characteristics of
morphing wings. A study [131] further explored the aerodynamic performance of aerofoils
with corrugated skins in the aft 1/3 of the chord. It showed that such configurations caused
a reduction in lift slope (dC;/de) and an increase in drag at zero lift (Cdy). Figure 20 shows
the experimental wing profiles and results emanating from the results of [130]. However,
these effects could be minimized with careful design of corrugation shape, wavelength,
and Reynolds number. Low amplitude and low wavelength corrugations provided the
best results, and recessing corrugations within the aerofoil shape restored lift and drag to
levels similar to a smooth aerofoil. The study also highlighted that morphing aerofoils with
corrugations offer potential for improved performance with the right design considerations.
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Figure 20. Effects of skin corrugation on aerodynamic performance. (a) Profiles used within the
experiment. (b) Graph of dC;/d« for three profiles, at six various Reynolds numbers. (c) Graph
of Cdy for three profiles, at six various Reynolds numbers. Adapted with permission from [129].
Copyright, 2025, Cambridge University Press.

6.3. Structural Considerations of Corrugated Morphing Wings from an Aerodynamic Perspective

Although this review paper primarily focuses on aerodynamics, the structural design
of corrugated wings plays a significant role in their performance. The structural character-
istics, including the ability to adapt and distribute loads, directly influence aerodynamic
behavior. Therefore, we will briefly discuss the key aspects of the corrugated structural
considerations from the perspective of aerodynamics, as it is crucial for the effectiveness of
a morphing wing structure.

Morphing aircraft wings adapt mid-flight to enhance aerodynamic performance, ad-
justing span, chord, twist, or camber to optimize lift, reduce drag, and improve maneuver-
ability. A key challenge is designing skins that combine stiffness for aerodynamic loads
with flexibility for shape changes. Corrugated skins, with their anisotropic properties,
provide an effective solution, offering flexibility, structural strength, energy absorption,
and aerodynamic efficiency while being easy to fabricate [127]. From an aerodynamic
perspective, cyclic stresses on morphing corrugated skins—arising from aerodynamic
forces or actuator-induced loads—are critical for understanding fatigue behavior. Dayyani
et al. [132] found that elastomeric coatings on corrugated skins dissipate energy through
the ‘stress-softening’ phenomenon known as the Mullins effect, even before reaching the
elastic limit, due to micro-damage. This highlights the importance of material resilience
under repeated aerodynamic loading and the need for coatings that balance energy dis-
sipation with structural integrity to maintain aerodynamic efficiency and durability in
morphing applications.

A study by [133] used MATLAB to perform beam-element to optimize in-plane stiff-
ness whilst minimizing skin mass. The study found a large potential in corrugated skin in
having the ability to increase bending stress which allowed for fewer structural stringers
to be required to actuate morphing. This led to a lighter overall structure. In another
work by [134], it was found that through prototyping, that additional structural support is
required to maintain the load bearing capability of a none-morphing wing. Thill et al. [128]
demonstrated the use of composite corrugated skins for a morphing trailing edge of a
NACA 0024 aerofoil, achieving camber morphing and chord extension using a scissor
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mechanism. Despite achieving up to 4% stretch and 12° deflection, the lack of internal
support led to skin buckling under aerodynamic and structural loads, causing increased
drag. Yokozeki et al. [131] integrated carbon fiber corrugated sheets and servomotor actua-
tion for a camber morphing aerofoil, enhancing lift but encountering drag issues due to
an uneven lower surface. Dayyani et al. [133] emphasized the interaction of corrugated
skins with internal aeroelastic structures, proposing elastomer-coated designs for improved
compliance [133]. Ursache et al. [135] developed a winglet design by incorporating a
corrugated skin to allow flexible partition movement, enabling dynamic shape adaptation
while maintaining aerodynamic efficiency. Figure 21 illustrates the design, achieving a
0.52 rad dihedral angle change and 0.055 rad twist angle change, showcasing the potential
of corrugated structures in adaptive wing technologies. Fincham et al. [136] noted signifi-
cant aerodynamic penalties from corrugation depth while advocating smooth coverings to
mitigate drag.

Figure 21. A morphing winglet with a corrugated structure, illustrating its ability to extend and
adjust its angle [135].

The recent review of Ameduri and Concilio [119] effectively shows that morphing
wing systems, including adaptive trailing and leading edges, can enhance aerodynamic
efficiency, with benefits like a 3% fuel reduction from trailing edges and a 5% reduction
from leading edges by maintaining laminar flow. Winglets and rudders improve fuel
savings and operational capabilities, such as reduced runway requirements. It critically
examines the interplay between innovation and regulatory challenges, addressing issues
like load transmission, skin flexibility, scalability, and aeroelastic behavior, essential for
advancing morphing technology in environmentally sustainable aviation. For a deeper
understanding of these challenges, the authors direct readers to the original work, which
explores the key obstacles in the development of morphing wings [119].

7. Concluding Reflections, Challenges, and Visions for the Future

The field of corrugated wing aerodynamics has grown massively; for instance, a simple
Google Scholar search for ‘corrugated wing aerodynamics’ shows that approximately
2260 articles were published between 2020 and 1 January 2025, while 1600 articles were
published from 2015 to 2019. This represents a remarkable trajectory of interest and
innovation spanning multiple disciplines and research methodologies in the last decade.
The scope of this review, along with its coverage of numerical and experimental methods
in the aerodynamics of corrugated wings, selected advances and problems particularly
timely to the progress from the past, present advancements, and potential future needs of
this field.

Nonetheless, though, fortunately, a large number of researchers have already made
great efforts in this field and their work is of substantial help in its progression, with due
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respect, to cover all the papers within the scope of this review would almost be impossible.
Considering that this review focuses mainly on the situations and developments from the
recent past, present, and reviews of future advancements in the field of aerodynamics of cor-
rugation in wings, the information provided herein cannot be considered comprehensive,
as it is ever evolving. Notwithstanding the level of technical complexities involved due to
the great number of works and their contribution to a wide variety of multiphysics methods,
it is not possible to integrate all contributions. Additionally, the rapid rate of development
of computational tools and experimental methods often leaves early foundational work
underexplored considering more recent breakthroughs. The current research overwhelm-
ingly concentrates on skin corrugation for simple classes of aerofoils, such as trailing edges,
where the aerodynamic advantages, like drag reduction, are understood to be high for a
low Reynolds number regime. One such classic is the early work by Rechenberg in the
1960s, who used innovative analog randomization techniques to optimize corrugated plate
configurations for aerodynamic drag reduction. Their work, although groundbreaking
at such an era, has received limited attention but is a steppingstone towards the current
machine learning (ML) applications in aerodynamic optimization, as indicated by [137].
For more information we direct readers to references [138,139]. At present, employing
the improvement of machine learning (ML) and computational fluid dynamics (CFD),
the prospect of optimizing corrugated geometries has the potential to be significantly
improved [137], which can be beneficial to quantitative optimization of lift-to-drag ratios.

Despite much progress, some fundamental challenges remain. Current morphing
wing studies have mostly been confined to localized skin wrinkling. In the future, work
will be necessary to explore the feasibility of designing whole wings that transition between
corrugated profiles and classical aerofoils to fully realize the technology potential. This
morphing will enshrine the possibility of restoring the advantage of corrugation at low
Reynolds numbers while balancing the advantages of a traditional corrugated aerofoil’s
efficiency at higher Reynolds numbers and thus the best performance over the entire
envelope of flight regimes. Bio-inspired designs, e.g., those inspired by dragonflies and fly
wings, provide an intrinsic build framework for these versatile systems [53,140]. The use of
ML in aerodynamic studies holds great promise. For instance, algorithms such as double
deep Q-networks (DDQN) have been successfully tailored to minimize those corrugated
aerofoil configurations that maximize lift-to-drag performance, achieving improvement
of up to 5.6% [141]. Possible future developments in this area may involve real-time
virtual representations of morphing wing designs using data updates from sensors coupled
with Al-based models through physics informed fluid—structure interaction, leading to
digital twins. Yet, such computational capabilities need to be accompanied by rigorous
experimental validation through, for example, PIV, wind tunnel measurements, and high-
fidelity 3D-printed prototypes [113,142]. These approaches will help fill the discrepancy
between theoretical models and applications.

Fluid-structure interaction is, to this day, one of those most challenging elements
that needs to be determined in the case of corrugated wings, and even more so under
dynamic flight conditions, and when analyzed from a tandem wing’s perspective. While
experimental and computational studies have advanced significantly, some discrepancies
remain in modeling transition, vortex interactions, and aerodynamic efficiency at different
Reynolds numbers. Corrugation has been previously demonstrated to increase mechanical
stiffness but to retain enough flexibility to allow for effective load transfer in flapping
and during gusty exposures leading to wing damage [140,143]. High-fidelity FSI models
involving multiphysics phenomena such as aeroacoustics and thermal effects will play an
increasing role in the design process of wing shape optimization for noise management
and energy efficiency. This integration will also broaden the scope for the use of corrugated
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wings in contemporary air transportation, from small UAVs to larger commercial aircraft.
Sustainability is one of the key concerns for future aerospace systems, and corrugated
morphing technologies could play a role in achieving these objectives, though further
validation is needed. Lightweight, bio-inspired-based materials and morphers contribute
to new avenues for profound energy savings as well as emissions reduction, and aerody-
namic efficiency. Research on MAVs and UAVs reveals the possibility of ultra-lightweight
materials and composite materials to build strong, low-drag structures [119,144]. With the
advancements in additive manufacturing technologies [145], the potential for high-fidelity,
large-scale production of corrugated wing shapes shall only continue to grow, thereby
incentivizing aerodynamic development for each application explored.

Standardization and benchmarking shall be crucial in promoting research into corru-
gated wings. The current discrepancy in geometries, testing procedures, and performance
measures hampers the comparative analysis. For the creation of unified datasets and
benchmarks, it is essential for experimentalists and computational researchers to ensure
the reproducible, consistent evaluation of new designs. The incorporation of biological
data, such as 3D scans of natural wings, provides a strong basis from which to combine
biological realism with engineering realism [31,43]. Looking forward, the key to facing
these challenges will undoubtedly be an interdisciplinary collaboration among researchers,
scientists, and technologists supported by industries and governments. Extending the
intersection of takeaways from biology, materials science, artificial intelligence, and engi-
neering, future work in aerodynamic and aeroelastic-based optimization can continue to
stretch the limits of what is feasible. As presented in this work, the hybrid models, which
combine AI, CFD, FSI, and aeroacoustics simulations, would be the most effective toward
achieving real-time, adaptive solutions for UAVs, MAVs, and others. Also, investigations
into corrugated wing geometry as applied to larger scales, e.g., commercial aircraft and
renewables, is a promising field in which their influence can be extended.

As a closing remark, the developments of the past 10 years in corrugated wing aerody-
namics all highlight the disruptive impact that this technology will be able to bring about in
the next decade. It has transitioned from the basic experimental history of the last decades
to the contemporary, advanced, Al-based optimization, and the discipline has evolved
into a multidisciplinary activity combining natural inspired engineering with engineering
innovation. Reflecting on the existing challenges in scalability, morphing, and experimental
validation, corrugated wings offer a promising aerodynamic concept that may contribute
to future aerial vehicle designs by improving sustainability and efficiency, though further
research is needed to address these limitations.
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Nomenclature

The following abbreviations are used in this manuscript:

UAV Unmanned Aerial Vehicle
MAV Micro Aerial Vehicle
CFD Computational Fluid Dynamics

PIV Particle Image Velocimetry
AoA Angle of Attack

FSI Fluid Structure Interaction
DDQN  Double Deep Q-Networks

ML Machine Learning

Al Artificial Intelligence

LEV Leading Edge Vortex

TEV Trailing Edge Vortex

FVM Finite Element Method

FEA Finite Element Analysis

CT Computed Tomography

LES Large Eddy Simulation

ILES Implicit Large Eddy Simulation
GPU Graphics Processing Unit

IBM Immersed Boundary Method
FW-H  Ffowcs-Williams and Hawkings

2D Two dimensions
3D Three dimensions
Cy Coefficient of drag
C Coefficient of lift
Cp Pressure coefficient
Cr Skin friction coefficient
Re Reynolds number
St Strouhal number
D Drag force
L Lift force
A Area
p Pressure
Poo Ambient pressure
0 Density of the fluid
Tw Wall shear stress
I Characteristic length scale
f Frequency of vortex shedding
14 Flow velocity
P Phase angle
Cy Horizontal force coefficient
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