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Aerial and aquatic biological and bioinspired flow
control strategies
Ahmed K. Othman1, Diaa A. Zekry1,2, Valeria Saro-Cortes 1,2,

Kyung Jun “Paul” Lee1,2 & Aimy A. Wissa 1✉

Flow control is the attempt to favorably modify a flow field’s characteristics compared to how

the flow would have developed naturally along the surface. Natural flyers and swimmers

exploit flow control to maintain maneuverability and efficiency under different flight and

environmental conditions. Here, we review flow control strategies in birds, insects, and

aquatic animals, as well as the engineered systems inspired by them. We focus mainly on

passive and local flow control devices which have utility for application in small uncrewed

aerial and aquatic vehicles (sUAVs) with benefits such as simplicity and reduced power

consumption. We also identify research gaps related to the physics of the biological flow

control and opportunities for device development and implementation on engineered

vehicles.

Natural flyers and swimmers operate under various conditions. The same animal, for
example, a flyer, can repeatedly take off, hover, glide, flap, and perch in different
environmental conditions, such as during gusts and thermals or closer to the ground or

the water surface. This agility and maneuverability are possible because of the ability of these
biological systems to alter the flow around their lifting and thrusting surfaces, using what is
referred to as flow control. Flow control is defined as attempting to favorably modify a flow
field’s characteristics compared to how the flow would have developed naturally along the
surface1,2. Flow control mechanisims include postponing boundary layer separation, delaying or
advancing laminar-turbulent transition, and altering vortical structures and dynamics (Fig. 1).
Such mechanisms often lead to drag reduction, lift enhancements, or noise suppression and can
be implemented through flow control devices such as flaps, slats, or synthetic jets, to mention a
few.

Multiple classifications exist for flow control devices; one of the most common ways is to
classify flow control techniques as active or passive based on their energy expenditure. Passive
flow control requires no actuation nor energy expenditure, making it less complex and more
affordable; however, it cannot always provide enough control authority or adaptability, especially
in complex applications3,4. On the other hand, active flow control devices require actuation and
power to affect the flow5. Another classification is related to the area affected by the flow control
device, namely local versus global flow control (Fig. 1). Local flow control devices introduce
localized changes to the flow structures at a particular area of the lifting surface. In contrast,
global flow control devices usually affect the flow over the entire wing or lifting surface.
Examples of local flow control devices include synthetic jet actuators or roughness strips, while
wing sweep and camber morphing systems would be considered global flow control devices.

There have been extensive studies and reviews on flow control techniques and devices3,4,6,7.
Most of these studies focus on engineered flow control devices, large-scale aircraft, and fully
developed turbulent conditions (Reynolds number (Re) ≥ 106)8. More recently, studies have
focused on bioinspired and biological flow control techniques9. Understanding biological and
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bioinspired flow control techniques help in two crucial ways.
First, these techniques provide new insight into biological loco-
motion and uncover the physics that enable these organisms to be
adaptable and efficient across multiple flight conditions. Second,
bioinspired flow control techniques are more suitable for small-
scale uncrewed vehicles than traditional approaches developed for
large-scale and high-speed operations. Due to the limited volume
and payload capabilities of small-scale vehicles, traditional flow
control devices’ size, complexity, and weight penalties are
prohibitive1,6,7,10,11. Scaling down conventional flow control
devices may also not be suitable for the mission demands of
small-scale vehicles. Traditional flow control techniques are most
effective over a limited range of angles of attack and operational
conditions. In contrast, the mission demands and applications of
small uncrewed aerial or aquatic vehicles (sUAVs) often require
them to operate over a wide range of angles of attack. Thus,
biological flow control techniques offer a suitable solution to
augment the performance of sUAVs because of the similarities
between the operational conditions of these vehicles and the
biological organisms.

This article reviews biological flow control techniques and
devices implemented by birds, insects, and aquatic animals and
the engineered systems inspired by them. The article expands on
recent review articles focused on biological flow control9,12 by
including the biological flow control mechanisms and the
bioinspired devices inspired by them, highlighting key research
gaps and opportunities for sUAVs. The article is divided into
three main sections: flow control in avian and avian-scale fliers,
flow control in insect and insect-scale fliers, and flow control
in marine animals and bioinspired aquatic systems. For each
section, the article categorizes the flow control devices according

to well-defined flow control mechanisms and classifications
(Table 1). The article mainly focuses on passive and local flow
control devices because they can be easily integrated into small
engineered vehicles compared to active and global flow control
devices. Finally, the article highlights some of the gaps in the
literature and the exciting opportunities for bioinspired flow
control research.

Avian flow control
Bird wings have multiple sets of feathers that serve numerous
functions, from thermal insulation to improved flight perfor-
mance and sound damping13–15. Aerodynamically, aside from
generating the necessary aerodynamic forces for flight, feathers
also serve as flow control devices15–18. A detailed description of
bird wing geometry, internal and external structures, and feathers’
form and function can be found in15. This section reviews four
feather systems or feather features for flow control, namely the
covert feathers, the alula, the emargination of the primary
feathers that create slots towards the wingtips, and leading edge
serrations that have been mainly observed in owl feathers.

Covert feathers. The covert feathers are a set of contour feathers
that exist on the upper and lower surfaces of birds’ wings and
tails. Wing coverts consist of multiple overlapping rows or
layers, where the row near the leading edge is named the lesser
coverts, followed by the median coverts and the greater coverts
(Fig. 2a-i)19. Understanding the role of the coverts in avian flight
as a flow control device was crucial for the development of similar
bio-inspired flow control devices16. In a study done by Carruthers
et al.17, they examined the coverts deployment of a steppe eagle
(Aquila nipalensis) during different flapping and perching

Fig. 1 Flow control mechanisms and classifications and their implementations as flow control devices. The superscripts indicate the flow control
mechanism implemented by each flow control device. The figure classifies flow control mechanisms into 1- separation control [Reproduced from ref. 160,
The National Aeronautics and Space Administration (NASA)]160, 2- transition control [Reproduced from ref. 161, The National Aeronautics and Space
Administration (NASA)]161, 3- vortex tailoring [Reproduced from ref. 162, The National Aeronautics and Space Administration (NASA)]162.
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Table 1 Summary of selected biological and bioinspired flow control devices studies.

The abbreviations under the study type are as follows: E is an experimental study, F is a free-flight experiment, and S refers to numerical simulations. The icons in the flow control mechanism column are
the same icons used in Fig. 1.
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sequences both indoors and outdoors using a high-speed digital
video camera placed on the upper wing. In their study, the cov-
erts’ response was classified as a passive aeroelastic response,
since the bird muscles can only apply force at the base of those
feathers, while during the experiments, the deployment of the
coverts was initiated from the feather tip17. The upperwing and
underwing coverts were noticed to deploy during high-angle of
attack maneuvers, such as perching, take-off, landing, and gust
maneuvers. Carruthers et al. also observed that the underwing
coverts deploy at take-off, landing, and flapping perching
sequences. The underwing coverts, highlighted by the orange
circle in Fig. 2, were noticed to deploy all together as one unit,
which makes them analogous to Kruger flaps. Kruger flaps pro-
trude from the leading edge of engineered wings to augment and
extend the lift curve slope20. They are typically used during take-
off and landing, which is also when the underwing coverts were
noticed to deploy. On the other hand, the greater upperwing
coverts (Fig. 2a-i) were noticed to deploy during the downstroke
of flapping flight and in response to gust. Moreover, secondary
upperwing coverts were noticed to deploy during both gliding
and flapping perching sequences. The study suggests that the
upperwing and underwing coverts appear to be used for flow
control to enhance unsteady maneuvers, and may also provide
sensory feedback to the bird17.

Due to their simplicity and aerodynamic advantages, the
coverts were adapted on engineering wings in multiple forms to
obtain a passive yet adaptive high-lift flow control device for stall
mitigation (Fig. 2a-ii). Engineering studies have expanded the
parameter space beyond what is in nature; for example, while in

birds covert feathers are limited to the front half of the wing,
engineering studies experimented with covert-inspired flaps at
different locations ranging from the leading edge of the wing to
the trailing edge. Moreover, the implementation of covert-
inspired devices in engineering studies ranges from real feathers
and hair-like flaps to rigid plastic and metal flaps with various
geometries21–24. Furthermore, flaps with various mobility have
also been studied, starting from simple static flaps at a fixed angle,
to freely moving flaps, to torsionally-hinged flaps with adjustable
stiffness25–30. Despite the different structural and mobility forms
of the covert-inspired flaps, most studies confirmed that
upperwing coverts act as a lift enhancement flow control device
at post-stall conditions.

Most of the engineering studies have focused on upperwing
covert-inspired devices. Duan and Wissa25 showed that rigid
static covert-inspired flaps placed between 40% and 80% of the
chord from the leading edge can improve post-stall lift up to 23%
at a Re ~ (105). Several studies 26,27,29,31 also examined the effects
of freely moving upperwing flaps at Re ~ (105−106). Bechert
et al.27,28, and Meyer et al.31 examined the effects of a freely
moving flap on two different airfoils using both wind tunnel
testing and numerical simulations and observed lift improvement
of more than 10% and stall delay in both studies. They attributed
the lift enhancement of the trailing edge coverts to the flap
blocking the reverse flow and adverse pressure from advancing
towards the leading edge of the airfoil in what they called a
“pressure dam” effect. Coverts-enabled lift enhancement was also
evident at a wide range of laminar low Reynolds number studies,
Re ~ (103−104) both numerically and experimentally30,32,33. Nair

Fig. 2 Selected avian and avian-scale flow control devices inspired by feathers. Selected feather systems shown here are the coverts (a), the alula (b),
and the slotted wingtips (c). a–i Coverts on the upper surface of a heron wing where the initials PC, SLC, SMC, and SGC stand for Primary Coverts,
Secondary Lesser Coverts, Secondary Median Coverts, and Secondary Greater Coverts, respectively. [Source: Pixabay] a-ii Numerical vortex contours
show the streamlines superimposed with the vorticity contours. Blue and yellow contours represent clockwise and counterclockwise vorticity, respectively.
The figure shows that the covert-inspired flaps can block reverse flow and enhance lift29. [Adapted with permission from ref. 29] b-i The alula in birds
generates tip vortices, which delay separation and boundary layer reversal42. [Reproduced from ref. 42]. b-ii An alula-inspired device applied to an
engineered wing is also effective at delaying separation compared to a wing without an alula, as indicated by Particle Image Velocimetry (PIV) results43,45.
[adapted with permission from ref. 45] c Flow visualization of vortex structures around the slotted wing tip of a jackdaw (i and iii) shows the effect of slots
on the vortex structures at the wingtips [adapted with permission from ref. 54] with similar studies performed on engineered wings showing similar vortex
structures (ii and iv) [adapted with permission from ref. 65].
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and Goza33 and Othman et al.29 analyzed the fluid-structure
interaction of an upperwing torsionally hinged covert-inspired
flap at two different Re regimes (Re= 1000 and Re= 200, 000) to
understand the effect of different flap structural properties (i.e.,
flap inertia and hinge stiffness) on the vortex structure and
shedding frequency. Their study shows that low-inertia flaps were
more effective at improving lift than high-inertia flaps. They also
found that there are several similarities between both Reynolds
numbers. For example, the covert-inspired flaps do not alter the
vortex shedding frequency of the original airfoil at both high
and low Re flows, with some unsteadiness for the high Re regimes
due to turbulent transition29. Thus, despite the difference in
the flow physics between laminar [Re ¼ Oð103Þ] to transitional
[Re ¼ Oð104 � 105Þ] to turbulent flows [Re ¼ Oð106Þ], the
effectiveness of the covert-inspired flaps in improving lift across
Reynolds numbers regimes suggests their suitability as a flow
control device for different flight regimes and different UAV
configurations24,32–34.

Fewer studies have considered the role of multiple upperwing
covert-inspired flaps and underwing devices. Duan and Wissa
studied the effect of multiple flaps arranged chordwise on a 2D
airfoil at a Re ~ (105), and they found that the flaps have an
additive effect on lift post-stall where the lift improvements
increased with the number of flaps35. Nair et al.36, also studied
the effect of multiple flaps numerically at a much lower
Re ~ (103), and found that at this low Re deploying a single flap
near the trailing edge alone results in the greatest lift improve-
ment compared to the multiple flap cases. As for underwing
covert-inspired devices studies, an experimental investigation by
Wang et al. compared the aerodynamic effects of flaps, made
from real feathers, on the upper and lower sides of a NACA 0012
airfoil at Re= 30, 000. The flap mounted on the suction (upper)
side was found to have a positive impact at post-stall angles. On
the other hand, when mounted on the pressure (lower) side, the
flaps show aerodynamic benefits at small angles of attack
(α=−4∘ to 8∘). Using PIV measurements, the authors attributed
the lift benefits of the pressure side flaps to the increase in
leading-edge vorticity and the larger dead flow region in the
vicinity of the flapped airfoil pressure surface, leading to
generation of high pressure and greater downward flow
momentum beneath the pressure surface for the flapped case24.

In addition to wind tunnel experiments and numerical
simulations, Meyer et al.31 performed free-flight experiments to
test the effectiveness of the covert-inspired flaps during actual
flight. Freely moving flaps were mounted on top of a STEMME
S10 motor glider at Re= 106. It was found that the flap improved
maximum lift by about 10% at post-stall angles of attack, which
matches the results of both wind tunnel experiments and
simulations. Pilot comments indicated that changes to flight
behavior were moderate when the flaps were mounted at the
inner part of the wing and that keeping flight speed near stall
values was easier with the movable flaps attached. On the other
hand, the same study examined the use of covert-inspired flaps on
swept and tapered wings, and it was found that in these cases,
flow separation is dominated by 3D secondary flows, which
makes these flaps less effective. Moreover, the flaps were found
not to be compatible with vortex generators upstream of the flaps;
this is because the vortex generators generate wrapped free shear
layers with which the flaps cannot interact in a meaningful way.
Furthermore, under attached flow conditions (small angles of
attack), the freely moving flaps get slightly raised, which results in
a slight drag increase and a lift detriment due to the small
separation regime at the end of the flap.

In summary, covert feathers and covert-inspired systems can
be considered high-lift devices that can be used for separation

control during high angle of attack maneuvers to enhance post-
stall lift. They improve lift by blocking the reverse separated flow
from propagating upstream of the wing. We classified the coverts
flow control mechanism as separation control across all Reynolds
numbers regimes (Table 1) However, despite many studies on
covert-inspired flow control devices, there are still gaps that
warrant further investigation. For example, there is a need for
more studies focused on the interaction between upperwing and
underwing coverts as a function of the flow conditions and the
flaps’ properties. Furthermore, the interaction of covert-inspired
flaps with traditional flow and flight control techniques such as
flaps, ailerons, and slats has not been studied. Finally, covert-
inspired devices have yet to be implemented on small-scale UAVs
during flight to evaluate their benefits and downsides critically
and assess how these flaps change the wing’s stability parameters
and the aircraft’s propulsive efficiency.

Avian alula. Another feather system investigated for its role in
flow control is the alula. The alula is a collection of feathers on the
hand-wing of most birds15,37. Structurally, the alula is a skeletal
bone digit named the alular digit. It is attached to the carpome-
tacarpus bone on the wing15. The alula consists of 2–3 feathers at
the leading edge of most birds’ wings15,37. On average, the alula
size varies between one-fifth to one-tenth of the total span of a
bird’s wing15,37,38. Birds with high wing loading or that frequently
maneuver at high angles of attack are the birds with the most
pronounced alula according to the weight, span, and alula mea-
surements reported in reference13. Savile et al. also studied the
evolution of the avian wing with a focus on the aerodynamic
performance of different birds. They observed that birds mainly
used their alulas during low-speed flight control for landing,
takeoff, and perching maneuvers. The connection between the
alular digit and the carpometacarpus allows complex motion of
the alula, which facilitates the performance of such maneuvers.
The alula moves both in-plane and out of the plane of the wing,
meaning it can abduct, adduct, pronate, and supinate15,37. The
alula can be found in insects and birds. We focus on birds’ alula
in this section and insects’ alula in a later section.

Aerodynamically, the alula is a post-stall lift enhancement
device studied in the literature through numerical simulations,
wind tunnel testing, and flight observation of birds. Savile et al13.
proposed that the mechanism by which the alula works is such
that it acts as a leading-edge slotted flap that deploys passively by
large birds or small active birds. The slotting accelerates the flow
between the wing and the flap, which mixes and energizes the
flow past the flap, thus delaying separation and increasing
maneuverability. Multiple studies hypothesized that the deploy-
ment of the alula is passive37,39,40. However, Carruthers et al.41

observed the alula deployment through video recording and
divided it into two stages: a) passive peeling in response to
changes in the flow conditions, and b) active protraction of the
alula through a 45∘ sweep forward to the leading edge41. Austin
et al.39 went further and proposed an additional mechanism for
the alula. They proposed that the alula suppresses the vortex
bursting over the upper surface by generating vortical structures
that maintain the lift over the hand wing. Lee et al.42 studied the
alula based on flight observations and wind tunnel experiments.
Using digital particle image velocimetry, Lee supported the
hypothesis in ref. 39 and showed that the alula increases lift at
high angles of attack (AoA) by working as a vortex generator
(Fig. 2b-i).

In more recent years, a transition towards using engineering
wings with alula-inspired devices occurred in order to system-
atically study the design parameters of the alula and their effect
on aerodynamic performance, as well as to implement them as
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flow control devices on sUAVs (Fig. 2b-ii)). Mandadzhiev et al.
mounted an alula-inspired device on an S1223 airfoil (i.e., a 2D
experiment)43. Their study shows that the alula-inspired device
enhanced lift at post-stall angles of attack and that the lift
enhancements are a function of the device’s deployment
parameters. Ito44,45 expanded on Mandadzhiev’s study43 by
mounting the alula-inspired device on a finite wing rather than an
airfoil (i.e., a 3D experiment). The study showed that the lift
enhancements for the 3D experiment (37%) were more
pronounced compared to the 2D experiment (8%). The additional
lift enhancement was attributed to the hypothesis that the alula-
inspired device works not only as a slotted flap but also that it
generates a tip vortex that acts as a boundary layer fence
preventing the propagation of stall outboard44. Thus, Ito’s44,45

results show that the alula is a 3D post-stall lift enhancement
device, supporting biological observation in refs. 39,37,46. Linehan
et al.47,48 used PIV to study the vortical structures created by the
alula-inspired device and their interaction with the wing vortices.
The authors proposed that the alula works through leading-edge
vortex roll-up and tilting. More specifically, the alula causes a
spanwise flow which energizes the shear layer and directs the flow
towards the wingtip vortex, enhancing post-stall lift
production47,48. In further work, Linehan et al.38 studied the
scale effect and location of the alula, showing that a lift-
maximizing position also corresponds to the actual evolutionary
location of alula in birds.

Linehan and Ito studied the alula experimentally in a steady
flow at Reynold’s number 75,000 and 100,000–120,000, respec-
tively. Linehan studied the effects of the different parameters by
modeling the wing and alula as flat plates. Ito et al. added
complexity to the geometry using an S1223 airfoil and a bird-
inspired alula profile. However, both studies lack the addition of
flapping or aeroelastic effects. A study by Bao49 added the
flapping complexity by studying a sinusoidal flapping input
numerically on an alula similar in geometry and flow conditions
to Ito. The numerical solver used Unsteady Reynold’s-Averaged
Navier-Stokes with a κ–ω turbulence model. Results support that
the alula works through slat and vortex interaction effects.
Further, it shows that the slot effect dominates at the start of the
upstroke. However, the vortex effect dominates in the midpart of
the upstroke, and both play a role in the downstroke. The authors
also report the effect of different design parameters on the alula
trailing edge vortex and the alula streamwise vortex, affecting the
lift response49. Finally, Zekry et al.50 used a design of experiment
approach with linear regression models to produce response
surfaces for lift and drag forces as a function of the flight
conditions and the alula parameters, which can be later used in
control laws for flight control systems.

In summary, the alula is a very effective high-lift device as it can
maintain flow attachment over the wing at high AoA and low-
speed flight. It accelerates the flow between the wing and the alula
lower surface, energizing the flow and delaying separation. The
alula also generates a vortex at its tip that acts as a boundary layer
fence to prevent the propagation of stall outboard of the wing.
Thus, we classified the flow control mechanisms for the alula and
alula-inspired devices as separation control and vortex tailoring
(Table 1). Furthermore, in addition to flow control, alula-inspired
devices can be used for flight control on sUAVs if deployed
asymmetrically on the left and right wings, as they can produce lift
and drag differentials resulting in rolling and yawing moments51.
Despite all these advantages, alula literature is still limited and the
structure is yet to be implemented on flight vehicles. Alula-
inspired devices should also be tested in flight on vehicles across
various ranges of speeds and scales. Future work should also focus
on characterizing the alula’s dynamics and aeroelasticity during
gliding and flapping flights, since no papers discuss these issues.

Slotted wingtips. Another local and passive feather flow control
system in birds is the wingtip slots. In some species, the five to six
primary feathers at the tip of the wings emarginate, or narrow
down, forming slots or gaps near the wingtip. During flight, such
slots cause the wingtip feathers to separate or spread horizontally
and vertically13,18. Liu et al. present a detailed review of the
aerodynamic effects of these wingtip slots on biological and
engineered wings52. However, we will summarize here some of
the key results and the enabling physics of these flow control
devices.

Wind tunnel experiments of birds’ wings with the slotted
wingtips have detailed the aerodynamic benefits of slotted
wingtips18,53–56. Many of these studies noted that the
slotted wingtips reduce the lift-induced drag of the wing. The
drag reduction caused by slotted wingtips can be attributed to
the shape of the wingtips during flight under aerodynamic
loading. In flight, due to aerodynamic loading, the tips of the
slotted wingtips bend upwards and separate vertically, while the
broad root of the slotted wingtips overlap, limiting root twist and
bending. The bending and separation at the tip of the slotted
wingtips form a non-planar slotted wingtip configuration18,53,54.
The non-planar wing can generate less induced drag and similar
lift compared to a planar wing, that is straight from tip to tip, at
the same speed18,53. For example, Tucker et al. show that the
unclipped wingtips, which form a non-planar configuration,
have 70% to 90% of the drag of the clipped wingtips, which form
a planar configuration53. Hence, slotted wingtips can improve
aerodynamic efficiency, defined as the ratio of lift to drag, by
generating a similar lift with less drag than a wing without slots.

Flow visualization was also used to understand the effect of the
wingtip slots on the flow field and tip vortices around birds’
wings. KleinHeerenbrink et al. used particle image velocimetry to
measure the airflow around the slotted wingtip of a jackdaw
(Corvus monedula) in a wind tunnel during gliding and flapping
flight. Their results confirm that the separated primary feathers
produce individual wingtip vortices, spreading the overall wingtip
vorticity in the horizontal and vertical planes, which was
previously associated with improved efficiency54. March et al.
also used flow visualization around the wingtips of a Great
Horned Owl (Bubo virginianus). Their results show smooth
streamlines near the slotted wingtips55. Thus, these flow
visualization studies suggest that the slotted wingtips spread the
vorticity behind the wings, decompose the upwash from the tip
vortex, and reduce the induced drag (Fig. 2c-i,iii)54,55.

Researchers continued to study the physics of the slotted
wingtips through the application and study of engineered
wingtips/wingtip sails. Wingtips or wingtip sails are small devices
attached to the tip of engineered wings, inspired by the slotted
wingtips, to enhance the aerodynamic performance57–59. Some of
the wingtip parameters explored in the literature include the
number of wingtips, the dihedral, twist, incidence angles of
individual wingtips, and the gap between the wingtips. Results
show that using multiple wingtips with various dihedral angles
reduces the overall tip vortex by splitting it into smaller vortices
and reducing the effective downwash at the wing (Fig. 2c-ii,iv).
These effects often resulted in increased aerodynamic efficiency
and delayed stall without incurring considerable lift
penalties52,57–67. Negative incidence angles have increased the
aerodynamic efficiency by re-orienting the lift vector forward and
counteracting the drag62,63,68. Finally, the increase in the gap
distance between the wingtips was shown to weaken the tip-
vortex suppression52,65, suggesting the importance of tuning the
gap size to enable vorticity spreading and wingtip vortex
suppression.

Thus, in both biological and engineering studies, the flow
control mechanism for the slotted wing tips is vortex tailoring
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because they mainly spread the wingtip vortices (Table 1). Such
a flow control mechanism was also implemented for flight
control. The induced drag effect of the wingtips was shown to
provide yaw stability when implemented asymmetrically on the
left and right wings56. Some researchers have also applied
wingtip slots/sails to aircraft during flight52,59. In general, flight
testing results confirmed the wind tunnel results, indicating that
slotted wingtips or wingtip sails can be used to improve
aerodynamic efficiency by reducing drag compared to a planar
or a conventional wingtip.

Despite the numerous studies on the aerodynamic effects of
wingtip slots, an optimal configuration across all vehicles or
systems does not exist since the aerodynamic benefits of using
engineered wingtips depend on the in-flight conditions such as
the Reynolds number and angle of attack. There is also a need for
an adaptive slotted wingtip system62,67,68. An adaptive system is
needed to adjust the wingtip dihedral angle, incidence angle, and
gap space as a function of the flight conditions to yield the desired
aerodynamic effects. Additionally, most of the research on
engineered wingtips was conducted in wind tunnels and through
numerical simulations, rather than flight tests on actual flight
vehicles. Hence, more studies on the applications of engineered
wingtips are required to assess the in-flight aerodynamic
performance for future research59,69.

Leading edge serrations. Leading edge serrations (LES), defined
as comb-like hooks structures that exist on the outer vanes of the
feathers at the leading edge of the wing, and trailing edge fringes,
defined as unconnected barbs at the ends in feathers, have been
studied extensively for noise reduction and silent flight, especially
in owls14,70–76. However, given the focus of this article on flow
control, rather than noise suppression, we will highlight the few
studies related to the role of leading edge serrations on aero-
dynamic tailoring.

Alongside their noise-canceling capabilities, LES can be
considered flow control devices for their role in improving
aerodynamic efficiency and tailoring laminar to turbulent
transition70,72,77. In 1971, Kroeger et al.74 used flow visualization
on two prepared owl wings and found that LES act as co-rotating
vortex generators, which stabilize the flow over the upper surface
of the owl’s wing and prevent laminar separation. As a result,
these vortices are able to drive higher momentum flow towards
the wall surface, which can also delay stall, similar to vortex
generators. These findings inspired engineering studies using
similar serrations designs on traditional airfoils and rotor blades
to test their functionality as a passive flow control device. In the
post-stall regime, multiple studies show that the LES can
effectively improve the aerodynamic performance of the stalled
airfoil by increasing lift, reducing drag, and reducing the
fluctuation of aerodynamic forces78–80. Wenzen et al. and Rao
and Hiu81,82 studied the Reynolds number dependency of LES
and found that they are effective as post-stall flow control devices
for Re ≥ 40, 000. Muthuramalingam et al.83 studied the LES effect
on 3D backward swept wings and found that the serrations have a
flow-turning effect that counteracts the outboard cross-span flow
that typically appears for swept-back wings. This effect can
attenuate cross-flow instabilities and delay laminar to turbulent
transition.

Leading-edge serrations implement various flow control
mechanisms, including transition and separation control, as well
as vortex tailoring (Table 1). However, despite their potential as
flow control devices, there is still no full understanding of the
exact physical mechanism by which LES mitigate stall and tailor
transition, preventing implementation on existing UAVs. More-
over, most studies on LES have been conducted in low-turbulence

acoustic wind tunnels, which differs from real scenarios in which
turbulence may have a notable impact. Finally, the interaction
between LES and other traditional or bio-inspired flow control
techniques has not been fully studied, so there is a lack of
understanding of how LES would alter the flight envelope or
stability parameters of an actual flying vehicle.

Insect-scale flow control
Insect wings generate aerodynamic forces to accelerate or to stay
aloft in the air. Unlike flying vertebrates, like birds and bats,
which use limbs and muscles to control their wing shape, the
muscles of insects do not extend beyond the body. Hence, the
shape of the insect wing is controlled passively as its flexible wing
constantly deforms in response to in-flight forces84–86.

Wing corrugations. One of the main features of insect wings is
corrugation. Wing corrugations provide aerodynamic benefits by
controlling airflow, and structural benefits by withstanding
aerodynamic loads during flight87,88. This review mainly focuses
on the aerodynamic role of wing corrugations.

There have been several morphological studies focused on
characterizing the corrugations of insect wings using 3D recon-
struction of cross-sectional 2D imaging (photogrammetry)89–95 and
3D scanning (micro-CT) techniques96 (Fig. 3-i). Morphological
studies on the wings of dragonflies, damselflies, hoverflies,
butterflies, locusts, fruit flies, blowflies, and beetles show that
the wings of the insects are corrugated and their wing cross sections
at different spanwise locations display varying corrugation
patterns89–97. Following the morphological studies, there have been
a few wind tunnel experiments conducted on the actual insects to
study their wing’s aerodynamics. Experiments on dragonflies show
an increase in maximum lift coefficient and maximum lift-to-drag
ratio compared to a flat plate (Fig. 3-ii)93,98. However, studies on
actual insect wings are limited, given their scale and measurement
limitations. Thus, most studies on the aerodynamic effects of
corrugations are performed either numerically or experimentally on
engineered wing sections with corrugation profiles measured from
morphological studies.

While the aerodynamic properties of several insect species (e.g.,
dragonflies, damselflies, hoverflies, butterflies, locusts, fruit flies,
blowflies, and beetles) have been investigated, most studies have
focused on the corrugated wings of dragonflies since they exhibit
higher aerodynamic efficiency (lift to drag ratio) compared to
those of other insects89–92,94–97,99–105. Results from the aero-
dynamic force measurements show that the corrugated wings of
dragonflies generally have higher aerodynamic efficiency (lift-to-
drag ratio) compared to a flat plate and streamlined
airfoils100–102. For instance, a corrugated profile based on
dragonflies wing generates 32% and 5% higher lift to drag ratio
compared to a flat plate and the streamlined airfoil, respectively at
α= 5∘ and Re= 10,000103. Studies show that the aerodynamic
enhancements are due to the increase in lift92,100,102 and drag
reduction101.

Flow visualization experiments, such as PIV, and numerical
simulations have also been used to analyze the flow fields around
corrugated wings. The results from the experiments and
simulations on the corrugated wing sections of dragonflies,
hoverflies, butterflies, and locusts show that the vortices generated
by corrugated wings play an important role in delaying flow
separation89–91,94,101–106. Results show vortices trapped in
between the peaks and valleys of the corrugated wings (Fig. 3-
iii, iv). These vortices induce high-velocity flow, energizing the
boundary layer, and mitigating flow separation94,101,102,104. In
addition, the vortices between the peaks and valleys alter the
effective wing profile making it more airfoil-like. As the
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corrugations are filled in with recirculating vortices, the wing
maintains a laminar boundary layer, and the shear drag of the
system is reduced. Shear drag is a major contributor to the total
drag at a lower Reynolds number, as viscous effects are more
dominant. At Reynolds number of 10,000, the shear drag
produced by the corrugated airfoil constitutes 24% of the total
drag, in contrast to 65% for a smooth airfoil or a flat plate103. In
summary, the thin and lightweight corrugated wings of insects act
like a profiled cross-section for aerodynamic benefits with the
advantages of low mass, reduced overall drag, and delayed
separation.

In contrast to studies that support the aerodynamic role of the
corrugates, a few studies disagree with the aerodynamic benefits
of corrugations89,91,94,105,107. Experimental and numerical studies
found that structural corrugation does not significantly impact
aerodynamic performance89,94,105,107. The corrugated and flat
plates produced similar aerodynamic forces, and some even show
that the corrugations increased drag at the peak gliding ratios.
Flow simulations have demonstrated that corrugated wings
produce high-pressure drag compared to flat plates due to the
increase in the thickness of the viscous region91,105,107.

Studies thus far have focused on the static aerodynamic effects
of corrugations. However, insects mainly use flapping flight for
locomotion. Hence, there is a need for experiments and
simulations focused on the role of corrugations during flapping
to implement such profiles on insect-scale robots. Moreover,
corrugated insect wings undergo deformation due to their
flexibility during flapping flight, and limited studies have
investigated the combined effects of the aerodynamic, flow
control effects, flexibility, and deformation of flapping corrugated
wings108–112. Therefore, studies incorporating wing kinematics,

flexibility, and deformation are needed to understand the
aerodynamic effects of corrugated wings better.

Insect alula. Another local flow control device that has been
investigated for insects is the alula. The alula in insects is a hinged
flap found at the base of the wings of some insects. The alula is
actuated via a component at the wing hinge. During flight, the
alula can either be flipped or flat113. In their study, Walker et al.
studied the wing beat cycle of hoverflies with the alula in the
flipped or flat states. The alula state was associated with different
wing kinematics. The study concluded that the alula state might
indicate the flight mode, and that when the alula is flipped, the
wings produce less aerodynamic forces113. In a more recent study,
numerical simulations were used to investigate the role of the
alula on a simplified rectangular wing. Their results show that the
wings with the alula require less aerodynamic power than those
without the alula. The authors also show that the phasing between
the wing and the alula matters. The wing with alula flapping in
phase produces the largest lift, but the efficiency is the lowest. The
alula also provides a stabilizing effect on the leading edge vortex
for the wings when the alula flaps 45∘ ahead or in phase114.

Table 1 highlights some studies on insect flow control devices.
The flow control mechanism for the wing corrugations combines
all three mechanisms identified in this article, while the alula’s
mechanism can be classified as mainly vortex tailoring.
Compared to avian and avian-inspired flow control devices,
insects’ passive and local flow control devices are less studied,
except for the wing corrugations. There have been few
implementations of insect-inspired flow control devices on
engineered vehicles. Current flying insect-scale robots have

Fig. 3 Summary of biological and bioinspired studies on the role of wing corrugations in insects. There have been several (top) biological and (bottom)
bioinspired studies on insect wings especially focusing on the role of corrugations. (i) Wing corrugations in the hind (left) and fore (right) wings of
dragonflies vary along the chord and span [adapted with permission from ref. 93]. (ii) Drag polar diagrams from wind tunnel force measurements of fore
(left) and hind (right) wings of a dragonfly at different Reynolds numbers showing high L/D ratio across the range of Reynolds number tested [adapted
with permission from ref. 98]. The effect of insect wing corrugations has also been studied on engineered wing sections (iii and iv). (iii) Corrugations trap
vortices in the peaks and valleys of the wing profile. Trapped vortices energize the boundary layer and mitigate flow separation. (iv) Compared to a flat
plate profile (right), the corrugated profile (left) produces 32% higher L/D [adapted with permission from ref. 103].
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mostly flat plate wings, with most focusing on designing actuation
mechanisms at the root of the wing. Therefore, future research on
the application of insect wings’ corrugations, flexibility, and
deformations on insect-scale robots can be used to understand
insect flight better and enhance current robotic wings with the
aerodynamic and structural benefits highlighted by the previous
research115,116.

Aquatic bio-inspired flow control
Flow control from aquatic creatures can be attributed to devices
such as 1) fins, 2) secretions, and 3) surface textures. This is
summarized in Fig. 4, which details some of the most studied
aquatic flow control devices, including dorsal/anal fins on fishes,
mucus secretions on fish bodies, denticles on shark skin, and
tubercles on whale flippers. A few other, less studied flow control
devices are mentioned briefly at the end of this section. Fish and
Lauder performed an in-depth review of flow control in swim-
ming animals in ref. 117, and much work has been done since
then. This review provides a broad overview of aquatic flow

control from a bioinspired perspective while building on the
previous review with more recent studies.

Fins. Fish fins have a variety of uses, such as sensing, locomotion,
and flow control118, but when it comes to flow control, the
median fins play the most significant role in many fish119. The
median fins in fish include the dorsal and anal fins, which are
centered along the mid-lines of the dorsal and ventral surfaces of
many fish120,121. The wakes of these fins determine the nature of
the incident incoming flow seen by the caudal fin, a median fin
primarily used for thrust generation. Depending on the fish
species and the swimming speed, the dorsal fin may undulate and
generate its own vortical wake with an average velocity higher
than that of the free-stream122. This wake then becomes the
incoming flow seen by the caudal fin and is hypothesized to
increase the momentum shed in the caudal wake123

(Fig. 4b)124–126. PIV visualizations of the dorsal fin wake also
show lateral jets that are suggested to be used for stability124,127.
While studies have mostly been performed on dorsal fins, anal

Fig. 4 A summary of major flow control strategies found in swimming organisms. A model swimmer is presented in the center as a generic fish163

[source: Pixabay], with specific examples of aquatic flow control devices indicated by the inserted graphics144,164. a Surface Secretions157 [source:
Pixabay]- A 2D simulation of a fish represented by a deforming flapping foil (top view) in fluids of varying viscosity. From left to right, the columns show
data from a shear-thinning fluid, a Newtonian fluid, and a shear-thickening fluid. The shear-thinning fluid represents a simplified consistency of fish slime.
(I) The wake of the foil in the shear-thinning fluid indicates thrust rather than drag, which is seen in the other two fluids. The colors indicate vorticity, where
blue indicates a non-dimensional value of −5 and red indicates 5. (II) Plotted are contours for the second invariant of rate of the strain tensor, where blue
and red indicate non-dimensional values of to 400, respectively. The boundary layer is seen to be thinner for the shear-thinning fluid, suggesting reduced
drag156. b Dorsal125 and Anal126 Fins, [source: Pixabay]- PIV visualizations of lateral momentum transfer jets induced by dorsal and anal fins of a rainbow
trout (top view). Shown is the wake of the dorsal fin (left edge) as it approaches the caudal fin (right edge). This wake, which is the incident flow seen by
the caudal fin, contains alternating vortices which are markedly different from the freestream. Jets are also visible in the wake, directed laterally for
stability124. c Tubercles133 [source: Pixabay]- Comparison of lift coefficient, CL, drag coefficient, CD, and lift-to-drag ratio, L/D, results from steady wind
tunnel experiments for a whale flipper model with tubercles (open circles) and one without tubercles (closed circles). Stall is delayed by ~5° in the model
with tubercles. At higher angles of attack, AoA, lift is higher, drag is lower, and thus L/D is higher for the fin with tubercles132. d Denticles146 [reproduced
from ref 146, 2019, Biomimetics]146 Time resolved-DPIV results for flow over a plate without shark skin (I) and one with shark skin (II). The shark skin
covered plate causes transition to occur sooner, reattachment to occur more rapidly, and induces a smaller laminar separation bubble141.
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fins have been shown to behave nearly symmetrically to the
dorsal fins in some species and thus have similar impacts on the
caudal fin incident flow. These fins often work together such that
the rolling torques generated by one stabilize those generated by
the other127. A notable robotic implementation of dorsal and anal
fins for thrust improvement is seen in ref. 128, where model dorsal
and anal fins are mounted to a robotic fish. Linear acceleration of
the mechanical model was improved by up to 32.5% when the
fins were added. Another example is a snake-like swimming robot
whose swimming speed is observed to change depending on
parameters including fin spacing and the amplitudes and angular
velocities of the oscillatory swimming waveform129. Several other
robotic dorsal/anal fin applications exist but are focused mainly
on their role in stability120,130, rather than flow control.

Surface structures. In whale fins, “tubercles” are the structures of
interest for flow control. Tubercles are lumps located on the
leading edge of their pectoral fins131. These lumps have been
shown to help keep the flow attached at higher angles of attack,
thus delaying stall and improving the lift to drag ratio at these
angles of attack (Fig. 4c)132133. Tubercles improve the maneu-
verability of whale fins, which perform less complex 3D kine-
matics compared to ray-finned fishes, by giving them a greater
range of mobility119. It is important to note that whales swim
within a higher Reynolds number regime (around 106) than many
fish do (as low as 103)132. Experimental134 and numerical135

studies on fins with tubercles in low Reynolds number regimes of
approximately Re < 300,000 found that tubercles degraded rather
than improved the hydrodynamic performance of the foils.
Tubercles have been investigated on several airfoils showing
various aerodynamic and hydrodynamic benefits. These studies
are summarized in refs. 136–139. Most of these studies have been
conducted in steady flow conditions. Thus, there is a dearth of
studies performed on the influence of tubercles when the flow is
unsteady. Such studies would greatly benefit the bio-inspired
swimming community, as unsteady flow is a critical component
of biologically inspired swimming.

Another widely studied surface feature for aquatic flow control,
primarily known to reduce drag, is shark scales, also known as
“denticles”140. Each denticle has a ridge known as a “riblet” that is
aligned with the body axis of the shark, creating a rough texture
on the shark skin141. Riblets have been observed to decrease
turbulent skin friction drag in steady flow independently of
whether they are on denticles or a smooth surface142. Denticles
are also known to bristle, a movement that can be described as
varying their pitch angles relative to the shark surface. The
bristling is hypothesized to reduce pressure drag by inhibiting
backflow in the boundary layer143. For an accelerating foil, a
denticle-like texture was found to have delayed boundary layer
separation compared to a foil with no texture144,145

(Fig. 4d)141,146. Wen et al.147 presented 3D-printed shark
denticles that can be easily modified and applied to surfaces.
Others have studied aspects of biomimetic denticles, such as
swimming performance and boundary layer separation on an
accelerating body148,149. Still, there is a lack of research on
denticles directly applied to swimming robots.

Mucus. The final flow control device studied in aquatic organisms
is secretion. Many fish secrete mucus that covers their bodies for a
variety of uses, one of which is flow control150–152. Studies show
that the non-Newtonian mucus layer acts as a buffer between the
solid fish surface and the surrounding water, effectively creating a
slip condition between the fish and the water153,154. This is
hypothesized to reduce shear at the boundary layer, thus
decreasing skin-friction drag155 (Fig. 4a)156,157. In one specific

case study, the mucus layer in puffer fish is observed to decom-
pose as velocity increases. However, drag is still reduced due to
the newly uncovered tips of their spines that texture the surface of
the fish. Thus, the mechanism changes from reducing skin-
friction drag via a slip layer to reducing pressure drag via the
textured surface153. The mucus layer as an engineering flow
control strategy is problematic due to the gradual degradation of
the layer in the presence of an external flow156. To combat this
issue, Lee et al. presented a slippery lubricant-infused surface,
“LIS,” which was shown to be robust when exposed to steady
shear from the surrounding fluid while reducing friction drag by
18%150. Again, it would be interesting to see how this fluid
withstands shear in accelerating external flows similar to the ones
experienced by fish.

Other flow control strategies that are not discussed in detail in
the present work include several studies on dolphins, which are
known to be highly efficient swimmers. Wainwright et al.158

demonstrated that ridges on dolphin skin may improve sprinting
performance, but the data is not conclusive. Another recent study
on the color of dolphin skin strongly suggests that darker colors
on the dorsal surfaces of swimmers can reduce skin friction in
turbulent conditions due to thermal effects159.

Table 1 summarizes some studies on aquatic flow control
devices. The flow control mechanisms of such devices vary from
separation control (e.g., tubercules), to vortex tailoring (e.g., fins)
and transition control (e.g., denticles), and some of these devices
implement more than one flow control mechanism. Most of
these aquatic flow control devices have not been implemented on
unmanned aquatic vehicles or fish-inspired robots, creating
research opportunities towards improving the performance of
the bioinspired systems.

Outlook
This article highlighted several passive and local biological and
bioinspired flow control devices for birds, insects, and aquatic
animals. The number of species and animals that inspire these
flow control devices shows the efficiency of these devices in
favorably altering the flow across scales and locomotion regimes.
Even though flow control devices in nature have different
morphologies and manifestations, they all modulate the flow
through three common mechanisms: separation control, transi-
tion control, and vortex tailoring. The studies highlighted in this
article also showcase the diverse research methods involving these
devices, ranging from experimental studies using wind tunnels
and free-flight tests to numerical simulations and analytical
models.

The article also identified research gaps for each flow control
device. However, some gaps are related to most of the flow
control devices discussed in this article. For example, few studies
have considered the fluid-structure interaction between these
devices and the unsteady aerodynamic flow surrounding them.
Some studies have also limited this interaction by assuming the
device is rigid rather than flexible or deformable under aero-
dynamic or hydrodynamic forces. Furthermore, the lack of con-
sistency across studies in terms of flow regimes, Reynolds
numbers, and the adaptation of the bioinspired flow control
devices make it difficult to perform quantitative comparisons
between the studies. Another gap involves simplifying or elim-
inating the multi-body dynamics of these locomotion strategies.
For example, most studies on the coverts feathers, the insect wing
corrugations, and the shark-inspired denticles have ignored the
wing dynamics (i.e., flapping) or the body and fin oscillations.
These gaps create future research opportunities and allow for
interdisciplinary collaboration among biologists, fluid mechan-
icians, dynamists, and controls engineers. Such collaborations can

REVIEW ARTICLE COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00077-0

10 COMMUNICATIONS ENGINEERING | (2023)2:30 | https://doi.org/10.1038/s44172-023-00077-0 | www.nature.com/commseng

www.nature.com/commseng


improve our understanding of the physics of biological flow
control devices and allow further implementation of these devices
on engineered vehicles.

Despite the research gaps, the recent increase in studies focused
on bioinspired flow control devices indicates that such devices
offer unique opportunities for enhancing the aerodynamic and
hydrodynamic performance of engineered systems beyond tra-
ditional flow control devices. There have been notable successes
in implementing bioinspired flow control devices, especially on
flight vehicles showcasing lift enhancements, drag reductions, and
improved aerodynamic efficiency across various speeds and
vehicle configurations. Thus, bioinspired flow control is a feasible
approach for improved performance in engineered vehicles. With
proper cost-benefit, sizing, and performance analyses, such
devices can be fully and routinely integrated within aerial and
aquatic vehicles.

Received: 9 August 2022; Accepted: 28 April 2023;
Published online: 26 May 2023

References
1. Gad-el Hak, M., Pollard, A. & Bonnet, J.-P. Flow Control Fundamentals and

Practices. Lecture Notes in Physics Monographs, 1st edn, Vol. 3. (Springer
Berlin Heidelberg, Berlin, Heidelberg, 1998).

2. Flatt, J. The history of boundary layer control research in the United States of
America. In: G. V., Lachmann (ed.) Boundary Layer and Flow Control: Its
Principles and Application. 122–143 (Pergamon Press: New York, 1961).

3. Gad-el Hak, M. Flow Control : Passive, Active, and Reactive Flow Management.
(Cambridge University Press, Cambridge, 2000).

4. Joslin, R. D. & Miller, D. N. Fundamentals and Applications of Modern Flow
Control (American Institute of Aeronautics and Astronautics, 2009).

5. Kral, L. D. Active flow control technology. ASME Fluids Engineering Technical
Brief 1–28 (2000).

6. Ali, H. H. & Fales, R. C. A review of flow control methods. Int. J. Dyn. Control
9, 1847–1854 (2021).

7. Wang, J. & Feng, L. Flow Control Techniques and Applications. Cambridge
Aerospace Series (Cambridge University Press, 2018).

8. Stalnov, O. Closed-Loop Active Flow Control for UAVs. (wiley, Faculty of
Aerospace Engineering, Technion-Israel Institute of Technology, 2016).

9. Rose, J. B. R., Natarajan, S. G. & Gopinathan, V. T. Biomimetic flow control
techniques for aerospace applications: a comprehensive review. Rev. Environ.
Sci. Bio/Technol. 20, 645–677 (2021).

10. Mueller, T. J. Low Reynolds number vehicles. Technical Report, (Advisory
Group for Aerospace Research and Development Neuilly-sur-Seine, France,
1985).

11. Lissaman, P. Low-Reynolds-number airfoils. Annu. Rev. Fluid Mech. 15,
223–239 (1983).

12. Han, J., Hui, Z., Tian, F. & Chen, G. Review on bio-inspired flight systems and
bionic aerodynamics. Chin. J. Aeronaut. 34, 170–186 (2021).

13. Savile, D. Adaptive evolution in the avian wing. Evolution 212–224 (1957).
14. Graham, R. R. The silent flight of owls. J. R. Aeronaut. Soc. 38, 837–843

(1934).
15. Videler, J. Avian Flight. Oxford Ornithology Series 14 (Oxford University

Press, 2005).
16. Azuma, A. The Biokinetics of Flying and Swimming. AIAA Education Series

(American Institute of Aeronautics and Astronautics, Incorporated, 2006).
17. Carruthers, A. C., Thomas, A. L. R. & Taylor, G. K. Automatic aeroelastic

devices in the wings of a steppe eagle Aquila nipalensis. J. Exp. Biol. 210,
4136–4149 (2007). The paper investigates aeroelastic flow control devices in
bird flight, focusing mainly on the coverts and the alula.

18. Tucker, V. A. Gliding birds: reduction of induced drag by wing tip slots
between the primary feathers. J. Exp. Biol. 180, 285–310 (1993).

19. Svensson, L., Mullarney, K. & Zetterström, D. Collins Bird Guide. 2nd edn,
Vol. 103 (British Birds, 2010).

20. Heap, H. & Crowther, B. A review of current leading edge device technology
and of options for innovation based on flow control. London University of
Manchester, UK (2003).

21. Gardner, A., Opitz, S., Wolf, C. & Merz, C. B. Reduction of dynamic stall using
a back-flow flap. CEAS Aeronaut. J. 8, 271–286 (2017).

22. Durai, A. & Singh, I. Self-adaptive flaps on low aspect ratio wings at low
Reynolds numbers. Aerosp. Sci. Technol. 59, 78–93 (2016).

23. Brücker, C. & Weidner, C. Influence of self-adaptive hairy flaps on the stall
delay of an airfoil in ramp-up motion. J. Fluids Struct. 47, 31–40 (2014).

24. Wang, L., Alam, M. M. & Zhou, Y. Experimental study of a passive control of
airfoil lift using bioinspired feather flap. Bioinspiration Biomim. 14, 066005
(2019).

25. Duan, C. & Wissa, A. Covert-inspired flaps for lift enhancement and stall
mitigation. Bioinspiration Biomim. 16, 046020 (2021).

26. Altman, A. & Allemand, G. Post-stall performance improvement through bio-
inspired passive covert feathers. In Proc. 54th AIAA Aerospace Sciences
Meeting, 2042 (2016).

27. Bechert, D. et al. Biological surfaces and their technological application-
laboratory and flight experiments on drag reduction and separation control. In
Proc. 28th Fluid Dynamics Conference, 1960 (1997).

28. Bechert, D., Bruse, M., Hage, W. & Meyer, R. Fluid mechanics of biological
surfaces and their technological application. Naturwissenschaften 87, 157–171
(2000).

29. Othman, A. K., Nair, N. J., Sandeep, A., Goza, A. & Wissa, A. Numerical and
experimental study of a covert-inspired passively deployable flap for
aerodynamic lift enhancement. In Proc. AIAA AVIATION 2022 Forum (2022).
The paper compares the effectiveness of covert-inspired flap across different
Reynolds numbers, representative of small and micro UAV.

30. Rosti, M. E., Omidyeganeh, M. & Pinelli, A. Passive control of the flow around
unsteady aerofoils using a self-activated deployable flap. J. Turbul. 19, 204–228
(2018).

31. Meyer, R. et al. Separation control by self-activated movable flaps. AIAA J. 45,
191–199 (2007).

32. Schlüter, J. Lift enhancement at low Reynolds numbers using self-activated
movable flaps. J. Aircraft 47, 348–351 (2010).

33. Nair, N. J. & Goza, A. Fluid-structure interaction of a bio-inspired passively
deployable flap for lift enhancement. Phys. Rev. Fluids 7, 064701 (2022).

34. Fang, Z. et al. Passive separation control of a naca0012 airfoil via a flexible
flap. Phys. Fluids 31, 101904 (2019).

35. Duan, C. & Wissa, A. Study of multiple covert-inspired lift-enhancing flaps. In
Proc. APS Division of Fluid Dynamics Meeting Abstracts, X02-021 (2020).

36. Nair, N. J., Flynn, Z. & Goza, A. Numerical study of multiple bio-inspired
torsionally hinged flaps for passive flow control. Fluids 7, 44 (2022).

37. Alvarez, J., Meseguer, J., Meseguer, E. & Pérez, A. On the role of the alula in
the steady flight of birds. Ardeola 48, 161–173 (2001).

38. Linehan, T. & Mohseni, K. Scaling trends of bird’s alular feathers in
connection to leading-edge vortex flow over hand-wing. Sci. Rep. 10, 1–14
(2020).

39. Austin, B. & Anderson, A. M. The alula and its aerodynamic effect on avian
flight. In Proc. ASME International Mechanical Engineering Congress and
Exposition, Vol. 43017, 797–806 (2007).

40. Brown, R. The flight of birds. Biol. Rev. 38, 460–489 (1963).
41. Carruthers, A. C., Thomas, A. L., Walker, S. M. & Taylor, G. K. Mechanics

and aerodynamics of perching manoeuvres in a large bird of prey. Aeronaut. J.
114, 673–680 (2010).

42. Lee, S.-i, Kim, J., Park, H., Jabłoński, P. G. & Choi, H. The function of the alula
in avian flight. Sci. Rep. 5, 1–5 (2015). This paper studies the aerodynamic
behaviour of the alula through flight testing on biological samples and wind
tunnel testing. They also use DPIV to show that the alula works as a vortex
generator.

43. Mandadzhiev, B. A., Lynch, M. K., Chamorro, L. P. & Wissa, A. A. An
experimental study of an airfoil with a bio-inspired leading edge device at high
angles of attack. Smart Mater. Struct. 26, 094008 (2017).

44. Ito, M. R. An Experimental Study of a Leading-Edge Alula-inspired Device
(LEAD) for Moderate Aspect Ratio Wings at Low Reynolds Numbers.
Master’s thesis, University of Illinois Urbana-Champaign (2018).

45. Ito, M. R., Duan, C. & Wissa, A. A. The function of the alula on engineered
wings: a detailed experimental investigation of a bioinspired leading-edge
device. Bioinspiration Biomim. 14, 056015 (2019). This paper present an alula-
inspired device on an engineered wing and shows that the alula-inspired device
can implement the same flow control mechanisms as the natural alula.

46. Meseguer, J., Franchini, S., Pérez-Grande, I. & Sanz, J. On the aerodynamics of
leading-edge high-lift devices of avian wings. Proc. Inst. Mech. Eng., Part G: J.
Aerosp. Eng. 219, 63–68 (2005).

47. Linehan, T. & Mohseni, K. Investigation of a sliding alula for control
augmentation of lifting surfaces at high angles of attack. Aerosp. Sci. Technol.
87, 73–88 (2019).

48. Linehan, T. & Mohseni, K. On the maintenance of an attached leading-edge
vortex via model bird alula. J. Fluid Mech. 897, A17 (2020).

49. Bao, H., Song, B., Yang, W. & Xue, D. The function of the alula with
different geometric parameters on the flapping wing. Phys. Fluids 33, 101907
(2021).

50. Zekry, D. A., Duan, C., Ito, M. R. & Wissa, A. A. Design of experiments for
two-and three-dimensional bio-inspired flow control devices. In Proc. AIAA
Scitech 2021 Forum, 0467 (2021).

COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00077-0 REVIEW ARTICLE

COMMUNICATIONS ENGINEERING | (2023)2:30 | https://doi.org/10.1038/s44172-023-00077-0 | www.nature.com/commseng 11

www.nature.com/commseng
www.nature.com/commseng


51. Zekry, D. & Wissa, A. Coverts as yaw and roll bioinspired control devices for
tailless UAVS. In Proc. ASME Conference on Smart Materials, Adaptive
Structures, and Intelligent Systems Abstracts (2022).

52. Liu, D., Song, B., Yang, W., Xue, D. & Lang, X. Unsteady characteristic
research on aerodynamic interaction of slotted wingtip in flapping kinematics.
Chin. J. Aeronaut. 35, 82–101 (2022).

53. Tucker, V. A. Drag reduction by wing tip slots in a gliding harris’ hawk,
Parabuteo unicinctus. J. Exp. Biol. 198, 775–781 (1995).

54. KleinHeerenbrink, M., Johansson, L. C. & Hedenström, A. Multi-cored
vortices support function of slotted wing tips of birds in gliding and flapping
flight. J. R. Soc. Interface 14 (2017). Wind tunnel PIV experiment on the gliding
Jackdaw (Corvus monedula) shows that the slotted wingtips reduce the induced
drag by spreading the vorticity and each feathers shed their wake and produce
their own tip vortex.

55. March, A. I., Bradley, C. W. & Garcia, E. Aerodynamic properties of avian
flight as a function of wing shape. Am. Soc. Mech. Eng., Fluids Eng. Div. 261
FED, 955–963 (2005).

56. Sachs, G. & Moelyadi, M. A. Effect of slotted wing tips on yawing moment
characteristics. J. Theor. Biol. 239, 93–100 (2006).

57. Spillman, J. J. The use of wing tip sails to reduce vortex drag. Aeronaut. J. 82,
387–395 (1978).

58. Spillman, J. J. & McVitie, A. M. Wing tip sails which give lower drag at all
normal flight speeds. Aeronaut. J. 88, 362–369 (1984).

59. Spillman, J. J. Wing tip sails; Progress to date and future developments.
Aeronaut. J. 91, 445–453 (1987).

60. Céron-Muñoz, H. D., Cosin, R., Coimbra, R. F., Correa, L. G. & Catalano, F.
M. Experimental investigation of wing-tip devices on the reduction of induced
drag. J. Aircraft 50, 441–449 (2013).

61. Cerón-Muñoz, H. D. & Catalano, F. M. Experimental analysis of the
aerodynamic characteristics adaptive of multi-winglets. Proc. Inst. Mech. Eng.,
Part G: J. Aerosp. Eng. 220, 209–215 (2006).

62. Fluck, M. & Crawford, C. A lifting line model to investigate the influence of
tip feathers on wing performance. Bioinspiration Biomim. 9, 046017 (2014).

63. Smith, M. J., Komerath, N., Ames, R., Wong, O. & Pearson, J. Performance
analysis of a wing with multiple winglets. In Proc. 19th AIAA Applied
Aerodynamics Conference (2001).

64. Zhou, J. X., Sun, C. H. & Daichin. Drag reduction and flow structures of wing
tip sails in ground effect. J. Hydrodyn. 32, 93–106 (2020).

65. Hui, Z., Cheng, G. & Chen, G. Experimental investigation on tip-vortex flow
characteristics of novel bionic multi-tip winglet configurations. Phy. Fluids 33,
011902 (2021).

66. Shelton, A., Tomar, A., Prasad, J., Smith, M. J. & Komerath, N. Active multiple
winglets for improved unmanned-aerial-vehicle performance. J. Aircraft 43,
110–116 (2012).

67. Lee, K. J. & Wissa, A. Dynamic characterization of a bio-inspired variable
stiffness multi-winglet device. In Behavior and Mechanics of Multifunctional
Materials IX, Vol. 11377, 57–66 (SPIE, 2020).

68. Lynch, M., Mandadzhiev, B. & Wissa, A. Bioinspired wingtip devices: a
pathway to improve aerodynamic performance during low Reynolds number
flight. Bioinspiration Biomim. 13, 036003 (2018).

69. Parkin, C. S. & Spillman, J. J. The use of wing-tip sails on a spraying aircraft to
reduce the amount of material carried off-target by a crosswind. J. Agric. Eng.
Res. 25, 65–74 (1980).

70. Weger, M. & Wagner, H. Morphological variations of leading-edge serrations
in owls (strigiformes). PLoS One 11, e0149236 (2016).

71. Lilley, G. A study of the silent flight of the owl. In Proc. 4th AIAA/CEAS
Aeroacoustics Conference, Vol. no. 2340 (1998).

72. Wagner, H., Weger, M., Klaas, M. & Schröder, W. Features of owl wings that
promote silent flight. Interface Focus 7, 20160078 (2017).

73. Clark, C. J., LePiane, K. & Liu, L. Evolution and ecology of silent flight in owls
and other flying vertebrates. Integr. Organ. Biol. 2, obaa001 (2020).

74. Kroeger, R. A., Grushka, H. D. & Helvey, T. C. Low speed aerodynamics for
ultra-quiet flight. Technical Report, Tennessee University Space Institute
Tullahoma (1972).

75. Herr, M. Design criteria for low-noise trailing-edges. In Proc. 13th AIAA/
CEAS Aeroacoustics Conference, 3470 (2007).

76. Chen, K. et al. The sound suppression characteristics of wing feather of owl
(bubo bubo). J. Bionic Eng. 9, 192–199 (2012).

77. Bachmann, T. W. Anatomical, Morphometrical and Biomechanical Studies of
Barn Owls’ and Pigeons’ Wings. Ph.D. thesis, Aachen, Techn. Hochsch.,
Dissertation (2010).

78. Galvez, D. Owl Inspired Leading Edge Serrations for Gliding Flight. Master’s Thesis,
Mississippi State University; Department of Aerospace Engineering (2018).

79. Ito, S. Aerodynamic influence of leading-edge serrations on an airfoil in a low
Reynolds number. J. Biomech. Sci. Eng. 4, 117–123 (2009).

80. Mingming, Z., Yi’nan, Z., Chang, C., Huijing, C. & Ziliang, Z. A review on
modeling of bionic flow control methods for large-scale wind turbine blades. J.
Therm. Sci. 30, 743–757 (2021).

81. Winzen, A., Roidl, B., Klän, S., Klaas, M. & Schröder, W. Particle-image
velocimetry and force measurements of leading-edge serrations on owl-based
wing models. J. Bionic Eng. 11, 423–438 (2014).

82. Rao, C. & Liu, H. Effects of Reynolds number and distribution on passive flow
control in owl-inspired leading-edge serrations. Integr. Comp. Biol. 60,
1135–1146 (2020).

83. Muthuramalingam, M., Talboys, E., Wagner, H. & Bruecker, C. Flow turning
effect and laminar control by the 3d curvature of leading edge serrations from
owl wing. Bioinspiration Biomim. 16, 026010 (2020).

84. Wootton, R. J. Functional morphology of insect wings. Annu. Rev. Entomol.
37, 113–140 (1992).

85. Eldredge, J. D., Toomey, J. & Medina, A. On the roles of chord-wise flexibility
in a flapping wing with hovering kinematics. J. Fluid Mech. 659, 94–115
(2010).

86. Tian, F.-B., Luo, H., Song, J. & Lu, X.-Y. Force production and asymmetric
deformation of a flexible flapping wing in forward flight. J. Fluids Struct. 36,
149–161 (2013).

87. Combes, S. A. & Daniel, T. L. Flexural stiffness in insect wings I. Scaling and
the influence of wing venation. J. Exp. Biol. 206, 2979–2987 (2003).

88. Combes, S. A. & Daniel, T. L. Flexural stiffness in insect wings: effects of wing
venation and stiffness distribution on passive bending. Am. Entomol. 51,
42–44 (2005).

89. Buckholz, R. H. The functional role of wing corrugations in living systems. J.
Fluids Eng. 108, 93–97 (1986).

90. Chitsaz, N., Siddiqui, K., Marian, R. & Chahl, J. An experimental study of the
aerodynamics of micro corrugated wings at low Reynolds number. Exp.
Therm. Fluid Sci. 121, 110286 (2021). Wind tunnel PIV and flow visualization
on the cross-section model of dragonfly (Orthetrum caledonicum) wings show
that the corrugated wing delays stall, increases L/D, and decreases drag
compared to a flat plate.

91. Xiang, J., Du, J., Li, D. & Liu, K. Aerodynamic performance of the locust wing
in gliding mode at low Reynolds number. J. Bionic Eng. 13, 249–260 (2016).

92. Kesel, A. B. Aerodynamic characteristics of dragonfly wing sections compared
with technical aerofoils. J. Exp. Biol. 203, 3125–3135 (2000).

93. Okamoto, M., Yasuda, K. & Azuma, A. Aerodynamic characteristics of the
wings and body of a dragonfly. J. Exp. Biol. 199, 281–294 (1996).

94. Rees, C. J. Aerodynamic properties of an insect wing section and a smooth
aerofoil compared. Nature 258, 141–142 (1975).

95. Bomphrey, R. J., Nakata, T., Henningsson, P. & Lin, H. T. Flight of the
dragonflies and damselflies. Philos. Trans. R. Soc. B: Biol. Sci. 371, 20150389
(2016).

96. Engels, T., Wehmann, H. N. & Lehmann, F. O. Three-dimensional wing
structure attenuates aerodynamic efficiency in flapping fly wings. J. R. Soc.
Interface 17, 20190804 (2020).

97. Oh, S., Lee, B., Park, H., Choi, H. & Kim, S.-T. A numerical and theoretical
study of the aerodynamic performance of a hovering rhinoceros beetle
(Trypoxylus dichotomus). J. Fluid Mech. 885, A18 (2020).

98. Wakeling, J. M. & Ellington, C. P. Dragonfly flight. I. Gliding flight and
steady-state aerodynamic forces. J. Exp. Biol. 200, 543–556 (1997).

99. Park, H., Bae, K., Lee, B., Jeon, W.-P. & Choi, H. Aerodynamic performance of
a gliding swallowtail butterfly wing model. Exp. Mech. 50, 1313–1321 (2010).

100. Kim, W. K., Ko, J. H., Park, H. C. & Byun, D. Effects of corrugation of the
dragonfly wing on gliding performance. J. Theoret. Biol. 260, 523–530 (2009).

101. Hu, H. & Tamai, M. Bioinspired corrugated airfoil at low Reynolds numbers.
J. Aircraft 45, 2068–2077 (2008).

102. Murphy, J. T. & Hu, H. An experimental study of a bio-inspired corrugated
airfoil for micro air vehicle applications. Exp. Fluids 49, 531–546 (2010).

103. Vargas, A., Mittal, R. & Dong, H. A computational study of the aerodynamic
performance of a dragonfly wing section in gliding flight. Bioinspiration
Biomim. 3, 026004 (2008).

104. New, T., Chan, Y., Koh, G., Hoang, M. & Shi, S. Effects of corrugated aerofoil
surface features on flow-separation control. AIAA J. 52, 206–211 (2014).

105. Hord, K. & Lian, Y. Numerical investigation of the aerodynamic and structural
characteristics of a corrugated airfoil. J. Aircraft 49, 749–757 (2012).

106. Xuan, H., Hu, J., Yu, Y. & Zhang, J. Aerodynamic effects of bio-inspired
corrugated wings on gliding and hovering performances. Proc. Inst. Mech.
Eng., Part C: J. Mech. Eng. Sci. 235, 319–329 (2021).

107. Luo, G., Sun, M., Luo, G. Y. & Sun, M. The effects of corrugation and wing
planform on the aerodynamic force production of sweeping model insect
wings. Acta Mech. Sin. 21, 531–541 (2005).

108. Zhao, L., Huang, Q., Deng, X. & Sane, S. The effect of chord-wise flexibility on
the aerodynamic force generation of flapping wings: Experimental studies. In
Proc. IEEE International Conference on Robotics and Automation. 4207–4212
(2009).

109. Zhao, L., Huang, Q., Deng, X. & Sane, S. P. Aerodynamic effects of flexibility
in flapping wings. J. R. Soc. Interface 7, 485–497 (2010).

110. Shyy, W. et al. Recent progress in flapping wing aerodynamics and
aeroelasticity. Prog. Aerosp. Sci. 46, 284–327 (2010).

REVIEW ARTICLE COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00077-0

12 COMMUNICATIONS ENGINEERING | (2023)2:30 | https://doi.org/10.1038/s44172-023-00077-0 | www.nature.com/commseng

www.nature.com/commseng


111. Young, J., Walker, S. M., Bomphrey, R. J., Taylor, G. K. & Thomas, A. L.
Details of insect wing design and deformation enhance aerodynamic function
and flight efficiency. Science 325, 1549–1552 (2009).

112. Bomphrey, R. J. & Godoy-Diana, R. Insect and insect-inspired aerodynamics:
unsteadiness, structural mechanics and flight control. Curr. Opin. Insect Sci.
30, 26–32 (2018).

113. Walker, S. M., Thomas, A. L. & Taylor, G. K. Operation of the alula as an
indicator of gear change in hoverflies. J. R. Soc. Interface 9, 1194–1207 (2012).

114. Tian, F.-B. et al. Aerodynamic characteristics of hoverflies during hovering
flight. Comput. Fluids 183, 75–83 (2019).

115. Jafferis, N. T., Helbling, E. F., Karpelson, M. & Wood, R. J. Untethered flight
of an insect-sized flapping-wing microscale aerial vehicle. Nature 570,
491–495 (2019).

116. Chukewad, Y. M., James, J., Singh, A. & Fuller, S. Robofly: an insect-sized
robot with simplified fabrication that is capable of flight, ground, and water
surface locomotion. IEEE Trans. Robot. 37, 2025–2040 (2021).

117. Fish, F. E. & Lauder, G. V. Passive and active flow control by swimming fishes
and mammals. Annu. Rev. Fluid Mech. 38, 193–224 (2006).

118. Lauder, G. V., Anderson, E. J., Tangorra, J. & Madden, P. G. Fish biorobotics:
kinematics and hydrodynamics of self-propulsion. J. Exp. Biol. 210,
2767–2780 (2007).

119. Tytell, E. D., Standen, E. M. & Lauder, G. V. Escaping flatland: three-
dimensional kinematics and hydrodynamics of median fins in fishes. J. Exp.
Biol. 211, 187–195 (2008).

120. Yu, J. Z., Wen, L. & Ren, Z. Y. A survey on fabrication, control, and hydrodynamic
function of biomimetic robotic fish. Sci. Chin. Technol. Sci. 60, 1365–1380 (2017).

121. Youngerman, E. D., Flammang, B. E. & Lauder, G. V. Locomotion of free-
swimming ghost knifefish: anal fin kinematics during four behaviors. Zoology
117, 337–348 (2014).

122. Lauder, G. V. & Tytell, E. D. Hydrodynamics of undulatory propulsion. Fish
Physiol. 23, 425–468 (2005). This is an overview of the state of the art of
undulatory fish locomotion, including flow control strategies and the specific
roles of different fins.

123. Akhtar, I., Mittal, R., Lauder, G. V. & Drucker, E. Hydrodynamics of a
biologically inspired tandem flapping foil configuration. Theoret. Comput.
Fluid Dyn. 21, 155–170 (2007).

124. Drucker, E. G. & Lauder, G. V. Locomotor function of the dorsal fin in
rainbow trout: Kinematic patterns and hydrodynamic forces. J. Exp. Biol. 208,
4479–4494 (2005).

125. https://pixabay.com/photos/fish-fin-aquarium-tropical-yellow-3217645/.
126. https://pixabay.com/photos/saltwater-sea-trout-trout-fish-1620137/.
127. Standen, E. M. & Lauder, G. V. Hydrodynamic function of dorsal and anal fins

in brook trout (salvelinus fontinalis). J. Exp. Biol. 210, 325–339 (2007).
128. Wen, L. et al. Understanding fish linear acceleration using an undulatory

biorobotic model with soft fluidic elastomer actuated morphing median fins.
Soft Robot. 5, 375–388 (2018).

129. Huang, Z., Ma, S., Bagheri, H., Ren, C. & Marvi, H. The impact of dorsal fin
design on the swimming performance of a snake-like robot. IEEE Robot.
Autom. Lett. 7, 4939–4944 (2022).

130. Triantafyllou, M. S., Winey, N., Trakht, Y., Elhassid, R. & Yoerger, D.
Biomimetic design of dorsal fins for auvs to enhance maneuverability.
Bioinspiration Biomim. 15, 035003 (2020).

131. Fish, F. E., Weber, P. W., Murray, M. M. & Howle, L. E. The tubercles on
humpback whales’ flippers: application of bio-inspired technology. Integr.
Comp. Biol. 51, 203–213 (2011).

132. Miklosovic, D. S., Murray, M. M., Howle, L. E. & Fish, F. E. Leading-edge
tubercles delay stall on humpback whale (megaptera novaeangliae) flippers.
Phys. Fluids 16, L39-L42 (2004). Wind tunnel experiments show that tubercles
increase L/D and delay stall angle by 40% on a scale model of a whale flipper.

133. https://pixabay.com/photos/whale-sea-young-whale-leap-2848225/.
134. Hansen, K. L., Kelso, R. M. & Dally, B. B. An investigation of three-

dimensional effects on the performance of tubercles at low Reynolds numbers.
In: Proc. 17th Australian Fluid Mechanics Conference (2010).

135. Rostamzadeh, N., Kelso, R. M. & Dally, B. A numerical investigation into the
effects of Reynolds number on the flow mechanism induced by a tubercled
leading edge. Theoret. Comput. Fluid Dyn. 31, 1–32 (2017).

136. Gopinathan, V. T. & Rose, J. B. R. Aerodynamics with state-of-the-art
bioinspired technology: Tubercles of humpback whale. Proc. Inst. Mech. Eng.,
Part G: J. Aerosp. Eng. 235, 2359–2377 (2021).

137. Cai, C., Zuo, Z. G., Liu, S. H., Wu, Y. L. & Wang, F. B. Numerical evaluations
of the effect of leading-edge protuberances on the static and dynamic stall
characteristics of an airfoil. IOP Conf. Ser. Mater. Sci. Eng. 52, 052006 (2013).

138. Chrismianto, D., Santosa, A. & Wirahutama, A. Analysis of leading edge
protuberances on fully submerged hydrofoil of 15 m pilot boat. IOP Conf. Ser.:
Earth Environ. Sci. 698, 012032 (2021).

139. Ke, W., Hashem, I., Zhang, W. & Zhu, B. Influence of leading-edge tubercles
on the aerodynamic performance of a horizontal-axis wind turbine: a
numerical study. Energy 239, 122186 (2022).

140. Oeffner, J. & Lauder, G. V. The hydrodynamic function of shark skin and two
biomimetic applications. Journal of Experimental Biology 215, 785–795
(2012).

141. Afroz, F., Lang, A., Habegger, M. L., Motta, P. & Hueter, R. Experimental
study of laminar and turbulent boundary layer separation control of shark
skin. Bioinspiration Biomim. 12, 016009 (2017).

142. Choi, H., Moin, P. & Kim, J. Direct numerical simulation of turbulent flow
over riblets. J. Fluid Mech. 255, 503–539 (1993).

143. Clos, K. T. D. et al. Passive bristling of mako shark scales in reversing flows. J.
R. Soc. Interface 15, 20180473 (2018).

144. Guo, P. et al. On the influence of biomimetic shark skin in dynamic flow
separation. Bioinspiration Biomim. 16, 034001 (2021).

145. Santos, L. M. et al. Passive separation control of shortfin mako shark skin in a
turbulent boundary layer. Exp. Therm. Fluid Sci. 128, 110433 (2021).

146. Feld, K. et al. Dermal denticles of three slowly swimming shark species:
microscopy and flow visualization. Biomimetics 4 https://www.mdpi.com/
2313-7673/4/2/38 (2019).

147. Wen, L., Weaver, J. C. & Lauder, G. V. Biomimetic shark skin: design,
fabrication and hydrodynamic function. J. Exp. Biol. 217, 1656–1666 (2014).

148. Ott, J., Lazalde, M. & Gu, G. X. Algorithmic-driven design of shark denticle
bioinspired structures for superior aerodynamic properties. Bioinspiration
Biomim. 15, 026001 (2020).

149. Domel, A. G. et al. Hydrodynamic properties of biomimetic shark skin: effect
of denticle size and swimming speed. Bioinspiration Biomim. 13, 056014
(2018).

150. Lee, S. J., Kim, H. N., Choi, W., Yoon, G. Y. & Seo, E. A nature-inspired
lubricant-infused surface for sustainable drag reduction. Soft Matter 15,
8459–8467 (2019).

151. Shephard, K. L. Functions for fish mucus. Rev. Fish Biol. Fish. 4, 401–429 (1994).
152. Ling, S. C. & Ling, T. Y. Anomalous drag-reducing phenomenon at a water/

fish-mucus or polymer interface. J. Fluid Mech. 65, 499–512 (1974).
153. Zhang, Y., Feng, X., Tian, G. & Jia, C. Rheological properties and drag

reduction performance of puffer epidermal mucus. ACS Biomater. Sci. Eng. 8,
460–469 (2022). The rheological properties of mucus on pufferfish were studied
in relation to its drag-reduction properties. It was found that the mucus secreted
by the fish behaves as a pseudoplastic fluid that creates a slip surface with the
fluid.

154. Ma, C., Zhang, K., Zhang, B., Zhao, B. & Wang, Q. Drag reduction
characteristics of bionic mucous membrane acting on the turbulent boundary
layer. J. Appl. Fluid Mech. 14, 1317–1327 (2021).

155. Yan, M. et al. Slime-groove drag reduction characteristics and mechanism of
marine biomimetic surface. Appl. Bionics Biomech. 2022, 4485365 (2022).

156. Tian, F. B. Hydrodynamic effects of mucus on swimming performance of an
undulatory foil by using the DSD/SST method. Comput. Mech. 65, 751–761
(2020).

157. https://pixabay.com/illustrations/sheepshead-fish-mounted-taxidermy-
1652053/.

158. Wainwright, D. K. et al. How smooth is a dolphin? The ridged skin of
odontocetes. Biol. Lett. 15, 9–14 (2019).

159. Hassanalian, M. et al. Insight into the thermal effects of aquatic animal colors
on their skin friction drag. AIAA Aviation 2019 Forum 1–15 (2019).

160. Roland, A. Model research: the national advisory committee for aeronautics
1915-1958. nasa sp-4103. NASA Special Publication 4103 (1985).

161. Talay, T. A. Introduction to the aerodynamics of flight. Technical Report,
NASA-SP-367 (1975).

162. Alfredsson, P. & Dahlberg, J. A preliminary wind tunnel study of windmill
wake dispersion in various flow conditions. Technical Report, NASA Foreign
Exchange Program (1979).

163. https://pixabay.com/vectors/fish-animal-sea-life-marine-life-30828/.
164. Fish, F. & Lauder, G. Control surfaces of aquatic vertebrates in relation to

swimming modes. J. Exp. Biol. 220, 4351–4363 (2017).

Acknowledgements
The authors acknowledge funding from the National Science Foundation (NSF) [Award
nos. 2219644 and 2029028] and Toyota Research Institute of North America. V.S.-C. was
partially funded by NSF Graduate Research Fellowships Program (GRFP).

Author contributions
1. A.K.O. • Conceived and designed the paper outline • Wrote and edited the paper and
created figures • Performed the analysis. 2. D.A.Z. • Wrote and edited the paper and
created figures • Performed the analysis. 3. K.J.“P.” L. • Wrote and edited the paper and
created figures • Performed the analysis. 4. V.S.-C. • Wrote and edited the paper and
created figures • Performed the analysis. 5. A.A.W. • Conceived and designed the paper
outline • Supervised the findings of this work • Provided funding • Edited and reviewed
the paper. All authors reviewed and approved the final version of the manuscript.

COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00077-0 REVIEW ARTICLE

COMMUNICATIONS ENGINEERING | (2023)2:30 | https://doi.org/10.1038/s44172-023-00077-0 | www.nature.com/commseng 13

https://pixabay.com/photos/fish-fin-aquarium-tropical-yellow-3217645/
https://pixabay.com/photos/saltwater-sea-trout-trout-fish-1620137/
https://pixabay.com/photos/whale-sea-young-whale-leap-2848225/
https://www.mdpi.com/2313-7673/4/2/38
https://www.mdpi.com/2313-7673/4/2/38
https://pixabay.com/illustrations/sheepshead-fish-mounted-taxidermy-1652053/
https://pixabay.com/illustrations/sheepshead-fish-mounted-taxidermy-1652053/
https://pixabay.com/vectors/fish-animal-sea-life-marine-life-30828/
www.nature.com/commseng
www.nature.com/commseng


Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Aimy A. Wissa.

Peer review information Communications Chemistry thanks Raphael Zufferey and the
other, anonymous, reviewers for their contribution to the peer review of this work.
Primary Handling Editors: Mengying Su, Rosamund Daw.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

REVIEW ARTICLE COMMUNICATIONS ENGINEERING | https://doi.org/10.1038/s44172-023-00077-0

14 COMMUNICATIONS ENGINEERING | (2023)2:30 | https://doi.org/10.1038/s44172-023-00077-0 | www.nature.com/commseng

http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commseng

	Aerial and aquatic biological and bioinspired flow control strategies
	Avian flow control
	Covert feathers
	Avian alula
	Slotted wingtips
	Leading edge serrations

	Insect-scale flow control
	Wing corrugations
	Insect alula

	Aquatic bio-inspired flow control
	Fins
	Surface structures
	Mucus

	Outlook
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




