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ABSTRACT - This review investigates the nature-inspired techniques for the optimization of the
aerodynamic forces on bluff bodies. To provide a rich understanding of these nature-inspired
phenomena, three distinct zones of the species fishes (nektons), birds (avians) and the fast running
land animals are considered. This allows contextualizing different capabilities of the species in
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different environmental necessities. The review follows a trend in which drag reduction capabilities KEYWORDS

of individual parts of these species, including body shape & size, tails, fins, surface structure, wings, Drag reduction;

and wingtips, have been explored in detail. By focusing on specific parts, the review examined the biomimicry;

methods and physics involved, which provides space to narrate the development of ideas and our Iﬂo"(‘gco'.’” Oll’” ”th’[ i
current understanding of the nature-inspired drag reduction and their application to bluff body ba:? d ;rg’gnfejjc’;ion,ra’
aerodynamics. Consequently, nature-inspired promising areas for future endeavor related to the nature-inspired vehicles:
bluff body has been discussed in detalil. It was found that, though, aerospace field has found several wingtips; ’
bird inspired application but the bluff body flow modification have only few. Similar is the case with fish

fishes and land animals which have not been explored yet for aerodynamic use on the bluff bodies.
The crucial importance of passive devices are also highlighted along with the review of their
application on the bluff bodies inspired by nature. Furthermore, several of nature-inspired
techniques are proposed and compared to facilitate the research in this direction. It provides a
fundamental method to develop nature-inspired flow control devices for the bluff bodies.

INTRODUCTION

Nature was never a field of engineering concern worldwide [1, 2]. The production of both journal publication and
commercial patents mimicking nature’s inspiration increased drastically for three decades. It was reported that from 1985
to 2005, the worldwide patents with keywords “biomimetic’ or ‘bio-inspired’ had increased by a factor of 93, but for non-
biomimetic, it was only 2.7 [3]. The diversity of nature’s mastery and its inspiration can be found from the fishing net all
the way to airplane wings [4]. Due to the immense advancement, several review papers have been written to summarize,
provide a research gap, and future possibilities taking inspiration from nature [5, 6, 7-14, 15-19]. However, this review
paper focuses on nature-inspired drag reduction devices. Therefore, it is imperative to discuss the existing review papers
to distinguish the methodology of the current work. Bio-inspiration is a broad term and amalgamates biological objects
that can be stimulated to research on non-biological science [20]. Biomimicry, nature-inspired, bionic, and bio-inspiration
are used interchangeably in this review paper.

The most striking breakthrough was the disregard of the smooth surface as the only drag reduction phenomena. Reif
et al. [21] found that the sharkskin hierarchical structures can reduce the friction drag, which [22] has investigated
significantly affects the drag reduction. Due to several works on this line, numerous review papers have been written
from different perspectives [6, 23—-28]. Bushnell and Moore [7] reviewed the drag reduction in both swimmers and fliers
with three objectives, to identify the methods from nature that can be applied to the technology; identify artificially
developed devices that nature already possesses like wingtips, and improve our understanding of the animal form and
function. Pressure, skin friction, and lift induced drag were discussed regarding swimmers and fliers. Bechert et al,. [29]
discussed the effect of the structure and surfaces of biological creatures on the flow control. It discussed wall shear stress
and boundary layer separation of shark riblets. Anders [30] reviewed the kinematics and aerodynamics of bird and insect
flights. He argued that the scale of the flier has a major effect on the flight's system and for this reason, birds and insects
have completely different mechanisms. This distinct mechanism might have evolved the different number of feather and
tip designs. Fish and Lauder [14] observed that sea animals manipulate airflow using active and passive devices. Passive
devices relate to a morphological and structural constituent of the body like riblets. On the other hand, active flow control
manipulates the appendage or body musculature to influence the wake structure. They reported the performance of the
fish and mammals and argued that if a trailing animal follows the tangential velocity vortex formed by a leading animal,
the body experiences less relative velocities which can decrease the drag. Keeping the same methodology of [14] and by
including insect flight, an elaborated review has been done by [31].

Dean and Bhushan [32] discussed the drag reduction mechanisms in turbulent flows, and riblet inspired drag
reduction theories. This special focus on riblet reviewed its performance, optimal geometry, riblet topped shark-scale
replica, optimal riblet dimensions, and the latest manufacturing techniques. A fuel saving of 3% was achieved by riblets
in-flight applications. Therefore, it is expected that the greater drag reduction may be seen if the biomimetic application
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of hydrophobic surfaces is explored at riblet valleys, peaks, or across the surface. Roper et al,. [33] reviewed the concepts,
underlying biological principles of aquatic locomotion, biomimetic swimming devices developed so far, trends in design
principle, and research gap. Furthermore, [34] reviewed three aspects of biologically inspired designs, including
manufacturing research, methods of identifying and applying biology to new problems, and examples related to it. The
uniqueness of their review lies in the case made by the authors that much work has reported the inspired design but few
specifically elaborated on the methodology of identification and selection of biological designs. Hence, the two methods
explored are solution-oriented, where bio-inspiration needs research for potential applications, and problem-oriented for
which solutions from biomimetic is explored for a specific problem. Their discussion and review also include other related
review papers [10-12, 35-41]. Abdulbari et al. [42] discussed mechanisms to reduce drag using riblets and
commercialization of riblet technology. Categorization of the five approaches using riblets, the effect on drag, the effect
of riblet groove on non-Newtonian fluids, the effect of groove on laminar and transition flow, and technological
applications was discussed. Recently, the unique features of fliers and swimmers that constantly change their shape to
accelerate/decelerate the flow has been reviewed to highlight their differences with classical fluid dynamics [43]. There
are others review papers which can be referred for more clarification [5, 9, 12, 25, 27, 31-33, 38, 40, 44-51].

There is no dedicated review paper that surveyed the nature-inspired techniques of drag reduction, which can be
applied to bluff bodies mostly ground vehicles like a car. However, few works have shown the capability of nature-
inspired devices to reduce vehicle drag, which makes this endeavor worth exploring [52, 53]. Also, previous review
papers ignored the aerodynamic motivation inherent in the fast land animals. Therefore, this review focuses on promising
areas of nature-inspired aerodynamics, including swimmers, flyers, and land animals. Besides, only passive devices have
been discussed, which means that the flow dynamics during motion are not considered. Hence, flapping and vibrational
motions are not included in this review, like an application is made by the from flapping wing [54]. On land animals, not
much work has been done concerning drag analysis. So, fast-moving animals are included to expand the existing
perspectives on drag and the associated parameters.

Drag Behaviour of Fishes

The total drag is a combination of pressure and friction drag, which depend on the geometry and nature of the surface.
In streamline bodies, the significant portion of drag is contributed by the friction, and in bluff bodies, it is the pressure
[55]. Flow around the fish is controlled by combining body shape and appendages with the active and passive interface.
Based on the outline of this paper, only the body and appendages will be reviewed without considering their interface and
dynamic manipulation of the flow.

Effects of Body Shape on Drag

Aerodynamics of the streamlined shape

It is known that laminar flow is more prone towards separation than the turbulence flow because eddying motion
transfers the outer momentum to the inner wall region that delays separation [56]. To create the turbulence, some species
use roughness at the maximum girth position. Scombroidei is a family of fast-moving fishes that evolved so that near the
maximum girth or body width, the laminar boundary layer is changed into a turbulent layer that delays the flow separation.
When these fishes move at Reynolds number above 2 x 106 all the flow is believed to be either transitional or turbulent
[57]. This relation between body shape and size has a connection with active swimming in the epipelagic zone in the
ocean. Nektonics fishes are in the range of 15-30 cm in length because, below this range, they cannot resist the ocean
waves [58]. The same kind of argument has been reported by [59-61]. The question if the fishes are living in the same
environment, then why are there differences in shapes and sizes? One argument may be the alteration in the pressure
according to the depth a fish is capable of swimming but based on the purely evolutional method; this needs to be
addressed. It is essential because it was concluded through numerous studies during the 20" century that the overall drag
of the swimming fish can be calculated by the analogy of a rigid body prototyping the fish [59, 62-65]. Due to such
calculations, [66] formulated the hypothesis that the power needed to obviate the water drag is higher than the available
muscle power in the fish, which is known as Gray’s paradox.

Figure 1. Shape and cross-section of a bottlenose dolphin. Left: Flippers, Middle: Dorsal, Right: Flukes [67]
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Figure 1 shows the flippers, dorsal fin, and flukes of the dolphin along with streamlined shapes that were predicted to
reduce drag by delaying the flow separation. Webb [68] used the fineness ratio (FR), a ratio of maximum length to the
maximum thickness to describe the extent of the streamlines of a body. For an optimal FR, the drag will be minimum at
maximum volume [69]. The FR for dolphins and whales are in the range of 3.3 to 8 [70]. This is in line with the argument
by [71] who studied mathematically related bodies of revolution of the hull and demonstrated the minimum resistance at
FR 7. Mises [69] also argued that a decrease in hair density shows drag reduction. Additionally, [57] formulated a relation
between drag and the position of maximum girth, while [72] stated that dolphins have a maximum thickness at 34-45%
of the body length. This particular shape is similar to any hydrodynamic foil by maintaining the pressure gradient and
laminar boundary [68]. Hence, the flow separation is delayed and observed in the later part of the body just back to the
dorsal fin [73]. No significant separation was reported when the experiment was done on the live swimming of dolphins
under bioluminescent (production and emission of light by living organism) sea [74]. Rohr [74] argued that the existence
of the turbulent flow could not be assumed from the existence of bioluminescence. So, bioluminescence is expected to
occur around the dolphin regardless of the flow type. It has also been argued that fish change body shape during motion
[75]. However, skin friction drag does not directly depend on the shape of the body. Hence to avoid large flow separation,
fish must act to maintain laminar flow for the most part. This can only be done through streamlined shapes. However,
[76] stated for the best shape of a fish that exhibits attached flow with a laminar boundary layer at a large Reynolds
number. Because of this, dolphins have been recorded to have no separation and wake vortex. Additionally, the volumetric
friction coefficient (Cy) does not depend on the shape of the body but rather on the Reynolds number. This is also the
minimum drag on a rigid body revolution and valid for laminar attached flow. The range of this minimum possible value
is.0015< C, <.002 that is only possible for an animal with a slender shape. Similarly, [77] performed a three-dimensional
simulation on a fish like a model and found that with an increase in swimming movement, the drag was increased. There
is a critical velocity at which the thrust and drag were equal, which shows a linear relationship between drag and
swimming velocity. All such considerations are due to the streamlined shape of the fish. Similar studies have been
reported by[78-81].

However, [82] doubted this assertion and claimed that [66] did not have complete data for dolphin and got the higher
values of muscle power that creates no objection to the theoretical drag power requirement. Later, researches unraveled
different reasons for such wrong assertion, which they claim are also associated with the drag mechanism of the fishes.
Hence, the approach to apply streamline body to fish proved not entirely correct when researchers started to consider the
undulating shape of the fish shown in Figure 2. During motion, the fish does not remain straight; preferably, it has a curvy
shape [56].

OVERALL DIRECTION OF MOTION

PROPULSIVE ELEMENT 4 \ .

Figure 2. Active forces on undulating fish [83]

During the second and third quarters of the 20th century, inspired by Gray’s paradox, investigations were done to
understand the swimming behaviors of the fish [57, 84]. Rosen [85] experimented on a small fish in a water tunnel because
he thought all the existing experiments had some flaws. The results were not following the established ideas of laminar
and turbulent flow. Furthermore, the unusual motion of the quanta was in contradiction with the fundamental laws of
motion. This gap led to the developing two hypotheses, namely the vortex peg and scale the force according to which the
propulsive forces are due to the vortices of two-third of the fish body and after fins and tail surfaces. These forces originate
from centrifugal forces inside the vortex core and angular momentum associated with it. Due to this deviation, [85] argued
that the drag calculation of the streamlined shape does not work for undulating fish shape. Taneda and Tomonari [86] at
first, proposed that the high swimming of the fish depends on the progressive wavy type motion. He performed a water
tunnel experiment on a rubber sheet of 222 cm. They showed that when ¢/UOQ <1, there is an isolated vortex at each trough,
but when ¢/U0 >1, there is no vortex, where c is the wave velocity of the fish and U0 uniform water velocity. Swimming
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motion tends to shift the turbulent boundary layer into the laminar boundary layer and reduce the wall shear stress. The
same methodology was extended to a later study by the same author. The idea about the waving motion was no longer a
mystery; however, [87] proposed enhanced locomotion in fishes and fliers through wavy motion. As a model, they
replaced the bird wing and fish tail with large aspect ratio wing. They found a general trend whereby the transverse
velocity of the wave was utilized by the wing for optimal motion. This led to enhanced incidence on the wing increasing
thrust at crest and trough locations.

While discussing the differences between undulatory and oscillatory motion persistent in aquatic animals, [83]
decomposed the forces acting on the undulating body shape. The position of researchers was much clear that waving
movement inspired by the fish did reduce drag and improve the propulsion, but there was no experimental evidence on
the real fish like model. Triantafyllou and Triantafyllou [88] built a robotic tuna fish model to study real behavior as never
done before, see Figure 3. They were concerned about the capability of fishes to reverse movement in a small radius and
without slowing down the speed.

Figure 3. MIT RoboTuna and its vorticity development at the back [89]; (a) Robo Tuna in the tunnel, and (b) Close-up
view of Tuna, (c) Vortex development

The unique vortex of tuna fish shown in Figure 3(c) has counter-rotating vortices behind the wake. The order of
circulation is clockwise, followed by anticlockwise due to the tails waving moves. The authors argued that fishes maintain
the timing and spacing between the vortices for efficient swimming. That was the main conclusion regarding the wavy
shape inspired by the fish. The same authors later put together a more recent work [89] outlining three mechanisms during
wavy shape; separation elimination, turbulence reduction, and energy extraction from the oncoming flow. This line of
research attracted a lot of attention [90-92]. A great deal of research effort was put to investigate this issue where the
body shape of the fish became the sole parameter of undersea investigations also [33, 78, 93-99].

pectoal fin
bl lengih body lengh (B0) |

total length (1)

body length (BL)
total lengeh (L)

bil length
Bil 2 mm

Figure 4. Sailfish with dimensions [100]: (a) Sword fish and (b) Sail fish

On the other hand, swordfish and sailfish shown in Figure 4 have the highest speed in the ocean animals, which is
around 110 km/h [101]. In a hydrodynamic study by [100] on sailfish and swordfish inside the wind tunnel, it was found
that the drag coefficients of sailfish are .0075 and swordfish .0091. Such coefficients are significantly less than the tuna
and small fish like dogfish. The interesting point that velocity measurement showed was the absence of flow separation
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from the entire body even without the bill. Additionally, it was also found that sailfish generally fold the first dorsal, first
anal, and pelvic fins during gliding and cruising. However, that is not the case with swordfish. Sailfish and swordfish
both evolved with a long bill and [102] for the first time investigated its use and found that the legislation is used to feed
on prey by inserting into the school of prey without showing off an attack. Later on, they attack singles by lateral motions
with large accelerations ever recorded. This investigation removes the ambiguity over the use of bill in such fishes. In a
comparative study between swordfish, manta ray, and the killer whale by [103], it was found that the friction drag remains
almost the same. However, form drag is in the order of swordfish < Killer Whale < manta ray. So, if the fastest animals
under the ocean do not vary in terms of friction drag, then what are the other reasons giving that fish such speed?
Information about the form drag elaborates the effect of shape on the aerodynamics, but not much work has been done in
this direction. Table 1 summarizes the important information.

Table 1. Summary of the important progress in understanding fish body shape

Investigation

Mechanism method Significance References
Gray’s paradox- The muscel
Movement of fish Experiment power is less than the Gray [66]
resistence
Flippers, dorsal fin, and - Drag reduction Fish [67]

flukes

. . Provide the extent of how .
Fineness ratio ) much a body is streamline Mise [69] [104].[70]

Live swimming of dolphins Experiment No separation at the body Rohr [74]
Best body shape Theory Should have aitached Nesteruk [76]
laminar flow
. Zhang et al., [77], Eppsetal.,
Drag and thrust relation . CFD. Atacritical speed both [78], Liuetal.,[79],
simulation Drag and thrust are same

Triantafyllou et al., [80]
Streamlined body method is

Undulating fish shape Experiment not applicable to Wavy Rosen [85]
shape of the fish
Tends to change the
Wavy shape Experiment turbulent bounday into Taneda and Tomonari [86]
laminar

fishes maintain the timing
and spacing between the

Vortex of tuna Experiment vortices for efficient Techet et al., [89]
swimming
drag coefficients of sailfish
Swordfish and sailfish Experiment are .0075 and swordfish Sagong et al., [100]
.0091

Aerodynamics of the Blunt Fish Shape

Contrary to the expected streamlined shape for better aerodynamics, circumstantial factors led to the development of
bluff body shape in the ocean. The boxfish (Ostracion Meleagris) has a similar shape, like a bluff body shown in Figure
5 [105].Such a unique design of the boxfish with fins off maneuverability in a limited space at approximately near zero
turning radiuses with 180° change in the direction.

Two dorsal keels Convexity
v
Concavity » <~ Concavity
- \ Py
—— Two ventral keels — A .
Convexity Center of mass

Trapezoidal cross-section

Figure 5. Spotted boxfish Ostracion Meleagris [105]
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Also, the role played by the pectoral and caudal fin becomes more important [106]. Quantitative investigations by
[107] revealed that swimming is fast with high endurance. The boxfish’s speed varies concerning body length covered in
one second and is dynamically stable. Their parasitic drag is like a good streamline body. The experiment shows that
although the shape might say otherwise, boxfishes are competitive with other body-caudal fins (BCF) operated fishes
because the calculated total cost of transport was same as BCF swimmers. That is why its body design and execution is
one of the most complicated. Later on, [108] reported that as per rectilinear speed, boxfish use different fins to
accommodate movement. When fish travels less than five body lengths per second, the only median, paired, and caudal
fins seem to be used for steering. Greater than five body length was managed by burst-and-coast in which the prime
factors were the body and caudal fin. The vertical flow structure behind the boxfish was studied by[109] that showed the
development of strong longitudinal vortices coming out from keels of fish varying with the angle of attack. The pressure
was low, where the concentric vortex was created on the carapace surface. They predict that self-correcting motion is
made by the ventral keels in all the boxfishes [105]. The difference between the aerodynamics of real fish and a model
fish was investigated by [110]. They experimented on living and a prototype boxfish to know their stability capabilities
and found that in live fishes, the strength of vortex circulation was higher than in the model due to the pectoral fin
interaction with kneel-induced flow. The power of boxfishes to alter the underlying self-correcting system with fins is an
essential factor for stability and maneuver. However, the most crucial point is that the passive system of keels has reached
such stability equilibrium. The generated vortices stabilize the boxfish automatically otherwise these will create flow
separation leading to huge drag, but such consequences are being handled free of cost. Amalgamating such unusual design
factors, the boxfish also has a speed of six body lengths per second for Ostracion Meleagris and Lactophrys triqueter
boxfishes. Bartol et al,. [110] also found vertical flows similar to the fish model in the live fishes in the water tunnel. As
the pitch angle increases, vortex strength also increases but was higher in live boxfish. This higher vortex might be due
to pectoral fin interaction with keel flow. Nevertheless, previous studies led to a paradox: how can a boxfish are forwardly
stabilizing at the same time turning quickly? To resolve this, [111] shows through experiment and simulation over boxfish
that drag reduction performance is lower than the general fish morphology. The drag coefficient consistently decreases
with speed, and a minimum was recorded as 0.26. Additionally, they have found destabilizing moments responsible for
the optimal maneuverability. It is due to the different functions of the active fins. This argument is in line with the
ecological necessity for efficient turning and tilting, they argue. The results seem contrary in terms of stability hence more
data is needed to validate the claim. Again an aerodynamic study of boxfish shape in terms of drag coefficient was done
by [112] both experimentally and numerically to initiate a method to implement the bioinspired design to vehicles. They
found that the special shape of boxfish has a drag coefficient of 0.10 which is far less than any other model available in
the market. Due to the diffusion from all sides, it contributes to the recovery of pressure and reduces the drag coefficient.
More recently [113] studied the aerodynamic shape of a boxfish model and found the drag coefficient to be 0.24. These
authors stated that features of the boxfish were implemented over the passenger car’s front end only without defining
what do those features mean. Nevertheless, the car model has a drag coefficient of 0.28, a 50% reduction compared to the
Holden car model. This huge variation in the drag coefficient needs to be resolved before any concrete concepts could
be made on boxfish. A proper investigation is necessary to judge the claim by [111] that boxfish may not be the ideal
choice for car manufacturers, due to self-correcting stabilization of what is called ‘vortex lift’ that keeps boxfish in a
straight line. So, it would require large energy for a car to take a turn with such a self-correcting device. However, this
debate seems to have huge potential for further research because not all the functions of such fishes are understood, and
results appear inconsistent.

This section reviewed the important progress made towards understanding the natural shape like streamline and blunt
body. The discussion on streamline shape stresses the shifts in the understanding of flow behavior. The rigid body shape,
flexible body, and wavy body shape provide a complex picture of natural flow control techniques. However, the
streamlined shape is not the only peculiarity in nature because the blunt body is said to give a relatively low coefficient
of drag. Hence, the discussion on shape obscures the authenticity of assumptions about the mysteries of real energy
harnessing techniques. Now, through boxfish design, nature again struck human’s capability to understand the
fundamental flow problems. Furthermore, it is not just a change in structure rather the understanding of basic axioms we
have formulated. It means, how the flow behaves is not yet established even in a general sense because streamline and
bluff body are two natural shapes. Given that water resistance is much higher than the air, the reduction of the drag
coefficient is interesting for such a shape. What then from the combination of shape and passive devices of the fishes can
be employed not only to ground vehicles but also to aerospace? Table 2 summarizes the important information.
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Table 2. Summary of the important progress in understanding blunt fish shape

Mechanism Investigation Significance References
method
Boxfish shape Experiment maneuverability in a limited space ~ Bartol et al.,
at approximately near zero turning [105]
radiuses with 180° change in the
direction
Boxfish shape Experiment and drag coefficient consistently Wassenbergh
simulation decreases with speed, and a etal., [111]
minimum was recorded as 0.26
Pressure recovery in Experiment and Due to the diffusion from all Kozlov et al.,
boxfish simulation sides, it contributes to the [112]

recovery of pressure and reduces
the drag coefficient to 0.10

Boxfosh inspired car Experiment the car model has a drag Islam et al.,
coefficient of 0.28, a 50% [113]
reduction compared to the Holden
car model

Effects of Appendages on Drag

Aerodynamics of the fins and tails

The streamline behavior is not specific to the body itself; rather, appendages like fins, flukes, and flippers are also
streamlined. Lang [114] used three fins of different dolphins, which are all streamlined in cross-section, but the pressure
distribution over them does not correspond to the typical airfoil. These fins appear to eliminate both laminar and turbulent
boundary layer through the pressure gradient near the nose, and cusp-shape pressure gradients of fin A & B combined
with adverse pressure gradient for turbulence create a near-uniform boundary layer to optimize the length of laminar flow.
Van Dam [115] studied the unique crescent-shaped fins of the fishes. Long-distance cruising tail fins of aquatic mammals
have this particular characteristic shown in Figure 6.

Figure 6. Crescent-shape tail fins [115]

It was found that aerodynamic efficiency has improved owing to increased backward curvature. Due to the
combination of large induced efficiency and wingspan for a given loading, drag is reduced. Pavlov [116] examined the
dependency between skin structure and dorsal fin of the harbor porpoise through the computational method. It was found
that fin and fin cross-sections are related to skin structure which influences hydrodynamic parameters. Therefore, the skin
structure is controlled by the fin flow mechanism. This is an exciting proposal because the reliance on each other will not
only include skin structure rather the whole-body shape and size. It means the drag-reducing techniques related to the
surface are linked to streamline shape and depends on the Reynolds number. Flukes of mammal’s cetaceans help to create
hydrodynamic thrust, stability, and maneuverability. It is also associated with lift and drag, which [117] has proved
computationally. They used flukes’ profile at 50% span for a numerical investigation that shows flukes are better lifting
generating devices than existing foils, and out of 19 cetaceans, Tursiops has the largest coefficient of lift superior by 12-
19% over-engineered. Table 3 summarizes the important information.
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Table 3. Summary of the important progress understanding fins and tails

Mechanism Investigation Significance References
method
fins, flukes, and flippers Experiment These fins appear to Lang [114]
shape eliminate both laminar and

turbulent boundary layer
through the pressure
gradient near the nose,
Crescent shape of fish tail Experiment aerodynamic efficiency has Dam [115]
improved owing to
increased backward
curvature. Due to the
combination of large
induced efficiency and
wingspan for a given
loading, drag is reduce
fins Simulation fin cross-sections are related Pavlov [116]
to skin structure which
influences hydrodynamic
parameters
flukes Simulation flukes are better lifting Fish et al., [117]
generating devices than
existing foils upto 12-19%

Aerodynamics of the Flippers

Similarly, whale’s flippers shown in Figure 7 got research attention due to its unusual leading structure called
tubercles. It functions to create excitation in the flow that delays the stall for high angles of attack [118]. Watts and Fish
[119] did a simulation on a wing with and without tubercles and found that it increases the lift by 4.8%, reduces the
induced drag by 10.9%, and increases the lift to drag ratio 17.6%. The delay in the stall was then reported by [120] through
the wind tunnel experiment over-idealized humpback whale flippers. They found a 40% delay in the stall compared to
smooth wing, along with drag reduction and increased lift. The reason for the delay in stall was the flippers' higher lift at
a large angle of attack. During post-stall, flippers maintain the low drag at high lift. This mechanism is auspicious to
whale during feeding and maneuvering.

Figure 7. Whales Humpback whale (M. novaeangliae) flippers. Detail views of pectoral flipper showing leading-edge
tubercles [121]

van Nierop [122] devised an aerodynamic model for whale flippers that details the reason for delayed stall. They
changed the morphology of a smooth wing according to whale flippers to see the effects of bumps. The control properties
of flippers are related to the amplitude of the bumps; if the amplitude increases, the lift curve flattens and remains
indifferent with wavelength. Similar results have been reported in a water tunnel experiment by [123]. Based on the
modification of airfoil NACA0021 by mimicking flippers, tubercles [124] revealed that due to the streamwise formation
of the vortices modified by tubercles, the tonal noise of the airfoil is reduced. It is supposed to be influencing the stability
of the boundary layer. Later on, the same authors[125] reported that these tubercles work more efficiently on NACA 65-
021 than the NACA 0021. Higher amplitudes provide higher lift coefficient and stall. Besides, during post-stall, it works
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even better by delaying the stall angle, increasing the maximum lift coefficient and other performance parameters up to a
specific wavelength. The flow behind the smooth and tubercles wing was further reported that lateral to crest and
downstream vortices interact with the oncoming flow from tubercles [126]. The pair of vortices from the inward-facing
side due to the tangential velocities change towards the trailing edge of the wing. Also, the tubercle peak accelerates the
flow further downstream after mingling with the vortex pair. These effects altogether stop the separation of the
downstream tubercles flow, and this led to shift the stall line further backward. These tubercles again stress the impact of
wavy surfaces already discussed before. This led [127] to argue that such protrusions on the whale flippers are not unique
to the only whale from tubercles. He proposed alternative forms that equally provide some kind of benefits for better
agility and maneuverability. As shown in Figure 8 different types of wavy patterned foils which he investigated for
comparison with the whale tubercles. A similar study was done by [128], [129]. Almost all the studies have suggested
improvements in aerodynamic performance duet to tubercles.

(b) At #M
N -

Figure 8. (a) Wavy wing section and (b) Tubercles wing section [127]

However, the flow mechanisms for these improvements are still not clear with several hypotheses, such as the
boundary layer momentum, angle of attack, vortex lift, and effective angle [130]. The authors have reviewed such a
competing hypothesis, which is useful for further research in this direction. Nonetheless, it was believed that flukes of
cetaceans produce the power for swimming, and flippers create the desired lift and torque for maneuver. However,
recently [131] demonstrated, for the first time, an additional function of the whale flippers. The active stroke of flapping
creates lift and increases propulsive thrust. These strokes can grow massive forward-oriented forces that can enhance lung
feeding performance.

This section discusses the aerodynamic effects of various appendages of the Fish. It revealed that fins, flippers and
tails provide an exciting, aerodynamic benefit and further motivatein-depth research on different sub-parts. However, the
practical implication of these parts still needs the attention of the scientific community. Significantly, the critical features
of the flippers had great potential in different applications. Table 4 summarizes the important information.

Table 4. Summary of the important progress in understanding the flippers

Mechanism Investigation Significance References
method
Whale’s flippers Simulation it increases the lift by 4.8%, Watts and Fish
reduces the induced drag by [119]

10.9%, and increases the lift to
drag ratio 17.6%.

Humpback whale flippers Experiment 40% delay in the stall compared ~ Miklosovic et
to smooth wing, along with drag al., [120]
reduction and increased lift
Protrusions on the whale Simulation such protrusions on the whale ~ Rostamzadeh et
flippers flippers are not unique to the al., [127]

only whale from tubercles. He
proposed alternative forms that
equally provide some kind of
benefits for better agility and
maneuverability
Stroke of flapping Simulation active stroke of flapping creates Segre et al.,
lift and increases propulsive [132]
thrust. These strokes can grow
massive forward-oriented forces
that can enhance lung feeding
performance.
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Aerodynamics of the Surface Structure

Reif and Dinkelacker [21] were the first to discover the complex shape of the sharkskin micro-grooved surfaces that
reduce drag in the turbulent conditions. The reason behind this drag reduction is the thickness of the viscous sublayer. If
the thickness is greater than the roughness of the contact surface, than these rough surfaces will be immersed into it, hence
the friction is transformed into viscous resistance [15]. The structure of sharkskin evolved with micro-grooved structures
that consist of riblets. It was suggested that these grooved surfaces are the reason for reduced viscous drag and turbulence
intensity.

Figure 9. Skin of white shark [133]

Walsh [22, 134] reported a maximum of 8% drag reduction due to longitudinal grooves of shark skin riblets. They
kept the dimensions of grooves of the same order as the turbulent wall streaks and bursts. Also, the optimum rib shape is
a sharp peak groove with valley curvature. The skin of a white shark is shown in Figure 9. The effect of riblet parameters
that can affect the hydrodynamic has been developed. The viscous sub boundary layer due to the longitudinal rib of the
shark has been theoretically analyzed [135]. The theoretical calculation predicted the origin of the velocity profile from
the riblets. It lies below the tips of riblets, in general, 10-20% distance of rib spacing called ‘protruding height’ theory.
Later, 5-8% reported drag reduction was improved by [136] to 10% compared to smooth surfaces through oil tunnel
experiments. By taking inspiration from nature, sharkskin riblet has then been modified to suit engineering problems.
Nugroho et al,. [137] reported the experimental results in converging-diverging riblets in the turbulent boundary layer
with zero-pressure. Due to large scale periodicity in the turbulent boundary layer in the spanwise direction, the boundary
layer thickness is significantly affected. Hence, the local mean velocity increase and turbulent intensity decrease make
the boundary layer thin. Taking the same line of research, Recently [138] investigated the effect of streamwise riblets in
turbulent boundary layers with particle image velocimetry. They found a reduction in friction velocity and Reynolds stress
inside the turbulent boundary layer, hence reporting drag reduction. The correlation between hairpin vortices and
momentum distribution is that increases in streamwise riblet surface decrease the hairpin vortices. These are in contrast
with the smooth surfaces. Similar studies have been reported in this direction, making sharkskin riblet an undisputed
technique to reduce drag reduction [8, 139-143].

However, the effect of riblet cannot be understood until all the affecting factors to the movement of sharks are known.
Lang et al,. [144] investigated the existing proposals that sharkskin can bristle their scales while in motion. The
experiment showed an increase in momentum close to the slip area that forms above the scales. Hence, the increase in
velocity can be attributed to boundary layer control that is due to separation control. This is a separate issue to be explored.
Like Lang and colleagues [8] brought a different perspective that deals with the angle of attack over sharkskin scales. The
angle of attack is a highly influential factor in reducing drag and turbulence intensity. The scales change with swimming
conditions. They also stated that the sophisticated morphology of scales behaves as a super-hydrophobic surface with a
contact angle of more than 150°. This creates boundary slipping at the interface of fluid-solid, which can reduce the
velocity gradient along with resistance due to the viscous effects. One more critical point is the working of nanochain
mucus that stretches within the boundary layer creating a more stable and steady flow. They also highlighted the variation
of shark riblets throughout the body and found no similar second rib on the entire surface. Domel et al,. [145] designed
a new kind of riblets inspired by denticles that have shown significant improvement in the aerodynamics of the wing.
This inspired device shown in Figure 10 can improve the drag to lift ratio by 323%, which outperformed the existing
vortex generators at a low angle of attack.
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Figure 10. Shark denticle inspired surface structure [145]

This reduction was the alteration of the flow pressure by separation bubbles at the wake of denticles, which improve
the suction. The loss of momentum due to skin friction was made up of the streamwise vortices. The importance of this
study is that apart from the drag reduction mechanism discussed in existing literature, it has introduced the lift and lift to
drag ratio parameters, which were significant in understanding the role of denticles.

R:Round. SR:Semi-round and L: long

Figure 11. Shark mako’s dorsal fin denticles inspired structures. (a) Rounded inclined and (b) Rounded horizontal
[146]

By focusing on the shortfin mako shark [146] has designed structures from the dorsal fin. The dorsal fin has somewhat
different structures than the body, and the mimicked designed structure was rounded, semi-rounded, and long, as shown
in Figure 11. They have found the best drag reduction with rounded and long denticles. The lowest drag coefficient of
0.011 was recorded for long and rounded at 9.5° angle of attack with 5 m/s speed.

uperhydrophobic surfaces have been embellished with sinusoidal surface texture through direct numerical simulations
[147]. They found microgroove inspired asymmetric secondary flows that oscillate in the streamwise direction. It is found
that transverse shear strain on top of the sinusoidal microgroove is like a stokes spatial layer (SSL). Simulation and
experimental studies have been undertaken by [148] to see the effect of the micro-grooved surface on the blade of air
engine. They found that a micro-grooved blade has a higher drag reduction performance than un-textured. They also
optimized the position of texture on the blade surface. A bunch of application-oriented investigation has been done
inspired by riblets [28, 141, 149-153]. Similarly, the protrusions at the surface of sailfish were investigated for friction
drag reduction [101]. They found that there was no significant improvement in the drag by the riblets of sailfish. The
reported skin friction drag reduction was only 1%. This is in contrast with the improved aerodynamic performance by the
shark riblets. What are the evolutional and aerodynamic differences between these two structures need further
investigation?

In this section, the aerodynamic effects of the surface structure of the fishes has been discussed. The physical
understanding of such structures like Riblets, denticles of the shark led to the development of new kinds of vortex
generators providing impressive drag reduction. Fishes structures provide an exciting line of research, which includes the
basic physical understanding of shapes, wavy shape, geometries of tails & fins and the surface structure. These are some
of the concepts that improve our understanding of fluid flow. The implementation of engineering problems has not been
fully discovered yet, so there is a lot of research yet to be done.
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Table 5. Summary of the Important progress in understanding the surface structure

rounded at 9.5° angle of attack

Mechanism Investigation Significance References
method
sharkskin micro-grooved Experiment Reduce drag in the turbulent Reif &
conditions Dinkelacker
[21]
longitudinal grooves of Experiment Maximum of 8% drag reduction  [22], [154]
shark skin riblets

Sharkskin riblet Experiment Increased drag reduction Nugroho et

modification compared to original al,. [137]

Shark at angle of attack Experiment highly influential factor in Lang [8]

reducing drag and turbulence
intensity and behaves as a super-
hydrophobic surface with a
contact angle of more than 150°
Riblets inspired by Simulation improve the drag to lift ratio by Domel et
denticles 323%, which outperformed the al,. [145]
existing vortex generators at a
low angle of attack
Shortfin mako shark Experiment The lowest drag coefficient of Patricia et
0.011 was recorded for long and al., [146]

Applications to Bluff Body Aerodynamics

Engineering applications of nature-inspired body shape has a long history that has been implemented both in aerospace
and ground vehicles. Though a high drag reduction was achieved with such a non-aesthetic look, it was not attractive to
the people [155, 156]. Arabaci and Arabaci [157] developed a bus inspired by the shape if beluga whales shown in Figure
12. The experimental and numerical study of six different bus models, a drag reduction of 21.06%, was achieved. This
would give an approximately 12.64% reduction in fuel consumption. Similarly, the body shape of a sailfish has been
studied for the alternative of the fuselage of an airplane. It is well known that sailfish is the fastest animal in the water.
Taking inspiration, [158] modified the nose of the fuselage. Sailfish features proved to be aerodynamically more efficient
than the conventional fuselage. This led to a reduction of 10% drag force, which points to the importance of elliptical
cross-section over circular. This has been discussed because the potential application of this design to the front of tractors

and buses is huge [159].
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Figure 12. Six models of buses inspired by Beluga whales [157]
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Similarly inspired by sailfish diplets at the torso fin used to rise from the pockets of air and water scales were imbedded
onto a P1 hypercar. This texture was installed inside the duct that connects to the engine. It increased the volume of air
by 17% to the engine, hence improving the car’s efficiency. It was a necessary task because this electric Hypercar has
903 horsepower, which needs air in large quantities [160]. The car is shown in Figure 13.

Figure 13. Sailfish inspired P1 Hypercar designed by McLaren [160]

Similarly, a rather unusual shape of the boxfish led to the development of a whole new car design by Mercedes Benz.
By mimicking a female boxfish, a car was developed that has a 0.24 drag coefficient, shown in Figure 14 [161]. Though
detailed features are not available in the open literature, Figure 16 shows the shape as the significant adoption. This design
created a controversy that while in a straight motion, it will be difficult for a car to turn due to morphological reasons.
But this destabilizing moment is the reason for enhanced maneuverability in boxfish [111].

Figure 14. Boxfish inspired car [161]

It was argued that what is called in-course stabilization of boxfish due to vortex lift generated from the edges will
make a car bound to a track like a train, and aberration from this linear path requires enormous energy, argues [162].
Hence what benefits can the rare maneuverable capability of boxfish be applied to a car driving at a much higher speed?
As rightly pointed out using features and shapes to specific locations rather than adopting whole shape design is an area
that needs research attention. Recently, [163] have tried to adopt some features of the boxfish, though not specifying
again about the features itself. From Figure 15, it seems their focus was to mimic the shape of the boxfish, which gave a
drag coefficient of 0.28. Specifically, the frontal shape of the boxfish, which at the later stage was optimized for better
aesthetic looks as well, was examined.

- Py &

c ‘ e .

Figure 15. Boxfish inspired car model that claims to use some features [163]

What then can be acquired from the shapes of fishes into engineering applications? As [156] stated that vehicle design
is not always about looking at aerodynamic gains rather it is much more complex. Hence, it is imperative to look for the
important features that can be mimicked in some parts of the vehicle. Bio-inspired material is a great example that is
creating far better-performing materials than inventions made earlier [164, 165].
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The application of non-smooth surface that was started by [154] on airplane fuselage did not excite the researcher to
apply the same on ground vehicle design. However, [166], for the first time, tried to implement it on a vehicle structure.
The size and dimension of the non-smooth surface cart are shown in Figure 16. Only the engine cover lid and vehicle
body cap were tested with such non-smooth surfaces. They argued that 10.31% of drag reduction was achieved by
controlling the boundary layer. This control lessened the burst and loss associated with turbulent kinetic energy.

Code

Engine cover lid

Body cap

Spacing, SxL H
(mmxmm) (mm)

Code Spacing, SxL H

(mmxmm) (mm)

F1 12x12 0.75] T1
F2 9x9 1.0 T2
F3 9x9 0.75| T3
F4 6x6 1.0 T4
F5 6x6 0.4 T5

15x15 1.5
12x12 1.5
0.75
9x9 15
9x9 0.75

hY

horizontal distanc:

e; L: vertical distance;

Figure 16. (a) and (b) Pits in uniform distribution (c) and (d) Uniformly divided grooves. The table shows the length
and card model indicate the location of non-smooth surfaces.[166]

The same analysis has been done considering the non-smooth surface of beetle and shell by the same authors [167].
Variation in the groove size and shape affects the aerodynamics behaviors, which have been extensively studied [26, 135,

166, 168].

This section describes the fish inspired engineering application attempted till now. However, it does not provide the
methodology which can provide a way of selection, at least in terms of applying features of the fishes to engineering. It
seems there is a lot of work that needs to be done at this front. Table 1 summarize the application of fish inspired devices.

Table 6. Summary of Important progress in bluff body applications

Drag reduction through fishes

Flow control Method Investigation method Device
inspiration
Beluga whales Experiment and CFD Bus design
simulation
Sailfish diplets Manufactured P1 hypercar
Female boxfish Manufactured Mercedes Benz
car
Boxfish Experiment Car design
Shark’s groove like non- CFD Surface
smooth surface modification

Significance

21.04% drag
reduction

Volume of air
increased by 17%

0.24 drag
coefficient

50% drag
reduction

10.31% drag
reduction

References

Arabaci and
Arabact [157]

Chawla [160]
Sharfman[161]
Chowdhury

[163]
Song et al., [166]

Drag Behavior in Non-Flapping birds

The first book about human’s journey on the path to flight was "Progress in flying machines’ by Octave Chanute in
1894, exploring the strong possibility of natural flyers to solve the engineering problems [169]. Indeed, the complete
grasp of natural flyers and their implementation of the engineering problem is neither easy nor required in every case.
However, the aerodynamic system of flyers is robust, autonomous, and environmental-friendly; hence the question
researchers are looking at whether flyers can become a premise to solve engineering problems in a sustainable way than
man-made solutions [30]. Jacob [170] argued that it is imperative to know different aspects of flyers related to engineering
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problems, especially wing aerodynamics, structures, and control systems. Due to the flyer’s complex wing surfaces,
flexibility, and control over agility in maneuvering, they are difficult to study [171]. The mechanical properties influence
a lot on aerodynamics, which has been studied by various researchers [170, 172-175], but that will not be reviewed here.
The focus of this section is about drag and lift inspiration from flyers, but it will exclude any specific designs which have
already been reviewed. However, wherever necessary, they will be referenced for further reading.

Effects of Body Shape on Drag

Air and ground vehicles had maotivation in the birds due to streamline shape [155, 156]. The drag associated with bird
flight is classified into three components; parasitic drag, profile drag, and induced drag. The parasitic drag is due to the
bird's body without the wings [176]. The power required by birds due to their body was theorized by [177], which related
flight power and speed. He argued that body drag (drag of non-lifting parts) depends on the freestream velocity and chose
the flat plate equivalent area to calculate the parasitic drag associated with the body, as shown in Figure 17. The power
required to surpass this drag was calculated.

(a)

Figure 17. Bird body as an equivalent flat plate area [177]; (a) Flat plate cross-section, (b) Bird body

However, [178] argued that the calculation of drag and associated power had not been compared with the measured
values. So, he compared the predicted values with the experimental data and proposed some modifications in the theory.
He also adds that parasitic drag is related to Reynolds's humber; hence for bird-like body shape, the drag coefficient
decreases when the Reynolds number goes higher than a specific range, so the flat plate area needs to be modified with
speed. This dependence on the Reynolds number is not predicted by the [177] theory. Moreover, for an actual bird, there
is no established functional relation between the Reynolds number and the parasitic drag coefficient. The boundary layer
over the bird body varies as per the locations. Accordingly, [178] has formulated the new equation for parasitic power.

Later on, [179] measured the frontal area of large birds related to power through the body mass. The drag coefficients
do not vary much after the Reynolds number of 150 000. The drag coefficient ranges from 0.26 to 0.38 for the different
birds used in the experiment. Other measurements obtained varied values of body drag that led [180] to resolve this
problem and establish a definite body drag on Harris hawk. He reported that the mean minimum drag coefficient of a
wingless dry, frozen body is 0.24, and a smooth-surfaced model has 0.14. A similar study was performed by [181]. There
are methodological restrictions in the experiment to find out the actual interference drag of the body. Tucker [182]
introduced a new method stating that the existing rules to find isolated body drag is the difference between the body on
strut minus the strut alone. However, strut influence the freestream flow and creates additional interference drag. Not
only the body size and shape but also the position of the head affects the body drag. Tucker [183] argued that while
chasing the prey, peregrine falcons bends head about 40 degree but that should also increase the drag due to this bending.
This is a paradox because both are existential phenomena. He further experimented in a wind tunnel using pitching and
yawing angle on the birds and found that with a turned head, drag increases by 50%. Moreover, [184] has shown that
differences in body size deliberately affect the drag pattern along with speed. They showed using auklets bird minor
fluctuations in shape but large variations in drag coefficient with speed. It also pointed out the difference in measurement
for the smooth and feathered version of the model. That means turbulent transition flow at the front is not only affected
by the shape but also the feathers. Moreover, the data shows a higher effect of the feather on the drag magnitude than the
shape of the body itself. The effects of body shape and size are not the only factors that influence the drag of the bird
body rather, the presence of a tail in birds reduced the parasitic drag. Maybury and Rayner [185] did a wind tunnel
experiment on European startling Sturnus vulgaris. They found that the absence of tail rectrices and dorsal and veneral
coverts increases the parasitic drag by 55%. This enhancement is large, considering a small portion of the tail compared
to the body of the bird. The tail and associated feathers operate as a splitter plate that modifies the boundary layer which
ultimately delays the separation and reduced the drag.

Along with the paradox mentioned above, there is a fundamental problem related to the measurement of the drag
coefficient of the bird body, which is highlighted by several studies [178, 179, 182]. The ambiguity is that the drag
coefficient values determined by experiments using the model were as low as 0.14 to 0.17, which were almost equal and
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sometimes lower than the importance of the fundamental values of the best axis-symmetric convex bodies in a similar
flow range [186]. Through flow visualization, the authors proposed that this deviation is due to the bird’s non-
axisymmetric and non-convex shape. This special structure creates a turbulent boundary layer, and the extensive flow
separation occurs at the dorsal area of the neck and tail. These two features help to create a scarf vortex starting from the
neck and running over the whole body till the tail. This vortex stabilizes flow over the body by controlling the flow
separation at the necessary point. Hence, a bird’s shape has its own way of controlling the flow, which is not
experimentally determined in a live flying bird [187]. When the wings remain motionless and flexed with respect to the
body, the intermittent flight of a small bird improves. It means heavy birds cannot remain motionless in the air for more
time, but small birds can [188].

From the above discussion, it becomes clear that the complete grasp of bird shape has not been understood yet because,
after two decades of work, researchers are still trying to develop improved data on the parasitic drag [189]. Similarly,
how other appendages of the birds affect the body drag is also not understood like the wing-body interference. The design
of nature has evolved so that it always harnesses the maximum energy, which sometimes seems to be contrary to the
general understanding of science. For example, the navigation of bats occurs through echolocation by extending the ears.
But [190] showed by experimenting on two small and large ear bats that the large ear bat has high body drag but brings
forth relatively higher lift.

In this section, the historical development in the understanding of flow around a bird body is investigated. Different
bird body shape shows the range of drag coefficient and then the measurement problem has been highlighted.
Additionally, live birds experience different deformation during flights and adjust their body according to the necessity
of the conditions of the flow. However, such degrees of freedom are difficult to create in the wind tunnel with various
parameters. Future research can resolve this dispute over body drag and find out the proper methodology to calculate
different interference drag and lift generation.

Table 7. Summary of the Important progress in understanding Bird body shape

Mechanism Investigation Significance References
method
Parasitic drag theory Experiment body drag (drag of non-lifting parts) depends Tucker [176]

on the freestream velocity and chose the flat
plate equivalent area to calculate the parasitic

drag
Drag coefficient of bird Experiment mean minimum drag coefficient of a wingless Tucker and
body dry, frozen body is 0.24, and a smooth- Heine [180]
surfaced model has 0.14

tail rectrices Experiment absence of tail rectrices and dorsal and veneral Maybury and
coverts increases the parasitic drag by 55%. Rayner [185]

non-axisymmetric and Experiment special structure creates a turbulent boundary Rayner and
non-convex shape layer, and the extensive flow separation Maybury [186]

occurs at the dorsal area of the neck and tail.
These two features help to create a scarf
vortex starting from the neck and running over
the whole body till the tail. This vortex
stabilizes flow over the body by controlling
the flow separation at the necessary point

Effects of Appendages on Drag

Aerodynamics of bird tails

The appendages of the birds can broadly be divided into two parts, wing, and tail which along with the body, complete
the three kinds of drag known as parasitic drag, profile drag, and induced drag [177]. However, only the wings are
conventionally excluded while calculating the aerodynamic forces on the bird [182]. Due to the critical contribution of
the tail to the drag and lift, it is divided into tail and wing in this paper.

The structure of tails varies dramatically within the flyers. For example, a small bird Euplectes progne, has a tail worth
1m long, and the bird Uropsalis lyra showed a complex tail that is approximately 8 times the body length [191]. Such a
complex shape in their relation to aerodynamics is far from established. Smith [192] argued that the birds use the tail as
a horizontal control surface by providing stability. But why did the birds evolve in a horizontal tail rather than vertical is
a big mystery yet to be solved? In addition to this, [193] showed that the tail area fluctuates as per the flight speed. For a
Harris Hawk, it varies from 10% in fast flight to 20% of the low flight of the wing area[180]. It has been argued that the
tails have two objectives, to produce large forces during slow flight and maneuvering. During the slow flight, the wing
has to generate a high lift that shifts the center of aerodynamic pressure forward, which destabilizes the flow by changing
the pitching moment. At this junction, the tail acts as a control surface and modifies the flow coming, which delays the
stall [193]. Similarly, it has been proposed that the variation in tail structure and its length is associated with the kind of
vortex generation coming backward by [194]. In the vortex ring gait to allow the bound vortex across the body, this factor
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may have influenced the positioning of the tail. The tail may evolve into a rounded trailing edge. He also stated that the
drag associated with the elongated tail depends on the surface area. If the area is high, so would be a drag, and that is why
the elongated tails have less width and some even end like a wire-like tail. By analyzing the different aspects of the bird’s
tail [195] wanted to establish the aerodynamic theory of tail on the basis of slender lifting surface theory.

The above discussion reveals an inconclusive understanding of the tail aerodynamics and differences in the lengths
available. Balmford et al,. [196] attempted to calculate the flight cost associated with elongated tail by integrating
aerodynamic and data on sexual dimorphism. For the experiment, they considered four different elongated tail size models
depicting the original birds shown in Figure 18, at a spread angle of 120 degrees. The aerodynamic cost was formulated
in terms of lift to drag ratio. A graduated tail has the highest lift to drag (L/D) ratio and a shallow fork the lowest. This
suggests that to avoid the aerodynamic cost, a tail must evolve with elongated length but less in width; otherwise, the
penalty is a high drag. Later on, [197] using the same method stated that natural selection could explain these tail
variations. The tail does reduce the L/D ratio of birds but helps to maintain stability, creating lift and turning the flight.
They found that large birds with high L/D have a short length; on the contrary, birds that generally need maneuverability
more than any other parameter are evolved with a long tail.

020

Closed Spreadto 120 Shape

Shallow fork

| A Y

Aerodynamic cost of spread tail
(drag / lift at 5 angle of attack)

5 10 20 30

Tail length (cm)

Figure 18. Right side shows the shape of the tail with the spreading angle along with the associated model shape tested.
The left side provides the aerodynamic cost corresponding to the tail shape [196]

Also, those birds in need of maximum turning moments on a fixed drag value evolved with long and forked tails that
provide such flexibility. Thomas and Balmford [197] have made several predictions that proved to be correct and others
wrong. The prediction that if the aspect ratio increases, the tail length should decrease, an increase in flying speed should
decrease the tail length, and an increase in outer feather tail length also improves maneuverability were found to be
correct.

Furthermore, there was another line of research on the tail that owes to the delta-wing theory. Evans et al. [195],
Evans [196] reported the recent debate over applying high-speed delta-wing theory to the slow-moving birds. They proved
through an experiment that both delta wing models and bird’s tail similarly generate the lift at the narrow spread of tails
and low angle of attack. However, this is not true for the high angle of attacks where the actual lift production does not
match the theoretical prediction of the theory. Hence there are limits on which a bird’s tail can be regarded as a delta-
wing. From another perspective, there is a lack of evidence supporting yawing stability due to the tail. So Sachs [200]
experimentally showed that in case of disturbance in a sideslip, tails create a yawing moment that brings stability. He also
concluded that the horizontal structure of the tail contributes positively to the stability due to yaw and can be compared
with the magnitude of the wing when it comes to strength. In the same direction, other researches can be explored [201-
204]. However, another study by [205] over hummingbirds’ tail stressed that their forked tail is due to the sexual selection.
This contrasts with the general opinion on the tail evolution discussed above. On the other hand, the prediction that long-
range migrant birds should have a short length of tail found no evidence. To better understand the effect of a tail, a long-
eared bat model was tested by [206] in a wind tunnel showing that the absence of tail significantly decreases the pitching
moment but does not affect the living generation. Also, the existence of tail increased the lift, drag, and pitching moment.
From these data, the authors argued that tails are essential in improving agility and maneuverability. There are different
narratives available for bird tail [207, 208] but those are not directly related to the scope of this paper.

The discussion reveals no consensus on whether the evolution of the tail is due to natural selection or sexual selection.
Besides, the variation of tail length and its supposed effect as a control surface and maneuverability needs further work
by considering the interference of tail-body combination. Similarly, the tail affects both drag and lift generation by
manipulating oncoming vortices from the body and wing. This line also needs detailed experimental and numerical work
while also taking account of flexibility and feather characteristics. Therefore the question of why the tail is horizontal
rather than vertical is still open. How does this influence not only the yaw and pitch but also rolling moments need
investigation? At last, the theoretical foundation of the tail and aerodynamics are not established.
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Table 8. Summary of the Important progress in understanding Bird’s tail

Mechanism Investigation Significance References
method
Birds Tail Theory horizontal control surface by providing Smith [192]
stability
Tails fucntions Experiment to produce large forces during slow flight and Tucker [193]
maneuvering. During the slow flight, the wing
has to generate a high lift that shifts the center
of aerodynamic pressure forward, which
destabilizes the flow by changing the pitching
moment
Vortex Theoritical the variation in tail structure and its length is Thomas [194]
analysis associated with the kind of vortex generation
coming backward. Also drag associated with
the elongated tail depends on the surface area
Tail length Experiment A graduated tail has the highest lift to drag Balmford et al,.
(L/D) ratio and a tail must evolve with [196]
elongated length but less in width; otherwise,
the penalty is a high drag
Tails evolution Experiment tail does reduce the L/D ratio of birds but Thomas and
helps to maintain stability, creating lift and Balmford [197]
turning the flight. They found that large birds
with high L/D have a short length; on the
contrary, birds that generally need
maneuverability more than any other
parameter are evolved with a long tail
Delta wind and tail Experiment and bird’s tail similarly generate the lift at the Evans et al.
narrow spread of tails and low angle of attack [195], Evans
[196]
Stability Experiment in case of disturbance in a sideslip, tails create Sachs [200]
a yawing moment that brings stability
Agility and Experiment absence of tail significantly decreases the Gardiner etal.,

maneuverability

pitching moment but does not affect the living

[206]

generation. Also, the existence of tail
increased the lift, drag, and pitching moment.
From these data, Also, tails are essential in
improving agility and maneuverability

Aerodynamics of bird feathers

The major portion of the lift and drag in a bird flight is contributed by the wings. It is the wing that creates the induced
drag at the tip understood by the Helmholtz hypothesis [155]. However, the basic structure and morphology of birds are
not empirical; they vary from insects to large soaring birds. Some birds fly at low Reynolds number, and some are at quite
a high speed with high Reynolds number [209]. Birds flying over land have their specific differences to the birds flying
above the sea. The morphology of bird feathers is vital to know the reason behind such unique configurations directly
involved in the performance improvement during the flight [210]. A feather is made of a shaft and vanes while the vane
becomes resistant to the aerodynamic forces due to inclination in the barbs. Due to differences between vanes and shaft,
there exists a moment, but due to multiple feathers, it cancels out [211]. The morphology and working mechanism of
feathers affect the mechanical behavior of the wings. Primary feathers, importantly at the tip play a high resistive role to
forces than the inner ones [212]. Tip feathers of a bird’s wing reduce the drag by allowing air to pass through and use tip
reversal upstroke [213]. Due to considerable low wing size and speed, the Reynolds number remains around 10°. In large
birds, the Reynolds number can go up to the transition zone, reducing drag and increasing the lift coefficient. Most of the
large soaring birds have a Reynolds number ranging from 75000 to 108, and the critical Reynolds number for smooth
bird-like airfoil is around 75000, [214]. The aerodynamic performances much depend on the morphology of the bird
feather. Their size, shape affects the overall lift and drag coefficient [215].

Significant acceleration has been seen during the second wingbeat of take-off, and feathers are the significant
contribution for acceleration compared to other parts of the bird body [216]. During the cruise, the primary feather tip
becomes vertically curved with slots between each of them. This shape increases the span of a feather. In the planar wing,
where shape remains the same from root to tip, does not contribute to reduce the vorticity as a non-planar surface does in
the case of bird feather [217]. A more detailed view of the slotted wingtips has been given by [218] in which he considered
Harris hawk in flight and developed the configuration. The length of the half wing from root to tip is 1.06m, and from the
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head-on side, it is 0.92 m. Following this shape, which disburses the vorticity vertically, the bird feather directly reduces
the induced drag. Induced drag is the significant portion of the drag during landing and take-off. Vertically slotted feather
tip increases the span, area, and modifies the size of the feather. All these factors directly or indirectly influence the
induced drag. Generally, an increase in wing efficiency is achieved by splitting the feathers vertically at the tip, but the
best performance can be attained by spreading the feather over a large dihedral angle [219].

Henderson and Holmes [220] stated that to reduce the induced drag, the main criteria are increased in aspect ratio,
elliptical loading, and low coefficient of lift, which is supported by the classical theory of aerodynamics. Nevertheless,
these criteria have limitations due to design implementations. The weight constraint counters increment in aspect ratio.
So, the choices have to be made if only the planar wing is considered. To get relief from this situation [221] argued for a
non-planar wing that can reduce the induced drag and stated that the induced drag could not be less than the:

L2
CDimin = W (1)
2

Later on [209] showed that the plane planar tandem wings could not decrease the drag and echoed the line of reasoning
of Munk. Following this [222] gave the analytical solution of non-planar wings as well. Similarly, it was then argued that
following the lifting line theory, advanced methods can be developed to reduce induced drag, and the major shift was the
development of non-planar surfaces that disburse the drag in a vertical direction like wingtip shapes [223]-[225].
Following this approach, arguments and methods have been developed to retrieve energy from the wingtips, the non-
planar wing [226]-[230].

The important takeaway of the above discussion is that bird wings are naturally non-planar due to their unique
configuration during flight. They can reduce both the induced drag and profile drag of the surface because the surface of
feathers is unique for aerodynamics.

Tucker and Parrott [231] experimented over a flacon that glided in the wind tunnel and reported that at 12.5 m/s
speed bird showed the maximum lift to drag ratio. With an increase in speed, the bird decreases its lift coefficient, wing
area, and span. Withers [215] investigated the aerodynamic characteristics of the bird’s wing in detail at Reynolds number
1-5 x 10* and reported the contrasts with insects and real airplane wings. He found that due to low Reynolds number
operation, bird wing shows a large minimum drag coefficient between .03-0.13, with a low maximum lift coefficient of
0.8-1.2 and low lift to drag ratio (L/D) between 3-17. Compared to conventional airfoils, the bird has low efficiency due
to high profile drag. However, the author makes it clear that the flow structure over the bird wing satisfies the aerodynamic
theory. Figure 19 shows the lift and drag coefficient for different bird wings:

Species  Cp, oo Ciomar  (Co/CD)oux dCr/dz 1/m ARe  Reference

Swift 0030 (+1°) 080 (+8°) 17(+5° o1 002
Petrel 0070 (0°)  088(+13°) 40(+8°) ooB 032
Woodcock 0082 (+2°) o090(+15°) 35(+8° oos 0'33
Wood duck 0096 (+1°) 090 (+20°) 38(+8°) 006 016
Quail 0055 (+3°) 110(+25°) 60(+8°) o005 021 Present study
Starling 0125(0°)  1roo(+15°) 33(+7°) 006 023
Nighthawk o051 (+3°) 115 (+15°) g0 (+6°) o008 0o

Hawk 0074 (+2°) 10 (+25°) 38(+6°) o006 027
Vulture 0024 (0°) ris(+12°) 17 (+5°) ool 007
Tt ; 6
rus 00§ o — 003 03 s
Sparrow 016 ro-I'1 — 00§ 028 }I\nchngall & Kempf
Duck oI 09 — 006 034 (r971)
Snipe 011 o 3 0'0b 033 Reddig (1978)

Pigeon models 006-0'13  0'8-12 2-§ 0'12-0'27 01-07  Nachtigall (1979)

Figure 19. Lift and drag coefficient of different bird wing reported by [215]

Two, different birds [214] studied the bird's wing aerodynamics by a gliding bird in a wind tunnel. Both Falcon and
Vulture glide freely by reducing the wingspan. This change in wingspan increases the induced drag, but due to an airfoil
section, the bird's wing has; it has a minimum value of profile drag coefficient near one while a conventional wing has a
value of 0. The same method [180] experimented with a Harris hawk in a speed range between 1.1 to 16.2 m/s gliding
freely in a wind tunnel. This time the maximum lift to drag ratio was 10.9. He stated that the relation between airspeed,
glide angle ad wingspan is evident given that when speed or glide angle goes up, the bird’s wingspan reduces. Similar
studies have been done to establish the wing span and its relation with drag and lift [232, 233]. The detrimental effects of
an asymmetric wing have three significant effects stated by [234] that the total span will be changed, which influences
drag & lift, it will create an imbalanced yawing and rolling moment, and lastly, due to this, the turning performance will
be vitiated. The same thing has also been reported by [196]. An article published in nature by [235] highlighted the
problem of extra lift in insect flight. It means, according to acronymic theory insects cannot fly because they produce
more lift in flapping than in steady flight, but the reason for that high lift was not unknown. Through flow visualization,
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they found that it is due to a leading-edge vortex formed on the top of a wing. This vortex is generated due to dynamics
stall and does not depend on the rotational lift. However, later on, it was found that this unconventional lift generation
device is not restricted to insect flight, but swifts also show such a leading-edge vortex. In normal conditions, this leading-
edge vortex begins at the large angle of attacks. To use this vortex, it must be nearby the wing itself. To achieve this goal,
insects beat the wings, and swifts sweep their wings backward. Another turnaround on the bird’s wings comes from the
active control of the wings shape and span by the birds. This natural morphology brings aerodynamic effects [236]. Based
on the same idea, [237] experimented on a swift in gliding flight and controls the wingspan along with sweep angle during
glide. They found that extended wings work well during turns and slow gliding; on the contrary, swept-wing is beneficial
in fast gliding and turning. Where swept wings are not good in creating lift but can resist large loads. The authors' attached
such advantages to the aerodynamic consequences.

Bird is controlling the force coefficients through alteration of wing shapes, speed, and angle of attack. Additionally,
[238] showed that the primary feathers of swift are remarkably rough due to the overlapping of vanes and extended shafts
and formed roughness height of 1-2% of the chord length at the upper surface. This roughness height is considerable
compared to the sailplane surface as large as 10,000 times. The fundamental difference between conventional sailplane
and the swift surface is that the sailplanes try to minimize the drag and increase the laminar boundary layer area from the
smooth surface; in contrast, the swift utilizes roughness to do that. They measured the laminar flow over a swift wing in
a low-turbulence wind tunnel. They showed that the laminar area over the swift wing is around 69% of the total during
gliding motion, which increases their distance of flight and duration. Due to the long run of the flow without separation,
it can reduce the drag. This revelation resonates with the drag reduction mechanism used by shark and whales through
non-smooth surfaces discussed in the section of swimmers [122, 142]. Is the question do all birds have such
characteristics? If yes, why have they not been implemented into applications? Besides, how is this sweeping phenomenon
different than conventional swept wings? Recently [239] have explored this question by comparing the sweep of the swift
with straight and traditional swept wings experimentally. The forces were taken between angles of 0° to 24°, and the data
shows that innovative sweep greater than zero produces high lift and increases the stall until 24°. The aerodynamic
performance at low Reynolds number and increase in lift is the departure point from a conventional wing. The importance
of sweep is not only related to lifting, drag, and stall parameters but [240] investigated its role to affect yawing moment.
Compared to the conventional wing, the wings of birds have sideslip due to sweep leading to a substantial increase in the
yawing moment. They used gullwing in an experiment that shows significant stability improvement with an increase in
the lift coefficient. On the contrary, much less yawing moment was recorded for the unswept condition. The inspiration
has already been highlighted previously, and the mathematical yawing moment derivative was calculated with
experimental and numerical methods, see, for example, [241-243].

One more important feature of the bird's wings that attracted researchers recently is a secondary feather. It was
highlighted by [244] that secondary feathers of the bird pop up during landing. He argued that due to flow separation, the
reverse flow occurs, and to respond to this reverse flow, these secondary feathers pop up. Figure 20 shows the wing and
secondary feathers.

Figure 20. Birdwing showing the pop up secondary feather at the suction side [245]

Taking inspiration from this feather [136] developed a flap that was implemented on a two-dimensional airfoil HQ17
and HQ41 and resulted in a 10% lift enhancement from the one without flap. The size of flaps was the key point explored,
and a 22% flap length even increased the lift by 18%. The physics behind self-activation due to flow separation is the key
to such a unique configuration that makes it a passive device, saving extra energy used inactive devices. The author also
tested the new concept over practical airplane applications such as a glider plane and received the same enhancement. It
shows that at the time of flow separation, the flap popped up automatically and resulted in a 7% increase in the lift. To
explore the various transformations related to flaps like size, chord length, configuration, the Reynolds number variation,
and material used to conduct an experimental study at Reynolds number of 1000000 [246]. It was found that the best
width ranged between 10%-40% of chord length and below the 10% width is ineffective due to sudden stall, and more
than 40% does not work correctly due to pressure drop. Also, the flap should be located at the mid-chord, and this

8114 journal.ump.edu.my/jmes <«



N.A. Siddiqui and M.Agelin-Chaab | Journal of Mechanical Engineering and Sciences | Vol. 15, Issue 2 (2021)

increased the maximum lift by 15%. Later on, [247] applied this same concept of lift enhancement to low Reynolds
number between 30,000 to 40,000, considering its use in micro air vehicle applications. Variations of the flap were tested
in a water tunnel on airfoils. They reported that the most popular airfoil for MAV SD8020, when adorned with a flap
length of 0.2c at x/c=0.6, increased the lift by 50%. It can tremendously improve payload and flight performance.
Similarly, one more experimental study was done at a Reynolds number 85000 by [245] who manufactured a new airfoil
and attached flaps. Study in the same fashion as previous studies highlighted to improve the lift by 6.4%, reducing the
drag by 13.2%, and a reduction of 8.3% was achieved in pitching moment. All these recent studies have almost established
the promising capability of secondary feathers to improve aerodynamic performance.

Mazellier et al. [53] used the porous flaps inspired by the birds. The porosity in the birds' wings has special functions.
Though the idea to use porosity for aerodynamic means was not new because during the 1960’s it has already been
proposed and formulated by [248-250]. However, one of the first known experiments on owl feathers porosity was done
by [251], who glided owl in an aeroacoustics laboratory to record data on noise reduction and attributed this noise
reduction to the flexibility of the wings. Muler and G. Patone [211] measured the air transmissivity of owl’s wing due to
porosity from ventral to dorsal and reverse and found the mean difference between these two opposite directions was only
10%. However, they reported the significant differences in air transmissivity between inner and outer vanes of remiges
and coverts. The outer vanes show more transmissivity, and its significance forms a smooth and continuous smooth
surface. This difference in porosity agitates feathers on each other that create pressure gradients. If these differences over
the bird’s wing contrast with the conventional wing surface, which is smooth and without permeability than what would
happen to the aerodynamic parameters like lift, drag, and moment coefficients along with the aerodynamic center
location? [252] attempted to solve this problem by manufacturing a wing with forwarding the impermeable forward part
and permeable aft part. The results show that the lift slope coefficient is reduced while increasing permeability, and the
value shifts to the width of the forwarding membrane part. Similarly, the aerodynamic center moves to the quarter chord
of the forward membrane. He concluded that the permeable wing is not practical for high-speed flow. Also, the seepage
drag due to seepage velocity can be contained by maintaining the aft part width to less than half of the chord length [253].
Adding to this porosity problem [254] built a passive actuation system enshrouding the airfoil’s suction side with a coating
inspired by the bird feather. The coating has three features, porosity, anisotropy, and compliance, but care was taken that
while not working must not harm the flow. It modified the length scale of the vortices leading to significant drag reduction,
and it also changes the near airfoil flow topology by adopting flow separation. Thus, one wonders if porosity works
similarly in all birds. It is known for a long time that the feathers of owls evolved in such a way actually todump the noise
created out of flow variations. Bachmann and Winzen [255] stated that owls have large wings compared to the mass of
their bodies and special profile of the wing which provides sizable lift at low speeds. The wings are embellished with
velvety textures at surface able to dilute the friction noise and by regulating boundary layer delay the separation of flow.
Uniquely, they reduce the turbulent eddies through serrations at leading edge and fringes at the trailing. Also, plumage
being dense and porous works as an acoustic absorber damping noise at the point of creation. However, a physical
mechanism is yet to be known. A similar study has been done by [256]. Another study only focusing on the aerodynamic
influence of the velvet was already done by [257, 258] showing the redistribution of turbulent kinetic energy at higher
Reynolds numbers 40,000 < Re. < 120,000 number that enforces pre-attachment of the flow. The separation bubble at
the suction side gets reduced due stabilization of the flow due to the velvet surfaces. Wagner et al,. [259] reviewed the
recent developments related to owl’s wing and its various dimensions that can be referred for further information.
However, existing studies focus only on a particular dimension of the bird feather but recently [19] enriched the airfoil
similar to NACA0012 with leading edge waves, serration at the trailing edge and ridges at the surface as a concept of
flow control. Through large eddy simulation it was found that compared to conventional NACAQ012 airfoil, the
biomimetic airfoil reduces the sound level and provides an overall sound pressure whereas no change in drag has been
identified. It also changed the shedding vortices to horseshoe type vortices that reduce the noise around the biomimetic
airfoil. Nevertheless one detrimental effect of porosity has also been reported by [260] by experimenting on a porous
rectangular wing and a symmetric airfoil. They have used standard equation to calculate lift coefficient for porous wing
also and found it suitable. However, the lift slop decreased with gain in porosity and at the low porosity decrease but
after, grows with porosity. These bird feathers have different surface structure throughout the span with specific shapes.
Effect of surface texture has been recently studied by [261] using different shape and sizes of feather surface on
NACA4412 tapered wing at 4 x10° Reynolds number at several locations. They found that surface roughness decreases
the lift and stall. The minimum drags and maximum lift were located at 75% to 95% of mean chord distance from leading
edge. Table 9 summarized the important progress.

Table 9. Summary of the Important progress in understanding Bird’s feather

Mechanism Investigation Significance References
method
morphology Experiment A feather is made of a shaft and vanes while Muler and

the vane becomes resistant to the aerodynamic Patone [211]
forces due to inclination in the barbs. Due to
differences between vanes and shaft, there
exists a moment, but due to multiple feathers,
it cancels out
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Table 10. Summary of the Important progress in understanding Bird’s feather (cont.)

Mechanism Investigation Significance References
method
Air transmission Experiment Tip feathers of a bird’s wing reduce the drag Crandell and
by allowing air to pass through and use tip Tobalske [213]
reversal upstroke
Reynolds number Experiment Due to considerable low wing size and speed, Tucker [214]
the Reynolds number remains around 10°. In
large birds, the Reynolds number can go up to
the transition zone, reducing drag and
increasing the lift coefficient
wingbeat Experiment during the second wingbeat of take-off, and  Berg et al.,[216]
feathers are the significant contribution for
acceleration compared to other parts of the
bird body
Induced drag Theory to reduce the induced drag, the main criteria Henderson and
are increased in aspect ratio, elliptical loading, =~ Holmes [220]
and low coefficient of lift, which is supported
by the classical theory of aerodynamics
maneuverability more than any other
parameter are evolved with a long tail
Non-planar wing Experiment non-planar wing can reduce the induced drag.  Newman [209],
Also, plane planar tandem wings could not Munk
decrease the drag and echoed the line of [221],Cone et
reasoning of Munk which is followed by al., [222]
analytical solution of non-planar wings as well
L/D ratio Experiment at 12.5 m/s speed bird showed the maximum Tucker and
lift to drag ratio. With an increase in speed, Parrott [231]
the bird decreases its lift coefficient, wing
area, and span
Low Reynolds number Experiment due to low Reynolds number operation, bird Withers [215]
wing shows a large minimum drag coefficient
between .03-0.13, with a low maximum lift
coefficient of 0.8-1.2 and low lift to drag ratio
(L/D) between 3-17
Wingspan Experiment relation between airspeed, glide angle ad Tucker and
wingspan is evident given that when speed or Heine, [180],
glide angle goes up, the bird’s wingspan Pennycuick
reduces. Similar studies have been done to [232], Tucker
establish the wing span and its relation with [233]
drag and lift
Asymmetric wing Experiment three significant effects stated by [234] that Balmford et al.,
the total span will be changed, which [234]
influences drag & lift, it will create an
imbalanced yawing and rolling moment, and
lastly, due to this, the turning performance
will be vitiated
Roughness height Experiment primary feathers of swift are remarkably Lentink and Kat
rough due to the overlapping of vanes and [237]
extended shafts and formed roughness height
of 1-2% of the chord length at the upper
surface. This roughness height is considerable
compared to the sailplane surface as large as
10,000 times.
Sweep in wing Experiment The importance of sweep is not only related to ~ Voloojerdi and

lifting, drag, and stall parameters but [240]
investigated its role to affect yawing moment.
Compared to the conventional wing, the wings
of birds have sideslip due to sweep leading to

a substantial increase in the yawing moment

Mani [239],
Sach [240]
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Table 11. Summary of the Important progress in understanding Bird’s feather (cont.)

Mechanism Investigation Significance References
method
Secondary feather Experiment due to flow separation, the reverse flow Liebe [244]

occurs, and to respond to this reverse flow,
these secondary feathers pop up
Secondary feather Experiment 10% lift enhancement from the one without Bechert etal.,
inspired flap flap. The size of flaps was the key point [139]
explored, and a 22% flap length even
increased the lift by 18%

porous flaps Experiment glided owl in an aeroacoustics laboratoryto ~ Gruschka et al.,
record data on noise reduction and attributed [251]
this noise reduction to the flexibility of the
wings
velvet redistribution of turbulent kinetic energy at Winzen et al.,
higher Reynolds numbers [257]

40,000 < Re; <120,000 number that enforces
pre-attachment of the flow

Aerodynamics of bird wingtips

Graham [210] suggested a possible relation between feather slot and drag reduction through imagined flow past the
wingtips. Because feather wingtips are without muscle, the author believed the formation of slotted wingtips is due to the
pressure of the air. The formation of wingtips is attributed to the primary feather of the bird. Due to the aerodynamic
loads' tips rises above the trailing edge of the wing. The distinction is necessary between conventional winglets designs
that were inspired by the 1970’s oil crisis and motivated [262] to develop new non-planar slotted devices to reduce the
induced drag [222]. Those conventional wingtip designs are not treated here, but detailed discussion can be found in [50].
Here the discussion will be focused on bird wingtips only.

This special winglet like configuration in bird feathers was investigated by [263] to understand the aerodynamics. He
used three different wingtip designs: the first was made of the primary feather of a Harris hawk, the second was made of
balsa wood similar to the Clark Y airfoil without slot, and the third was made of balsa wood with the slot. These wingtips
were set up on a base wing. There was a 12% drag reduction with a feathered tip compared to a hypothetical wing with
the same span and lift. The vital point of flow visualization shows is the dispersion of vorticity in both horizontal and
vertical directions with wingtips. Also, the lift to drag ratio (L/D) was higher for a feathered tip. The author argues for a
strong connection between bird feather tip and reduction of drag. Later on, the same author [217] glided a Harris hawk in
a wind tunnel at one time by clipping the slots and then with slotted wingtips. He found that slotted wingtips showed a
70-90% drag of the un-slotted wingtips. He calculated for a wingspan of 0.8m; slotted wing tips showed induced drag
factor 0.56 and un-slotted 1.10, which is a large difference. Not all the birds have a similar configuration of the wingtips;
rather, they differ significantly, as shown in Figure 21.

Figure 21. Wing shapes (a) Rounded (b) Pointed (c) Concave (d) Convex [46]

Aerodynamically pointed tips should disburse the vortex smoothly in contrast to the rounded tip that discharges a
large volume of a vortex and increases the induced drag. However, the round wing seemed to work efficiently with a
round tip in reducing induced drag and functionally better than an elliptical wing. It might be due to special vertical and
horizontal primary feather tips [46]. This wingtip shape affects the flight performance shown by [264] in an interspecies
study over European Startling’s. The rounded tip seemed useful, providing steeper take-off but the reason behind this
shape and takeoff is not clear. These slotted feather tips are not separated vertically rather have sweep inside. What is the
effect of this sweep on the aerodynamics has been done by [265]. Through numerical simulation, they found that the
sweep provides a significant increment in yaw moment with lift coefficient. The comparison was made with tips without
sweep that showed less yawing moment. There was also a second reason for yawing stability due to sweep at the wingtip.
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It is due to the drag force during the positive yaw angle. During positive yaw, the drag force at the right-wing is higher
than the left wingtip, and this difference in drag force settles the yaw stability.

By taking the inspiration from birds, new wingtips were designed to see the effect which differs from the conventional
winglet designs. [266] designed a spiroid wingtip mimicking bird feather shown in Figure 22, especially to report lift and
drag parameters. It was found that the lift-induced drag reduced by 75% at the coefficient of lift (C.) of 0.95, the lift slope
increases by 9%. Total drag reduction was highest at the coefficient of lift (C.) 0.95, which is 50%, and during no-stall
trade-off, the lift to drag ratio was maximum at 7.1%.

R0.018 R0.032

%" Ro10 R0.10
/

Figure 22. Feather inspired spiroid wingtips [267]

The flows around slotted feather tips were spotted through particle image velocimetry in a wind tunnel of bird
jackdaw. Flow visualization reveals that each primary feather generated individual vortex that re-stressed the multi-slotted
functioning of the tips. These multi-vortices expanded, improving aerodynamic efficiency. This happened in both gliding
and flapping. Nevertheless, what effect does the gap between wingtips has on the aerodynamics parameters? [268] studied
this point. By varying the wingtip gap sizes between 0%-40% of the mean chord of the wing, both planar and non-planar
were experimentally tested at a Reynolds number of 100,000. In the planar wing that has a 20% wingtip gap, it showed
an increase in mean lift coefficient of 7.25%. On the contrary, it was 5.6% for without gap tips. The important point was
the independence of wingtip gap effects from planar and non-planar wingtip devices. This conclusion may be true when
the emargination length and curved configuration of the feather tip are not considered. Siddiqui et al,. [269] mimicked
the feather tip by comparing the curved and flat condition of the tips considering the flexibility and rigidity of the feather
at a Reynolds number of 3.7 x 10°. The experiment shows a 20% increase in the L/D ratio compared to the base wing.
This improvement has been compared with forty other variations of wingtips and was found to be the maximum. Though
they have not changed the size of the gap, the planar and non-planar wing does make a huge difference when it comes to
bird flight.

Apart from the separation in the primary feather,[270] highlighted one more zone within the tips. As shown in Figure
23, the inner vane has a barb from which small barbules protrude outside.

Primary Flight
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Figure 23. Single feather with membranes. A. shows the lathed condition of barbules, and B. shows the high speed or
gust condition [270]

In normal conditions, these barbules remain in close contact, but during high speed or gust, they separate and delay
the stall. The authors have mimicked this feature on airfoil through the experiment at a 18° angle of attack. It was found
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that unlatching reduces the lift generated, which is useful in gusty conditions. Between the latched and unlatched cases,
the maximum difference in lift and drag was 17% and 32%. This configuration provides avenues for further research, and
it seems from open literature; the area is available for further exploration.

Itis clear from the critical literature discussed that wingtip’s unique attributes and their variation with flight conditions
had been referred to natural selection. However, the effect of wingtips and bird capabilities influenced the aerospace
sector, but bluff body aerodynamics is still a large area to be considered for its implementation. Only a few studies have
been done in this direction, but there are parts of the bird body that does deal with the flow separation similar to the bluff
body like secondary feathers [7]. What affects the texture of bird feather could have on the bluff body or how the
characteristics of wingtips and its variation can be implemented to the bluff body still needs to be analyzed. The possibility
and physics of tails that have evolved with kinds of variation can give promising techniques for various Reynolds number
conditions. In addition to these separate promising extremities, large birds show a great deal of synchronization during
flight. That bird flies in a unique V shape known for a long time [155]. In a study reported in Nature by [271] brought out
some important insights as the aerodynamic reasons behind such V shape flight was elusive. He argues that the V shape
agrees with predictions of theoretical aerodynamics. During V flight, the flapping phase provides side following the bird
to harness the upwash coming towards it. This energy capture is not possible when the bird follows just behind because
they lack the wingtip coherence path, and flapping becomes anti-phase. However, one wonders how such a sophisticated
mechanism is adopted? And for the author, it cannot be until an awareness of the spatial vortex structure of nearby birds
exists either by precise sensing ability or by predicting it. This brings investigations to the psychological richness of the
birds that is still a question to answer. Others suggested that during V flight, birds use 20% to 30% less energy. What are
the possibilities of such a unigue shape to influence the aerodynamics of bluff bodies? Is it possible to change the laminar
flow to turbulent by disturbing the flow with the V shape? Like this, there are other special patterns in nature that can
influence aerodynamically.

In this section, the important appendages of the bird have been discussed and it was found that the flow around the
tail and its evolution is yet to be understood. Moreover, the features of feather and tips have been investigated from
different perspective and its applications are made in the aerospace sector. However, there is still a considerable scope of
study on the bird's feather, tips, and its application on the bluff bodies. Table 10 Summarizes the important progress.

Table 12. Summary of the important progress in understanding Bird’s tip

Mechanism Investigation Significance References
method
Feather tip Theory a possible relation between feather slot and Graham [210]

drag reduction through imagined flow past the
wingtips. Because feather wingtips are
without muscle, the author believed the
formation of slotted wingtips is due to the
pressure of the air
Tip’s aerodynamics Experiment There was a 12% drag reduction with a Tucker [263]
feathered tip compared to a hypothetical wing
with the same span and lift. The vital point of
flow visualization shows is the dispersion of
vorticity in both horizontal and vertical
directions with wingtips. Also, the lift to drag
ratio (L/D) was higher for a feathered tip
Neccesity of wingtip Experiment slotted wingtips showed a 70-90% drag of the Tucker [217]
un-slotted wingtips. He calculated for a
wingspan of 0.8m; slotted wing tips showed
induced drag factor 0.56 and un-slotted 1.10,
which is a large difference
Tip shape Experiment pointed tips should disburse the vortex Lockwood et
smoothly in contrast to the rounded tip that al., [46]
discharges a large volume of a vortex and
increases the induced drag. However, the
round wing seemed to work efficiently with a
round tip in reducing induced drag and
functionally better than an elliptical wing
Wingtip inspired spiroid CFD simulation lift-induced drag reduced by 75% at the Guerrero et al.,
wingtip coefficient of lift (C.) of 0.95, the lift slope [267]
increases by 9%. Total drag reduction was
highest at the coefficient of lift (C.) 0.95,
which is 50%, and during no-stall trade-off,
the lift to drag ratio was maximum at 7.1%.
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Applications to bluff body aerodynamics

There are great works on the bio-inspired technique used in the aerospace, which has been well documented, and the
process is still ongoing. However, few studies have been done on the application of bird-inspired techniques to the bluff
body aerodynamics. Inspiration from the bird’s secondary feather led [53] to investigate the effect of self-activated
feathers on the bluff body using a squared cylinder. In addition to adapting the only flap, they also considered the porosity
existing in feathers in their flap. The flap was installed at the side of the cylinder and tested at both controlled and
uncontrolled flow with different Reynolds numbers. Experimental data reveals an average of 22% reduction in the drag.
The reason behind such a huge decline is attributed to the flow modification in the vicinity of the flap and wall of the
cylinder. The motion of the flaps has a strong relationship with the vortex shedding and is influenced by the Reynolds
number. That much drag reduction is hardly achieved by other devices. Recently the same feather inspired flap was
installed at the back of a generic vehicle model called Ahmed body by [52]; they got this new device automatic moving
deflector (AMD). Different sizes and materials were used for AMD at Reynold numbers of 1.0 x 10° - 3.8 x 10°. Flow
visualization shows that there is a drag reduction of 19% due to pressure recovery at the slant by delaying the flow
separation and through suppression of the vortices coming out from the edges. Figure 26 shows the model with flaps.

Flow
AMD

Width = W

AMD !

Figure 24. A generic vehicle models with automatic movable deflectors [52]

From the same secondary feather of bird wing [272] found another device from the riblets, the length of which
decreases from the shaft towards the fringe. They have manufactured herringbone riblets having smooth edges and,
through experiment, found a drag reduction of 16%. This feather inspired microstructure drag reduction device is superior
to the other microgroove surfaces used traditionally. Drag reduction was due to the change in shear stress distribution to
nearby riblets tips compared to another microstructure. Additionally, compared to other surfaces, the depth of the viscous
sublayer transformed into a thicker layer, and these changes in the boundary led to drag reduction.

More recently, the bullet train in Japan was investigated to reduce the noise problem. The noise was created due to
three distinct reasons not related. The first was due to vibration between the train structure and ground at high speed. The
second was the aerodynamic noise due to the blunt-body of front and pantographs that joined the train to catenary wires,
and third was a sonic boom that came into existence when the train moves into the tunnels. The second aerodynamic noise
was the formation of Karman vortex sheets, which are the alternate and opposite eddies traveling in the back of the object.
To solve this issue, the serration of owl feathers was investigated and found to work like a vortex generator. After
modification, they have used a V-shaped triangular cross-section arrayed at both sides of the turbulence line to suppress
the Karman vortex and to tune the airflow in a parallel manner. The third problem of the tunnel was more serious. When
the train enters the tunnel, atmospheric waves pass through the tunnel end at sonic speed, generating a sonic boom. To
solve this problem, the shape of a kingfisher was investigated. Through a large scale model and computational study, it
was found that the working principle of kingfisher and train was the same as they both change the pressure environment
from less dense to denser. The bill shape has especial morphology of consistent circular cross-section when implemented,
provided 30% less air resistance and reduced power consumption by 13%. The final shape of the bullet train is shown in
Figure 25 [273-275]. Table 2 summarize the bird inspired devices for the bluff body. Table 11 Summarizes the important
progress.
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Kingfisher bill inspired nose of bullet
train

Figure 25. Kingfisher bill inspired circular cross-section of the bullet train that increased the speed by 10% [273],
[274]. (a) Kingfisher inside the water, (b) the bill shape, (c) Modified bullet train

Table 13. Summary of non-flapping bird inspired devices on the bluff body

Drag reduction through fishes

Flow control Method Investigation Device Significance References
inspiration method
Bird’s secondary feather Experiment Passive flap device 22% drag reduction Mazellier
[53]
Bird’s secondary feather Experiment Self-activated flap 19% drag reduction Kim et al.,
device [52]
Riblets of the secondary Experiment herringbone riblets 16% drag reduction Chenetal.,
feather [272]
serration of owl feathers and Experiment, CFD V-shaped triangular Noise reduction 30% McKeag
kingfisher bill and Manufactured cross-section on less air resistance and [273]
Japan’s bullet train 13% less power
modification consumption

Drag Behaviors of Land Animals

Effects of body shape on drag

Mammals that walk overland have distinct qualities different from one another. Some are excellent at running, so
some have a considerable amount of strength and live longer [276]. It would not be an out of context question to know
how a small tiger beetle can run as fast as 9 km/h (around 125 body length per second) [277] or a cheetah, which is small
compared to any vehicle, can go up to 93 km/h [278]. However, not much work is available from aerodynamics
perspectives, but the motivation to understand such kinds of questions existed for a long time. Hildebrand [276] has listed
previous results on morphology and adaptions of cheetahs, but there was only one crucial work on the motion by [279].
Hence [276] was the first who comparatively studied the movement of a horse and a cheetah. The difference between
them is that the horse is the most efficient animal ever evolved with such untiring and long adaptations in the long run.
On the other hand, the cheetah is the fastest animal for short distances. What difference motivates such drastic change?
The author found the variation between the galloping of both the animals, as shown in Figure 26.
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Figure 26. Galloping motion of a horse and Cheetah at different positions [276]

The galloping and movement of legs of the horse and cheetah differed, and the data has been corrected later on by the
same author [280]. The author states that the speed of animals depends on its length and its stride duration; both are
functions of body size. It means that if the form of the animal is the same with mass then body size does not matter; hence
a red fox can match the horse, but due to differences in the mass, that is not possible. The reason lies in the directly
proportional relationship between the length of strides and linear measure. Additionally, it can be concluded that if the
mass of the cheetah and horse is the same, they can run the same speed. How is it possible for large and small body size
to have the same mass? This is not the only version of Cheetah’s power and speed relation. Hudson et al,. [281] argue
that this power is generated from the back musculature, and pitching moment can be handled by powerful psoas muscle
around the hip, providing the cheetah to cover long strides. Moreover, the effect of the tail has found attraction from an
aerodynamics point of view. Patel [282] studied the motion of the cheetah tail by developing a mathematical model,
feedback control, and a novel robotic platform due to the tail’s supposed influence on the maneuverability. The roll axis
motion helps to provide stability at high speeds. When the tail moves in the pitch axis, it stabilizes rapid acceleration in
maneuvers. He also found that the tail motion is a combination of pitching and yawing that caters to continuous torque
while tuning. A similar fashion [283] further developed this method to calculate the aerodynamic force on the cheetah
tail. They produced robotic models of a tail in a rigid form by creating all three axis rolling, yawing, and pitching.

By applying Euler-Lagrange, a rigid tail model was developed and investigated. The wing tunnel testing shows that
the fur on the tail doubles the frontal area without influencing the mass itself. The aerodynamic force was calculated to
be:

1
F, = EpCd(VT cos(a))?dr )
Similarly, aerodynamic drafting of the horses has been discussed by [284], which is a way to reduce drag generated

from the leading horse by following close to its leading one. They considered the horse as a bluff body and to calculate
power to overcome drag, considered the Cq as 1.0 and the frontal area to be 1 m? with the formula:

1
P = CapAV? 3)

But the quantification of this slipstreaming was later on reported by [285], who found a drastic change in drag. A 66%
drag reduction was recorded when two horses raced in front and 54% for four horses. Nevertheless, for both animals,
there was no discussion about the aerodynamics around the body, which shows the similarity between almost all the fast
running land animals.
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Figure 27. (a) Cheetah, (b) Horse, (c) Greyhound dog [286]

Figure 27 shows the cheetah, horse, and greyhound during fast running. The similarity between these three animals
lies in their body form that is concave in the middle portion of the bottom side up to a certain distance starting from the
front legs. Similarly, the upper surface of the curvature portion is also convex but not in all the areas but rather to some
specific lengths. However, the radius of curvature differed, with the bottom curvature shows a higher radius than the
upper portion. The position of the tail, head, and legs also offers important forms similar in all. This characteristic can be
seen in almost all the ground mammals that walk and run. The obvious question is to investigate these unique body shape
because if Gray’s paradox [67] between available power and drag is real for dolphin, then it must be applied to these fast
running bluff body animals also why natural selection evolved this only convex curvature, which contrasts the bodies of
swimmers and flyers with a combination of convex and concave shapes. If biologists and aerodynamicists argue that it is
due to optimizing the drag force reduction, the same applies to these convex shapes as well. But how these shapes reduce
the drag and what is the significance of it, can be explored in the future. Also, why this issue of convex and concave
according to the environment?

The fast-running land animals are discussed briefly while considering their shape as an aerodynamics opportunity.
Gray’s paradox revealed that muscle power could not alone alienate the drag. Hence, it implies that the especial shape
might be a cause and; however, that needs to be investigated in length.

Applications to bluff body aerodynamics

Taking inspiration from the Dung beetle and shell [167] have incorporated the non-smooth surface over the engine
cover lid and body cap. The non-smooth surface was with pits and grooves of different sizes. Through CFD simulation,
it was found that at the vehicle sped of 30 m/s the drag reduction was 10.31%. Peng et al., [287] has done an aerodynamic
study on tiger beetle. They have mimicked the beetle body in solid works and simulated for aerodynamic parameters. To
a surprise, there was no vortex generation behind the beetle body; hence the curved portion reduced the flow separation.
Taking this inspiration, a MIRA fastback model was modified according to the beetle body. The curved portion at the
beetle’s abdomen and cercus were mimicked to the rear window, trunk lid and chasis of the MIRA model
as shown in Figure 28. A simulation provided a 3.4% drag reduction compared to the base model. was reported.
Experimental study can highlight more about this bionic inspiration. Table 3 summarizes the application to bluff bodies.
Table 12 Summarizes the important progress.

Table 14. Summary of land animals inspired devices on the bluff body

Flow control Investigation Device Drag References
Method method reduction
Active device CFD simulation Movable 4% Kang et al.,[288]
underbody
diffuser
Experiment Steady blowing 1% Heinemann et al., [289]
Experiment 6 t0 10.4% Mestiri et al.,[290]
CFD simulation 20% Rouméas et al., [291]
CFD simulation 6.4% Wassen & Thiele [292]
Experiment 5.7% Krentel et al.,[293]
CFD Simulation 11.1% Wassen et al.,[294]
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Table 15. Summary of land animals inspired devices on the bluff body (cont.)

Flow control Investigation Device Drag References
Method method reduction
Active device Experiment Steady blowing 9-14% Aubrun et al.,[295]
Experiment and 2.6% McNally et al.,[296]
CFD simulation
Experiment Synthetic Jets 4.29% Park et al.,[297]
8.5% Kourta & Leclerc,[298]
10% Tounsi et al.,[299]
Experiment Pulsed Jet 6 to 8% Joseph et al., [300]
20% Gilliéron et al.,[301]
20% Gillieron & A. Kourta, [302]
Experiment Steady suction 17% Kourta & Gilliéron, [303]
6% Lehugeur et al., [304]
9.5% Wassen & Thiele [305]
10% Whiteman & Zhuang, [306]
Experiment Plasma Actuator 8% Boucinha et al. [307]
3.65% Shadmani et al., [308]
20% Khalighi et al., [309]
Passive Flow Experiment Vortex Generator 12% Aider et al., [310]
Control CFD Simulation 2.2% Kim & Chen, [311]
Experiment 10% Pujals et al., [312]
CFD Simulation 10% Filip et al., [313]
CFD Simulation 11.7% Krajnovi¢ [314]
CFD Simulation 10% Mazyan [315]
Experiment and 4.53% Shankar & Devaradjane, [316]
simulation
CFD Simulation Spoiler 5% Kimetal., [317]
Experiment Flaps 17.6% Beaudoin & Aider, [318]
Experiment 19% Kimetal., [52]
Experiment 21.2% Tian et al.,[319]
CFD simulation Body modification 10% Marklund et al.,[320]
CFD simulation 8.4 % Cho et al.,[321]
CFD simulation 5.639% Song et al., [322]
Experiment and 13.23% Hu et al., [323]
CFD simulation
CFD simulation 5.20% Wang et al.,[18]
Combined CFD simulation Blowing jets with 30% Bruneau et al., [324]
Active and a porous layer
Passive
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Tiger beetle: Creature and simplified
model

Figure 28. Tiger beetle and inspired MIRA fastback car design [287] (a) Tiger beetle, (b) Inspired car model

Table 163. Summary of land animals inspired devices on the bluff body

Drag reduction through fishes

Flow control Method Investigation method Device Significance References
inspiration
Dung beetle and shell CFD simulation non-smooth 10.31 % drag reduction ~ Song et al.,
surface [167]
tiger beetle CFD simulation Body 3.4% drag reduction Peng et al.,
modification of [287]
MIRA fastback
model

Potential Future Research Areas in Bluff Body Aerodynamics

After reviewing the bio-inspired aerodynamic opportunities within three distinct species, it is clear that they
manipulate the flow by both active and passive mechanisms. However, their aerodynamic control is far more enriching
than any human technology. The active mechanism is just started to be explored and has a long way to go with promising
opportunities to develop sustainable solutions. However, about the structure of this article to focus on the bluff body,
passive devices provide more drag reduction capabilities than active once shown in Table 4. The comparison is shown in
Figure 29, which shows the comparatively better performance of passive devices than active once even after ignoring the
energy input required to operate the active devices [325]. Flaps as an add-on device seem far better than any other active
systems.

Furthermore, the legal requirements of safety are a hindrance to applying active devices and, in some cases, passive
devices too. Relatively, passive devices are the best available option to reduce fuel consumption rather than using fuel to
reduce fuel. Bio-inspiration to the bluff body and especially to vehicle aerodynamics, has vast potential to work as passive
devices that are explored in this section. Different types of flaps have been used to reduce the drag of vehicles. [318] have
used approximately rectangular flaps at the back of the Ahmed body. These flaps were installed along the edges of the
end. The results showed that 25% drag reduction, along with 105% of lift reduction was achieved. At the lateral position,
which was found to be the best, there were no longitudinal vortices, and through downflow, the separation was delayed.
However, it has been discussed that sailfish and swordfish are the fastest fish in the ocean. The first dorsal fin at the top
surface of both the fishes seems promising. Their shapes are curved, and they are flexible as well. This inspired design
can be implemented as a passive device on the edges of the Ahmed body, which produces the major C-vortex. These
special devices will disturb the oncoming flow at the separation point. Some existing shapes are shown in Figure 30 [326—
328].
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Different types of vortex generators -

Figure 29. different types of flaps as vortex generators (a) [327] (b) [326] (c)[329] (d) [318] and promising device
marked with the red circle

Contrary to these small passive devices that can manipulate the individual boundary layer and vortex, [330], [331]
argued for a different version with aerodynamic improvements. However, specific to the discussion [332] have considered
an elliptical shape flap, which was optimized through simulation. This elliptical shape reduced the drag by 11.1% at 0.12
m semi-major axis on a TGX MAN long-haul truck. The optimal mounting angle was found as 50°. However, nature has
already developed this device in crescent type tail shape at the end of fishes like sailfish, swordfish, thunnus thynnus and
Isurus oxyrinches to name a few, which have been shown in Figure 30 along with elliptical flap shape.

(a) (b)
- 4 <
(© i

Figure 30. Ahmed body with elliptical shape flap [332] and fish crescent type tails were (a) Thunnus thynnus (b)
Sailfish (c) Isurus oxyrinches (d) swordfish [100, 115]

The importance of crescent type tails has already been discussed by[115] but taking inspiration from elliptical flaps
and its aerodynamic performance, the crescent shape has possibilities to affect the drag performance. This unique design
varies in width, length, and the sweep angle that cannot be without aerodynamics and stability reasons. A whole bunch
of studies is possible in this direction, referring to bluff body aerodynamics. In addition to this shape, bringing the
flexibility factor of a bird’s secondary feather discussed by [52] can further motivate the investigations. Along with it, the
effect of porosity can also be included as discussed by [44], and around 45% reduction was achieved with the porous
front surface over a two-dimensional Ahmed body by [333]. Nevertheless, there is another kind of flap design available
from feathers. Only one aspect of it from the secondary feathers pop-up idea has been Tested by [52]. The wing of large
birds has somewhat parabolic shape when seen from the front. So, they are not exactly circular or elliptic. Along with it,
they evolved with slots at the end, not without reason [270]. Hence, the new flap design would mimic this unique feature
along with perfect curvature and slots at the proper locations shown in 31. Not only this but also such flaps can be
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symmetrical add-on device which might cancel out the vortex formation when they pop-up. It would be rather good to
use two symmetric flaps of this kind rather than one to fully grasp the dynamics of flow structures.

Flight feathers Tail feathers
(rectrices)

Tertiaries

Secondaries

Flight feathers
of the wing
(remiges)

Primaries

© 2007-2011 The University of Waikato | www.sciencelearn.org.nz

Figure 31. The unique configuration of large birds. The shape is somewhat parabolic nature, whose center can be
assumed at the small green circle [270]

The question of what the ideal size of this unique flap would be, need to be studied because it does not necessarily be
at the whole slant surface of the body. This flap can be put at the top and side of the body to modify the boundary layer
if used in small sizes. Recently the Canadian government has reviewed the drag reduction devices for the high-speed long
combination vehicles (LCV). They highlighted the drag contribution of the gap between tractor and trailers along with
different passive devices developed [159]. Now, instead of using filler or side skirts, this bio-inspired flexible flap could
be placed between the gaps, and that would not require any fixed apparatus which influences maneuvering. It can also be
studied at the end of a truck similarly, and the best combination can be analyzed. Its success in drag reduction will not
only reduce fuel consumption but also reduce the snow and ice weight, which would otherwise assemble on the
appendages of any fixed apparatus like fillers and side skirts. It is an essential factor to consider because during winter in
Canada -15° temperature increases the drag by 11.6%, and at -30°, it goes up to 18.5% compared with 15° temperature.
Hence, assembly of snow and ice are serious problems in Canada to be investigated. This small device could replace the
use of bot tail that adds weight if investigations prove it worth for application.

It is evident and established in vehicle aerodynamics, as stated by [334] that vortices coming out of the side edges
called 'C’ vortex, provide the significant part vortex behind the Ahmed body. He also confirms that this vorticity is the
same that a finite wing generated from its edges. Considering this fact, birds have developed the slotted tips at their
primary feather to disburse the vorticity. As was discussed earlier that during gliding, the birds raise their tips in a spiral
form, and their tips vary in length with slots between each [269]. These tips disburse the vortex both horizontally and
vertically stated by [217]. Hence, taking inspiration from this particular shape, a passive and automatic device can be
invented. Mimicking the feather tips, a good amount of drag reduction and delay in a stall has been achieved [266]. To
apply this wingtip design to the bluff body, the longitudinal edges would seem best for the investigation. The secondary
position may be at the slant surface of the Ahmed body because bio-inspired coating at the surface has been proved
positive in an aerodynamic sense inspired by shark denticles. They have not reported the forces and coefficients but found
it to be promising [335].

Moreover, the slant surface of the vehicle can be filled with micro passive devices inspired by the wingtips. These
micro passive devices can work as the vortex generator stated by [7] if this device can disburse the C-vortex coming from
the longitudinal edges into the horizontal and vertical direction, that would ultimately reduce a large amount of drag as it
seems from the existing literature [310, 334, 336].

The forebody of the buses has been predicted to contribute 60-70% of pressure drag [159]; hence the adoption of
wingtips or any other passive devices depends on the kind of vehicle in question. With spoiler at forebody 22.59% and
with NACA2415, 10.94% of drag reduction was achieved. This revelation further strengthens the argument for the front
and rear end passive devices to manipulate the C-vortex generation. The special design of shark flippers with tubercles
have been discussed to accelerates the flow due to vortex pair formation at the back of the leading edge. This acceleration
stops the separation and shifts the stall towards the trailing end of the wing. This tubercles shape with peak and crest can
influence the flow around the bluff bodies as well. The working mechanism described by [126] seems also to modify the
incoming flow from the forebody towards the rear end of the vehicle. This can be tested by providing tubercles on the
same locations at the forebody [159]. The edge preparation of the vehicle can be done in a wavy form inspired by the
flippers as done by [127].

Recently wave drag reduction on the blunt bodies has been investigated by [337]. They considered three spike shapes
and performed a numerical simulation to see the effect. Due to low-pressure formation at the front just ahead of the blunt
spike configuration, it outperformed the others in terms of drag reduction. The blunt body configuration, coupled with
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blunt-tipped, gives the minimum drag coefficient, which is 0.3. The relation of such devices to reduce aerodynamic drag
at supersonic speed resembles the already investigated blunt type bill nose of kingfisher [273]. Due to incredible
improvements in the bullet train aerodynamics, the bill of kingfisher can be employed in supersonic flow. The simple
reason is that the bill is blunt from the tip, but it has a consistent increasing constant circular cross-section. From the sides,
it has a curved portion that distinguishes from the purely blunt body.

The shape designs for which the bullet train has been investigated fall into the nose design of the kingfisher. These
birds change the environment almost instantly without losing any aero or hydrodynamic capability. Even the eyes of birds
are non-affected by such huge change. These provide an area for further research in high-speed vehicle designs.

In this section, the possible application of nature-inspired devices discussed so far have been proposed for the bluff
body and major are summarised in Table 5. Several devices are devised by taking inspiration from the fish and birds.
Similarly, few pieces of research in this direction are also included. However, the scope of such devices on the bluff body
is enormous, and it just begins to be recognized.

Table 17. Summary of the proposed nature inspired devices

Inspiration Device Application Promising influence
Sailfish First dorsal Vortex generators At the edges of the bluff body  C-vortex & separation point

Crescent shape of the  Passive flap devices At the back of the bluff body Delay in the separation

fish tails
Parabolic shape of Passive flap device At the back of the bluff body Delay in the separation
bird feather
feather tips Passive flow modifier At the side edges of the bluff C-Vortex
body
tubercles Flow modifier At front of the bluff body C-Vortex
CONCLUSIONS

What can be concluded from the above nature-inspired optimization of aerodynamic forces based on the discussion
and reviews of three distinct species of fishes, birds, and land animals? The important point is that these species have a
highly developed and complex mechanism of flow control at low Reynolds number with certain active techniques
employed as and when necessary, so not all the methods can be mimicked from nature. In the review of fishes, the focus
was to see the aerodynamic effects of body shape and various strategies employed by researchers along with the main
conclusions drawn. Also, the debate over streamline shapes of large fishes was contrasted with the discussion of boxfish,
which surprisingly shows less drag coefficient than well-shaped fishes and models. The debate between these two body
shapes is not finished yet; hence further studies can be focused on that. Similarly, passive devices like fins, tails, and
flippers have been discussed and shown the capabilities to reduce drag, increase lift, and delay stall. Along with it, the
structures of fishes, especially shark’s with microgroove, provide drag reduction higher than a smooth surface. Again,
this concept inspired a huge debate, and a lot of work has been dedicated to it have been analyzed. Following the same
methodology, the aerodynamic effects of the un-flapping aecrodynamics around the bird’s body, tail, wing, and wingtips
have been discussed. It was noted that the study of bird aerodynamics by and large restricted to aerospace applications,
and few techniques are employed in the bluff body, especially in road vehicle flow control. The self-pop-up mechanism
of secondary feathers and wingtips of primary feathers provides vast potential to delay the flow separation and disperse
the vorticity behind the wake. However, while discussing the drag opportunities inland animals, it was found that less
work is available in the open literature. Hence, flow around large animals like the cheetah and horse have been discussed
along with the use of their tails.

After embarking on such a trigonal voyage to find inspiration that can embellish the bluff body and especially vehicle
flow control, promising future research inspirations have been discussed in detail. This discussion proposes the techniques
and how they can be implemented to bluff bodies. However, throughout this review, it was highlighted that nature does
not support the notion of smooth surface drag reduction. Rather fishes, flyers, animals overland show no smooth surfaces.
Therefore, the non-smooth surface should be considered in high importance both in streamlined and bluff bodies. Nature’s
unconventional designs are questioning conventional concepts about drag and motion. Nature adopted both active and
passive methods according to the level of difficulty and necessity involved in the process. Overall, this review paper
assembled the ideas from three distinct species that can work as a ready reference for the nature-inspired solution to bluff
body aerodynamics.
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