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Abstract

The growing demand for sustainable energy has driven innovation in wind and marine
turbines, where the conventional airfoils, though reliable, perform poorly in unsteady
flows. This review explores the transition of blade design from conventional to bio-inspired
blade designs. Although several studies have explored the use of biomimetic principles
for turbine blade designs, this review highlights the core biological strategies successfully
translated into engineering designs to improve aerodynamic and hydrodynamic perfor-
mance. In addition, it emphasizes the critical role of interdisciplinary integration, linking
biology, material science, and engineering, in advancing and enabling the practical real-
ization of biomimetics in energy systems. This narrative review consolidates the trends,
gaps, and underexplored opportunities in the current literature on biomimetics. Theoreti-
cally, it elevates bio-inspired design from descriptive analogy into a predictive framework
grounded in natural efficiency mechanisms; practically, it articulates a framework for trans-
forming biological design into robust, highly efficient, and commercially viable turbine
systems. Further, the review highlighted a persistent gap between experimental advances
and commercial deployment, underscoring the lack of scalable manufacturability and
techno-economic validation.
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1. Introduction
The intensification of climate change and global warming exacerbated by the rapid

global population and increasing industrial demands has accelerated the depletion of
conventional fossil fuel reserves [1–3]. This has underscored the urgent need for a strategic
transition toward a suitable and diversified global energy portfolio, with a strong emphasis
on renewable or sustainable energy sources to support a greener and more environmentally
responsible future. Renewable energy such as biomass [4], solar [5,6], geothermal [7],
hydropower [8], and wind [9,10] are increasingly recognized for their potential to operate
in decentralized and off-grid energy systems.

According to the technical paper published by the World Wind Energy Association
(WWEA) [11] and the International Renewable Energy Agency (IRENA) [12], global cu-
mulative wind power reached 1174 GW, while hydroelectric capacity totaled 1443 GW,
maintaining its position as the largest source of renewable energy worldwide (Figure 1).
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Figure 1. Cumulative installation capacity of wind and hydropower (MW) [11,13].

In recent decades, engineers and researchers have progressively turned to nature as a
source of inspiration to address complex design challenges through innovative, efficient,
and sustainable solutions [10,12,14]. During 3.8 billion years of evolution, the biological
system has demonstrated extraordinary efficiency, adaptability, structural optimization,
and resilience traits that align closely with the development of modern energy technolo-
gies. The ingenuity of natural systems has captivated human imagination for centuries,
as evidenced by early conceptual explorations ranging from mythological figures such as
Daedalus and Icarus to Leonardo da Vinci’s anatomical sketches of bird-inspired flying
machines [15]. This nature-driven design philosophy is well encapsulated in the field com-
monly known as biomimetics, bionics, or bioinspiration, which involves translating natural
forms, architecture, and mechanisms or even adopting functional features into innovative
engineering solutions to improve aerodynamic and hydrodynamic performance, and en-
hance their energy conversion efficiency [15–17]. As a result, biomimetics has emerged
as a multidisciplinary domain that bridges biology with fields such as materials science,
robotics, and renewable energy [17].

In the context of renewable energy, turbine blade design follows one of these three
strategies: using traditional airfoil profiles such as NACA for their predictable performance,
modifying existing conventional airfoil (e.g., camber, thickness, curvature) to enhance
aerodynamic response under varying conditions, or adopting bio-inspired designs modeled
after natural forms such as fish tail [18], bird wings, [19], seeds [20], etc.

Traditionally, turbine aerodynamics and hydrodynamic analysis has predominantly
utilized well-established standard airfoil profiles such as those from NACA series [21–24], S
series [25], DU series [26], etc. These conventional profiles have served as the foundation for
both wind and hydrokinetic analysis [19]. Among these, symmetric airfoils were studied in
greater numbers than their non-symmetric counterparts [27], mainly due to the variation
in performance exhibited by asymmetric profiles at different azimuth positions during
turbine rotation [23]. Although their performance and efficiency are well studied under
ideal steady-state conditions, these profiles often underperform in real-world scenarios
such as low Reynolds numbers, transient flow behavior, and dynamic stall phenomena [15].
In light of these limitations, the second design methodology that focuses on the geometric
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modification of conventional airfoils was adopted [3]. This includes altering characteristics
such as blade curvature, leading edge contours [28], trailing edge contours [21], and blade
thickness [27]. These adaptations aim to optimize blade performance by improving flow
behavior in a variety of operating conditions, particularly under dynamic stall and variable
inflow angles, thus enhancing overall aerodynamic efficiency [3,17].

Although geometric modifications to standard airfoils have yielded measurable im-
provements in performance, their effectiveness remains limited under conditions of highly
unstable or low Reynolds number, frequently encountered in vertical axis turbines and
small-scale hydrokinetic systems [29]. As a result, researchers have increasingly explored al-
ternative approaches that go beyond conventional aerodynamic optimization. This has led
to the emergence of the third and increasingly dominant design strategy: the integration of
bio-inspired or biomimetic concepts into blade design. This approach, as mentioned above,
draws inspiration from the naturally evolved aerodynamic and hydrodynamic mechanisms
found in biological organisms. Examples include the motion of the fish tail [29], the struc-
ture of bird wings [12,19], insects [30,31], and the passive flight mechanisms observed in
seeds [32], leaves [33], and floral elements [34].

Bio-inspiration can be applied by embedding specific aerodynamic characteristics
of nature into conventional airfoil designs or by completely replicating the geometry
and motion of natural forms to develop novel turbine blades that perform effectively
under complex and unsteady flow conditions [20,30,35]. These principles are now being
systematically incorporated into wind and hydrokinetic turbines through features such as
leading edge tubercles [32], morphing surfaces [3], and flexible trailing edges to improve
aerodynamic and hydrodynamic performance. An increasing volume of experimental and
computational evidence supporting these innovations reflects a broader recognition that
nature-derived geometries offer scalable, efficient, and sustainable solutions for the next
generation of renewable energy technologies [15]. Among all these types, bio-inspired
approaches are gaining prominence because of their ability to improve performance in
unstable environments with a low Reynolds number [36].

In parallel, hydrokinetic turbine design has increasingly embraced bio-inspired blade
geometries derived from aquatic organisms to improve flow adaptability, vibration resis-
tance, and debris tolerance. Features such as passive flexibility and adaptive curvature
enable efficient energy capture in complex riverine and tidal conditions, positioning these
designs as promising alternatives to conventional hydrofoils.

Despite growing interest in this field, a comprehensive understanding of how nature-
inspired mechanisms are currently being adopted, evaluated, and optimized in engineering
systems remains fragmented across disciplines. To bridge this gap, this review is guided by
the following research questions:

1. What are the fundamental biological strategies that have been translated into engi-
neering designs to improve aerodynamic and hydrodynamic performance?

2. How does interdisciplinary integration contribute to the advancement and practical
realization of biomimetic energy systems?

3. What are the key challenges in scaling up biomimetic designs for real-world deployment?
4. What trends, gaps, and underexplored opportunities exist in the current liter-

ature on biomimetic strategies and conventional airfoils in aerodynamic and
hydrodynamic systems?

The literature review study is structured in thematic patterns that reflect the study
on conventional, modified, and bio-inspired airfoils. The data set was collected from peer-
reviewed journals, conferences, and technical reports. Recurring claims or research found
across a wide spectrum of researchers are therefore interpreted as representing emerging
consensus or dominant research trajectories.
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The collective insight from Figures 2–5 reveals dynamic and rapidly evolving turbine
research. On the basis of the retrieved documents, it is evident that the research was focused
more within the engineering and energy domains, where biomimetics and aerodynamics
are the most actively explored areas. Furthermore, research related to conventional turbines
held a dominant position until 2004; thereafter, bi-oinspired innovation gained momentum,
which after 2006 almost exceeded the traditional turbine by 2024 (Figure 3). These trends
indicate a global shift towards bio-inspired turbine design; however, adoption remains
geographically uneven. For instance, several countries, such as the United Kingdom,
Germany, and Indonesia, are active in conventional research but show limited bio-inspired
output (Figure 5). In addition, the accompanying keyword network (Figure 4) clearly
demonstrates an imbalance within material science, revealing a dense clustering around
computational and aerodynamic themes but a relative paucity of research on durability,
material resilience, structural integrity, and scalable fabrication.

In general, this research ecosystem constitutes a novel interdisciplinary framework
that integrates engineering, materials science, and biology to develop a robust and efficient
wind and hydrokinetic turbine.
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Figure 3. Trends in Publications of Top Countries: Bio-Inspired vs. Conventional Airfoils (1994–2024).Figure 3. Trends in Publications of Top Countries: Bio-Inspired vs. Conventional Airfoils (1994–2024).
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Figure 4. Networks illustration for keywords on turbine.
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Figure 5. Country-wise Comparison of Bio-Inspired vs. Conventional Airfoil Publications.

2. Design Principles and Typologies of Wind and Water Turbine
Wind turbine blades operate on the principle of conversion as they extract the kinetic

energy of the wind via rotors and convert it into mechanical energy through aerodynamic
forces such as lift and drag [3,34]. The effectiveness of this conversion is influenced by
various parameters such as blade shape and geometry, installation site, wind characteristics,
size variation, etc. [17]. However, it is technically impossible to extract the entire wind
energy, as stopping the airflow would prevent it from entering the swept rotor area;
therefore, according to Betz’s limit, only 59.3% of the kinetic energy in the wind can be
extracted [37].

https://doi.org/10.3390/en19010047

https://doi.org/10.3390/en19010047


Energies 2026, 19, 47 6 of 28

2.1. Comparison Between HAWTs and VAWTs

Wind turbines are categorized into two types based on the axis of rotation: Horizontal
Axis Wind Turbine (HAWT) and Vertical Axis Wind Turbine (VAWT) [34,38,39]. HAWT
consists of a horizontal rotor axis aligned parallel to the wind [40], while VAWT has a verti-
cal rotor axis that allows it to capture the wind from any direction [16]. Although VAWTs
are capable of capturing wind from all directions, HAWTs dominate the market mainly due
to their higher aerodynamic efficiency and their better scale to withstand stronger wind
conditions [38]. A detailed comparison of these types is tabulated in Table 1.

Table 1. Comparison between Horizontal-Axis Wind Turbines (HAWTs) and Vertical-Axis Wind
Turbines (VAWTs).

Feature HAWT VAWT

Axis Orientation [15] Horizontal Vertical

Wind Direction [16,40] Unidirectional Omnidirectional

Location [41–43] Top of tower Grounded

Aerodynamic Mechanism Lift Lift or drag

Maintenance Complicated Simple

Suitable Location Mountain, isolated location Urban building, highways

Self-starting Usually good Often needs
assistance/modifications

Noise Generates noise Less noise

VAWTs are broadly categorized into two types based on aerodynamic forces: lift-based,
known as Darrieus VAWT, and drag-based, known as Savonius VAWT. The lift-based VAWT
features airfoil blades to induce lift at higher operational speeds, whereas the drag-based
VAWT depends on flow resistance (drag forces) to rotate, thereby enabling self-starting
capability but at lower efficiency [44]. Modern hybrid designs combine the characteristics
of the Darrieus type and the Savonius type to enhance their operational performance
under varying wind conditions, as investigated in [45]. The choice between turbine types
is determined by specific application requirements [41–43], site wind characteristics [46],
and efficiency considerations [15]. A concise classification of the types of wind turbines is
illustrated in Figure 6.

2.2. Research Methods

Figure 7 illustrates the main research approaches used in wind turbines, such as
theoretical, experimental, and numerical methods.

Theoretical methods are analytical approaches [47] that are used to evaluate the
scaling relationships and overall performance. These approaches include classical analytical
models such as the eddy current model to study the effect of magnetic and electrical effects,
the momentum model for flow analysis, and the cascade model to predict the velocity
deficit and turbulence wake [3,47,48]. However, their drawback lies in assumptions such
as steady flow [49], which limit their accuracy when applied to bio-inspired geometries
consisting of intrinsic and curved features. Therefore, these methods are limited to turbines
with low rotor solidity and tip speed ratio.
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Figure 6. Classifications of Wind Turbine.
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Figure 7. Research Methods.

The experimental method involves physical testing of the models to validate the pre-
diction. These include wind tunnel testing, particle image velocimetry (PIV), etc., to enable
direct visualization of flow separation, wake patterns, and vortex structures [19,24,40,43,50].
Although these techniques are simple and produce reliable results, they are limited by the
high experimental cost and inefficient in conducting full-scale wind tunnel experiments,
as flow phenomena vary with scale [40]. In light of these limitations, numerical approaches
have gained prominence as a necessary means to conduct detailed flow analysis.

The numerical method employs Computational Fluid Dynamics (CFD) to analyze
aerodynamic characteristics and optimize turbine performance. With the advantages of
low testing cost, design optimization and improved flow visualization, studies using this
method have accelerated over the past two decades [21,48]. The integration of CFD with
fluid structure interaction (FSI) models bridges the gap between analytical simplicity and
experimental complexity [51]. However, these numerical results are highly dependent
on the turbulence model, grid resolution, and boundary conditions and therefore require
physical environment validation [24].

A synergistic combination of these three research methods is used in the design of
bio-inspired turbine blades to improve the precision of the research. Theoretical analysis
establishes the basic governing principles and key dimensional relations; numerical sim-
ulations elucidate parameter sensitivity and optimize geometry [20], and experimental
tests confirm aerodynamic and structural integrity in the physical environment [40]. This
comprehensive approach ensures that bio-inspired designs are aerodynamically effective
and mechanically feasible, making them scalable for industrial deployment [20,52].
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Wind turbines and hydro turbines operate on a similar aerodynamic principle; how-
ever, the contrasting fluid densities determine their scale, blade shape, and area of
operation [53].

Conventionally, Darrieus turbines are used as wind turbines, but the same basic
principles apply for hydrofoils. The Darrieus water turbine is operated by a lifting force,
which is obtained due to the pressure difference when the water flows over the blade
profile [54]. The water turbine works according to the principle of extracting the kinetic
energy of flowing water and converting it into mechanical energy [53]. The smaller water
turbine with a robust structure produces better efficiency but faces challenges such as
cavitation and long-term durability in the marine environment [54,55]. The higher energy
density allows smaller turbine sizes to generate comparable power. In contrast, wind
turbines with larger swept areas tend to produce better efficiency.

2.3. Conventional Airfoils and Their Modifications
2.3.1. Conventional Airfoil

Conventional airfoils were developed primarily for aerospace applications in the early
twentieth century and have significantly influenced both the modern wind turbine and
the marine turbine. These traditional blades were first implemented in HAWT, where
comprehensible performance enabled efficient scaling and enhanced design precision [56].

Drawing upon this foundation, technical researchers have conducted comprehen-
sive comparative studies to evaluate the suitability of different airfoil profiles for wind
energy applications. For example, in [57], the author investigated four-digit airfoils
of various symmetric (NACA 0012,0015,0018,0021) and asymmetric profiles (NACA
4418,0018,1418,2418,3418) comparing their power efficiency and force coefficients. How-
ever, the study did not account for 3D aerodynamic effects or structural mechanisms, thus
limiting practical feasibility. Based on this study, Mahato. A et al. [23] compared the
aerodynamic performance between NACA 0012 and NACA 4418 airfoils, reporting that
NACA 4418 stalls earlier at 16◦, while NACA 0012 stalls at 18◦. Extending such compara-
tive approaches, Tokul and Kurt [58] investigated between NACA 2412 and NACA 6409,
revealing power coefficients of 0.458 and 0.465, respectively, considering only the glide
ratio, the power coefficient, and the aerodynamics using Q blade software. Furthermore,
Abdallah A. et al. [59] numerically investigated a straight-bladed Darrieus VAWT with
NACA 0015 profiles at a TSR of 2.5 and obtained a peak Power Coefficient (CP) of 0.36,
with a peak torque in the upstream rotation and a negative torque in the downstream sector.
Although this study effectively captured unsteady aerodynamic effects, the work lacked
experimental validation and explored only a limited TSR range, restricting its applicability
to real-world operations. Most of the wind turbine analyzes were performed in steady-state
2D aerodynamics, neglecting unsteady effects, 3D flow, and rotational augmentation, lead-
ing to overestimated performance. The performance of the conventional airfoil is shown in
Figure 8.

2.3.2. Modified Conventional Airfoil

The geometry of the blades plays an important role in the lift generation of wind
turbines. However, the primary challenge arises from the stall phenomenon that develops
when the angle of attack exceeds the critical threshold [1]. Previous studies have shown
that altering the classical shape of airfoils by introducing design features such as a vortex
generator, spherical ball, protrusion on the surface, etc., can improve the momentum of
the turbine blades, thus improving lift generation and delaying the start of the stall [38].
Applying the same vein, by embedding a flap configuration on the trailing edge of DU 06W
200 at 5 and 10 degrees, has improved performance by 11.9% and 8.7% , respectively [26],
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and incorporating sinusoidal serration at the leading edge (Figure 9b) of VAWT increased
the power coefficient by 18.7% and the supposed dynamic stall of 75◦–160◦ azimuth [60].
Beyond sectional modification, blade tip modification (Figure 9a) was performed using
the NREL blade with a straight axis and with ±10% sweep, dihedral or winglet, and the
results demonstrated that power capture is improved from an aerodynamic point of view;
however, structural penalties must be explored [61].
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Figure 8. Coefficient of Power Generated by Airfoil (VAWT-NACA0010 to FXLV 152) [25] and
(HAWT-2412,6409 [58]).

Another approach involves incorporating flaps on the trailing edge to delay flow
separation; however, their performance is dependent on its height and operation condition.
In paper [62], the installation of the Gurney flap (Figure 9c) on the trailing edge further
increased the power, particularly for the high-solidity turbine. Chen et al. [63], further
investigated the use of a plain and serrated shape gurney flap on a NACA 0021 airfoil,
demonstrating that SGF effectively reduced trailing edge vortices, while PGF increased the
lift with increased induced drag. This is because the serrated profile induces a secondary
pair of vortices in the normal plane, breaking the columnar vortex structure, thereby
reducing the drag. Furthermore, in [64], the author focused on the physics of VAWT airfoil
modification by introducing a semicircular inward dimple and a small Gurney flap on the
pressure-side (lower) surface of a NACA 0015 profile as shown in Figure 9e, using RSA
(Response Surface Approximation).

The optimized profile increased the tangential force and improved the time-averaged
torque relative to the baseline airfoil, with a light dynamic stall. However, performance
sensitivity was highly dependent on flap height and dimple placement [64]. A similar
study on blade performance using a Savonius turbine has also provided an improvement
in power [65]. Souad et al. [66] studied the influence of phase shift angle (PSA) on the
aspect ratio (AR), and the results showed that a 50% increase in the aspect ratio improves
the power coefficient by 200%. In addition to this, studies that examined the variation
in overlap ratio with the presence of a central shaft have shown an improvement in the
performance of Savonius turbines [67].
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Figure 9. Modification of conventional airfoil: (a) tip modification [61]; (b) leading edge serration [60];
(c) gurney flap to trailing edge [62]; (d) blade shape modification [65]; (e) gurney flap at trailing edge
and semi-circle on the lower surface [64].

Building on shared aerodynamics and hydrodynamics characteristics, researchers have
pivoted to marine-based systems, extending the same comparative logic to hydrokinetic
rotors. This gap has shifted attention toward water-based systems, where different design
priorities, such as self-starting capability and resilience in harsh flow environments, play a
central role.

Savonius water turbine [68] has been studied for its reliability in small-scale renewable
electricity generation within rivers, tidal channels and irrigation canals. For instance,
in [68], the influence of channel bends in the performance of Savonius was studied by
considering their potential in agricultural channels. Further, geometric parameter that
influence the aerodynamic efficiency of the Savonius hydrokinetic turbine is discussed
in [69]. In addition to this, Mohd Badrul Salleh [70], investigated the effect of the deflector
blade on self-starting speed and identified that the three-blade deflector blade performed
less compared to the two-blade deflector. Alongside this, increasing the aspect ratio reduces
the influence of the three-dimensional flow effects and therefore resembles more closely
the result obtained in the two-dimensional turbine [55]. Yi Zhu et al. [71] studied the effect
of tip speed ratio by integrating CFD with FSI studies and revealed that the maximum
deformation occurred more at the outer plate of the endplate. Based on this, Emil et al. [72]
performed an optimization technique to find the optimal shape and position of the deflector
plate. The other geometric modifications included varying the cross-sectional area of the
blades [73], the deflector configuration [74], the diameter varying in different angular
positions [75], and the collar modification [76], aspect ratio [55].

Taken together, all of these insights and the findings underscore that optimizing
blade geometry and flow augmentation principles advance the efficiency of the Savonius
hydrokinetic turbine. However, despite these advances, a holistic understanding of the
combined effect of different geometric alterations in the practical field remains limited.
For example, changing blade count and diameter achieved a power efficiency of 0.21 [76]
and a cambered hydrofoil of 0.26, surpassing the traditional profile [76]. Similarly,varying
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the size or cross-sectional area or by incorporating inner blades improved their performance
compared to the semi-circular design [69,73,77].

On the other hand, Darrieus water turbines, being lift-based turbines, offer higher
efficiency potential, but require advanced modeling approaches to capture their complex
unsteady flow behavior [55]. In [78], the author modified NACA 633018 to study the fluid
structure interface of a Darrieus turbine under varying flow conditions and obtained a
power coefficient between 0.05–0.37. In addition, Ramin et al. [79] investigated the effect
of the number of blades count on the aerodynamic performance of the small-scale HAWT
using the S814 profile and found that four blades demonstrated better efficiency.

2.4. Bio-Inspired Airfoil

In this section, the predominant natural sources that have inspired advances in the
field have been studied on the basis of their aerodynamic characteristics, such as their
ability to improve lift, reduce drag, and control flow separation [17].

2.4.1. Harnessing Aquatic Inspiration

The principles derived from biological systems in an aquatic environment have be-
come a coherent source of inspiration to advance the technologies of wind energy [80].
Marine organisms such as humpback whales and other aquatic species exhibit distinctive
morphological characteristics, most notably tubercle flippers, hydrodynamic body profiles,
and fin-shaped appendages, which enable exceptional fluid dynamic efficiency [15]. Trans-
lating these evolutionary adaptations into blade design has significant potential to improve
lift, postpone stall onset, and improve overall aerodynamic efficiency. These design strate-
gies define a novel framework to overcome the limitations inherent in conventional blade
geometries, thus enhancing the efficiency and sustainability of wind energy systems.

The subsequent section presents an in-depth examination of marine-derived bioin-
spiration, highlighting the rationale for their adaptation, their functional mechanisms,
and apparent performance improvements (Figure 10).

Figure 10. Modification of humpback whale: (a) wing characteristics [81]; (b) leading edge turbercle
modification [36]; (c) smooth left and scalloped right humpback whale flip [82].
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(a) Inspiration from Fish’s Fins and Tubercles
Megaptera Novaengliae, widely known as humpback whales, a species of baleen

whale, have exceptional underwater acrobatic maneuvers to catch its prey. This is because
whales possess cutting-edge bumps, known as tubercles, on their pectoral fins, which sig-
nificantly improve maneuverability and hydrodynamic efficiency [82]. The implementation
of tubercles on the leading edge of wind turbines has facilitated significant interest in the
field of research and industrial application [82,83].

The incorporation of leading-edge tubercles in the design of wind turbine blades
draws inspiration from the pectoral fins of humpback whales, which possess distinctive
bumps that enhance hydrodynamic efficiency [29]. These tubercles modify the incoming
airflow, creating alternating regions of high and low velocity along the blade span, which,
in turn, generate stable vortices that energize the boundary layer. This mechanism delays
the onset of stalling by maintaining flow attachment at higher angles of attack, thereby
expanding the operational range of the blade. This was performed experimentally by D. S.
Miklosovic et al. [82]. The result demonstrated that the incorporation of leading tubercles
into the NACA 0020 airfoil delayed the onset of the stall by approximately 40%, while
simultaneously improving the lift and reducing the drag. Based on these insights, Guo-Yuan
Huang et al. [84] conducted an experimental study to evaluate the aerodynamic impact
of the leading edge by modifying the SD 8000 airfoil on small-scale HAWT blades using
two types of model: a 3D static blade and a rotating rotor blade model. The results indicate
that the leading-edge protuberances improved the low-TSR performance by delaying stall;
however, at high rotational speed, the protuberances offered no significant advantage.

Building on the concept of leading edge protuberances, Hongjie Hu et al. [36] com-
pared the NREL Phase VI standard blade and its modified counterparts, considering
12 cases. These modifications included constant-amplitude (sinusoidal wavy), variable-
amplitude (sinusoidal wavy), segmented arc, and spherical configurations, applied through
both partial and full leading edge modification, to systematically assess their aerodynamic
characteristics. The findings demonstrated that the variable-amplitude tubercles increased
the torque by 7% with segmented arc and variable-amplitude designs that further enhanced
the torque, and the spherical tubercles outperformed others at high speeds. In parallel,
a computational study on the NREL Phase VI blade parametrically investigated humpback
whale pectoral fin-inspired tubercles by varying amplitude, wavelength, and spanwise
coverage [81]. The findings revealed that although tubercles reduce performance at wind
speeds below 7 m/s, extending the tubercle pattern over more than 60% of the blade span
eliminated backflow at higher speeds (10 m/s). Furthermore, the use of small-amplitude
wavelength ratios maintained turbine efficiency, with tubercles contributing to stall de-
lay, reduced suction side pressure, and improved lift generation at elevated wind speeds.
Bolzon et al. [85] recommended promising results for refined flow control strategies by
embedding tubercle geometries in NACA 0021 for the formation of asymmetric vortex
and drag modulation. Furthermore, in [86], modifying NACA 4420 and NACA 4412
with a wavy leading edge resulted in up to 33% higher power coefficient, 24% greater
thrust and nearly 90% more power output under low wind conditions at 2.5 m/s. An-
other high-potential study of spanwise geometric modifications was performed on the
NACA 0022 profile in [87], where aerodynamic performance was improved by mitigating
dynamic stall and enhancing flow attachment, increased the maximum power coefficient
by 10–15% compared to the conventional straight blade design. Although these studies
have addressed aerodynamic efficiency, only a few have examined their energy conversion
efficiency. Ahmad and Zafar [88] built a hybrid VAWT incorporating leading edge tubercles
that significantly improved the power coefficient to 0.475, thus improving self-starting
capability and maintaining positive static torque coefficients across all azimuth positions.
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Yoon et al. [18] further investigated the hydrodynamic characteristics of the wavy
leading edge in wings with low aspect ratio by varying the waviness ratio of the NACA
0020 airfoil. The result indicated that the modified blade generated a higher lift in the
post-stall region; however, the onset occurred earlier than in the conventional airfoil,
except for the blade with the least waviness ratio. Meanwhile, Kim et al. [89] varied
the wavelength while keeping the amplitude constant and observed that the modified
blade did not experience a lift drop compared to the conventional airfoil, to be defined as
stall; however, beyond stall, both configurations showed no difference. Vimal et al. [90]
incorporated wavy edge vanes inspired by humpback whales. By maintaining the pitch
and varying the length, wavelength, and placement of waves on the outer edge, inner edge,
and both edges, a conventional wave was achieved. Comparison analysis revealed that
the wavy edge improved overall turbine performance by improving self-starting capability
and eliminating negative torque.

(b) Inspiration from Fish Scales to Forest Canopies
In a study conducted by Khder et al. [91] has shown that bio-inspired surface micropat-

terns, such as riblets and fish scales, applied to 3D-printed HAWT blades, can significantly
improve aerodynamic efficiency. Among these, fish scale textures achieve up to 78% higher
power coefficients at optimal tip speed ratios. Similarly, the scales of the grass carbs have
distinct microstructural characteristics that allow them to exhibit two morphologies: one
characterized by smooth ridges and troughs and another rough type with elevated crescents
and flat bases [92]. These features help reduce drag by regulating the balance between flow
separation and surface friction, where the ridged morphology aids in smoother flow, while
crescent-shaped textures enhance turbulence control [92–94]. The experimental findings
demonstrate that grass carp scales can reduce drag by approximately 2.8 to 6.7% at low
flow speeds.

2.4.2. Inspiration from Plant Kingdom

The morphofunctional traits of trees and plants have long served as a foundation for
the realm of biomimetic engineering, particularly within the context of sustainable energies.
Their naturally evolved morphologies combined with aerodynamic efficiency, flexibil-
ity, and self-adaptation make them ideal references for turbine blade innovation [34,50].
The subsequent subsections outline botanical inspiration.

(a) Inspiration from flowers and leaves
Plants have inspired several innovative designs in wind and water turbine applications

due to their evolved aerodynamic and hydrodynamic efficiencies [10]. Biomimetic blades
modeled after leaves such as lotus [50], water lily [34], cabbage leaves [95], etc., emulate the
curvature and flexibility of natural leaves, enabling the turbine blade to operate at varying
wind speeds, thereby enhancing their aerodynamic performance. In wind energy, leaf-
inspired blades replicate the curvature, venation, and flexibility of natural leaves, which
help optimize lift generation, reduce drag, and adapt to varying wind speeds. For example,
certain broad leaves naturally twist and bend in high wind, preventing structural damage,
a principle applied in bio-inspired vertical axis wind turbines (VAWTs) for passive load
control [33]. In addition, the use of an internal biomimetic rib of leaves in the supporting
structure of the turbine has further improved stability and stiffness, although localized
stress concentration was observed [96]. In water turbines, aquatic plants with flexible
fronds or kelp-shaped structures demonstrate efficient energy extraction from slow-moving
currents. Their shape and motion have been adapted to develop low-speed current turbines
with improved starting torque and reduced risk of cavitation [95]. In addition, lotus, lily,
and cabbage leaves [95] have superhydrophobic surfaces that prevent water droplets from
wetting them, which contain micro- and nanostructures [97–100].
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In engineering, research on floral elements has been a source of inspiration in the
development of blade geometry, as well as lightweight but resilient materials [34].

Islam et al. [50] developed a three-bladed HAWT inspired by the Sacred Lotus flower
(Nelumo Nucifera) by modifying the NACA 2412 airfoil. The result revealed that the
bio-inspired structural design has improved performance by 31.7% (refer Figure 11left).
In addition, in [101], a lotus-shaped microwind turbine was designed consisting of a guide
blade and semicircular blades. The guide blades sculpt the incoming wind, while the
semicircular blades were used to drive the shaft. The degree of barchan dune was varied.
The findings indicate that changes in the angle of inclination of the barchan dune guide
blades between α = 15◦ and 25◦ exert negligible influence on rotor performance, suggesting
a stable aerodynamic response in this range. These findings illustrate the way natural
geometries can be harnessed in engineering to achieve optimized aerodynamic stability.

(b) Textured Surface Inspiration from Plants
The working environment also plays a key role in the efficiency of wind turbine

operation. Contamination of the turbine blade on the suction side reduces power efficiency,
thus increasing drag and reducing lift [102]. The lotus leaf consists of microstructures
that help reduce contamination and preserve aerodynamic efficiency. This leaf has a
superhydrophobic surface, and therefore water droplets are prevented from wetting its
surface due to the presence of micro- and nanostructures [95]. The close arrangement of
the surface asperities detaches the formation of large droplets by easily rolling off, giving
rise to a characteristic known as the “Lotus effect” [95,103,104].

Figure 11. Lotus-inspired wind turbine: (left) Nelumo Nucifera and its inspired turbine blade [50];
(center) lotus and its superhydrophobic characteristics [95]; (right) lotus-shaped micro wind tur-
bine [101].

These effects have been a source of exploration in wind turbine applications to im-
prove water repellency and mitigate icing on blade surfaces [105]. For example, in [106],
turbine blades coated with epoxy paint and silica nanoparticle-based superhydrophobic
demonstrated enhanced water resistance due to air retention within the surface cavities,
thus mimicking the surface of the lotus leaf. Effective drag mitigation requires minimizing
both surface roughness and contact angle hysteresis to produce highly refined hydropho-
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bic textures [107]. Furthermore, the intrinsic and flexible leaf structure (form) allows for
adaptive bending and passive twisting (mechanism), which improves lift and reduces
drag by evenly stabilizing the flow and aerodynamic loads. Therefore, the integration of
hydrophobic surface design into wind turbine blades offers strong potential for aerody-
namic enhancement. For small-scale turbines operating under transient conditions, a drag
reduction of up to 50% can be achieved through air-to-air contact over substantial portions
of the surface, coupled with turbulence-induced boundary layer modification [100].

Like lotus, rice leaves [104,108–110] also exhibit a superhydrophobic nature due to the
presence of longitudinal striations, transverse sinusoidal ridges, and hierarchically arranged
micropapillae [104]. However, they are parallel aligned, unlike the lotus leaf, allowing for
droplet movement along the leaf length and creating a riblet-like drag reduction similar to
that of shark skin [104]. This nature of the leaves reduces the viscous drag and enhances
their self-cleaning antifouling performance [110].

In pursuit of improving the aerodynamic efficiency of the turbine, several studies have
explored bio-inspired designs that included a combination of one or more bio-inspired
features. Ashwindran et al. [111] analyzed a two-dimensional drag-based VAWT, inspired
by the combination of albatross wings, tulip petals, and pitcher plant cavity vanes. However,
the result obtained showed very low Cp values of 0.029 at λ = 0.2 and 0.025 at λ = 0.3)
and negative power extraction at higher TSRs, caused by sharp edges and asymmetric
geometry inducing adverse pressure and flow separation. Building on this foundation,
the same author [112] conducted a comparative numerical study incorporating two bio-
inspired characteristics. The first design (lift-driven) integrated the features of maple seed
and Epilobium hirsutum, integrated to an airfoil profile of NREL S819, while the second
design (drag-driven) integrated a spiral phyllotaxis geometry, and the third design (hybrid
configuration) featured albatross, tulip and pitcher plant. The result obtained demonstrated
that the first design achieved the highest Cp, followed by the second design, while the
third design performed poorly compared to the conventional airfoil at high RPM due to
the adverse pressure on the blades.

2.4.3. Inspiration from Tree Seeds

The natural autorotative and helical mechanisms of tree seeds exhibit enhanced aerody-
namic stability and lift generation during descent. These flight behaviors provide valuable
guidelines for designing efficient and self-starting wind turbines.

(a) Inspiration from Maple Seed
The maple seed (Figure 12) has several aerodynamic features that make it attractive

for wind energy applications. Their formation of stable Leading Edge Vortices (LEV)
guarantees a high lift-to-drag ratio, thus ensuring a steady descent and extended flight
duration [113]. Additionally, their auto-rotative motion is inherent in self-stabilization by
minimizing the oscillation during the descent [114,115]. All of these aerodynamic features
promote energy efficiency, which is significant for energy harvesting [116].

Research on maple seed-inspired wind turbines has focused primarily on compu-
tational fluid dynamics (CFD), numerical simulations, and scaled prototype testing to
assess aerodynamic performance and design feasibility. Various turbulence models have
been applied to investigate the unstable aerodynamics of blades derived from maple seed
geometry. These studies emphasize the distinctive flight mechanisms of the seed, such as
helical autorotation, wind dispersal efficiency, and stable descent [117–119].
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Figure 12. Characteristics of maple seed and design: (a) autorotation [117]; (b) helical motion [115];
(c) spinning [118]; (d) maple seed as wind turbine [113]; (e) bio-inspired maple seed model [32].

In [117], the author demonstrated through dynamically scaled experiments that maple
seeds achieve slow and steady autorotation due to the formation of leading edge vortices
(LEV), which improve the lift-to-drag ratio, findings that align with Holden et al. [113,120]
who confirmed their aerodynamic potential for turbine applications. Subsequent investi-
gations have consistently shown that the autorotative motion contributes to aerodynamic
stability by suppressing oscillations, while the persistence of LEVs enables a high lift-
to-drag ratio and prolonged energy extraction. Holden et al. [120] reported through
three-dimensional CFD that helical blades modeled after maple seeds could attain a power
coefficient (Cp) of 0.59, close to the Betz limit. Further, Timothy et al. [118] experimen-
tally analyzed seeds of Acer platanoides (Norway maple) and analyzed the role of vortex
shedding in delaying flow separation and improving energy capture. Dang et al. [116]
employed the Taguchi method to optimize aerodynamic forces and angle of attack, further
validating the practical applicability of this bio-inspired design.

Beyond aerodynamics, structural evaluations have reinforced the engineering suit-
ability of maple-seed-inspired geometries. Prathik et al. [121] developed a biomimetic
cambered airfoil based on the morphology of maple seed. Similar to [112], Cory Seidel [32]
performed a structural FEA to impart additional lift to the NACA 0012 profile using nine
combinations of bio-inspired structure, including extended normal, maple seed shape,
triplaris samara seed shape and whale tubercles. The results demonstrated that the biolog-
ically shaped blades demonstrated structurally viable stress and deformation responses;
however, the study was limited to dynamic fluidic structure and aerodynamic performance
metrics, leaving a deeper future investigation.

(b) Inspiration from Borneo Camphor, Bauhinia variegata, and Mimosa Seeds
Subsequently, researchers have changed the focus of aerodynamic characteristics

assessment of other bio-inspired seeds such as Borneo Camphor seed [122,123], Petra
volubilus seed, Bauhinia variegata, and Mimosa [124].

The structure of the Borneo Camphor seed, as shown in Figure 13, resembles a shuttle-
cock, with a nut that is surrounded by five wings. Due to the conical structure of the seed,
they can orient themselves to face airflow during descent, allowing for auto-rotation [122].
These autorotations tend to extend the wind outward, thereby enlarging the rotor span,
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subsequently increasing the lift and reducing drag. Yung-Jeh Chu et al. [122] biomim-
icked these characteristics by scanning the seed and designed a wind turbine that served
efficiently compared to the baseline SD8000 profile. A similar study conducted using a
marine turbine in [125], achieved a power coefficient of 0.38; however, it required a higher
self-starting torque, imposing higher structural loads, thereby requiring stronger materials
and active control systems.

Figure 13. Aerial-inspired turbine blade: (a) Borneo Camphor and their three dimensional model in
wind turbine application [122]; (b) Dryobalanops aromatica seed in marine turbine application [125];
(c) Bauhinia Variegata [124]; (d) Mimosa [124].

To overcome the limitation of self-starting torque in VAWTs, helical seed pods such as
Bauhinia Variegata and Mimosa were used as shown in the figure. In paper [124], the author
demonstrated a clear methodology for translating biological geometry by varying the
diameter-to-height ratio and the height pitch-to-height ratio. The result indicated that a
single-bladed helical rotor with d/h = 0.27 and p/h = 0.7 could start at 2 m/s, which makes
it suitable for urban environments with turbulent low-speed winds. However, the study
was limited to the analysis of single blade static stand-still torque and does not account for
dynamic and multi-parameter performance, leaving a substantial gap in their application
in real-world applications.

However, the omission of dynamic multiparameter performance evaluation leaves
a substantial gap for future studies to integrate comprehensive aerodynamic, structural,
and environmental analysis into bio-inspired VAWT design.

2.4.4. Inspiration From Aerial

Avian flight mechanics is a perfect example of the solution inspired by nature to reduce
drag and improve lift. The feathers present in the wingtips of birds are bent and separated,
helping them to hover, soar, and perch precisely. From the past literature, it is evident that
flight strategies vary significantly between species, reflecting an intelligent and efficient
way to adapt to different aerodynamics and ecological demands (Figure 14).

The shape of the Avian’s wing is similar to that of an airfoil with a cambered surface,
indicating that the upper surface exhibits a higher degree of curvature than the lower
surface [34]. Contemporary research has proven that the structure of the avian wings of
large birds such as seagulls and andean condors (vultur gryphus) [12], erganser, golden
eagle [30,35], and owls [126] have proven to be effective in the application of wind turbines.
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For instance, vultur gryphus glide without flapping their wings, covering a large distance
of approximately 170 km in 5 h, although these birds are the heaviest among soaring
scavengers. Based on these findings, in [12] the author has retrofitted the andean condor-
inspired winglet to the DU 10 MW wind turbine, which has averaged 10% of power
production compared to the baseline.

Figure 14. Avian-inspired turbine blades: (a) golden eagle-inspired blade [30]; (b) albatross-inspired
turbine blade [30]; (c) owl characteristics [127]; (d) andean condor-inspired wingtip [12].

The golden eagle displays advanced flight capabilities, such as hovering, perching,
and hunting. Using these remarkable flight mechanics, Di Tang et al. [35] investigated the
aerodynamic role of the secondary feather. The author used a three-dimensional scan of
the golden eagle and combined the feather with the S809 airfoil in such a way that the
secondary part of the feather can move or rotate relative to the primary part. The findings
highlight that secondary feathers with rapid pitch-up mechanisms substantially improve
maneuverability, providing valuable design inspiration for next-generation unmanned
aerial vehicles (UAVs). Upon evaluating this mechanism, Yossri et al. [30] developed a
HAWT featuring an obtuse-angled V-shaped turbine blade with tip feathers resembling the
golden eagle’s gliding configuration and obtained a power coefficient of 4.5 W.

While raptors such as the golden eagle offer insights into maneuverability and local-
ized lift enhancement, seabirds such as the albatross provide lessons in endurance and
efficiency. Albatross are oceanic seabirds that specialize in dynamic flight over long dis-
tances. Their key design features include a high aspect ratio with a mid-span curvature
allowing for lift redistribution, making the turbine blade suitable for operating in mid-range
turbulence under steady wind flow conditions [30]. The integration of albatross-inspired
wings into DU 06 W200 has ensured good stability by delaying stall, as it avoids early
recirculation and flow separation, ensuring a smooth transition [26].

In addition, nocturnal birds, such as owls, present another dimension to bio-inspired
design by focusing on silent flight and noise reduction. The study of the aerodynamic
characteristics of many species of owls during flight has been a subject of interest in both
sustainable energies and aircraft technology due to their asymmetrical and anatomical
characteristics [126,128]. In [127], the author performed a detailed analysis of the morpho-
logical and structural analysis of the barn owl wings and observed that these species have
a comb-like structure along the leading edge, a fringe-like arrangement along the trailing
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edge, and soft down feathers covering the wings and legs, allowing them to generate lift
and glide silently [129].

2.4.5. Insects

Traditional wind turbines are built to operate within a narrow operating range centered
around their optimal working point. This limitation poses challenges when exposed to
variable wind conditions, leading to energy loss and structural damage.

Under the influence of incoming flow velocity, insects use their ability to change
the pressure forces to increase the force without adding energy (Figure 15) [130]. In the
same way, the wind turbine can also be flexible. The potential of insect-inspired energy
generation in the wind turbine is explained in [130].

Figure 15. Insect-inspired turbine blades: (a) dragon-fly wing [30]; (b) geometric characteristics
inspired by mosquito wing [130]; (c) bee, cicada and wasp wings [130].

Cognet et al. [52] investigated the adaptability of the elastic blade, mimicking the
flying flights of an insect, and obtained a 35% through passive adaptation without utilizing
additional energy input. Segev et al. a [130] conducted a similar study using two designs:
one inspired by the wings of cicada, bee and wasp reflecting the inspiration from the
cross-vein structure and macrostructure shape, while the second design was inspired
from mosquito and fly wings, inspired due to their longer veins extending flight duration.
The results demonstrated improvement in RPM; however, these designs posed a serious
threat due to reduced strength compared to traditional blades. To address this issue,
the author recommended optimizing profile parameters such as blade shape, vein design,
thickness, and curvature to improve overall efficiency. Furthermore, Zheng et al. [131]
performed a computational analysis to study the effect of butterfly wings by analyzing
wind deformation through wing twist and camber effect. Shenglin Dai [132] designed a
trabecular core inspired by the beetle elytron to optimize the buckling resistance of the
wind turbine. A beetle’s elytron consists of a lightweight rib architecture that provides an
excellent blueprint for enhancing the structural stability and buckling resistance. The results
demonstrated a significant load bearing capacity; however, this study was limited to only
uniaxial load.

Extending this line of research to other insect species, the dragonfly demonstrates an
even more remarkable mechanism, as it can rotate its wings along multiple axes, making this
species an exceptional flyer with superior performance, allowing it to hover and glide for
extended periods at low wind speeds [30,31]. This versatility, combined with the intricate
structural design, plays a crucial role in their remarkable aerial capabilities by delaying
the stall by trapping and controlling the vortices, and thus minimizing mass and making
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the design suitable for lightweight structures [30]. Building on this natural inspiration,
Mulligan [133] modified the turbine blades by incorporating a span-wise configuration
with flexible blades, delaying stall by increasing the lift-to-drag ratio and reducing stress.
However, similar to the observation made by the author in [130], these dragonfly-inspired
turbine blades possess structural stability and material durability.

3. Research Findings and Conclusions
The integration of bionic principles with the development of sustainable energy consti-

tutes a revolutionary frontier in the advancement of renewable energy technologies. This re-
view of the literature has analyzed the evolution from conventional to bio-inspired concepts
for both wind and marine energy systems. Table 2 summarizes various bionic augmented
devices, their influence on flow mechanisms, and the associated aerodynamic benefits.
Although well established, traditional airfoils face performance limitations under unsteady
flow conditions, prompting a shift toward modifying geometry parameters or incorporating
bio-inspired features into the design can enhance the system’s overall performance.

Theoretically, bio-inspired design advances form mechanism performance, connect-
ing biological mechanisms to enhance performance. In practice, it illustrates strategies
for translating natural design principles into scalable and structurally efficient turbine
technologies. Despite substantial progress in the field of bio-inspired turbines, research
focusing on turbine applications in large-scale industries is limited, raising concerns about
their engineering problems and manufacturability.

Taken together, previous studies confirm that airfoil choices strongly govern overall
turbine performance, but also share recurring limitations, as mentioned below.

1. Most research predominantly centers on steady-state 2D aerodynamics, neglecting
unsteady effects, 3D flow, and rotational augmentation, ultimately leading to overesti-
mated performance.

2. Despite substantial progress in biomimicry, most research on marine turbines remains
hindered by methodological and conceptual limitations.

3. Most hydrokinetic studies are based on design principles derived from wind turbines;
however, the large density difference between air and water introduces challenges
such as scaling inconsistencies, cavitation, and increased structural load. These
differences limit the direct applicability of wind-derived models and highlight the
need for water-specific design and performance investigations.

4. Existing studies often restrict operating ranges by focusing on a limited set of aerody-
namic parameters (e.g., lift, drag, angle of attack, velocity) while neglecting structural
and environmental effects. This raises concerns about their reliability under real-world
operating conditions.

5. A comprehensive understanding of the combined effects of geometric modifications,
structural dynamics, and environmental influences remains limited. Current studies
largely investigate these factors in isolation, yielding fragmented insights rather than
holistic solutions.

6. Continued reliance on biologically augmented conventional airfoils, rather than em-
ploying high-fidelity geometries scanned directly from natural models, constrains
both the realism and achievable performance of bionic designs.

7. Although the biomimetic design exhibited notable performance efficiency, its com-
mercial deployment remains constrained because of its complex and intrinsic designs,
raising concerns about its structural durability and manufacturing costs.

8. The advancement of adaptive wind and marine blades capable of dynamically adapt-
ing to environmental conditions remains limited. Bridging this gap, particularly
through the integration of artificial intelligence, presents a pathway toward renewable
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energy systems that are not only more efficient and sustainable but also inherently
adaptive, resilient, and capable of intelligent performance optimization.

Bionic blade concepts promise substantial aerodynamic and hydrodynamic perfor-
mance, yet their large-scale application remains limited. Bridging these shortcomings
requires advances in additive manufacturing, composite materials, and integrated mul-
tidisciplinary optimization. In addition, application of machine learning-based bionic or
traditional blade shape optimization can facilitate data-driven refinement of blade geome-
tries. Furthermore, integrating smart materials such as morphing polymers, piezoelectric
composites, etc., catalyzes activation of deformation control under varying wind conditions.

Collectively, these patterns signify a research transition from conventional aerody-
namic studies to an interdisciplinary framework that combines the principles of biology,
materials science, and intelligent systems engineering. This review contributes to a broader
transition towards nature-inspired engineering, paving the way for next-generation sus-
tainable energy solutions.

Table 2. Bio-inspired augmentations: flow mechanisms and benefits.

Augmenting Devices Effect on Flow Benefits
Whale tubercles Restrict spanwise/radial flow Delays stall
Riblets Reduced formation of large vortices Reduces skin-friction drag

Winglets Reduced formation of large vortices Reduces induced drag; enhances
aerodynamic performance

Serrated trailing-edge Gurney flap (SGF) Serrations induce secondary vortices that
break columnar trailing-edge vortices Reduced drag with maintained lift

Plain trailing-edge Gurney flap (PGF) Increases circulation and effective camber Higher lift but with greater induced drag
Inward semicircular dimple + small
Gurney flap

Alters local pressure distribution;
enhances tangential force Reduces or eliminates light dynamic stall

Leading-edge sinusoidal
serrations (VAWT)

Modulate leading-edge shear layer;
suppress dynamic stall over azimuth

Increased power coefficient; reduced
dynamic-stall extent

Tip modifications
(sweep/dihedral/winglet)

Control tip vortices and redistribute lift
along the span Improved aerodynamic power capture

Grass carp Ridges promote attached flow; crescent
roughness manages turbulence Drag reduction

Lotus leaf Air retention in surface cavities reduces
wetting and skin friction

Water repellency, anti-icing potential,
drag mitigation

Rice-leaf riblets Guide droplets/flow along span;
riblet-like boundary-layer control

Viscous drag reduction;
self-cleaning/antifouling

Owl Disrupts coherent eddies and smooths
near-edge flow Noise reduction

Golden eagle Locally adjusts camber and delays
separation during rapid pitch-up Improved manoeuvrability and torque

Albatross Redistributes lift and reduces
induced losses Enhanced flight duration

Andean condor Reduces tip-vortex strength and
induced drag Increased power efficiency

Dragonfly Passive twist/camber traps and
controls vortices

Stall delay, increased lift to drag ratio ,
lightweight design potential

Butterfly wing Favourable pressure distribution and
vortex trapping Higher lift to drag ratio and delayed stall

Cicada,bee,wasp wing structure Veins channel and stabilize flow;
structural reinforcement Increased RPM

Mosquito+fly long wing Stabilizes leading-edge vortices and
prolongs autorotation effects Improved energy-extraction window

Maple seed Stable leading-edge vortex (LEV),
self-stabilizing autorotation High lift to drag, low-Re performance
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Table 2. Cont.

Augmenting Devices Effect on Flow Benefits

Borneo camphor seed (shuttlecock) Autorotation expands effective rotor
span; faces flow during descent

Improved lift to drag ratio and
aerodynamic efficiency

Bauhinia/Mimosa Helical seed-pod Start-up at 2 m/s
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