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ABSTRACT
The biomimetic approach seeks to incorporate designs based on biological organisms into engineered technologies.
Biomimetics can be used to engineer machines that emulate the performance of organisms, particularly in instances
where the organism’s performance exceeds current mechanical technology or provides new directions to solve existing
problems. For biologists, an adaptationist program has allowed for the identification of novel features of organisms
based on engineering principles; whereas for engineers, identification of such novel features is necessary to exploit them
for biomimetic development. Adaptations (leading edge tubercles to passively modify flow and high efficiency
oscillatory propulsive systems) from marine animals demonstrate potential utility in the development of biomimetic
products. Nature retains a store of untouched knowledge, which would be beneficial in advancing technology.
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1. INTRODUCTION
For over 3.5 billion years, life has flourished on this planet. From single celled microorganisms to complex
macroorganisms, bacteria, fungi, plants and animals have diversified over millions of years by the evolutionary process
of natural selection. This process has allowed organisms to adapt to particular environments and solve problems related
to their survival and reproduction. It is through this severe natural experimentation that a number of varied and effective
performance specializations for survival have been attained. Organisms, in terms of economics, have performed the costbenefit analysis. It is this richness of species diversity and the multitude of solutions for advantageous interactions with
the physical environment and the laws that govern it (i.e., resource and energy management) that we have looked to
inspiration from life for our own engineering solutions. Thus, biological organisms provide a vast resource to derive new
and innovative designs in advancing and improving human technologies.
The idea that new technologies can be developed from observation of nature has been long standing. Indeed, living
organisms have served as the inspiration for various technological developments including materials, propulsive systems,
energy production, flight and robotics [1, 2, 3, 4, 5, 6]. The incorporation of novel structures and mechanisms from nature
into the design and function of machines is the concern of the field of biomimetics. Biomimetics attempts to produce
engineered systems that possess characteristics, resemble, or function like living systems [1]. The goal of biomimetics is
to use biological inspiration to engineer machines that emulate the performance of biological organisms [7, 8, 9]
particularly in instances where the organism’s performance exceeds current mechanical technology. The biomimetic
approach attempts to seek common solutions from engineering and biology for increased efficiency and specialization
[10]. Engineers may target the diverse morphological specializations exhibited by organisms for technology transfer and
effectively reduce the time of development of innovative technological solutions.
This paper will focus primarily on bioinspiration from animals and its effective technology transfer. The paper will
examine a comparison of natural and engineered technologies and note the void between the two systems. Then,
examples are provided discussing potential applications of biologically novel mechanisms that demonstrate superior
performance in comparison to existing technologies. Specifically, oscillating propulsors will be discussed as potential
replacements for standard propeller systems, and leading edge protuberances will be examined to enhance the
performance of lifting surfaces.
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2. COMPARISON OF NATURAL AND ENGINEERED TECHNOLOGIES
Copying nature by the biomimetic approach attempts to seek solutions from biology for engineering applications that
provide increased efficiency and performance. Both engineered structures and animals are subjected to same physical
forces and often must provide unique solution to achieve similar goals. However, natural and engineered designs display
inherent differences, which need to be recognized to establish the constraints to biomimetic application.
Engineered systems are relatively large in size, whereas animal systems are relatively small. Modern submarines,
fish and whales possess a fusiform shape to reduce drag and energy expenditure. Although the blue whale (Balaenoptera
musculus) can be up to 33 m in length, it is still dwarfed by nuclear submarines. Most cetaceans (whales, dolphins and
porpoises) are generally less than 5 m in length and fish can be two orders of magnitude smaller still. Problems of
scaling present obstacles, such as in matching flow dynamics and energy utilization and efficiency.
The materials used in the construction of biological and engineered systems differ substantially. Engineered systems
are generally constructed of rigid materials such as metals, hard plastics, and ceramics; whereas animals are composed of
compliant materials of fibrous organic compounds (e.g., keratin, collagen, chitin, elastin) often with a major contribution
of water. Compared to manufactured materials, biological materials are generally weaker and less stiff. Hard biological
materials are often incorporated into skeletal or protective systems in the form of ceramics (e.g., bone, shell) or organic
compounds that have been secondarily hardened (e.g., chitinous cuticle, cartilage). In many animals, stiffness of the
body is facilitated by a hydrostatic skeleton rather than a rigid skeletal framework. Metals in animals are found in trace
amounts and confined mainly to the transport of respiratory gases rather than structural components.
Movements in animals are generated through forceful contraction of the muscles transmitted to a jointed skeleton by
tendonous connections. The contractile proteins of muscles are arranged in serial components (sacromeres) that produce
linear movements. This arrangement of the contractile machinery precludes the use of rotational movements so
ubiquitous in engineered systems. Therefore, complex biological systems suffer lower overall efficiency due to periodic
accelerations over a propulsive cycle.
Engineered systems can be controlled by computational systems with limited sensory feedback. Animal systems,
however, are controlled by complex neural networks with multiple sensory inputs. In comparison to engineers who can
limit variables in their systems, biologists examine systems with a high level of complexity. These biological systems
interact with their environments in a multitude of behavioral and morphological pathways and are composed of various
components, which are adapted to different specialized functions. As a result, animals are functionally multifaceted (i. e.,
they move, feed, reproduce). The multiple processes involved with physiological stability within the body and with
interaction with the environment must all balance for survival and reproduction. While machines can be designed for a
single function, animals must endure compromises in their designs to perform multiple and sometimes antithetical
functions. Increased performance by one feature that benefits an organism for a particular function may handicap the
organism with respect to another function. Depending on the local environment and immediate selection forces, genetic
linkages between traits and pleiotrophic effects, there can be changes in one characteristic that produce a correlated
effect in other characteristics. In total, the organism as a mosaic of integrated structures and functions may achieve
evolutionary success (i.e., survive and reproduce) by performing adequately, but not perform optimally or maximally for
any specific function.
While many of the difference between animal and engineered systems can be diminished or eliminated, two
challenges for the application of biomimetics continue to exist. These challenges include energy availability and
maintenance. Animals regulate energy by controlling the rate of expenditure in performance of a given task, but also by
controlling energy input from the consumption of available energy stores in the environment (i.e., plant and animal
matter). With a continuous supply of energy, animals can function almost indefinitely. Machines, unless being connected
to an available power grid or having energy stores replenished, have a limited operation period. Furthermore, unlike
animals, engineered mechanical systems are not self-repairing. Small changes in tolerance between parts can cause a
irreparable loss of functionality; whereas, animals can repair lesions to remain operational, although performance may be
sacrificed.
3. TWO CASE STUDIES
The ability to control the flow of water around the body and appendages dictates the performance of marine mammals in
the aquatic environment [11]. Morphological specializations of marine mammals afford mechanisms for active and
passive flow control [12]. The morphology of the appendages provides hydrodynamic advantages with respect to drag,
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lift, thrust, and stall. These morphological features can be utilized in the biomimetic design of engineered structures for
increased power production and increased efficiency.
3.1 Oscillating lift-based propulsion systems
The potential for enhanced performance by emulating nature has focused on propulsive systems. Both cetaceans (whale,
dolphins, porpoises) and batoid rays of the family Myliobatidae (e.g., manta, eagle ray, cownose ray) swim by vertical
oscillations of their respective propulsive surfaces, caudal flukes and pectoral fins. Thrust is generated from lift produced
by oscillatory motions [13]. Sections through the propulsive surfaces of dolphins and myliobatid rays show them to be a
series of hydrofoils (Fig. 1, 2) [14, 15, 16, 17]. Lift is generated as the surfaces are pitched at an angle of attack to the
incident flow throughout the up- and down-strokes [14, 18, 19].

Fig. 1. Dolphin fluke geometry. Three-dimensional reconstruction of dolphin fluke (left) from sequential 1-mm computed
tomography (CT) scans. Cross-section of fluke from CT scan (right).

Fig. 2. Planform (left) and CT-scan cross-sections of a myliobatoid ray. The cross-section of the ray (right) show a
streamlined, fusiform profile from the sagittal plane (top) toward the fin tip (bottom).

The thrust performance of oscillating, wing-like systems, such as the flukes of dolphins and the pectoral fins of rays
(Fig. 3), is considered superior to screw propellers [20, 21, 22]. Early versions of propellers could not change their pitch
with speed, because of the fixed nature of the blades. This was believed to limit effectiveness over the speed range of the
propeller due to cavitation. Few conventional marine propellers achieve mechanical efficiencies above 70% [23, 24],
although some specialized propellers have higher efficiencies (Fig. 4) [25].
Oscillatory movements of flexible dolphin flukes and ray pectoral fins provide a new model for designing propulsion
systems for high efficiency, enhanced maneuverability and precise control of position and attitude. The oscillatory
motions of dolphins and rays generate thrust as a component from unsteady lift generation. As the pectoral fins and flukes
move, they generate an unsteady, three-dimensional, vortex-dominated flow field. The motion is both oscillatory, and
shape-changing (undulatory). Unsteady lift, through control and production of vorticity, is one of the key aspects behind
the large lift coefficients generated by biological systems [26]. Experiments with rigid pitching and heaving airfoils,
which mimic the unsteady propulsion generated by fish tail and wing motion, have demonstrated that optimal conditions
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exist for thrust production when the oscillation of the foils coincides with the maximum amplification of disturbances in
the wake [27].

Fig. 3. Oscillatory propulsive movements of a swimming myliobatoid manta ray. Sequential positions from video are shown
for the pectoral fin tip (open triangles), cephalic lobe (crosses), eye (Xs) and base of tail (open squares).

Fig. 4. Efficiencies of three dolphin species (colored) compared to various propulsion devices and coefficient of thrust (Cth)
ranges for ship classes. The data on dolphin efficiencies is from Fish [28] and the data on ship and engineered
propulsive systems is from Breslin and Andersen [25] with permission from Cambridge University Press.

Propulsive efficiency is defined as the ratio of the mean thrust power required to overcome the drag on the animal
divided by the mean rate at which the animal is doing work against the surrounding water [13]. Efficient thrust
production requires high lift production while minimizing energy loss into the wake. Wu [29] estimated that the
propulsive efficiency of a dolphin could be as high as 0.99. This efficiency was assumed to be an over-estimate, because
Wu used a two-dimensional analysis that underestimated trailing vorticity and wake energy losses [30]. The maximum
swimming efficiencies of dolphins and whales calculated from three-dimensional computational models were found to
have values ranging from 0.77 to 0.98 [30]. Similar computations performed by Heine [14] showed hydromechanical
efficiencies of 0.7 to 0.9 for swimming rays.
The maximum propulsive efficiencies achieved by oscillatory mechanisms are associated with the Strouhal numbers.
Strouhal number (St) is related to how fast vortices are being generated and the space between them as defined by St =
Af/U, where A is the width of the wake, taken to be equal to the peak-to-peak maximum excursion of the propulsor, f is the
frequency of oscillation, and U is the mean forward velocity. The maximum spatial amplification and optimum creation of
thrust-producing jet vortices lies in a narrow range between 0.2 and 0.4 for St. For a number of different cetacean species
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over a wide range of swimming speeds, St remains in the optimal range (Fig. 5), which coincides with the maximum
propulsive efficiencies [31]. Similarly, experiments emulating the pectoral fin movements of batoid rays showed a plateau
in thrust production at St=0.3, which was close to peak efficiency at St=0.25 [15].
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Fig. 5. Strouhal number of cetaceans as a function of swimming speed. Regardless of swimming speed, the majority of
points reside in the range of Strouhal number of 0.25-0.35, where maximum efficiency is predicted to occur [31]. The
different symbols represent different species of cetaceans.

Aside from lift production as a mechanism for high efficiency transport, the geometry of the propulsive surfaces
enhances propulsive efficiency. The propulsive surfaces of dolphins and myliobatid rays have swept-back and tapered
planforms. van Dam [32] showed that a tapered wing with sweptback or crescent design could reduce the induced drag by
8.8% compared to a wing with an elliptical planform. Lunate-shaped planforms have a 13% higher propulsive efficiency
than a rectangular foil under heavy load conditions [33]. Minimal induced drag is fostered by a swept wing planform with
a root chord greater than the chord at the tips giving a triangular shape [34, 35]. This optimal shape approximates the
planform of cetacean flukes and myliobatid ray pectoral fins.
The propulsive surfaces of the dolphin and myliobatid ray demonstrate flexibility that has not been fully investigated
hydrodynamically. Dolphin flukes and ray fins have both spanwise and chordwise flexibility [14, 16, 18]. Ray fins are
composed of numerous short cartilaginous elements. There are no bones in the fluke, and it is made up of mostly
connective tissues. During the up-stroke, fluke tips are bent down slightly from the plane of the fluke and lag behind the
center, whereas bending in the opposite direction occurs during the down-stroke. The center of the flukes is more rigid
than the tips. Bose et al. [36] suggested that the phase difference due to spanwise flexibility would prevent the total loss
of thrust at the end of the stroke. While the tips would be ending the stroke and effectively generating no thrust, the
center would have started the next stroke and begin thrust generation. On the other hand, chordwise flexibility at the
trailing edge of the flukes potentially could increase the efficiency of the flukes by up to 20% with only a moderate
decrease in the overall thrust [37, 38]. Thus, efficiencies of actively swimming dolphins and rays may be higher than
predicted by models of rigid lift surfaces, because the flexible hydrofoils can help to increase propulsive efficiency.
The heaving and pitching motions of high-aspect ratio propulsors could produce leading-edge vortices, which would
impact the wake structure [39]. The development of leading edge vortices from dynamic stall was experimentally
demonstrated to produce high-lift forces [40, 41]. The leading edge vortex would interact with the trailing edge vortex to
produce thrust. This vorticity control is the principle mechanism for high efficiency [39]. Anderson et al. [39]
demonstrated propulsive efficiencies of over 85% for a rigid flapping foil. More recent research shows that chord-wise
flexibility of a flapping foil can increase the efficiency by up to 36% over a rigid foil [42]. This flexibility is present
already in the oscillating propulsors of animals and may similarly enhance propulsive efficiency.
Biologists and engineers also considered that the development of more economical propulsive systems was possible
from energy storage by spring-like mechanisms. Tendons, muscle, skin and blubber have been proposed as possible
structures for elastic storage in swimming animals [43, 44]. Direct evidence of energy savings by spring-like mechanisms
has not been forthcoming [45] and may be limited due to the dampening nature of water. However, models using
oscillating foils demonstrate reduced energy costs [46, 47, 48]. Presently, biomimetic robots are being produced that
emulate the propulsive systems of dolphins and rays [2, 47].
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3.2 Leading edge tubercles
The humpback whale, Megaptera novaeangliae, has the longest flipper of any cetacean [49]. Humpback whale flippers
exhibit a curved planform, large aspect ratio, and high mobility, especially when compared with other whale species
(Fig. 6). These flippers closely resemble the 21% thick, low drag NACA 634-021 wing in cross section [49, 50].
Humpback whale flippers also display leading edge tubercles, essentially sinusoidal bumps with a scalloped appearance
facing into the free stream flow that alter the fluid flow over these wing-like flippers [49, 51]. Intertubercular distances
decrease distally, although intertubercular distances remains relatively constant at 7-9% of span over the mid-span of the
flipper Humpback whales are the only cetaceans with tubercles, and the only baleen whale that relies on maneuverability
to capture prey [49]. Specifically, humpback whales use their flippers as biological hydroplanes to achieve tight circles,
while corralling and engulfing prey. Tubercles provide an advantage in maneuverability and prey capture.
The position and number of tubercles on the flipper suggest analogues with specialized leading edge control devices
associated with improvements in hydrodynamic performance. Bushnell and Moore [51] suggested that humpback
tubercles may reduce drag due to lift on the flipper. The occurrence of "morphological complexities" on a lifting body
could reduce, or use, pressure variation at the tip to decrease drag and improve lift to prevent tip stall. Alternatively,
various biological wings utilize leading edge control devices to maintain lift and avoid stall at high attack angles and low
speeds. Lifting bodies used in turning must operate at high angles of attack while maintaining lift for the centripetal
force to effect turning maneuvers. At higher angles of attack, greater lift is achieved to produce smaller radius turns.

Fig. 6. Flippers on humpback whale (left), showing scalloped pattern of tubercles (center) and flipper cross-section (right).

The tubercles of the humpback whale flipper were hypothesized to generate vortices by excitation of flow to
maintain lift and prevent stall at high angles of attack [52]. The function of the tubercles may be analogous to strakes
used on aircraft. Strakes are large vortex generators that change the stall characteristics of a wing [53]. Stall is postponed
because the vortices exchange momentum within the boundary layer to keep it attached over the wing surface. Lift is
maintained at higher angles of attack with strakes compared to wings without strakes, although maximum lift is not
increased by strakes. Increased angle of attack is necessary during turning maneuvers to generate lift for the turn [54,
55]. The ability to maintain lift at high angles of attack would be advantageous for humpback whales in maneuvering.
The pattern of tubercles on the flipper suggests a morphology associated with rapid maneuvers.
Wind tunnel experiments provided evidence that the leading edge tubercles on humpback whale flippers serve to
delay stall angle and increase total lift without significantly increasing drag [52]. Idealized 1/4 scale flipper models
based on a NACA 0020 section with (scalloped) and without tubercles were machined from polycarbonate on a CNC
mill. The sinusoidal pattern on the scalloped flipper had an intertubercle spacing and size that decreased with increasing
distal location. Tests were performed in a low-speed closed-circuit wind tunnel at atmospheric conditions. The Reynolds
number was Re=500,000 (Re=UC/ν, where U is whale swimming speed, C is the foil chord length, and ν is the
kinematic viscosity of water), which is approximately 1/2 of the value of the whale at lunge feeding speed (2.6 m/s).
The results of the wind tunnel test are shown in Fig. 7. In this figure, the lift coefficient CL=2L(rU∞2A) -1 and drag
coefficient CD=2D(rU∞2A)-1 are plotted against the angle of attack, a (Fig 7a, b). The lift to drag (L/D) ratio, which
quantifies the drag-cost of producing lift, or aerodynamic efficiency is shown in Fig. 7c. The stall angle was increased by
40% for the model flipper with leading edge tubercles compared to a flipper with straight leading edge leadings [52].
The maximum lift was shown to be somewhat greater for the scalloped model flipper (Fig. 7a). The drag coefficient for
the perturbed geometry is less than that of the smooth geometry in the range 12o<a<17o and is only slightly greater in the
range 10o<a<12o. (Fig. 7b). Peak L/D is greater for the scalloped geometry (Fig. 7c). Similarly, models with tubercles
and sweep angles of 15° and 30°required higher a to achieve stall and showed superior drag performance over most of
the range of α compared to models without tubercles [56].
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Fig. 7. Lift and drag data for humpback whale flipper models, with and without tubercles, tested in a wind tunnel. The solid
lines in A, B, and C show the average of the data for the flipper model without tubercles. (A) Wind tunnel
measurements of lift coefficient, CL, displayed as a function of angle of attack, a. The model with the tubercles
maintains lift to higher than the model without tubercles. The effect of the tubercles is to delay stall. (B) Drag
coefficient, CD, shows no difference between the models up to α=11o. At higher a, the model with tubercles has a lower
CD than the model without tubercles. (C) Aerodynamic efficiency, L/D. (D) Model with and without tubercles. From
Miklosovic et al. [52].

Fig. 8. Pressure contours and streamlines at 10º angle of attack from Unsteady Reynolds-Averaged Navier-Stokes (RANS)
simulation, using a total grid size of 400,000 points and based on a NACA 63-021 foil without (left) and with equally
spaced tubercles (right) under simulated turbulent flow conditions correspond to Re=1,000,000.

The mechanism for enhanced hydrodynamic performance due to the presence of tubercles appears due to the
specific pattern of vortex generation over the surface of the flipper. Flow visualization experiments on wavy bluff bodies
showed periodic variation in the wake width across the span [57]. A wide wake occurred where the body protruded
downstream and a narrow wake occurred where the body protruded upstream. Drag reduction of at least 30% was
achieved on a bluff body with a spanwise sinusoidal form compared to equivalent straight bodies [58]. Flow experiments
conducted on a model wing section with leading edge tubercles at low speeds showed flow separation from the troughs
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between adjacent tubercles, but attached flow on the tubercles [59]. Unsteady Reynolds-Averaged Navier-Stokes
(RANS) simulation displayed the effect of tubercles on flow separation and hydrofoil performance (Fig. 8) [30, 60].
Flow separation pattern and surface pressure was dramatically altered by the tubercles. For regions downstream of
tubercle crest, separation was delayed almost to the trailing edge.
The indication from experimental and computational studies is that separated vortices are produced from the
interaction of fluid on each side of a trough as it strikes the surface of the trough obliquely and is sheared to the trough’s
center. The vortices, which were convected along the chord, accelerate the fluid over the tubercle and prevents the local
boundary layer from separating and stalling. When integrated over the entire structure, the flipper with tubercles will not
stall at low α compared to a flipper without tubercles.

Fig. 9. Windmill blade and wind turbine utilizing leading edge tubercles. Courtesy of WhalePower Corporation.

Fig. 10. Human-powered submarine with rudders and dive planes incorporating leading edge tubercles.

Enhanced performance due to the presence of the tubercles is not universal. Foil sections with no wing tip that
emulate infinite wings do not demonstrate reduced drag and increased lift, although stall is still delayed [52, 59, 61]. Tip
effects occur as a consequence of lift generation when a fully three-dimensional wing is canted at an angle of attack to an
incident flow. Induced drag is produced in lift generation from kinetic energy imparted to the fluid from pressure
differences between the two surfaces of the wing as there is leakage of fluid from high pressure to low pressure around
the distal tip of a lifting surface resulting in spanwise flow and the formation of tip vortices [62]. The flow pattern set up
by the tubercles is considered to maintain a chordwise flow and reduce the induced drag due to tip vortices. Furthermore,
it is necessary to have a relatively steady flow to maintain the pattern of the vortices and incur the hydrodynamic
advantages [63].
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There a few other passive means of altering fluid flow around a wing-like structure that can delay stall and both increase
lift and reduce drag simultaneously. As a result the application of leading edge tubercles for passive flow control has
potential in the design of control surfaces, wings, fans and wind turbines (Fig. 9, 10).
4. CONCLUDING REMARKS
Innovation by biomimetics results from deliberate attempts to directly copy natural systems. In particular, analysis of
locomotor specializations in animals holds for engineers the possibility that animals can be used as solutions to
engineering problems in order to improve performance. It is viewed that evolution (descent with modification) through
the Darwinian process of "natural selection" has fostered improvements in design, which have culminated in adaptations
for high efficiency [4, 5]. Because natural selection chooses from a wide range of design and performance possibilities
as dictated through the genetic code and functional demands of the environment, a variety of possible natural solutions to
engineering problems are available for technology transfer. The diverse morphological specializations exhibited by
animals can be targeted by engineers for technology transfer and effectively reduce the time of development of
innovative technological solutions. Animals exhibit a multitude of natural innovations that can be used as a source of
ideas and solutions for integration into engineered systems.
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