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A Review on Development of Micro Air Vehicles
Abstract: Micro air vehicles (MAVs) are miniature unmanned aerial vehicles with a size restriction of 5 centimeters, designed for various applications such as boarder surveillance, weather forecasting, pipe inspection, traffic monitoring, fire and rescue. MAVs are primarily used for aerial robotics contests, aerial photography, boarder surveillance, weather forecasting, pipe inspection, traffic monitoring, and fire and rescue. They consist of components like actuators, sensors, communication systems, microprocessors, electric motors, batteries, IC engines, fly wheels, and capacitors. The paper reviews the developmental changes in MAV design and the mechanisms influencing design parameters.
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A brief study on papers related to MAVs was done. Many authors gave different ideas related to their works on micro air vehicles especially on wing structure design. The various design parameters determine the effectiveness. This paper reviews the important works done on MAVs, discusses the contemporary trends and compares various approaches. 
     Boris Bataille et al [1], explores the potential of fixed-wing Micro Air Vehicles (MAVs) with hovering capabilities to enhance their aerodynamic performance. The researchers compared monoplane wing plan forms with biplane concepts using wind tunnel measurements and numerical calculations. They found that a biplane-twin propeller MAV configuration can significantly improve low-speed and high-speed aerodynamic performance. The control in hover flight also benefits from the effect of counter-rotating propellers. The authors propose a control strategy for autonomous transition between forward and hover flights, focusing on hardware and software architectures for real flight. They recommend three design rules for low-speed flight while maintaining good aerodynamic performance in cruise: Plan form, keeping the aspect ratio under 1.7, and reaching a maximum lift-to-drag ratio for moderate camber values.
        J.G.Sloan et al [2], The study focuses on optimizing airfoil and wing planform for micro air vehicles using response surface methodology. It uses various approaches, including a constant cross-section wing with maximum camber, maximum thickness, and aspect ratio at different Reynolds numbers, a variable cross-section wing defined by root camber and angle of attack, and a fixed-span approach for aircraft subject to steady flight constraints. The third approach balances trade-offs between wing area, aspect ratio, and Reynolds number to determine overall flight efficiency. Optimal airfoils show little change with wing aspect ratio or wing planform location. There is a trend of increasing optimal camber with decreasing Reynolds number. The optimal design favors airfoils with minimum thickness and modest camber, but a higher camber may be better if a higher lift coefficient at minimum power is used as the design goal. Measurements of global and local response surface prediction accuracy and design space refinement help assess the reliability of response surface approximations and optimal design predictions.
Vijayakumar Kolandapaiyan et al [3], discusses the development of foldable wing structures for micro air vehicles (MAVs), aiming to create a mission-based MAV that can be packed in minimal volume, unpacked quickly, and deployed in time-critical situations. The paper also highlights the foldable wing capability through canister design. The authors discuss foldable wing profiles, composite material selection, orientation, 3D printing, and component selection. They analyze structural stress analysis of rectangular and taper wing configurations for CFRP and GFRP materials, fabricate foldable wings and canister designs, and study rapid prototyping techniques. The paper also highlights the importance of component selection for the entire MAV.
Rajeev Kumar et al [4], explores the design of insect-inspired micro air vehicles, focusing on flapping locust hind wings. Three sets of artificial wings are designed, constructed, and tested, each with varying stiffness. Locust wing kinematics are quantified to design two transmissions: strictly flapping and a combination of active pitching and flapping. Force data is acquired for both wings, and stroke-averaged results are discussed. A 14-cm wingspan radio-controlled ornithopter is designed and built, successfully tested for controlled flight and moderate wind resistance.
Omuzi A. Hudson et al [5], discussed the design and dynamic simulation of a jumping mechanism for flight initiation in flapping wing aerial vehicles to enhance their autonomous mobility. Inspired by avian flyers, a 4-bar linkage is geometrically designed for take-off maneuvers, with kinematic dimensions obtained analytically. A magnetic latching solenoid actuator and transmission mechanism are proposed for jumping actuation due to its compact structure and low power consumption. The study also demonstrates the need to sustain the aerial vehicle airborne by providing adequate supportive forces at low air speeds. Fluid-structure interaction is analyzed using co-simulation between ADAMS and MATLAB/Simulink. The designed legs provide an inclined take-off of about 640 and an initial speed of almost 2m/s with an angular deflection of 1100 between leg segments. Flight performance shows an increase in lift/drag ratios within flapping rate and forward velocity up to some limit. The results also show an increase in wing efficiency with decreasing mean angles of attack as the air vehicle approaches stable flight.
Y. D. Dwivedi et al [6], The authors studied the aerodynamic performance of micro aerial wing structures at low Reynolds numbers using the 2-D panel method. They conducted experiments in a wind tunnel for incompressible flow regime and tested lift/drag and glide ratio coefficients at two Reynolds numbers and angles of attack. The results showed good agreement between experimental and panel methods for low angles of attack. Corrugated airfoils showed higher lift coefficient and lower drag coefficient until 80 angles of attack compared to NACA 0010. Surface pressure coefficients were validated using the panel method at 40 angles of attack. The study concluded that corrugated airfoils exhibited better aerodynamic performance than NACA 0010, with a good correlation between experiment data and computational methods.
               T Nakata et al [7], The study evaluates the aerodynamics of a bio-inspired flexible flapping-wing micro air vehicle (MAV) inspired by hummingbirds. It uses a computational fluid dynamics (CFD) method and wind tunnel experiments to create a realistic flapping flexible wing model. This model predicts the unsteady aerodynamics of the four-winged MAV, including vortex and wake structures and their relationship with aerodynamic force generation. The CFD analysis also provides a comprehensive understanding of the aerodynamic effect of clap and flings on the flapping four-winged mechanism, confirming that these mechanisms are likely utilized in the current MAV. The study also investigates the effects of body angle, flapping frequency, and forward flow velocity on lift and drag force generation, highlighting the effectiveness of the four-wing flapping-wing mechanism and the importance of wing flexibility in designing small flapping-wing MAVs.
Hiroto Tanaka and Isao Shimoyama [8] The study focuses on the forward flight of swallowtail butterflies, which is limited to flapping due to their fore wings partially overlapping their hind wings. The researchers hypothesized that this flight is achieved with simple flapping, requiring little feedback control of the feathering angle. They created an artificial butterfly mimicking the wing motion and shape of a swallowtail butterfly and analyzed its flights using high-speed video cameras. The results showed that stable forward flight could be achieved without active feathering or feedback control of the wing motion. The artificial butterfly's body moved passively in synchronization with the flapping, following an undulating flight trajectory. The degree of deformation was determined by wing venation. The mimic wing with veins generated a higher lift coefficient during the flapping flight than in a steady flow due to the large body motion.

S. Heathcote and I. Gursul [9] The study focuses on the forward flight of swallowtail butterflies, which is limited to flapping due to their fore wings partially overlapping their hind wings. The researchers hypothesized that this flight is achieved with simple flapping, requiring little feedback control of the feathering angle. They created an artificial butterfly mimicking the wing motion and shape of a swallowtail butterfly and analyzed its flights using high-speed video cameras. The results showed that stable forward flight could be achieved without active feathering or feedback control of the wing motion. The artificial butterfly's body moved passively in synchronization with the flapping, following an undulating flight trajectory. The degree of deformation was determined by wing venation. The mimic wing with veins generated a higher lift coefficient during the flapping flight than in a steady flow due to the large body motion.

C.K. Kang et al [10], The study explores the impact of flexibility on the aerodynamic performance of flapping wings. It reveals that chord wise, span wise, and isotropic flexibility affect force generation and propulsive efficiency. Different forces, based on Reynolds number, reduced frequency, and Strouhal number, are identified based on scaling arguments. The added mass force, related to wing acceleration, is crucial at Reynolds number regimes of O(103 - 104) and O(1). A relationship between propulsive force and maximum relative wing-tip deformation parameter (γ) is established, which depends on density ratio, St, k, natural and flapping frequency ratio, and flapping amplitude. The maximum propulsive force is obtained near resonance, while optimal efficiency is reached at about half of the natural frequency. These scaling relationships can provide guidance for micro air vehicle design and performance analysis.

Raymond E. Gordnier [11] The study uses a high-order Navier-Stokes solver and a structural solver to simulate a flexible flapping wing. The results are applied to both rigid and moderately flexible rectangular wing during a pure plunging motion. The study explains the complex interaction between unsteady aerodynamics and flexible wing structural dynamics, and connects the results to enhanced aerodynamic loads for the flexible wing. Comparisons with experimental measurements show good agreement with the computed results.

S. Heathcote, Z. Wang, I. Gursul [12] A study on the impact of spanwise flexibility on flapping wing propulsion was conducted in a water tunnel. The study found that introducing a degree of spanwise flexibility was beneficial, as it led to a small increase in thrust coefficient and a decrease in power-input requirement, resulting in higher efficiency. However, introducing a greater degree of spanwise flexibility was detrimental, causing a large phase delay of the wing tip displacement, leading to a weak and fragmented vorticity pattern. This reduced thrust coefficient and efficiency. The study also found that the range of Strouhal numbers for which spanwise flexibility offered benefits overlaps with the range found in nature, which is 0.2oSro0.4. The findings suggest that birds, bats, and insects may benefit aerodynamically from the flexibility of their wings, and that flexibility may benefit Micro Air Vehicles both aerodynamically and in the inherent lightness of flexible structures.

S. Heathcote et al [13], A study on flexible flapping airfoil propulsion at zero free stream velocity, relevant to hovering birds and insects, investigated the effect of airfoil stiffness. Particle image velocimetry and force measurements were taken for three airfoils with relative bending stiffnesses 1:8:512 in a water tank. The deformation of the flexible airfoils produces an angle of attack that varies periodically with a phase angle with respect to the plunging motion. The amplitude and phase of this combined plunging/pitching motion play a major role in the flowfield and thrust generation. The strength of vortices, their lateral spacing, and the time-averaged velocity of the induced jet depend on the airfoil flexibility, plunge frequency, and amplitude. Direct force measurements confirmed that the thrust coefficient of the airfoil with intermediate stiffness was greatest at high plunge frequencies. The authors suggested an optimum airfoil stiffness for a given plunge frequency and amplitude.
Zongxia Jiao et al [14], The authors propose a generic analytical thrust-force model for flapping wings, integrating elongated body theory into actuator disk theory. This method directly relates wing geometry and kinematics to induced velocity, eliminating the need for periodical pressure pulsation correction factor measurement. The method is simpler than unsteady aerodynamics or computational implementations, avoiding complex multi parameter optimization at the early design stage. Theoretical deviation of the proposed thrust model is evaluated using numerical simulations, and a correction term is proposed. The corrected method is validated through wind-tunnel experiments and previous studies over large parameter ranges. The results show the method is valid for flapping-wing cycle-average thrust estimation over a wide range of variables. The method is also discussed for application in both passive and active-twisting flapping-wing designs. However, a large theoretical deviation is observed when applied to negative-thrust-generating cases, where flapping wings work as energy extractors.

Kodali D et al [15], The authors present a two-way coupled aeroelastic model of a plunging spanwise flexible wing, evaluating its performance in forward flight. The aerodynamics are modeled using a two-dimensional, unsteady, incompressible potential flow model, considering transverse displacement as the effective plunge under the dynamic balance of wing inertia, elastic restoring force, and aerodynamic force. The thrust is a result of the interaction between wing deformation enhancement and induced drag. The results for a purely plunging spanwise flexible wing align with experimental and high-fidelity numerical results. The analysis suggests that the wing aspect ratio of abstracted passerine and goose models corresponds to the optimal aeroelastic response, generating the highest thrust while minimizing flap power.

Deepa Kodali and Chang-kwon Kang [16] This study presents an analytical model for chordwise flexible flapping wings in forward flight. The aerodynamic performance of biological flight is affected by the fluid structure interaction of the flapping wing and the surrounding fluid. The study derived an analytical fluid-structure interaction model for a two-dimensional airfoil, involving a plunge motion on the rigid leading-edge (LE) and dynamic deformation of the flexible tail. The unsteady aeroelasticity is modeled using the Euler–Bernoulli–Theodorsen equation, with the two-way coupling considering trailing-edge deformation as passive pitch. The wing deformation and aerodynamic performance, including lift and thrust, agree well with high-fidelity numerical results. A novel aeroelastic frequency ratio is derived, which scales with wing deformation, lift, and thrust. The study also establishes the dynamic similarity between flapping in water and air.
CONCLUSION

From the above reported literature many authors explored and developed wing frame structures efficiently. Various analytical, computational and experimental studies on flapping-wing flight of insects, hummingbirds, and MAVs have been carried. Though some experimental tests of actual-scale MAV wings have been performed, very little attention has been paid to isolating the aerodynamic forces from the other loads. Lot of experimental studies needed to be carried in using various design parameters along with lightweight structural materials as they are essential in numerous applications such as biomedical applications, ground vehicles and aircraft to enhance its efficiency and cost.
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