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Abstract

:

This paper introduces recent advances on flapping-wing Micro and Nano Aerial Vehicles (MAVs and NAVs) based on Piezoelectric Actuators (PEA). Therefore, this work provides essential information to address the development of such bio-inspired aerial robots. PEA are commonly used in micro-robotics and precise positioning applications (e.g., micro-positioning and micro-manipulation), whereas within the Unmanned Aerial Vehicles (UAVs) domain, motors are the classical actuators used for rotary or fixed-wing configurations. Therefore, we consider it pertinent to provide essential information regarding the modeling and control of piezoelectric cantilever actuators to accelerate early design and development stages of aerial microrobots based on flapping-wing systems. In addition, the equations describing the aerodynamic behavior of a flapping-wing configuration are presented.
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1. Introduction


Research and Development (R&D) on aerial robotics has increased with special interest on performance improvement for MAVs and NAVs in different domains involving mechanics, control systems and robotics. The flight versatility of such vehicles has allowed us to develop a wide diversity of applications within the military and civil fields. For instance, extensive research has been conducted within the field of micro aerial robots towards aerial interactivity (aerial manipulation and grasping), swarm-based operations (sensitive or harmful zones surveillance, natural disaster assessment, convoy escort), bio-inspired configurations based tasks (zoological research, environmental observation or maritime surveillance [1]).



Concerning the size of the aerial robot; according to the Defense Advanced Research Projects Agency (DARPA) definition in the United States, a MAV features a wingspan less than 15 cm and 20 gr in mass, whereas a NAV features respectively 7.5 cm and 10 gr [2]. The development of MAVs represents a current technological trend due to the potential enhancement of current UAVs applications; for instance, search and rescue of victims after a sinister (e.g., earthquake) might be improved thanks to insect-sized robots, it grants access to locations or cavities currently unreachable for classical mini-UAVs. Another possible application is high-resolution weather monitoring performed by a swarm of MAVs distributed throughout the zone of interest, which might be applied to air-quality monitoring (e.g., verification of polluting emission in factories) or forest fire detection. Moreover, they allow us to study the social behavior of ants or bee colonies [3]. While micro-robots featuring flapping-wing mechanisms have great promise, it also comes with significant challenges. Foremost amongst these is designing controllers that will work over the complete flight envelope of the vehicle, from near-hovering flight through to high-speed forward flight in presence of external atmospheric disturbances.



Nature has improved the bio-mechanical aerial design of insects trough millions of years of evolution. Therefore, it is logical to propose robotic aerial systems inspired by the aerial profile of insect-like flight.



In this paper, a survey over flapping-wing insect-size aerial vehicles based on Piezoelectric Actuators (PEA) is provided. The actual study has special interest on insect-like flight due to its advantageous aerial profile, offering agility and maneuverability; for instance, hovering and fast omnidirectional flight capabilities. Recent flapping mechanisms exhibit that PEA are appropriate as part of the locomotion system of such class of aerial vehicles within the micro-robotic domain due to the high resolution, high bandwidth, and high stiffness they can offer. Furthermore, their inherent property of physical reversibility makes them usable as sensors, actuators or even both at the same time. In general terms, this work intends to provide pertinent information to address the development of piezoelectric-based flapping-wing MAVs and NAVs.




2. Piezoelectric Actuators Description


Miniaturization of aerial robots changes the dynamic and structural scenario because drag becomes predominant over vehicle’s weight. Size reduction also prevents the use of classical rotating motors and/or gearboxes opening the path towards PEA with cantilevered structures; they represent an interesting alternative not only for their enhanced displacement-force ratio, but also for their inverse relationship between size and actuation rate. As a consequence, PEA are used as the locomotion system of the wings controlling them in such a way that they track high-frequency oscillatory trajectories.



2.1. PEA Principle


Consider a clamped-free PEA cantilever structure as described in Figure 1a. In practice, it is composed of at least two layers. When a voltage is applied to one of the piezoelectric layers, a vertical-axis direction electrical field appears. Due to a traversal effect, this electrical field yields a contraction/expansion of the layer along the horizontal-axis. Due to the constraint between layers at their interfaces, different contraction/expansion patterns yield a deflection of the cantilever. In the sequel, we will simplify the actuator schematic with the picture in Figure 1b.




2.2. PEA Linear Modeling


When applying a sine input voltage    u ( t )    of amplitude    u ^    and frequency f to the electrodes of the piezolayers, the output deflection (displacement) δ as depicted in Figure 1c is [4]:


   δ  ( t )  =  u ^   T 1   T 2  . c o s  ( 2 π f t )    



(1)




where


    T 1  =  1 2   ∑  i = 1  n      d  31 , i    w i     s  11 , i    h i      2  z ¯   h i  − 2  h i   ∑  j = 1  i    h j  +  h i 2        



(2)




and


    T 2  = −  4   l 2  μ    ∑  m = 1  ∞    X m     k m  l  α M     ω m 2       1 −  η m 2    2  +    2  ς m   η m    2         



(3)




given l is the length of the cantilever, w is the width (supposed the same for all layers), and    z ¯    is the distance of the neutral axis from the bottom surface of the cantilever. We have    h i   ,    d  31 , i     and    s  11 , i     as the thickness, the traversal piezoelectric constant, and the axial compliance respectively of the i-th piezoelectric layer.    ω m    is the resonant frequency at mode m,    X m    is the related eigenmode, and    ς m    is the damping ratio. The coefficient    η m    is the ratio between the excitation frequency and the m-th resonant frequency:     η m  =   2 π f   ω m     . Finally, µ =    M l    is the mass to length ratio, where M is the total mass of the cantilever.



If the PEA is used to actuate an additional wing, the mass of the wing can be considered as well. In order to keep this review concise, we will not detail the formulas of    z ¯   ,    X m   ,    ς m    and the mode coefficient    k m   . We encourage the reader to go to [4], where these coefficients are described in detail.



It is now understood that working at the first resonant frequency f will increase the flapping amplitude and increasing the voltage amplitude will increase this flapping range as well; therefore, voltage amplifiers are required. Another solution is to increase the number n of piezo-layers keeping the same total thickness    h =   ∑  i = 1  n    h i    . As each layer thickness    h i    is decreased, the electrical field is higher for the same applied voltage    u ^   ; thus, the output displacement increases [5,6,7]. The adverse consequence of this proposal is the difficulty to realize multi-layer PEA and connect its electrodes for supply.




2.3. PEA Nonlinear Modeling


The previous model is linear and therefore incomplete, given PEA actuators such as those based on ceramics materials like PZT (Lead Zirconate Titanate) exhibit nonlinear behaviors like hysteresis and creep. These nonlinear characteristics drastically modify the expected PEA performance if they are not conveniently taken into account for controller synthesis.



Figure 2 depicts the hysteresis behavior between the input voltage and the output displacement of a PEA when the input is a sinusoid of amplitude 10 V at a 0.1 Hz frequency. In this example, the hysteresis amplitude is of     h  δ  t o t a l    ≈   13 μ m   88 μ m   ≈ 14 %   .



The PEA cantilever structure dynamic model which considers the aforementioned nonlinearities and an eventual external applied force F is as follows [5,6,7]:


   δ  ( s )  =  Γ d   u ( s ) , s  +  C r   ( s )  u  ( s )  + F  ( s )  D  ( s )    



(4)




where     Γ d   u ( s ) , s     is a nonlinear dynamic operator that represents the actuator’s rate-dependent and dynamic hysteresis,     C r   ( s )     is a Linear-Time-Invariant (LTI) model that approximates the creep,    D ( s )    is a normalized LTI (   D ( s = 0 ) = 1   ), and s is the Laplace variable. Notice that the LTI approximation of the creep is important within different applications: modeling, feedforward control, feedback control and signal estimation [5,6,7,8,9,10,11,12,13,14,15].     Γ d   u ( s ) , s     is mainly described by a rate-dependent Prandtl-Ishlinskii model [16,17,18,19]. Rate-dependent models are however, more complex to handle than rate-independent hysteresis models. Hence, the model in Equation (4) is often approximated as follows [5,6,7,8]:


   δ  ( s )  = Γ  u ( s )  D  ( s )  +  C r   ( s )  u  ( s )  + F  ( s )  D  ( s )    



(5)




where    Γ  u ( s )     is a rate-independent hysteresis model. There are several approaches used for    Γ  u ( s )     in PEA, for instance: the Prandtl-Ishlinskii approach [5,6,7,20,21], the Preisach approach [22,23,24], the Bouc-Wen approach [25,26,27,28], the quadrilateral and multilinear approach [6,7,8,11,29]. It is noteworthy that the nonlinear model in Equations (4) and (5) come down to a linear model when the hysteresis and the creep are negligible.




2.4. PEA Control


Control of a PEA can be classified in two categories: feed-forward or open-loop control, and feedback control. The main advantage of feed-forward control is the no need of sensors yielding a low cost and high packaging capability of the final system. There are two approaches in feed-forward control: charge control and voltage control.



Charge control consists in exploiting the linear behavior between the PEA charge and displacement [30,31,32,33,34] (Figure 3a). Thus, the hysteresis are lessened making control easier. However, charge control requires a well designed electrical circuit in order to provide the input charge.



Voltage control consists in finding an inverse or approximate inverse of the PEA behavior (hysteresis, creep or vibrations) and then connecting it in series with the process (Figure 3b). Many studies have been carried out regarding voltage control of hysteresis [16,17,18,19,20,24,25,27,28], creep [9], and of underdamped vibrations [35,36] in PEA, or their control simultaneously [10,21]. The main limitation of feed-forward control is the restricted robustness to model uncertainties and external disturbances.



Feedback control ensures robustness and reject of eventual external disturbances by maintaining certain tracking performances (Figure 3c). However, in some applications like micro-robotics, feedback control is not always applicable because of the lack of convenient sensors to perform measurements. Many techniques have been developed to feedback control PEA based on cantilever structures, for instance: simple tuning based techniques [37,38,39],    H ∞    based robust techniques [8,11,29,40,41,42], interval based robust techniques [43,44,45], adaptive, sliding and iterative techniques [26,46,47,48,49,50,51].



Finally, it is also possible to combine a feed-forward controller with a feedback one [52,53]. This can yield a better performance than using only one of the aforementioned control methods on their own. A complementary survey on cantilever PEA control methods are given in [5,6,7,54].





3. Aerodynamics of Basic Flapping-Wing Systems


Recently, significant efforts have been carried out to develop real-world operational MAVs based on flapping-wing configuration and centered towards energy efficiency during the flight.



The biomechanical generation of lift, for the avian flight, is the result of flapping the wings up (upstroke) and down (downstroke). The downstroke is the critical stage since maximal lift and thrust is produced. Whereas within upstroke stage, the wing is partially folded in order to reduce adverse aerodynamic effects as drag and negative lift forces (see Figure 4).Unlike avian flight, insects (and hummingbirds) generate the lift continuously during both backward and forward stroke. This implies that the wings are rotated to keep the leading edge in the same position and the upper and lower wings’ surfaces switch positions, upper to lower and vice versa (see Figure 5).



According to [55] as a consequence of their small size, insects experience diverse adverse aerodynamic phenomena which is not present on macro-sized aerial robots. Determined by their dimensions, flying objects (airplanes, insects, birds) or even non-flying objects such as microelectromechanical systems (MEMS), are subjected to different flows and consequently to different phenomena. The Reynolds number (   R e   ) indicates one of them because it is equivalent to the ratio between inertial and viscous forces contained in a fluid [56].



Dargent defined the relation of inertial and viscous forces, presented in two regimes : the viscous stokes regime (viscous forces are dominant compared to inertial forces) where     R e  < 1   , and the inertial regime where     R e  > 1   . The more an object is far from the border of viscous/inertial regimes while going towards a higher    R e   , the more the turbulent phenomena will prevail over any other small scale phenomena. On other hand, the closer a flying object is to the mentioned border, the more the small scale phenomena should be considered. Given the size difference at insect scale, wing’s structure and insect’s weight,    R e    might be completely different from one insect to another. Even for the same insect,    R e    is different from one flying phase to another and varies from wings to the insect’s body.



Another approach is considered in the work published by Ellington [56], where he proposes an average    R e    independently of the aforementioned insect structural aspects. The    R e    depends on the fluid’s velocity, the characteristic length and the fluid’s kinematic viscosity v. In order to define an average    R e    for any insect’s flow regime based on the mean chord    c ¯    and the average wingtip velocity     U t  ¯    Ellington recommended to ignore the forward velocity; hence, we can define    R e    as follows:


    c ¯  =   2  l  w i n g     A R     



(6)






     U t  ¯  = 2 Φ n  l  w i n g     



(7)






    R e  =     U t  ¯   c ¯   v  =   4 Φ n    l  w i n g    2    v A R     



(8)




where    l  w i n g     is the wing length,    A R    is the aspect ratio, Φ is the wingbeat amplitude(in radians) and n is the wingbeat frequency.



The first approach used by researchers to determine the insect’s flight aerodynamic principles was the quasi-static approach [55]. This method assumes that instantaneous forces acting on the wings depend not only on the wing’s prior motion but also on the actual motion at the instant t. Given this hypothesis, this method is normally used for objects with a high Reynolds number.



The aerodynamic force    F  a e r o     generated by a silhouette flow is calculated via the fluid’s density ρ, the relative velocity U between the fluid and the silhouette, the wing’s area S (computed by integrating    c ¯    along the wing span), and the aerodynamic coefficient    C  a e r o     (defined by the angle of attack θ between the speed and the chord    c ¯    of the silhouette):


    F  a e r o   =  1 2   C  a e r o   ρ S  U 2    



(9)







This approach calculates the force produced by the wings at every moment, but does not estimate the real force generated because sometimes yields forces smaller than the insect’s weight, which contradicts the possibility for an insect to fly.




4. Current PEA-Based for Flapping-Wing MAVs


The Micromechanical Flying Insect (MFI) presented by researchers of University of California at Berkeley [57] was developed to accomplish maneuvering and hovering. Two piezoelectric bending actuators were used for each wing and by employing a double four bar mechanism and a differential, a rotational degree of freedom is generated to produce amplified flapping (see Figure 6. Author of [57] has granted the permission to use the pictures). These PEA are made up of PZT ceramics materials supplied with up to ±200 V to produce forces of 200 mN and 400–500 µm with free displacement. Above 200 V, the actuators saturate and beyond 300 V there is a risk of electrical damage through the PZT plate.



Within another work, a 60 mg micro air vehicle using bimorph piezoelectric actuators was presented in [58]. The device consist of four mechanical components: the airframe that supplies a solid ground to the actuator and transmission; the actuator that provides motion; the transmission that amplifies the actuator motion from a translational to a rotational input, and finally the airfoils that must remain rigid to hold shape under large aerodynamic loads [59]. The device is equipped with two piezoelectric actuators so that each wing can be driven independently. The bimorph actuators were fabricated using Smart Composite Microstructure (SCM) due to their favorable scalability and compatibility with SCM process. During operation the flapping frequency is between 110–120 Hz and is able to generate torques along the three different body axes (yaw, pitch, roll). In order to achieve a sustained flight, an adaptive controller that consists in three different controllers for attitude, altitude and lateral control was implemented. The purpose of the attitude controller is to align the robot so it can maneuver in the desired direction, the lateral controller estimates the desired orientation to let the robot move to a specific position and the altitude controller computes the suitable thrust force to maintain the robot at the desired height [58]. This system has an external power supply and is able to perform successful hovering, takeoff and landing flights with these configurations with minimal error in the position accuracy.



In Rahn [2], the authors focused on the design, fabrication, modeling and experimental validation of the Penn State Nano Air Vehicle (PSNAV) (see Figure 7. Author of [2] has granted the permission to use the pictures) which is a piezoelectrically actuated (it uses piezoelectric T-beam actuators) clapping wing mechanism. This mechanism amplifies the T-beam displacement through revolute joints and hinges, generating a lever mechanism that provides high movement amplification and is shifted from the horizontal plane using a small vertical offset. Hinges have to be designed to go under large deformation conditions to resist buckling when loaded.



In order to provide a large flapping and rotation angles, Rahn also introduced a process to monolithically fabricate flying insect-sized robots from SUEX dry film; this process does not use precious metals which reduces processing time and cost. With the introduction of this process they fabricated the LionFly flapping wing system powered by a piezoelectric bimorph actuator (PZT-5H) which connects separated layers of piezoelectric materials.



The PSNAV performs a 54° peak to peak wing rotation, 14° peak to peak flapping angle, and 0.21 mN thrust at 9.5 Hz, reaching a maximum thrust of 1.34 mN at 25.5 Hz. The LionFly mechanism is able to generate a 46° flap and a 44° peak to peak rotation amplitude with relative phase of 12° and maximum lift of 71 µN at 37 Hz.



In [60], the authors presented a design of a simple flapping wing rotor composed of three basic elements (see Figure 8. Author of [60] has granted the permission to use the pictures): the PEA, the shaft, and the flapping wings. The actuator used is the THUNDER TH-8R, made of five layers of different materials. The wings are manufactured with four beams and each one is fabricated with two layers of carbon/epoxy laminate. This design has a lightweight configuration for the flapping wings and rotor, high aerodynamics and power efficiency, capable of performing Vertical Take-Off Landing (VTOL) and accurate maneuverability at low speed. In order to measure the total force generated by the wings, the model was fixed onto a force transducer that was also connected to a signal amplifier. The wing displacement was measured with a rotation restriction on the shaft, without considering rotational speed. The authors presented two sets of experiments: in the first one, they mounted the wing onto the actuator that was excited at a resonance frequency of 125 Hz for the flapping wing rotor to achieve maximum rotational speed and maximum dynamic force; in the second, they mesured the inertia and aerodynamic force by cutting the skin film along the dotted lines as shown in Figure 8b. In order to estimate the maximum value of aerodynamic force, the authors also performed a Computational Fluid Dynamics (CFD) simulation that agrees very good with the experimental data result. However, in relation to average aerodynamic force, the CFD showed an aerodynamic force of 3.37 mN, which is very similar to the 3.69 mN obtained in the theoretical analysis, but smaller than the 5.35 mN obtained in the experimental test; the reason for this was mainly because of the limited measurements of the wing motion and the inertia force of the second experiment performed.



In the work presented by Hall [61], in order to increase the flapping wing amplitudes, the authors created an actuator based on a layered structure using PZT segments. A Functionally Modified Bilayer (FMB) piezoelectric actuator was also fabricated to achieve 2 DOF of motion, which are the flapping motion and the bending motion. The objective of this work was to demonstrate the possibility of obtaining a flapping motion by linking a polymeric wing to a distal end of a piezoelectric bilayer actuator instead of using motors. The authors used three different types of wings for this application with the same thickness of 20 µm. The wings were based on low density polyethylene polymer (Fullcure 930), and the dimethylsiloxane electroactive polymer. Wing type 1 design presents a delay in rotation; wing type 2 does not have any batten in the span direction giving the smallest wing rotation of all designs; finally, wing type 3 has a pattern division into the number of span-wise strips that are capable of rotation independently along the longitudinal axis of the wing. During experimentation, they used a traditional bimorph actuator and the FMB actuator (both made of PZT-5H) at a flapping frequency of 21 Hz, obtaining with the former an upstroke average lift of 4 mN for wing type 1, 0 mN for wing type 2, and 2 mN for wing type 3. When using the FMB actuator with wing type 1, they obtained a lift of 10 mN thanks to the increment in flapping angle, increasing wing tip displacement and therefore, the bending moment.



Flapping systems mimics three important features of insect’s flight: wing rotation, wing corrugation and wing clap. In the research presented by Nguyen et al. [62,63,64], the authors presented a flapping-wing system actuated by an unimorph piezoceramic actuator called a Lightweight Piezocomposite Actuator (LIPCA) capable of mimicking these aspects. This LIPCA is composed of five layers; three are glass/expoxy made, one more is carbon made and the last one active is PZT made [64]. The LIPCA produces a limited actuation displacement in bending mode, even if it is operating in natural frequency; for that reason, they used a four-bar linkage system to convert the limited displacement into a large flapping angle. In order to know how these aspects affect vertical force generation, the authors performed several tests with different conditions, using two types of wings (corrugated and smooth) and with/without clap. During experimentation, the authors determined that in order to achieve largest vertical forces, they should vary the flapping frequency over a range of 5–15 Hz (Optimum Flapping Frequency). It is mentioned that wing rotation and corrugation contribute to aerodynamic force production and improvement, because the mass and flapping angle of both wings used in this work are the same. In [63] they tested the flapping wing device by using the original LIPCA and a compressed LIPCA (two carbon rods were glued to both ends). Experimentation showed that using the compressed LIPCA they improved the flapping angle (from 110° to 130°) and the vertical aerodynamic force (+24.5%). In this case, they obtained the optimum flapping frequency using two different wing shapes (horse botfly and hawk moth), where the average vertical force in both cases reached a maximum value at a flapping frequency of 9 Hz. Finally, in [64] the authors mentioned that even with small changes in wing size, aspect ratio and weight, the optimal flapping frequency is not considerably affected; for that reason, in order to increase it, a new linkage geometry is proposed. This new system is made of acrylic and the shape is taken from hawk moth wings (see Figure 9. Author of [64] has granted the permission to use the pictures); the size, the wing rotation angle, and the applied voltage are the same as the ones used in [62] (wings spars are made of carbon rods). These new modifications allowed the flapping system to improve 56.5% in vertical force (from 2.3 to 3.6 gF), with an optimal flapping frequency increase from 10 to 17 Hz, and a flapping angle decrease from 100° to 92°.




5. Concluding Remarks and Open Questions


We presented in this paper the use of cantilever PEA as potential actuators in MAVs based on flapping mechanisms. The focus of the paper is to provide essential information while addressing the development of flapping-wing-based aerial robots at earlier stages, especially for those UAVs research groups whose expertise does not entail PEAs modeling and control. Structural and operational advantages mentioned above allow small wings to flap with high amplitude at high frequencies. Figure 10 depicts a basic version of the "Piezowing" currently under development.



PEAs are well known for their high bandwidth and compactness, which are convenient properties for flapping-wing MAVs. We presented the PEA operational principles and then reviewed their linear and nonlinear models. The control strategies employed for these devices mainly come from nano-positioning applications, but they can serve as a starting point to control PEA based flapping-wing MAVs. Structural and operational advantages mentioned above allow small wings to flap with high amplitude at high frequencies. Figure 10 depicts a basic version of the "Piezowing" currently under development.



The herein presented study shows this is a young field of research with questions to be explored in more detail. For instance, the fabrication process and the assembly of the 3D structures for MAVs is a challenging work as their sizes decrease. A new and highly evolving technology that can be used to realize such miniaturized MAV is 3D printing and additive manufacturing. It was shown that this technology could be very promising for the development of complex miniaturized system based on piezoelectric actuators [65,66]. The design itself of the piezoelecric actuators can also be optimized in order to ensure the performances of the MAV. For instance, in [67,68], two methodologies of design for piezoelectric cantilever actuators that should satisfy some predefined performances with minimization of the dimensions have been suggested on the basis of the interval techniques and control theory tools combined and developed in [69]. FInally, powering the piezoelectric actuators is still a great challenge. Indeed, such actuators often require high voltage (but low current), sometimes up to tens of or more than a hundred Volts. However, endeavor in recent promising researches [70,71] dealt to develop novel piezoactuators with low voltages functioning. Called thick-films technology, the principle is to thin the thick layers of the PZT piezoelectric actuators, and thus with low voltage, high electric field is obtained and consequently large deformation/displacement is obtained. Performed in clean-room, another advantage of this PZT thinning technique is the high miniaturization aspect: down to tens of µm of thicknesses and length of some millimeters of the PZT cantilever actuator can be realized. A very interesting feature could therefore be to combine embedded piezoelectric energy harvester with a convenient power generator to supply the low voltages thin piezoelectric cantilever actuators.



All these questions are non exhaustive and pose great challenges in order to develop high performance and high energy-autonomy MAVs.
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Figure 1. A piezoelecric cantilevered actuator. (a) Isometric scheme depicting the PEA’s piezolayers; (b) Side view of a PEA; (c) bending displacement resulting as a result of the application of an input voltage u. 
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Figure 2. Curve depicting the non-linear displacement behavior of a PEA. 
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Figure 3. Displacement control of a PEA actuator. (a) Charge control considering that relationship of the PEA’s carge and displacement are linear; (b) Feedfoward control structure via an hysteresis/creep compensator; (c) Feedback control structure based on the displacement error. 
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Figure 4. Avian’s lift generation process. 
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Figure 5. Insect’s lift generation process. 
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Figure 6. (a) Current Micromechanical Flying Insect (MFI) design (4DOF); (b) Flying Insect Thorax [57]. 
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Figure 7. Conceptual design of the Penn State flapping system (left), four winged piezoelectric flapping system device (right) [2]. 
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Figure 8. (a) The proposed configuration; (b) Geometric dimensions of the flapping wing [60]. 
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Figure 9. (a) Artificial Hawkmoth wing; (b) Fully assembled flapping system [64]. 
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Figure 10. Perspective Piezowing: the PEA actuates directly to flap microrobot’s wing. The flapping angle and wing’s lift attitude respectively stand for    γ f    and    γ r   . The latter angle is generated by a PEA-based joint located at Piezowing’s base. 
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Table 1. List of main characteristics between the different prototypes of Micro Aerial Vehicles (MAVs) and Nano Air Vehicles (NAVs).
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Model

	
Size

	
Actuator

	
Control

	
Beat Frequency

	
Lift/Thrust Generated

	
Other Features






	
[57]

	
25 mm (wingtip to wingtip)

	
Unimorph piezoelectric bending actuators

	
Feedback Control

	
275 Hz

	
L: 1400 µN

	
Piezoelectric actuator stiffness 400 N/m.




	
[58]

	
30 mm wingspan

	
Bimorph piezoelectric clamped-free bending cantilever

	
Adaptive Control

	
120 Hz

	
T > 1.3 mN

	
80 mg FW using Smart Composite Microstructures (SCM) process




	
[2]

	
37.5 mm wingspan

	
Piezoelectric T-beams

	
-

	
25.5 Hz

	
T: 1.34 mN

	
-




	
[60]

	
90 mm wingspan

	
Piezoelectric THUNDER TH-8R

	
-

	
125 Hz

	
L: 5.35 mN

	
-




	
[61]

	
-

	
Bimorph Piezoelectric and a Functionally Modified Bimorph (FMB)

	
-

	
21 Hz

	
L: 10 mN

	
Flapping angle of 45




	
[62,63,64]

	
-

	
Unimorph Piezoceramic, Lightweight Piezocomposite actuator (LIPCA)

	
-

	
17 Hz

	
-

	
Flapping angle of 92
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