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Abstract 

 

For man-made flying vehicles such as drones that fly at low altitudes in the atmospheric boundary 

layer, where they are exposed to unpredictable wind disturbance such as gust, the loss of attitude stability 

due to the wind disturbance is one of challenges to overcome. On the other hand, birds and other flying 

animals, which are also affected by wind disturbance, are thought to have acquired their superior flight 

capabilities through evolution and adaptation, and engineers have studies inspired by the flight of the 

natural flyers to improve the performance of artificial flyers. However, the mechanisms of birds' superior 

flying ability have not been completely revealed, and there must remain a lot of valuable knowledge 

about bird flight, which is contained in unsteady hydrodynamic phenomena in the transitional Reynolds 

number. 

In this thesis, first, several wing models with flexible flaps inspired by the flexible covert feathers of 

birds were developed to suppress aerodynamic fluctuations by passive mechanisms that enhance the 

robustness of flying robots. To evaluate the aerodynamic performance of the wing models, aerodynamic 

force measurements and flow visualization (PIV) were conducted in wind tunnel, with a specific focus 

on its robustness against disturbances. In addition, feather-based flexible sensors were also developed 

for use in sensing airflow near the wing surface, taking the inspiration from covert feathers as before. 

Wind tunnel experiments were conducted to evaluate the sensing function and aerodynamic 

characteristics of the feather-based flexible sensors that behaves like fluttering due to the wind. As a 

result, it was shown that the feather-based sensor has the potential to provide a sensing function capable 

of predicting stalls, which can be dangerous for flying robots. These feather-based devices have shown 

that their simplicity can be used as convenient methods to improve the flight stability of small fixed-

wing flying robots working under disturbed wind environments. 

Development of bird-inspired robot was further carried out to utilize the feather-based devices with 

passive mechanisms. The robot, which has a bird-inspired multi-degrees-of-freedom morphing tail, can 

actively control redundant aerodynamic forces and aerodynamic moments with its wings and tail. The 

robot can be used as a platform to develop stable flight control methods utilizing airflow information. 
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Chapter 1 

 

General Introductions 
 

 

1.1 Background 

As unmanned aerial vehicles, called drones or micro aerial vehicles (MAVs), have been developed 

and used for various tasks recently (Floreano and Wood, 2015), it is becoming increasingly important to 

make further improvements in their flight capabilities, particularly in terms of stability and efficiency. 

MAVs flying in airspace closer to the grand surface than airplanes are exposed to the strong and 

unpredictable effects of winds caused by the atmospheric boundary layer, which deteriorates their flight 

stability and efficiency (Watkins et al., 2020). Further improvements in safety and reliability of flying 

robots against unpredictable wind disturbances are needed for them to safely perform wider tasks, 

especially in urban areas. Although superior flight control methods for multi-rotor drones have been 

developed (e.g., Kazim et al., 2021; Suzuki, 2018), there are only a few attempts to make the hardware 

of a flying robot more robust against the wind effects. Approaches that make a flying robot more robust 

against wind effects from the viewpoint of aeronautical engineering, fluid dynamics and biomimetics 

could lead to further advances in the performance of a flying robot. 

To deal with the challenge of improving drone flight capabilities, engineers have often used methods 

inspired by the abilities of flying animals in nature, known as biomimetics. Birds, with superior 

performance in variable wind environments, are often chosen as a source of ideas for improving the 

capabilities of flying vehicles (Bechert et al., 2000; Luca et al., 2017). One reason why birds are 

considered a source of inspiration for the development of a flying robot is that birds and drones are 

similar in size (i.e., similar in Reynolds number) . Birds have various features in their design, such as 

flexible muscles and wings, and a variety of their flight modes and flight techniques, which distinguish 
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them from man-made flying robots with rigid components. Although birds are exposed to the ever-

changing wind environment in nature, as well as drones, the fact that flying animals, including birds, 

have evolved and flourished while adapting to such harsh environments is noteworthy. For example, it 

has been observed that the common kestrel can hover in windy conditions while keeping its center of 

gravity fluctuating slightly (Videler et al., 1983), suggesting that the bird has acquired the ability to 

hover with great stability. In addition to the stable hovering performance, birds that use wind well to fly 

long distances are expected to provide insights for superior flight efficiency. Inspired by bird soaring, 

an attempt to utilize wind in glider drone flight has been proposed (Reddy et al., 2018). 

This chapter presents general overviews of knowledge about the superior flight capabilities of birds 

and technologies related to flying robots that have been developed inspired by natural flyers including 

birds. 

 

1.2 Avian Flight 

Unpredictable wind can be a risk to the stability of flying objects, including drones and natural flyers. 

However, It is thought that over 10,000 species of birds have evolved through a long period of time to 

adapt to the diverse environments of all over the world, such as oceans, mountains, and deserts, and 

have acquired superior flight performance (Chin et al., 2017; Sullivan et al., 2017; Xu et al., 2014). Birds 

have various features that distinguished them from artificial flying robots. It has been suggested that 

these features enhance their flight capabilities. In this section, some general information about bird flight 

with remarkable features are introduced. 

1.2.1 Morphology of bird wing 

It is believed that a bird has acquired body design optimized for flight through natural selection: it is 

composed of lightweight bones and asymmetric feathers that are advantageous for flying (Sullivan et al., 

2016, 2017, 2019), and it has a large number of sensory organs to sense the airflow near its surface 

(Brown and Fedde, 1993). Some studies have suggested that the flight muscles that generate the flapping 

motion can also act like the suspension of a vehicle to dampen the effects of wind disturbances such as 
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gusts (Cheney et al., 2020; Reynolds et al., 2014). The morphology of the birds, which has many unique 

characteristics that differ from those of artificial flying robots, is thought to contain interesting insights 

that could be useful in development of flying robots. 

A unique characteristic of birds, that differ from other flying animals such as insects and bats, is that 

their bodies are covered with many feathers (Fig. 1.1(A)), which allow them to transform the shape of 

their wings and tails (Matloff et al. 2020). This deformability is called morphing, and birds can adjust 

the aerodynamic forces generated by their wings and tail morphing to control their flights (Harvey et al., 

2022; Lentink et al., 2007). It is assumed that birds can optimize their flight profiles by morphing, such 

as spreading or sweeping wings and tail, according to their flight modes and speed (Videler, 2006). Birds 

are also able to independently control their left and right wings and tail morphing to achieve highly 

maneuverable flight (Gillies et al., 2011). Interestingly, bird tail, which is not seen in other flying animals, 

is decoupled from the rest of the body parts (Gatesy at al., 1993), and is controlled independently, 

indicating that it functions specifically for flight control (Harvey et al., 2022). 

Avian feathers have been observed to deform in interaction with aerodynamic forces and are thought 

to benefit aerodynamic performance of birds’ flight (Carruthers et al., 2007). In spite of being flexible 

and lightweight compared to the artificial materials, the feathers have an extremely elaborate and 

complex design with a microscopic level hierarchical structure and transmissibility (Sullivan et al., 

2016; Müller and Patone, 1998), which also provide aerodynamic functions. it is known that flight 

feathers, such as primaries, have asymmetric shape around the feather shaft (rachis) (top and middle of 

Fig. 1.1(B)) and that the feathers themselves contribute to generate aerodynamic forces (Klaassen et al., 

2020.). The aerodynamic function of asymmetric feather also provided evidence to support the 

hypothesis that some of feathered dinosaurs such as Archaeopteryx was able to fly (Feduccia and Tordoff, 

1979) (bottom of Fig. 1.1(B)). It has been suggested that the slits of primaries seen in some species such 

as a hawk (Figs. 1.1(A) and 1.1(C)) help reduce induced drag (Tucker, 1995). Feathers on dorsal and 

ventral wing surface, called coverts, have been observed to float up by wind (Fig. 1.1(A) and 1.1(D)) 

and it has been hypothesized that their deformation may function as the device of passive flow 

controlling and sensing (Brown and Fedde, 1993; Carruthers et al., 2007) (top of Fig. 1.1(E)). In addition, 

several previous studies have indicated that the passive deformable structures inspired by avian coverts 

are also effective in enhancing aerodynamic performance as applied to airfoils of aircrafts (Bechert et 
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al., 2000; Rosti et al., 2017; Schlüter, 2009). The feather called alula, which is small structure on the 

leading edge at the joint between hand-wing and arm-wing (Fig. 1.1(A)), is observed to be used in slow 

and high angles of attack flight such as landing phase (Carruthers et al., 2007). The alula has been 

assumed to increase lift and delay stall in the similar role as the leading-edge slat of aircrafts (Álvarez 

et al., 2001; Lee et al., 2015) (bottom of Fig. 1.1(E)).  

1.2.2 Flight modes of birds 

Birds can flap their wings to fly in common, except for terrestrial species. Birds perform flapping 

motion to generate the lift and thrust forces necessary for highly maneuverable flight, such as forward, 

such as forward flight, steep climb, sharp turning, and hovering (Videler, 2006). In addition, birds also 

use other flight modes such as gliding and soring flight. Gliding flight is a method for efficiently 

traveling long distances by converting the sinking velocity gained with altitude loss into forward speed 

and lift force (Tucker, 1987). Soaring flight is a type of gliding performed by capturing updraft wind, 

which makes it possible to fly for a long time or gain altitude without flapping (Tucker and Parrott, 

1970). It is thought that birds fly by appropriately switching between these flight modes and adjusting 

the balance between efficiency and maneuverability. It is known that larger species tend to perform 

gliding and soaring flights more frequently because their heavier body weight requires more energy to 

flap their wings (Williams et al., 2020). It has been suggested that a mode of flight called intermittent 

flight, in which some birds perform alternating flapping and gliding, is efficient (Tobalske, 2007). The 

bird's ability to switch various flight modes in response to the situation is one of the difficulties that a 

flying robot with certain flight configuration cannot easily replicate. 

Kestrel (Falco tinnunculus) is one of the species that performs a unique flight: intermittent flight and 

hanging flight. It has observed that the kestrels search for food while using the wind in their flight known 

as hanging and wind hovering (Videler et al., 1983; Videler and Groenewold, 1991). Their study shows 

that the kestrel can suppress the variation of its center-of-gravity’s position while wind hovering in 

strong winds. Their remarkably stable flight may have been achieved by active or passive flight control 

with fully utilizing the sensory organs and morphing ability (Mohamed et al., 2014). Such a highly stable 

flight, which has not been achieved by current bird-modeled flying robots, may be a hint for how a 

flying robot overcomes the effects of unpredictable wind disturbances. 
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1.3 Bio-inspired engineering 

1.3.1 Flying robots inspired by a bird flight 

Superior flight abilities of birds can be a source to extend the envelope of the capability of a flying 

robot. In order to improve the performance of flying robots, engineers have often taken an approach 

called biomimetics, which is the engineering application of the superior essence of flying animals. In 

this section, various types of bird-inspired flying robots that have been developed by applying the 

functions of birds are introduced (Fig. 1.2). 

The RoboSwift team (2007) developed a MAV, called RoboSwift, inspired by common swift. 

RoboSwift had wingspan of approximately 50 cm and a weight of less than 100 g, and it was able to 

hold its wing backwards like the common swift dose (Fig. 1.2(A)). In contrast to the RoboSwift that had 

a wing morphing function, around the same time, Parga et al. (2007) developed the fixed-wing MAV 

with a tail that had two degrees of freedom in elevation and rotation angle relative to the body (Fig. 

1.2(B)). This rotatable tail is one example of the studies that demonstrated that aerodynamic forces can 

be controlled by tail independently from the main wings. Flapping types of MAV, known as an 

ornithopter, have been developed (Figs. 1.2(C), 1.2(D), and 1.2(E)). The ornithopter type gets lift and 

thrust force to fly by flapping its wings, mimicking the flapping flight of a bird. In order to actuate the 

flapping motion, a single motor connected to a gear box and crank mechanism (e. g., crank-rocker 

mechanism) was often used (Gerdes et al., 2014; Yang et al., 2018). Similar in concept to the RoboSwift, 

several variations of propeller-type MAVs with morphing wings have been developed in recent years  

(Figs. 1.2(F), 1.2(G), and 1.2(H)). MAVs with morphing wings commonly benefit especially in 

maneuverability, such as turning, through asymmetric shape control of the left and right wings (Luca et 

al., 2017; Ajanic et al., 2020). 

1.3.2 Airflow sensors in birds and engineering 

Birds have rich sensory organs to detect the changes of airflow and atmospheric pressure, called a 

mechanoreceptor (Fig. 1.3(A)). Altshuler et al. (2014) described the function of mechanoreceptors that 

slowly adapting receptors like Merkel cells and Ruffini endings sense the forces that sustain the 
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deformation of feathers and skin, such as wind speed and stall (Necker 1985), whereas vibration 

receptors like Herbst corpuscles function to discriminate the high-frequency elements of flow 

disturbances (Hörster 1990). It is also known that mechanoreceptors are exist in other flying animals 

such as insects and bats. Sterbing-D'Angelo et al. (2011) studied that removing the microscopic hairs on 

the membranous wings of bats resulted in a deterioration of their flight performance. It is assumed that 

flying animals use environmental information obtained from these micro-sensory organs to fly in 

unpredictable wind disturbances. 

Similar to the biological airflow sensors (mechanoreceptors), miniature size sensors with engineering 

mechanisms, also called MEMS, have been developed in previous studies. MEMS flow sensors are 

commonly categorized into two types based on the differences in their sensing mechanisms. One is a 

mechanical type that use a cantilever-based structure and can sense flows by its strain changes caused 

by the deformation of cantilever (Fig. 1.3(B)). The other is a thermal type that can sense the flow rate 

by measuring resistance of a heating element or current values required to keep the heating element 

temperature (Fig. 1.3(C)). These miniature sensors, which can be designed to be small, lightweight, and 

flexible, are considered to be compatible with MAVs. It has been also proposed to integrate these small 

and flexible sensors into the MAVs’ configuration (Fig. 1.3(D)). Although these small flow sensors are 

considered potentially useful for applications in MAVs, research into flow-based sensing is still 

underdeveloped, with few proven in-flight systems available (Mohamed et al., 2014). Apart from 

engineering applications such as MAVs, these sensors have also shown their availability in the biological 

field. Takahashi et al. (2012) developed a piezo resistive cantilever type differential pressure sensor (Fig. 

1.3(E)) and showed that the sensor can be also applied for biologging of seabirds (Fig. 1.3(F)) (Takahashi 

et al., 2018). 

As discussed in previous studies, birds have the flow-sensing sensor function that contribute to their 

flight performance, and engineering sensors have been developed that can replace it. However, these 

engineering sensors, which were not necessarily designed to be biomimetic, do not provide the 

multifunctionality often found in living organisms, but were developed to specialize only in flow-

sensing function. On the other hand, birds use their feathers as sensing elements to detect airflow with 

their mechanoreceptors (Fig. 1.3(A)) and may also use their feathers for airflow control, as described in 

Subsection 1.2.1. The development of an airflow sensor inspired by the multifunctionality found in bird 
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feathers is expected to enhance the applicability of such airflow sensors to a bird-based flying robot. A 

feather-based airflow sensor is presented in Chapter 3 of this thesis. 

 

1.4 Objective of this study 

In this thesis, several methods to enhance capability of the aerodynamic performances inspired by 

the birds’ flight were studied, aiming at development of a perceptible and intellectual flying robot that 

will be highly robust against wind disturbances. 

Taking inspiration from the covert feathers of a bird described in Subsection 1.2.1, the effect of a 

feather-like flexible structure, that deforms passively in response to wind disturbances, on the 

aerodynamic performance of a fixed wing was examined. The wing model with covert-inspired flexible 

flaps were fabricated and tested in wind tunnel experiments. Its performance was investigated through 

aerodynamic force measurements and flow visualization experiments (PIV), and discussions also are 

held regarding its robustness against wind disturbances. 

Design and fabrication of airflow sensors, also inspired by covert feathers, were then carried out for 

the purpose of detecting wind disturbances and assisting the active attitude control of a flying robot. The 

sensing and aerodynamic characteristics of these sensors, that is capable of detecting changes in airflow 

as the deformations, were evaluated in wind tunnel experiments. With a specific focus on their 

applicability to a flying robot, the perceptibility of these sensors is discussed. 

Then, development of a bird-shaped flying robot that can be equipped with a wind sensor and actively 

control its aerodynamics and attitude was carried out. The robot was designed and fabricated so that it 

has a multi-degree-of-freedom morphing tail suitable for active aerodynamic moment control 

independently of the wings that are equipped airflow sensors. The aerodynamic controllability of the 

morphing tail was investigated in wind tunnel experiments and discussed with a focus on how the 

attitude change of the tail can be used to actively control aerodynamic forces. 
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Fig. 1.1   (A) Names of typical avian wing feathers. The picture shows dorsa wing surface of a kestrel. 

(B) Morphological characteristics of the feather (from Feduccia and Tordoff, 1979). Asymmetric shape 

in flying species (e. g., Crex and Archaeopteryx) and symmetric shape in terrestrial species (e. g., 

Gallirallus). (C) Separated primaries of Aquila nipalensis (from Carruthers et al., 2007). (D) Kestrel’s 

wing and deformed coverts in response to oncoming gust (from Mohamed et al., 2014). (E) 

Hypothesized functions of alula (from Lindhe Norberg, 2002). 
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Fig. 1.2   Bird-inspired flying robots. (A) RoboSwift with sweep morphing wing developed by the 

Roboswift team, 2007. (B) MAV with rotatable tail by Parga et al., 2007. (C) SmartBird with flapping 

wing by Festo, 2011. (D) Robo Raven with flapping wing and morphing tail by Gerdes et al., 2014. (E) 

Dove with flapping wing by Yang et al., 2018. (F) Morphing wing MAV by Luca et al., 2017. (G) 

LisHawk with morphing wing and tail by Ajanic et al., 2020. (H) Soft biohybrid morphing wing MAV 

by Chang et al., 2020. 
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Fig. 1.3   Avian mechanoreceptor that is a bio-sensing elements, and Bio-inspired airflow sensors 

manufactured by the MEMS technology. (A) Four main types of mechanosensitive sensory corpuscles 

in birds (left, from Whittow G. C., 2000), and schematic diagram of a mechanoreceptor and feather in a 

bird wing (right, from Mohamed et al., 2014). (B) Various types of piezoresistive flow sensor with 

microcantilever structures. (C) A circle-type thermal flow sensor that detects flow direction and velocity 

(D) A flexible hot-film type airflow sensor for a MAV. (E) A piezo resistive cantilever type differential 

pressure sensor with high sensitivity to small differential pressure changes. (F) A waterproofed airflow 

sensor for bio-logging seabirds. 
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Chapter 2 

 

Flexible flaps inspired by avian 

feathers for highly robust wing 
 

 

2.1 Introduction 

Drones have been used for various tasks recently (Floreano and Wood, 2015; Liu et al., 2016), it has 

been increasingly more important to improve their flight performance, such as stability and efficiency, 

especially when they fly in urban areas. The drones tend to become unstable under the unpredictable 

wind that is commonly observed in natural environments. The perturbations in the attitude must be fixed 

as quickly as possible in order to stay airborne even though the disturbances are difficult to predict. 

To tackle these problems, engineers have often been inspired by the functions of flying animals in 

nature (Bechert et al., 2000; Luca et al., 2017; Chin et al., 2017). Birds are frequently selected for the 

source of inspiration because birds and drones have similar sizes, i.e., Reynolds numbers. It is known 

that avian wings have various features in their design (Fig. 1A) and flight techniques that make them 

seem different from aerial vehicles with rigid wings: for example, flexible muscles, feather 

transmissibility, and flexibility (e.g., Reynolds et al., 2014; Müller and Patone, 1998; Brown and Fedde, 

1993). 

Previous studies showed that these characteristics contribute to the improvement of bird flight 

performance. For example, it is known that the separated wing tip slots reduce the induced drag (Tucker, 

1995), and that small feather called alula near the leading-edge delays stall at a high angle of attack 

(Álvarez et al., 2001; Lee et al., 2015). Attentions are also paid to the role of flexible feathers that deform 

during a flight (Carruthers et al., 2007; Cleaver et al., 2014). Experimental and/or computational studies 
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on the wings with additional flap inspired by covert feathers have shown that passively pop-up flap 

enhances the lift force and improve the efficiency. 

The studies shown above have been performed mostly under the assumption of uniform flow 

(Kernstine et al., 2008; Schlüter, 2009; Rosti et al., 2017). Drones are, however, expected to operate at 

the atmospheric boundary layer where the various unsteady wind is generated due to the friction of the 

wind and the ground (Watkins et al., 2006). For drones, the improvement of flight stability under the 

unsteady and unpredictable wind disturbances (e.g., gusts and eddy currents) is as important as 

improvement of the efficiency. 

In this study, aiming at the development of a highly robust wing for drones against disturbances, an 

experimental wing with covert-inspired flexible flaps near the leading edge of the upper surface was 

fabricated. With a specific focus on the effect of flexible flaps on the robustness of the wing in 

disturbance flow, three types of flexible flaps with different stiffnesses were tested by wind tunnel 

experiments. 

 

2.2 Materials and methods 

2.2.1 Design of flexible feathered Wing 

The experimental wing model (Fig. 2.1(A)) is inspired and simplified from the avian wing (Fig. 

2.1(B)). The wing model is composed of NACA0012 airfoil with an extended trailing-edge plate and 

flexible flaps. The basic form of the wing was made by cutting the aluminum plate (A5052) with a CNC 

cutting machine (MDX-540, Roland DG Corporation). The chordwise and spanwise length of the wing 

were 50 and 100 mm, respectively. After several films with different lengths and widths were tested, 

rectangular low-density polyethylene films with a length of 20 mm and a width of 5 mm were selected 

for this study. Eighteen flaps were fixed to the upper surface of the wing by a double-stick tape at 2.5 

mm (5% chord) from leading-edge like a cantilever. In this study, three models with flexible flaps with 

30, 50, and 80 m-thickness were tested in this study compared with basic wing without flexible flaps. 
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2.2.2 Wind tunnel experiment 

Experiments were conducted in a low-speed wind tunnel at Chiba University (Ikeda et al., 2018). 

The test section of the wind tunnel is 2 m-long with a cross-section of 1×1 m. The side walls are made 

of transparent acrylic boards. In this work, experiments of force measurement and particle image 

velocimetry were performed at wind speed U = 5 ms−1. In this study, with the wing chord to be a 

reference for the length scale and the wind speed to be a reference for the velocity scale, Reynolds 

number is about 16,000. 

Aerodynamic force measurement 

Fig. 2.2 is a schematic diagram of the setup for the aerodynamic force measurements. As shown in 

Fig. 2.2(A), the wing assembly was mounted vertically to a six-axes force sensor (Nano17Ti, ATI 

Industrial Automation) with a 3D-printed sting at the quarter chord. The force sensor was fixed on a 

rotating stage (SGSP-80YAW, SIGMAKOKI Co., Ltd.), and thus angle of incidence (AoI) of the wing 

was varied remotely. The rotating stage was operated by a stage controller (SHOT-702, SIGMAKOKI 

Co., Ltd) with an accuracy of 0.15 °. The aerodynamic forces on the wing were dynamically measured 

by the force sensor and were digitalized by an A/D converter (USB-6210, National Instruments Corp.) 

with the sampling rate of 1,000 Hz. 

The aerodynamic forces were measured in two experimental conditions: in uniform flow and in 

disturbed flow. Measurements in uniform flow were performed in the AoI of 0 ° to 20 °(1 ° increments) 

with a sampling time of 10 seconds. For the experiments in disturbed flow, the disturbance generator 

was additionally mounted to the wind tunnel at 0.5 m upstream of the wing. The disturbance generator 

(Fig. 2.2(B)) consists of a motor-driven slider-crank mechanism with a rigid plate made of aluminum. 

The frequencies of the flow fluctuation were altered by controlling the rotating speed of the motor. In 

this research, the frequencies of the flow fluctuation are 2 Hz to 25 Hz (1 Hz increments) with a sampling 

time of 30 seconds at AoI of 5 °. The measured forces at the force sensor were transformed into the lift, 

L, and drag, D, based on the AoI (Fig. 2.2(C)). Non-dimensional lift and drag coefficients (CL, CD) were 

computed by Eq. (2.1) and (2.2), where  is the air density, U is the wind velocity, S is the projected 

wing area. These aerodynamic forces dynamically changed with time, especially in disturbed flow. 

Therefore, the robustness of the wing was evaluated by using the standard deviation of the aerodynamic 
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forces across the sampling time. 

 CL = 2L/(U2S) (2.1) 

 CD = 2L/(U2S) (2.2) 

 

Particle image velocimetry (PIV) 

The PIV measurement system (Fig. 2.3(A)) consists of an Nd:YAG pulsed laser (LDP-100MQG, Lee 

Laser, Inc.), a timing controller (LC880, SEIKA Digital Image Corporation), a seeding generator 

(PivPart14, PivTec GmbH), and a high-speed camera (FASTCAM SA3, PHOTRON LIMITED) with 

an optical lens (150 mm, SIGMA Corporation). The wing assembly was mounted horizontally to sting, 

unlike the force measurement. A light sheet generated by a pulsed laser via a cylindrical lens was 

positioned above the wing to illuminate a mid-span streamwise plane, and images were recorded by the 

camera positioned to the side. The exposure timing of the laser and camera was synchronized through 

the timing controller. The PIV images were acquired at a rate of 250 pairs per second for a total time of 

two seconds. The resolution of the image sensor was 1024 × 1024 pixels, and the field of view was about 

72×72 mm. The PIV images (Fig. 2.3(B)) were analyzed using commercial PIV software (Koncerto Ⅱ, 

SEIKA Digital Image Corporation).  

The interrogation window size of 24×24 pixels with 12 pixels step size was selected to generate a 

vector field. The lower wing regions which were shadowed by the wing were masked, and thus upper 

wing regions were used for PIV analysis. In order to evaluate the effect of the flexible flaps on the flow 

field, the ratio of the area where the vorticity was larger than a threshold (1.0 s−1) was calculated from 

the vector field. The area defined for comparing the vorticity was inside the fixed region shown by the 

dashed lines in Fig. 2.3(C). The defined area excludes the vorticity of the wing surface in order to assess 

only the vortices that are detached from the wing. The raw images of the PIV measurements contained 

not only the particles but also the illuminated flexible flap. Therefore, the images were also used to 

measure the deformation of the flexible flap. The trajectory of the tip of the flexible flap was tracked 

using commercial software (MATLAB, The MathWorks, Inc.). 



20 
 

 

 

2.3 Result 

2.3.1 Aerodynamic performance 

Figs. 2.4(A) and 2.4(B) shows the result for lift and drag coefficients of the wings at each AoI in 

uniform flow. While the difference in the lift coefficient was small among the models, the model-50 

showed a smoother stall behavior than the other models. Additionally, it was found that the coefficient 

of drag decreases in the models with flexible flaps compared with the basic wing, especially when AoI 

was greater than 10 °. The standard deviations of lift and drag coefficients (Figs. 2.5(A) and 2.5(B)) 

were smaller in the models with flexible flaps than in the basic wing at AoI around 6 °. By comparing 

the frequency spectra of the standard deviation of lift and drag coefficient at AoI of 6 °(Figs. 2.6(A) and 

2.6(B)), it was found that the basic wing showed a larger peek at high frequency (around 240 Hz) than 

the other models with flexible flaps. The force fluctuations in the basic wing are thought to be due to 

the laminar separation (Kim et al., 2010), which induces the vibration of the trailing-edge plate. It can 

also be seen that the variation of the model-30 was smaller than the other models at AoI around 15 °.  

Fig. 2.7 shows the effect of the flexible flaps on the standard deviation of the lift and drag coefficient 

divided by those of the basic wing at various disturbance frequencies. These results were obtained after 

filtering the raw data by a third-order low-pass Butterworth filter with a cut-off frequency of 1.5 times 

the disturbance frequency in order to reduce the effect of the wing and force sensor resonance (about 36 

Hz) contained in the raw data. With reference to the basic wing, the differences of the standard deviation 

were clearer for the drag coefficient than those for the lift coefficient. The model-80 reduced the standard 

deviation in the drag about 10 % around the disturbance frequency of 6-9 Hz. Similarly, the comparison 

of the frequency spectra for a disturbance frequency of 6 Hz (Fig. 2.8) shows that the model-80 reduces 

the disturbance frequency peak compared with the basic wing, especially in the case of the drag 

coefficient. 

2.3.2 Flow visualization 

Fig. 2.9 shows a time-series of the vorticity distribution near the wings in the disturbance of 6 Hz, 

where the standard deviation of the drag coefficient in the model-80 was reduced in force measurements 
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(Fig. 2.7(B)). The vortices were separated and moved toward the trailing-edge of the wing for 8-24 

milliseconds in Fig. 2.9(A). While the large vortex is generated due to the separation on the basic wing 

for 12-20 milliseconds in Fig. 2.9(A), the model-80 with the flexible flap generated smaller vortices 

shedding for 20 milliseconds in Fig. 2.9(D). It was also observed that the flexible flap was deformed in 

response to the timing of the vortex. The negative pressure of the vortex presumably induced the 

deformation of the flexible flap. 

The time-series of the high vorticity area defined in Fig. 2.3(C) and the tip deflections of the flexible 

flaps obtained from images are summarized in Figs. 2.10(A) and 2.11(A). The model-80 shows the 

smaller vorticity than other models with flexible flap and smaller peek than the basic wing at disturbance 

of 6 Hz (Fig. 2.10(B)). Similar results were obtained at disturbance of 15 Hz (Fig. 2.11(B)), but the 

differences between the models were relatively smaller than those at 6 Hz. The time-series of the tip 

deflection of flaps in Figs. 2.10(A) and 2.11(A) reveals that the amount of the deformation of the flexible 

flap in each model corresponds to its stiffness; the flap deflection is larger in the less stiff model. With 

the disturbance of 6 Hz, the timing of the maximum deformation of the model 80 was approximately 

matched with the timing of the maximum vorticity, but the timings of the other models were delayed 

from the timing of the vorticity peeks. Similarly, the deformation of the flexible flaps was delayed more 

with the less stiff flaps at a disturbance frequency of 15 Hz. 

 

2.4 Discussion 

We found that the variation of the aerodynamic force on the wing in uniform flow can be reduced by 

attaching the flexible flaps near the leading-edge. It is suggested that the passive deflection of the 

flexible structure around the leading-edge suppressed the flow separation at the leading-edge, and thus 

did not induce high-frequency vibration (Figs. 2.5(A) and 2.5(B)). Since the birds’ feathers are observed 

to deflect at a high angle of attack when the flow is thought to be highly unsteady (Carruthers et al., 

2007), it is reasonable to assume that the dorsal coverts of birds near the leading-edge have the similar 

function for the suppression of the flow separation in a uniform flow. This effect is comparable to the 

function of alula, which delays flow separation by generating longitudinal vortices (Lee et al., 2015), 
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while the results in this study pointed out that the passive deformation of the feathers can suppress the 

flow separations. 

The flexible flaps on the upper surface of the airfoil enhanced lift in previous studies (e.g., Bechert 

et al., 2000; Schlüter, 2009; Traub and Jaybush, 2010), but the lift enhancement was not clearly observed 

in this study (Fig. 2.4(A)). The difference is thought to be because the previous studies placed the flaps 

near the trailing-edge, while the flexible flaps were attached around the leading-edge in order to see the 

effect of the coverts in this study. Therefore, the flexible flaps may have multiple roles depending on the 

locations with respect to the wing chord. 

The variation of the aerodynamic forces of the model-80 with flexible flaps are found to be decreased 

at disturbance frequencies of 6-9 Hz compared with the basic wing without flexible flaps (Fig. 2.7). The 

force reduction of the other models with flexible flaps was relatively smaller than the model-80, while 

the tip deflection of the flexible flap was smallest in the model-80 (Fig. 2.10(A)). The reduction of the 

variations is, therefore, thought to require the appropriate amount of the deformation of the flexible flaps 

in response to the disturbances. From the flow visualization, we found that the vortex shedding of the 

model-80 was smaller than that of the basic wing (Fig. 2.9), which is probably because the timing of the 

deformation of the model-80 flaps matches with the vortex separation (Fig. 2.10). Given that the 

response of the flaps is completely passive, the mass and the flexibility of the attached flaps should be 

appropriately designed depending on the disturbance frequency in order to reduce the force fluctuations 

under disturbances. The hierarchical structure and the taper toward the tip of the bird feathers (Sullivan 

et al., 2017) may be beneficial in the more complex, natural environments because the complex 

structures may be able to respond to the disturbances in a wider range of the frequencies. 

The application of flexible flaps may not be limited only to the wing for drones. For example, the 

reduction of aerodynamic force fluctuation is beneficial for the slender vertical structures that are 

continuously exposed to wind load fluctuation, which leads to mechanical fatigue and damage (Repetto 

and Solari, 2004). A large number of studies have been devoted to the aerodynamics over a bluff body 

such as cylinders, and rigid or flexible splitter plate in the wake of bluff bodies are known to control the 

vortex shedding (e.g., Akili et al., 1999; Shukla et al., 2013). Mazellier et al. (2012) showed that the 

mean drag force applied on the square cylinder was reduced by feather-inspired porous plates fitted on 

the sides of the cylinder. As shown in this study, the interaction between the fluid and flexible flaps may 
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also reduce the fluctuations of aerodynamic forces applied to the bluff bodies. Thus, the adaptive, 

flexible flaps on the structure surfaces can be suggested as a simple strategy to enhance the 

maintainability and reliability of structures exposed to various wind disturbances. 
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Fig. 2.1   Schematic diagram of (A) the bird-inspired wing model and (B) a bird wing and its cross-

section. 
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Fig. 2.2   (A) Experimental setup for aerodynamic force measurements in the low-speed wind tunnel. 

The fluctuation generator was mounted upstream for measurements in disturbed flow. (B) The 

fluctuation plate was driven by a motor via a slider-crank mechanism. (C) Lift, L, and Drag, D, were 

measured by the six-axis force sensor. 
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Fig. 2.3   (A) Schematic diagram of the experimental setup for 2D-PIV measurements. (B) A raw 

image of PIV measurements. Since the laser light was irradiated from above of the wing, the area lower 

than the wing was in the shadows and too dark to see the particles. (C) The sample flow field is visualized 

by the distribution of the vorticity. The surrounding area in black was masked during the analysis of the 

PIV due to the low light level. The area inside the dashed line was defined to calculate the ratio of high 

vorticity area. 
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Fig. 2.4   Coefficients of aerodynamic forces with change in angle of incidence. Time-averaged (A) 

lift coefficient (CL) and (B) drag coefficient (CD). 
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Fig. 2.5   The standard deviations of (A) lift and (B) drag coefficients. 
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Fig. 2.6   The frequency spectra of (A) lift and (B) drag coefficients at an angle of incidence of 6 °. 



32 
 

 

 

 

Fig. 2.7   Effect of the disturbance frequencies on the standard deviation ratio of (A) lift coefficient 

and (B) drag coefficient relative to the basic wing at an angle of incidence of 5 °. 
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Fig. 2.8   Frequency spectra of (A) lift and (B) drag coefficient at disturbance frequency of 6 Hz. 
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Fig. 2.9   Time-series of the vorticity field within 28 milliseconds around (A) basic wing, (B) model-

30, (C) model-50, and (D) model-80 at disturbance frequency of 6 Hz. The ratio of high vorticity area 

is minimized when t = 0 milliseconds in each model. 
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Fig. 2.10   Time-series of (A) the deflection of the tip of flexible flaps and (B) the ratio of high vorticity 

area in the disturbance of 6 Hz. 



36 
 

 

 

 

Fig. 2.11   Time-series of (A) the deflection of the tip of flexible flaps and (B) the ratio of high vorticity 

area in the disturbance of 15 Hz. 
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Chapter 3 

 

An airflow sensor inspired by 

avian flexible feathers 
 

 

3.1 Introduction 

Flying animals and drones are exposed to the ever-changing winds that change moment by moment 

in nature. The wind fluctuations are caused by atmospheric boundary layer (ABL). In the ABL, wind 

gusts and other phenomena can affect the flight stability of drones negatively (Watkins et al., 2020), 

causing them to crash in the worst cases. On the other hand, it is interesting to see how flying animals 

are able to adapt to their surrounding environments and thrive under the unpredictable influence of wind. 

For example, it was reported that the common kestrel (Falco tinnunculus) can keep the fluctuation of its 

center of gravity very slight while hovering in the wind (Videler et al., 1983). This suggests that birds 

have the skill to control their behavior in response to the wind environments. In order to enable flying 

robots to engage in a wider variety of tasks, further improvements are required to ensure stable flight 

under the influence of the ABL. 

Birds flight with outstanding performance in variable wind environment could be the sources that 

provide ideas to enhance the performance of artificial fliers such as drones. In fact, engineers and 

scientists were inspired the great interests by flying animals that are thought to have acquired optimized 

bodies and features for flight to survive through long-term evolution (Chin et al., 2017; Sullivan et al., 

2017; Xu et al., 2014). It has been studied that the complex and ingeniously designed bodies and wings 

of birds have functions that contribute to aerodynamic performance and support the bird’s superior flight. 

Morphing , a unique wing morphology change of birds, helps them to actively control aerodynamic 
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forces during flight. In addition to active morphing, it has been suggested that bird’s bodies and wings 

also have passive mechanisms that assist them in maintaining stable flight. For example, it has revealed 

that the deflection of flexible feathers such as the primaries, alula, and coverts due to wind can provide 

beneficial effects on aerodynamic performance (Carruthers et al., 2007; Klaassen et al., 2020; Lee et al., 

2015; Tucker, 1995; Fig. 3.1(A)). Other studies have suggested that the flight muscles on the bird's 

shoulders like hinges act like the suspension of a vehicle to dampen the effects of gusts of wind (Cheney 

et al., 2020; Reynolds et al., 2014). 

Avian wings, with various remarkable functions, are composed of a musculature and a large number 

of feathers forming smooth wing surface: the feathers are thought to be useful in detecting flow 

fluctuations through the flexible deformation, as well as maintaining their body temperature and external 

display. From a microscopic level, sensory organs are known to present on the body surface of flying 

animals, not only birds but also insects and bats (Chin et al., 2017). Birds have rich sensory organs called 

mechanoreceptors in their bodies and seem to sense environmental parameters such as flow and pressure 

through the mechanoreceptors (Brown and Fedde, 1993). Previous research has shown that removing 

the microscopic hairs on the membranous wings of bats can influence their flight (Sterbing-D'Angelo et 

al., 2011). Flying animals may effectively use the function of sensing flow near their bodies via their 

mechanoreceptors to enable highly stable flight. 

The capability of flying animals to detect wind variations on their body surfaces is one of their 

distinctive features compared to artificial flyers. It has been suggested that flying animals seem to utilize 

atmospheric information obtained from mechanoreceptors for flight control. On the other hand, control 

of flying robots has been attempted by using various sensors, such as inertial measurement unit (IMU), 

global positioning system (GPS), and laser imaging detection and ranging (LiDAR). Multi-rotor drones 

have developed along with the improvement in flight controllers that use the information driven from 

these sensors. Therefore, an approach of utilizing atmospheric information for flight control, as in the 

case of flying animals, have been underdeveloped in flying robots. 

To aim at applying to the small flying robots, various sensors have been developed in order to detect 

the flow variation. Since it is difficult to completely mimic biological structures such as 

mechanoreceptors, several bioinspired sensors have been devised that focus on specific functions. For 

example, micro sensors have been developed based on MEMS technology, which detect the flow or 
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differential pressure (e.g., Kim et al., 2004; Takahashi et al., 2012). Actually, some approaches to acquire 

airflow information by installing such small sensors on a MAVs have been proposed. (e.g., Mohamed et 

al., 2014; Zhu et al., 2009). Actually, it is expected that controlling artificial flyers can be improved by 

the function of detecting airflow. For example, airflow information gained by pressure sensors and strain 

gauges in fixed-wing airframes suggests that sensing local state of airflow and aerodynamic forces can 

be useful for flight control (Araujo-Estrad et al., 2017). On the other hand, even though the aerodynamic 

effectiveness of artificial feather deflection has been pointed out, there are few studies on the detection 

of airflow using feather-based flexible structures. Furthermore, it is unclear what information can be 

encoded by the deformation of the feather-like structures in a dynamic situation. Therefore, it is 

necessary to investigate the role of deformation by flexible structures based on feathers in acquiring 

information about the variable airflow. 

In this study, aiming at exploring the possibility of applying the sensor to a small flying robot, two 

types of airflow sensors with flexible structures inspired by avian feather were fabricated and their 

characteristics of aerodynamics and sensing were investigated by wind tunnel experiments. Instead of 

perfectly replicating the bird's feathers and mechanoreceptors, fabrications of flexible sensors with 

simpler mechanisms that have sensing function were tried inspired by the covert feathers (Fig. 3.1(B)). 

A simplified wing modeled on the common kestrel was also fabricated for wind tunnel experiments. 

Two types of sensors were taped on the upper surface of the wing and tested. In this study, we report the 

response characteristics and aerodynamic performance of a feather-based sensor that detects changes in 

airflow. Then, discussions are given toward the development into a flying robot with high robustness 

against wind disturbances. 
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3.2 Stain-gauge-type airflow sensor 

3.2.1 Material and method 

Design and fabrication of the model 

Feather-based airflow sensors of strain-gauge type were made of polyethylene terephthalate (PET) 

sheets on which silver nano-ink can be printed. Silver nano-ink (NBSIJ-MU01 , Mitsubishi Paper Mills 

Ltd.) loaded in a commercial inkjet printer (PX-S160T, Seiko Epson Corp.) was printed on a PET sheet 

coated with a specific chemical that reacts with the silver nano-ink to form a conductive layer (NB-TP-

3GU100, Mitsubishi Paper Mills Ltd.). The circuit shown in the Fig. 3.2(A) was printed by using the 

method with silver nano-ink printing. The printed circuit was designed to mimic a typical quarter-bridge 

circuit for measuring a strain gage sensor (Fig. 3.2(B)). This sensor (Fig. 3.2(A)) was composed of four 

resistances and one of them functioned cantilever for a sensing element. The other resistor elements (R2, 

R3, and R4) were printed to be the same resistance value of R1 as much as possible, by adjusting the 

circuit length. With constant voltage (Vin) applied to this circuit, changes in the resistance value of R1 

produces differences in output voltage (Vout), allowing the deformation of the sensor to be acquired as 

electrical signals. The output voltage was calculated by the following equation. 

 

 Vout = 
(R1+∆R)∙R3-R2∙R4

(R1+∆R+R2)∙(R3+R4)
∙Vin (3.1) 

 

This hand-made strain-gauge-type sensor circuit was printed on one side of PET film. Thus, it was 

expected that the changes in resistance would depend on the direction of sensor bending (Fig. 3.3(A)). 

The base of the sensor was fixed, and the tip of the sensor was lifted up to bend it (Fig. 3.3(B)). Bending 

tests were performed in stretching and shrinking sides of the sensor. Fig. 3.3(C) showed that differences 

in output voltage dur to the differences in bending direction between stretching and shrinking. It was 

confirmed that output voltage increased when the stain gauge was bent in the stretching direction and 

decreased when it was bent in the direction of shrinking. Tests were performed three times (n3) in each 

side, and it was also found that the measured output voltage showed larger variations when the strain 
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gage was stretched. This was probably due to a minute irregularity in the silver nano-ink circuit as it 

was being stretched. For better measurement reproducibility, it was decided that the surface on which 

the circuit was printed faced up when this hand-made strain-gauge-type airflow sensor was tested in a 

wind tunnel. 

A wing model was fabricated to equip the airflow sensor, aiming at the development of a bird-inspired 

robot for the final objective. Referring to the common kestrel (Falco tinnunculus), the wing model was 

designed to generate lift force in order to support a weight of 100 g with single wing of 250 mm half 

span. The details of the wing model are described again in following Section 4.2 of Chapter 4. 

Wind tunnel experiment 

Experiments were conducted in order to evaluate the strain-gauge-type airflow sensor in a wind 

tunnel at Chiba University (Ikeda et al., 2018), as shown in Fig. 3.4(A). The wind tunnel has a test 

volume of 1.0×1.0×2.0 m. The sensor was taped onto the proximal side of the wing, approximately 

60% chord length from the leading edge. Measurements were conducted in a uniform flow of 8 ms−1 

and 10 ms−1. 

In the experiments, the constant voltage (Vin) applied to the sensor circuit was set to 5 V. Sensor’s 

output voltages and deformation were measured synchronously (Fig. 3.4(B)). Analog voltage data from 

the sensor were acquired synchronously through an A/D converter (NI-9205, National Instruments 

Corp.) at a sampling rate of 250 Hz. Shooting speed of the high-speed camera (Mini AX50, PHOTRON 

LIMITED) was set to 250 fps. Since time resolution of 50 fps was enough to actually track the 

deformation of the sensor, the tracking results in Subsection 3.2.2 were tracked at 50 fps. 

3.2.2 Result 

It was confirmed that the strain-gauge-type sensor can output electrical signals in response to its 

deformation at high angle of incidence of the wing. However, the signal included a lot of noise (Fig. 

3.5(A)), thus post-processing to remove outliers was applied (Fig. 3.5(B)). Post-processed sensor’s 

voltage signal was compared to the deformation data tracked by high-speed camera images (Fig. 3.5(C)). 

The voltage value decreases as the sensor deforms in upward direction (Fig. 3.3), thus the voltage signal 

was vertically reversed and overlapped with the image tracking results (Fig. 3.5(D)). This comparison 



42 
 

 

 

showed that the peak positions of both data coincide, indicating that the strain-gauge-type sensor can 

capture the deformation by wind as a change in the voltage signal.  

Although the measurements of sensor response were performed at various angles of attack of the 

wing, the coincidence between the deformation data and voltage signals as shown in Fig. 3.5(D) could 

not be confirmed at lower angles of attack. In other words, current design of the strain-gauge-type sensor 

may have limited the capability of acquiring the sensor deformation as a voltage signal to the higher 

angles of attack over 30 °. 

On the other hand, a simple experiment was conducted to observe the output voltage behavior of this 

sensor made of a flexible PET sheet when it is vibrated. When the free-tip of the sensor was vibrated by 

flicking it with a finger, the voltage signal changed according to the strength of the flicking (Figs. 3.6(A) 

and 3.6(B)). However, when the sensor was strongly flicked, the residuals were about 10 mV higher 

than the initial voltage values even after the vibration had been attenuated (Fig. 3.6(B)).  

3.2.3 Discussion 

Strain-gauge-type sensor was fabricated and evaluated its applicability for airflow sensing. Wind 

tunnel experiments have revealed that the strain-gauge-type sensor performs airflow sensing function 

under certain conditions, but also that there are difficulties in the practicality of the sensor. 

Two hypotheses can be considered as reasons for the strain-gauge-type sensor being significantly 

affected by noise as seen in Fig. 3.5(A). First, the experiment was performed in a setup without 

temperature compensation, and the wind directly blowing on the sensor with silver nano-ink circuit 

could have been a disturbance to the resistance change of the circuit. Second, the degradation of silver 

nano-ink due to the time passage may have caused an irregularity in the sensor’s circuit. It is known that 

the resistance of silver nano-ink changes along with the passage of time due to the effects of oxidation 

and light. As a solution, it is preferable to mold the circuit surface with a protective layer, but this 

countermeasure was not suitable for the fabrication of the airflow sensor which is the more flexible the 

better. 

There were other difficulties in the practicality of this strain-gauge-type sensor. One is that the sensor 

value drifts as shown in Fig. 3.6(B). After the sensor was significantly deformed, the residual strain 

could cause the resistance value of the circuit to change from the initial value. This phenomenon was 
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undesirable for the purpose of collecting reproducible sensor information. Second, in order to configure 

a quarter-bridge circuit, dummy parts with the same resistance values as that of the cantilever-type 

sensor part must be printed, making it difficult to save the area of a single sensor. This problem is a 

disadvantage when multiple sensors are to be placed on the wing surface. Third, the voltage signal output 

from the sensor was faint. As shown in Eq. 3.1, the sensor output voltage is proportional to the Vin, but 

a large Vin causes resistance heating in the circuit. Too much resistance heating causes thermal 

deformation of the PET sheet, which limits the sensor's capability to increase the output signal by 

increasing Vin. 

The strain-gauge-type sensor fabricated in this section presented practical difficulties due to its 

mechanical and electrical characteristics, but at the same time, it also showed the advantage of the 

flexible PET sheet with electrical circuits of any shape. The simple method in which the sensor element 

can be fabricated using only a PET sheet printed with a silver nano-ink circuit could be an advantage 

over the other type developed in the following Section 3.3. For example, it can be useful when the main 

objective is not to measure reproducible quantitative values but to collect information on vibrations such 

as those shown in Fig. 3.6. 

 

3.3 Hall-effect-type airflow sensor 

3.3.1 Material and method 

Design and fabrication of the model 

Hall-effect-type airflow sensors of hall-effect type were made of two primary materials: PET sheets 

on which silver nano-ink can be printed (same as described in Subsection 3.2.1) and unipolar linear hall-

effect magnetic sensors (DRV5056A3, Texas Instruments Inc.), as shown in Fig. 3.7(A). Neodymium 

magnets with a diameter of 5 mm and a thickness of 1 mm (ND0051, Magfine Corp.) were also included 

in the sensor configuration. The relatively heavier magnets were buried inside the hollow wing (i.e., 

under the PP wing surface), while the lightweight hall-effect sensors were attached with conductive 

paste to the PET sheets, which raise up under the influence of wind (Fig. 3.7(B)). Signals from the hall-
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effect sensors were recorded by an A/D converter through a conductive circuit printed on the PET sheets 

and cables. Seven sensors, named Sens1 to Sens7, were taped on the upper surface of the wing at equal 

intervals along the span direction (Fig. 3.8(A)). Sen1 was at wing tip side and smaller in size, and Sens7 

was at wing root side and relatively larger in size. Dimensions of each sensor are shown in Table 3.1. 

The front edge of the sensors was taped to the 25% chord position of the wing so that the rear edge of 

the sensors aligned with the trailing edge of the wing. They output high voltage (5 V) when they are 

close to the wing surface (i.e., the distance between the hall-effect sensors and the magnets is minimal). 

Conversely, the output voltage of sensors drops as the sensors are lifted by the wind and far from magnets. 

In the following results, the sensors’ behavior described above corresponds to the graphs showing the 

response of hall-effect-type flexible sensors.  

Wind tunnel experiments 

Aerodynamic performance of the wing and the response of the sensors were studied in a static and 

dynamic variation of the angle of incidence in a wind tunnel at Chiba University (Ikeda et al., 2018). 

The wind tunnel has a test volume of 1.0×1.0×2.0 m. The angle of incidence of the wing was changed 

by the servo motor (SG-90, Umemoto LLC) from 0 ° to 20 ° with a driving controller (Arduino Uno). 

In order to measure the aerodynamic forces, we set the wing and servo motor on the six-axis force sensor 

(PFS020YA500G6, Leptrino Inc.). Servo motor and force balance were covered by a windbreak shaped 

a NACA airfoil (Fig. 3.8(B)). Analog data from the force balance and feather-based sensors were 

acquired synchronously through an A/D converter (NI-9205, National Instruments Corp.) at a sampling 

rate of 1,000 Hz. 

Measurements of the aerodynamic force and the sensors’ responses were conducted in a uniform 

flow of 8 ms−1 and 10 ms−1. In this study, the wind speed conditions were determined based on the 

assumption that the sensors would be applied to a bird-size flying robot in the future study. The angle of 

incidence of the wing was varied from 0 ° to 20 ° in 2 ° increments. Measurements were taken three 

times for experimental models with and without sensors, respectively. 

As the static test, measurements were taken for 10 seconds at each angle of incidence with wind 

speeds of 8 ms−1 and 10 ms−1. The wing was set horizontally in a no-wind condition. However, since the 

dihedral angle increases as the wind speed increases, the lift force was calculated by appropriately 
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calculating the force component acquired by the force balance. Measurement of the flow near the upper 

surface of plane wing with hot-wire anemometer (Smart CTA 7250, Kanomax Japan Inc.) was conducted 

to investigate fluid oscillations below the stall angle. Measurements were performed with the hot-wire 

probe fixed a few millimeters from the wing surface at six points; 25 % and 60 % chord length form 

leading edge at wing-tip side, mid-span, and wing-root side (Fig. 3.8(C)). 

In the dynamic test, the wing was set as the same as in the static test. The angle of incidence of the 

wing was tested from 0 ° to 20 ° at two different actuation speeds of the servo motor. A faster pitch-up 

condition of 20 ° per second and a slower one of 10 ° per second were tested with wind speeds of 8 ms−1 

and 10 ms−1. Thus, in faster motion, the angle changes from 0 ° to 20 ° in about 1.5 seconds, and in 

slower motion, it changes in about 3 seconds. It is confirmed that the influence of the inertial changes 

caused by the servo motor actuating on the flexible sensor and force sensor was slight. 

3.3.2 Result 

Static measurements test 

It was confirmed that the hall-effect-type airflow sensors were passively deformed by wind, just as 

it is known in previous studies that avian feathers or feather-based flexible flaps float under the influence 

of wind (Bechert et al., 2000; Carruthers et al., 2007; Rosti et al., 2017). Interestingly, it was also found 

that each hall-effect-type sensor distributed in the spanwise direction responded differently according to 

the change in the angle of incidence of the wing (Figs. 3.9). Each plot represents the average value 

measured for 10 s, and the error bars indicate the standard deviation of the average values measured 

three times. The black plots are lift curves measured together, which show a stall at the angle of incidence 

around 10 °. It should be noted that the average values for Sens1 differ significantly from those of the 

other sensors, but this is due to the installation problem that the distance between the hall-effect sensor 

and the magnet is always a certain distance away from each other. Therefore, it is not meaningful to 

compare the average values of Sens1 and other sensors relatively. Sens1, 2, 4, and 6 gradually began to 

show changes in responses when the angle of incidence is 6 ° to 8 °, earlier than when the angle reaches 

10 ° where the stall occurs. Over the stall angle, each sensor lifted and vibrated more, with 

correspondingly larger changes in the mean values. 
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Standard deviations of the sensor values are given in the Fig. 3.10 since the sensors were fluttering 

during the measurement. In each wind speed, the sensors on the mid-span of the wing were relatively 

oscillating at the low angle of attack before the stall. Sensor fluttering, which was observed even at low 

angles of attack, is thought to be induced by the subtle flow oscillations on the upper surfaces of the 

wing measured by hot-wire anemometer (Fig. 3.11). All of the sensors were observed to oscillate over 

the stall angle, but the Sens7 sensor exhibited relatively small oscillations. This could have been due to 

the larger size of Sens7 than the others or to wing tip effects on the wing-root side. 

Compared to wings without the sensors, wings with sensors showed improvements in aerodynamic 

performance (Figs. 3.12 and 3.13). Experiments were conducted in wind speeds of 8 ms−1 and 10 ms−1, 

resulting in the Reynolds numbers based on the mean chord length are about 53,000 and 66,000, 

respectively. A slight increase in the maximum lift coefficient was observed (Fig. 3.12(A)). There was 

also a difference in how the lift coefficient curves changed, showing that the wing with the sensor had 

a gentler drop in lift over the stall angle. The curves of the drag coefficient tended to have a slightly 

larger inclination for the wing model with the sensors (Fig. 3.13(A)). The standard deviation of the lift 

coefficient needs to be known because unstable fluctuations in aerodynamic force can have a negative 

influence on flight dynamics. The results in Figs. 3.12(B) and 3.13(B) revealed that the standard 

deviation of the lift coefficient was slightly smaller for the wing with the sensor for every wind speed. 

This means that the feather-based structure on the upper surface of the wing for the purpose of airflow 

sensing does not have a serious negative influence on the aerodynamic performance of the wing. 

Conversely, it was found to contribute to the improvement of aerodynamic robustness through feather-

based structures. This is caused by the interaction between the passive deformation of flexible structure 

and the flow fluctuations over the wing surface. 

Dynamic measurements test 

In this experiment, characteristics of the sensor was evaluated with a specific focus on its transient 

response caused by changes in the angle of incidence. To reproduce the effects of the changes in angle 

of attack dynamically, the servo motor was driven to change the angle of incidence. To provide some 

initial insights, two driving speeds of the servo motor were tested, 10 ° per second and 20 ° per second 

in uniform flow of 8 ms−1 and 10 ms−1. The angle of incidence was varied from −10 ° to 20 ° in 1.5 
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seconds (Fig. 3.14) and in 3.0 seconds (Fig. 3.15). Every graph shows that the lift force plotted in red 

lines gradually increased along the time and dropped after a certain point of time when the angle of 

incidence reaches the stall angle. Maximum lift shown was lower in the wind speed of 8 ms−1 than 10 

ms−1 because the dynamic pressure was smaller (Figs. 3.14(A) and 3.15(A)). 

An interesting result that is that the sensor responses showed some peaks just before the point of time 

when the lift dropped due to the stall in every graph (Figs. 3.14 and 3.15). The black plotted line in each 

graph indicates the synthetic output which was averaged of seven hall-effect-type sensors. According to 

the increasing the angle of incidence, these synthetic responses gradually became larger. These responses 

qualitatively agreed with the results in static measurements. These results suggest the hall-effect-type 

sensors is useful for detecting the rapid increasing the angle of attack which cause the stall. If the peak 

response just before the stall can be utilized (hatched area in Figs. 3.14 and 3.15), it may be possible to 

control the angle of incidence and maintain an appropriate angle of attack before the wing stalls. 

3.3.3 Discussion 

In this study, hall-effect-type airflow sensors were fabricated and evaluated in wind tunnel 

experiments. These sensors resulted in the detection of dynamic changes in angle of attack and improved 

aerodynamic performance. These findings have great importance from the viewpoint of clarifying the 

effectiveness of information obtained from the deforming feather-like flexible structures that are 

exposed to unsteady airflows, both for birds and flying robots. In this subsection, the findings of this 

study on feather-based airflow sensor are discussed along with related previous studies. 

Improving passive robustness in aerodynamic performance 

The results of aerodynamic measurement in our study showed a slight improvement in aerodynamic 

performance with respect to stall characteristics, as well as in the studies targeting rain coverings and 

their normative structures (Allemand and Altman, (2016); Wang and Schlüter, 2012). Although it is 

known that adding structures based on covert feathers to artificial airfoils can help increase the 

maximum lift coefficient, the same improvement was not found in this study (Bechert, et al., 2000; 

Schlüter, 2009). This is possibly because the wing used in this study is a finite wing with a three-

dimensional effect, and the effect of the lift coefficient improvement is limited (Wang and Schlüter, 
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2012). Another study that investigated the aerodynamic role of the fluttering artificial covert feathers on 

flow control showed artificial coverts with parameters in the chord position are useful in suppressing 

wake turbulence regardless of installation position (Ma, X., et al., 2022), which is analogous to the 

present study. 

Considering that the arrangement of the sensors in the current study was not aerodynamically 

optimized, it may be possible to further enhance the aerodynamic performance by studying the optimal 

arrangement of the sensors. In this work, the geometries and arrangement of the sensors were determined 

to be suitable for gaining information of their deflections. Nevertheless, the result of improved 

aerodynamic performance, even though slightly, supports the usefulness of the artificial covert feather. 

Since the effect of the optimized arrangement of the artificial covert feathers on stall characteristics have 

been studied (Allemand and Altman, 2016; Wang and Schlüter, 2012), the design that can maximize 

collecting airflow information and improving aerodynamic performance should be pursued in the future 

study. 

Airflow sensing by hall-effect-type flexible structures 

Another advantage of this hall-effect-type sensors proposed in this study is that the stall could 

possibly be predicted from the sensor response at a time earlier than the wing fully stalls. The IMU can 

measure changes in lift due to disturbance factors, but it can only detect a stall, a sudden drop in lift, 

after the stall has occurred. Actually, our experiments showed that the sensors responded before lift stall 

that measured by the force sensor (Figs.3.14 and 3.15). Although feedback control of the angle of attack 

was not the subject of this study, the time lag between the sensor response and the wing stall is 

considered to be sufficient to afford a margin considering the flight control intervals. 

Interestingly, hall-effect-type sensors that began to vibrate before the stall  apparently amplified a 

slight fluctuation in the flow along the wing surface and detected it due to a flutter-like phenomenon. 

Although flutter phenomena in aircraft and structures should be avoided because they can lead to 

destructive vibrations, this does not necessarily seem to be the case in animals with flexible structures. 

Flutter may be used effectively in birds, as a  study suggested that hummingbirds use the feather flutter 

in their courtship behavior (Clark et al., 2013). Another example, the study of the falcon diving flight 

has proposed the hypothesis that the flow induced flutter-like vibration of their dorsal feathers provide 
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a sensory input that helps them maintain a safe diving angle (Brücker, et al., 2016). From the viewpoint 

of fluid dynamics, the unsteady boundary layer behaves complexly at low Reynolds numbers, and 

reverse flow has been observed in the case where the flow is not completely separated from the upper 

surface of a pitching wing in a uniform flow (Kim et al., 2010). In this study, the vibration of the hall-

effect-type sensors is thought to have reflected the flow variation that begins to occur in the gradual 

increasing of the angle of attack. The frequency of flow fluctuations measured by the hot-wire 

anemometer was equal to the sensor vibration frequency of about 5 Hz, which also suggests that the 

sensors’ vibrations were induced by the unsteady airflow fluctuations (Figs. 3.17(A) and 3.17(B)).  

Another advantage is that multiple sensors over the span-wise of the wing are redundant and provide 

airflow information robustly. It is known about wing redundancy in birds that they can fly with damaged 

or missing feathers, paying the cost but adjusting their flight behavior and body size (Chai, 1997; 

Swaddle and Witter, 1997). In contrast to this high adaptability of birds in terms of locomotion and 

physiology that has been investigated, however, the cost of feather missing to the airflow sensing 

function is still unclear. Intuitively, the missing a few feathers should not result in a total loss of the 

function for airflow sensing. For example, previous study using a small fixed-wing aircraft with four 

pressure sensors dispersed along the chord length demonstrated that even if one of the sensors failed, 

sufficient airflow information could still be collected (Araujo-Estrad et al., 2017). The integration of 

redundant multi-sensor information is also considered to be a method to improve system accuracy and 

reliability in a variety of research topics, not only for flying robots, but also for other research topics in 

robotics (Guo et al., 2018; Ren et al., 2002). This hall-effect-type sensor with light-weight and low-cost 

makes it easy to add airflow sensing capability to a bird-size fixed-wing MAV with minimal mass 

increase, and it can easily realize the advantage of redundancy by installing them at multiple points. 

Applicability of the airflow sensor to a flying robot 

Additional function of sensing airflow information around the flying robot would enhance the control 

stability in unpredictable wind conditions. Like haptic feedback technology in robotic hands, airflow 

information given by the hall-effect-type sensors, which act as aerodynamic force receptors, can be 

useful in predicting and preventing stall that endanger stable flight of flying robots. In addition, payload 

cost required for a flying robot will be low, even if many sensors are installed because they are 
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lightweight like feathers. Although there is an issue of how sensor fusion should be performed, the 

integration of information from inertial sensors and hall-effect-type sensors provides advantages for the 

control of flying robots. For example, redundant sensors may contribute to increased reliability of flight 

controllers because they can compensate each other even if some of them fail. 

This feather-based airflow sensor has potential applications in controlling flying robots as already 

mentioned. However, since this research was limited to evaluating sensor characteristics under the 

assumption of horizontal flight, further validation in more realistic conditions or flight experiments will 

be required in future study. If a flying robot can achieve stable flight under disturbed flow by using the 

hall-effect-type airflow sensors, it may be able to acquire highly stable flight technique such as wind-

hovering, as is performed by a kestrel (Videler et al., 1983). 
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Fig. 3.1   (A) Deformed dorsal coverts in response to the winds. (left) Skua in landing approach (from 

Lindhe Norberg, 2002). (middle) Kestrel in wind-hovering (from Mohamed et al., 2014). (right) Pigeons 

in landing approach. (B) (top) Schematic diagram of a mechanoreceptor and feather in a bird wing (from 

Mohamed et al., 2014 ). (bottom) Conceptional drawing of an artificial feather-based flexible sensor for 

a flying robot. 
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Fig. 3.2   (A) Schematic diagram of strain-gauge-type airflow sensor fabricated by silver nano-ink 

printing. (B) Quarter bridge circuit for strain gauge sensor. 
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Fig. 3.3   (A) Schematic diagram of bending direction of the strain-gauge-type sensor with silver nano-

ink pattern. (B) Bending test of the strain-gauge-type sensor. (C) Comparison of sensor output voltages 

for bending directions in stretching and shrinking. 
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Fig. 3.4   Setups for wind tunnel experiments that test the characteristics of strain-gauge-type airflow 

sensor. (A) Appearance of experimental wing on which sensors were attached, viewed from diagonal-

backward-left angle. (B) Schematic diagram of experimental equipment and an example of high-speed 

camera image for tracking the deformation of the sensor. 
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Fig. 3.5   Comparison of measured data of strain-gauge-type sensor’s output voltage and tracking data 

of sensor’s tip elevation at a wind speed of 10 ms−1 with wing’s angle of incidence of 30 °. (A) Raw data 

including measurement error such as noise. (B) Post-processed data excluding outliers due to noise. (C) 

Sensor’s tip tracking data obtained high-speed camera images. (D) Overlapping plot of (C) and vertically 

inverted (B). 
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Fig. 3.6   Vibration response of strain-gauge-type sensor flicked by a finger (A) weekly and (B) 

strongly. 
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Fig. 3.7   (A) Images of hall-effect-type sensor that was made of a hall-effect IC and PET sheet printed 

with silver nano-ink circuit. (B) Schematic diagram of the behavior of hall-effect-type sensor attached 

to the wing. 
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Fig. 3.8   (A) Top view of the model wing with the aspect ratio of 5 and taper ratio of  0.5 for wind 

tunnel experiments. Feather-inspired flexible sensors were taped at 25% chord position from leading 

edge and their rear tips were freely movable. The sensors were sequentially numbered 1 to 7 from the 

distal to proximal side of the wing. (B) Set up of wind tunnel experiments. The angle of incidence of the 

wing was controlled by a servomotor. Wing’s aerodynamic forces were measured by a six-axis force 

sensor. The servo motor and force sensor were covered by a windbreak in the shape of NACA airfoil. 

(C) Inserted position of hot-wire probe. The probe tip was fixed a few millimeters above the wing surface 

at the position illustrated by the blue, green, and red circle. 
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Fig. 3.9   Hall-effect-type sensors’ response and lift coefficient corresponding to the change of angle 

of incidence of the wing in (A) 8 ms−1 and (B) 10 ms−1. The sensors output 5V when they are close to 

the wing surface and 0V as they rise upward. 
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Fig. 3.10   Standard deviation of hall-effect-type sensors’ outputs corresponding to the change of angle 

of incidence of the wing in (A) 8 ms−1 and (B) 10 ms−1. 
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Fig. 3.11   Coefficient of variation of the flow near the upper wing surface corresponding to the change 

of angle of incidence of the wing in (A) 8 ms−1 and (B) 10 ms−1. 
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Fig. 3.12   Comparison of aerodynamic performance between a plane wing without the sensors and a 

wing with the sensors. (A) Lift coefficient and (B) standard deviation of lift coefficient corresponding 

to the change of angle of incidence of the wing. 
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Fig. 3.13   Comparison of aerodynamic performance between a plane wing without the sensors and a 

wing with the sensors. (A) Drag coefficient and (B) standard deviation of drag coefficient corresponding 

to the change of angle of incidence of the wing. 
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Fig. 3.14   Dynamic responses of hall-effect-type sensors along time series in (A) 8 ms−1 and (B) 10 

ms−1. The angle of incidence of the wing was varied from −10 °to 20 ° in 1.5 seconds. Synthetic sensor 

value represents the average of the seven hall-effect-type sensors. 
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Fig. 3.15   Dynamic responses of hall-effect-type sensors along time series in (A) 8 ms−1 and (B) 10 

ms−1. The angle of incidence of the wing was varied from −10 °to 20 ° in 3.0 seconds. Synthetic sensor 

value represents the average of the seven hall-effect-type sensors. 
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Fig. 3.16   Wavelet transform of the dynamic responses of the hall-effect-type sensors presented in Fig. 

3.14(B). (B) FFT analysis of flow vibration in the streamwise direction measured by hot-wire 

anemometer (I) at 25 % chord from leading edge in 8 ms−1, (II) at 60 % chord in 8 ms−1, (III) at 25 % 

chord in 10 ms−1, and (IV) at 60 % chord in 10 ms−1. Color of the legends means the position of the hot-

wire probe (see Fig. 3.8(C)). 
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Table 3.1   Specifications of hall-effect-type sensors 
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Chapter 4 

 

Design and fabrication of a bird-

inspired flying robot 
 

 

4.1 Introduction 

The ability of birds to transform their bodies, called morphing, is considered to play an important 

role in their exceptional flight capabilities. Unpredictable winds originating from atmospheric boundary 

layer affect the stability of flying objects, such as birds and drones (Watkins et al., 2020). Active 

morphing of bird can be useful for enhancement of maneuverable flight such as rapid turn and dive, 

while morphing may also work well in situations in which a flying robot try to overcome the effects of 

disturbances such as gust wind through active attitude changes. As exemplified by the wind-hovering of 

the common kestrel observed by Videler et al. (1983), it is suggested that birds can fine-tune their body 

transformation to parry wind forces that cause them to lose their posture. 

There are some examples of bird-based flying robots that were developed inspired by morphing in 

previous studies. As introduced in Subsection 1.3.1, some types of morphing wing MAVs were 

developed by Ajanic et al. (2020), Chang et al. (2020), and Luca et al. (2017). Their studies have 

highlighted that the wing morphing can improve the flying robot's maneuverability like a bird. However, 

these previous studies have mainly focused on improving active maneuverability, while there are few 

studies on improving flight stability through fine morphing control, such as the forementioned birds 

parry the effects of the wind. 

In this study, a bird-inspired flying robot with multiple degrees of freedom in wing and tail was 

designed and fabricated. The robot’ wing was designed to be equipped with the feather-based airflow 
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sensors developed in Chapter 3. In this chapter, the details of the design and fabrication of the robot are 

introduced. 

4.2 Materials and methods 

4.2.1 Overview of the robot design and configurations 

A bird-inspired flying robot (Fig. 4.1(A)) was fabricated. Basic design parameters such as size and 

weight of the robot was determined with reference to the common kestrel (Falco tinnunculus) (Videler, 

2006). Specifications of the robot are summarized in Table 4.1. This robot was composed of three main 

parts: central body, flapping wings, and morphing tail. There were eight servo motors in total that actuate 

wings and tail (Fig. 4.1(B)). Main frame of the central body mounted five servo motors (Fig. 4.1(C)). 

Four of them were used for control left and right wings. The other one was base of tail parts and actuated 

its tilt motions. Main frame and servo motors were covered by external shells to form smooth body 

surface. 

Position of the robot’s center of gravity was shown in (Fig. 4.2). located between the wings and tail 

along anteroposterior direction. Center of gravity was located at midway between the wing and tail (Fig. 

4.2(A)), and at approximately middle of the lateral and dorsoventral directions (Figs. 4.2(B) and 4.2(C)). 

4.2.2 Wing mechanism 

Wing design (Figs. 4.3(A), 4.3(B), 4.3(C), and 4.3(D)) were determined by estimating the required 

lift force that can support a weight of 100 g per single wing, referring to the shape and size of the kestrel. 

Single wing had Clark-Y airfoil, half spanwise length of 250 mm, and mean chordwise length of 100 

mm, resulting in the half wing area was 25,000 mm2. Total wingspan length was 600 mm and the aspect 

ratio was approximately 5. The wing’s tapered ratio was 0.5, the sweep angle was 0 °, and the twist 

angle in the spanwise direction was also 0 °. The wing was attached to the feathering-control servo 

motor by wing root joint at 25 % from the leading edge. 

The wing was made of two primary materials: 3D-printed polylactide (PLA) plastic and thin 

polypropylene (PP) plastic sheets. In order to make the robot lighter, the wing was composed of 

spanwise beams and chordwise spars while the interior of the wing was hollowed out. External frames 
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were printed by 3D-printer (Ultimaker 3 Extended, Ultimake BV) with XY positioning accuracy of 12.5 

m and Z positioning accuracy of 2.5 m. In order to form a smooth wing surface, thin and flexible PP 

sheets were cut into seven strips and were taped to cover the hollow wing (Fig. 4.3(A)). 

Each wing was actuated by two servo motors and had two degrees of freedom based on the positional 

and feathering motions (Figs. 4.4(A) and 4.4(B)). Positional angles were changed by a servomotor (HS-

81, Hitec Multiplex Japan Inc.) shown as yellow parts in Figs. 4.1(C), and feathering angles were 

changed by another servomotor (SG-90, Umemoto LLC) shown as gray parts in Figs. 4.1(C). The control 

mechanism of positional angle and feathering angle was illustrated in Fig. 4.5. Positional-control servo 

motor was mounted on the central frame. Feathering-control servo motor and wing were jointed to the 

positional-control servo motor. 

4.2.3 Tail mechanism 

Tail was designed with reference to the kestrel’s parameter (Videler, 2006) and flying robots with 

morphing tail previously developed (Ajanic et al., 2020; Chang and Lentink, 2020; Nickols and Lin, 

2017; Parga et al., 2007). Tail had the three degrees of freedom based on the tilt, elevation, and rudder 

angle relative to the body (Figs. 4.6(A), 4.6(B), and 4.6(C)). There were four servo motors (HS-40, Hitec 

Multiplex Japan Inc.) that actuate the morphing tail. Servo motors operating the tilt, elevation, and 

rudder angles were arranged in series and connected by joint parts (Jt-e and Je-r in Fig. 4.7(A)). Among 

the four servo motors, one was used for tilt control, another for elevation control, and the other two for 

rudder control. The dimensions of the tail and servo motors arrangement are shown in the Fig. 4.7(B). 

The distance between the tilt-control servo motor and the elevation-control servo motor was 29 mm, 

and the distance between the elevation-control servo motor and the rudder-control servo motors was 35 

mm. Tail feathers with 100 mm length were actuated independently by two servo motors. The tail 

feathers were grouped into three parts: the left and right movable parts and the central fixed part (Fig. 

4.7(C)). Tail feathers and joint parts were also printed by the 3D-printer. As shown in Fig. 4.7(C), tail 

feathers with only frames were covered with polyamide sheets to form a membrane. 

The morphing tail assembly, consisted of three major compartments, is described in detail here. Tilt-

control servo motor (red parts in Fig. 4.8(A)) was root of the morphing tail and was mounted to the 

central body frame. A joint component (Jt-e) was connected to the tilt-control servo motor. Elevation-
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control servo motor was mounted to the Jt-e, and another joint component (Je-r) was connected to the 

elevation-control servo motor (blue parts in Fig. 4.8(B)). Two rudder-control servo motors were 

mounted to the Je-r, and an outer side tail feather was connected to the rudder-control servo motor (green 

parts in Fig. 4.8(C)). The movable tail feathers, including the central fixed feather, had layered storage 

design and cloud be tucked or spread them.  

 

4.3 Discussion 

Bird-inspired robot, which has two degrees of freedom in wing for feathering and positional control 

and three degrees of freedom in tail for tilt, elevation, and rudder control, was designed and fabricated. 

It was achieved that the size and weight of the robot were approximately the same as those of the kestrel 

used for reference. However, because a simple wing was preferred for mounting the feather-based 

airflow sensor developed in Chapter 3, the mechanism for changing the wing area, such as a sweep 

motion, as seen in real birds and morphing wing robots ever developed (e. g., Ajanic et al., 2020; Luca 

et al., 2017), was omitted.  

For example, experimentally emulating kestrel's wind-hovering flight observed by Videler et al. 

(1983) requires an upward inclined flow, which will be realized in the robot by the balance between 

gravity and the aerodynamic forces on the wings, tail, and body (Fig. 4.9(A)). The robot with multi 

degrees of freedom in controlling aerodynamic forces actively fine-tune aerodynamic moments (Figs. 

4.9(B), 4.9(C), and 4.9(D)) in response to wind variation data obtained from airflow sensors, and it may 

be able to achieve highly stable attitude control. In particular, the morphing tail is a mechanism for 

redundancy and fine-tunable aerodynamic control (Harvey et al., 2022), and it must play a significant 

role in maintaining a stable attitude. Experimental study on the effect of the morphing tail on 

aerodynamic performance is presented in detail in the following Chapter 5. 
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Fig. 4.1   (A) Appearance of the manufactured bird-inspired robot. (B) 3D-CAD design of the robot 

viewed from the diagonal-forward-left angle. (C) Arrangements of servo motors to actuate the wings 

and tail in the external covers. 
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Fig. 4.2   Position of the robot’s center of gravity viewed from (A) left side angle, (B) dorsal angle, 

and (C) front angle. 
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Fig. 4.3   Schematic diagram of left wing viewed from (A) the diagonal-forward-left angle, (B) the 

dorsal angle, (C) the distal side angle, and (D) proximal side angle.  
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Fig. 4.4   Schematic diagram of wing motions. (A) Changes in positional angle (flapping motion) 

viewed from the front angle. (B) Changes in feathering angle viewed from the side angle. 
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Fig. 4.5   Schematic diagram of the wing actuation mechanism assembly. 
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Fig. 4.6   Schematic diagram of the tail motions. (A) Tilt motions viewed from the behind angle. (B) 

Elevating motions viewed from the side angle. (C) Rudder motions viewed from the dorsal angle. 
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Fig. 4.7   Schematic diagram of the morphing tail. (A) Arrangement of actuators and joint parts that 

change the tail postures viewed from (A) the diagonal-backward-left angle, (B) the side angle, and  (C) 

the dorsal angle. 
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Fig. 4.8   Schematic diagram of the morphing tail mechanism assembly. (A) Tilt, (B) elevation, and 

(C) rudder mechanisms viewed from the left angle. 
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Fig. 4.9   Schematic diagram of aerodynamic forces and moments on the bird-inspired robot. (A) Force 

balancing in an upward inclined flow. Adjustment of (B) pitch moment, (C) yaw moment, and (D) roll 

moment by attitude changes in wings and tail. 
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Table 4.1   Specifications of the bird-inspired robot 
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Chapter 5 

 

Aerodynamic performance of a 

bird-inspired morphing tail 
 

 

5.1 Introduction 

Flyers such as birds and drones are affected by unpredictable winds originating from the atmospheric 

boundary layer (Watkins et al., 2020). Wind disturbances pose a challenging problem for drones. In 

contrast, birds are equipped with functions to achieve stable flight in unpredictable winds based on long-

term evolution. They have enriched sensory organs called mechanoreceptors in their bodies and are able 

to detect changes in wind speed and pressure using these organs to react to disturbances (Brown and 

Fedde, 1993; Xu et al., 2014). For example, Altshuler et al. (2014) described the function of 

mechanoreceptors that slowly adapting receptors like Merkel cells and Ruffini endings sense the forces 

that sustain the deformation of feathers and skin, such as wind speed and stall (Necker 1985), whereas 

vibration receptors like Herbst corpuscles function to discriminate the high-frequency elements of flow 

disturbances (Hörster 1990). Besides, it has been observed that a common kestrel can hover at a point 

in strong wind, called wind-hovering, by adjusting the attitude of its wings and tail (Videler et al., 1983). 

In addition to their superior vision and equilibrium organs, such birds' advanced flight techniques seem 

to be aided by their sensory organs that are sensitive to the airflow variations. Remarkable flight 

capabilities such as wind-hovering and long-distance migration can inspire the design of drones that can 

fly more efficiently. 

Birds have a variety of flight modes that are used in different scenarios, including flapping, gliding, 

and soaring. Flapping is common among all birds and the flapping motion generates the thrust and lift 
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forces required for flight by moving the wings up and down while properly adjusting the lead-lag, 

feathering angle, and stroke plane angle (Videler, 2006). Larger species are more likely to perform 

gliding and soaring flights more frequently because their heavier weights require a large amount of 

energy for flapping (Williams et al., 2020). Gliding flight is a method for efficiently traveling long 

distances by converting the sinking velocity gained with altitude loss into forward speed and lift force. 

Soaring flight is a type of gliding performed by capturing updraft wind, which makes it possible to fly 

for a long time or gain altitude without flapping. Not limited to updrafts, some sea birds show another 

soaring technique, called dynamic soaring, in which they can continue to fly by gaining energy from 

horizontal winds, such as shear winds above the sea surface (Sachs, 2005). It is thought that birds fly by 

appropriately switching between these flight modes and adjusting the balance between efficiency and 

maneuverability. To flap their wings and maintain balance while flying in complex winds, birds have 

the ability to transform their body shapes, which is known as morphing. The avian body is covered by 

a large number of feathers that form smooth body surfaces during morphing. It has been reported that 

the morphing function of avian wings is crucial to their aerodynamic performance (Harvey et al., 2022). 

The tail and its morphing mechanism, in conjunction with the morphing of wings, are unique features 

of birds. The tail is actuated independently of the main wings (Gatesy and Dial, 1993). It is thought to 

provide benefits in terms of the aerodynamic efficiency, controllability, and stability during flight 

(Balmford, 1993; Sachs, 2007; Thomas, 1993a, 1993b, 1996a, 1996b). It has been observed that a large 

soaring bird constantly uses the movement of its tail for turning maneuvers (Gillies et al., 2011). The 

remarkable mechanism of bird morphing has inspired ideas that facilitate the development and 

improvement of artificial flyers. Various types of flying robots modeled based on birds have been 

developed in previous studies (Folkertsma et al., 2017; Gerdes et al., 2014; Yang et al., 2018). For 

example, adding a morphing function to the wings of a bird-inspired aerial robot has been studied to 

improve maneuverability in terms of turning performance by asymmetrically changing the area of left 

and right wings to create an imbalance in lift force. (Luca et al., 2017). A micro air vehicle with a limited 

two-degree-of-freedom tail mechanism has also been proposed (Parga et al., 2007). However, examples 

of models developed with morphing tail mechanisms are limited (Ajanic et al., 2020; Chang and Lentink, 

2019; Nickols and Lin, 2017) and knowledge of how well a morphing tail extends the envelope of an 

actual flight robot has not yet been acquired. 
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In this study, mainly aiming to elucidate the mechanism of attitude control by birds using the tail, we 

investigated the role of tail attitude in the flight performance of a bird-inspired aerial robot by fabricating 

a morphing tail inspired by avian tail feathers and evaluating its aerodynamic characteristics. The three 

components of the aerodynamic forces and moments along each axis were measured using a six-axes 

force sensor in a wind tunnel while the attitude of the tail was varied in terms of the tilt, elevation, and 

rudder angles relative to the body. 

 

5.2 Materials and methods 

5.2.1 Morphing tail mechanism for a bird-inspired robot 

A tail mechanism inspired by avian tail feathers was fabricated for a bird-inspired flying robot, as 

presented in Subsection 4.2.3. The tail mechanism has three degrees of freedom based on the tilt, 

elevation, and rudder angle relative to the body (Fig. 5.1). Each tail angle is independently actuated 

using a micro servo motor (HS-40, Hitec Multiplex Japan Inc.) with a driving controller (Arduino Uno). 

A tilt-control servo motor is mounted on the rear side of the main body (red parts in Fig. 5.1(B)), behind 

which the servo motor for elevation-control is connected (blue parts in Fig. 5.1(B)). The two servo 

motors that control the rudder of the tail feathers are located at the rear end (green parts in Fig. 5.1(B)). 

This rudder-control mechanism replicates the yaw shift of a bird’s tail by independently spreading or 

narrowing both sides of the feathers proximally. The artificial tail feathers were designed to spread in a 

fan form, where each feather consisted of a 3D-printed PLA frame and polyamide membrane. Each tail 

feather overlaps, forming a complete tail with a spread angle of 160 ° when fully spread and 80 ° when 

minimally furled. The specifications of the morphing tail mechanism, which were determined by 

referring to the size of a kestrel (Videler, 2006), are listed in Table 5.1. 

5.2.2 Wind tunnel experiments 

The aerodynamic forces of the robot were measured by a six-axis force sensor (PFS020YA500G6, 

Leptrino Inc.) in a wind tunnel to evaluate its aerodynamic performance (Figs. 5.2(A) and 5.2(B)). The 

voltage values of the force sensor were amplified and logged by a PC through an A/D converter (NI-
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9205, National Instruments Corp.). Measurements were performed twice for 5 s at a sampling rate of 

1,000 Hz. 

These experiments were conducted in a closed-loop wind tunnel at Chiba University (Ikeda et al., 

2018), which has a test volume of 1.0×1.0×2.0 m. The robot was placed in the center behind the 

opening of the wind tunnel (Figs. 5.2(A) and 5.2(B)). The nose of the robot faced the direction of the 

inflow and the body was oriented horizontally. To generate a lift force sufficient to support the weight 

of the robot (198 g), the angle of incidence of the main wings was set to 7 ° and the wind speed (U) was 

set to 9 ms−1. Measurements were conducted with the main wings passively deflected upward by the lift 

force with the dihedral of an approximately 6 ° (Fig. 5.3(B)). 

The effects of the tail attitude on the aerodynamic performance for several different attitudes were 

studied (Table 5.2). The actual angle of the deflected tail in the flow was measured using a camera 

(D5300, Nikon Corp.). The motion ranges listed in Table 5.2 are the results of considering the limits of 

the actuating performance of the servo motor under aerodynamic forces. Actual views of changes in the 

elevation, tilt, and rudder angle of the tail during the experiments are presented in Figs. 5.3(A), 5.3(B), 

and 5.3(C), respectively. 

The forces and moments measured by the sensor were converted into aerodynamic forces (lift, drag, 

and lateral forces) and moments (pitch, roll, and yaw moments), respectively, based on the axes defined 

in Fig. 5.1(A). The positive direction of drag force is along the flow, and the positive direction of lift 

force is perpendicular to the drag force and upward of the robot. The positive direction of the lateral 

force is toward the right when the robot is viewed from the rear. The dimensionless coefficients were 

then calculated using Eqs. (1), (2), and (3), where,  is the air density and Sw is the total area of the main 

wings. The mean chord length of the wing c was used as the reference length to calculate the pitch 

moment coefficients in Eq. (4), and spanwise length of the wing b was used as the reference length to 

calculate the roll and yaw moment coefficient in Eqs. (5) and (6). Additionally, the lift/drag ratio (L/D), 

which is related to efficiency, was calculated from the lift and drag forces. 

 

 
Lift coefficient = 

2 Lift

U2Sw

 (5.1) 

 
Drag coefficient = 

2 Drag

U2Sw

 (5.2) 
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Lateral coefficient = 

2 Lateral

U2Sw

 (5.3) 

 
Pitch moment coefficient = 

2 Pitch

U2Swc
 (5.4) 

 
Roll moment coefficient = 

2 Roll

U2Swb
 (5.5) 

 
Yaw moment coefficient = 

2 Yaw

U2Swb
 (5.6) 

 

5.3 Result 

5.3.1 Aerodynamic force and efficiency 

It was found that the L/D, i.e., the flight efficiency of the robot, was adjusted by controlling the 

elevation angle of the tail (Figs. 5.4(A) and 5.4(B)). Moving the tail downward increased the L/D as a 

result of increased lift force (Fig. 5.5(A)). In contrast, moving the tail upward resulted in smaller lift and 

greater drag, resulting in lower efficiency (Figs. 5.5(A) and 5.6(A)). A similar trend was observed when 

the area of the tail was changed or when the tail feathers were shifted to the right side (Figs. 5.4(B), 

5.5(B), and 5.6(B)). However, efficiency began to decrease above a certain elevation angle (Figs. 5.4(A) 

and 5.4(B)) because the rate of increase in drag exceeded the rate of lift (Figs. 5.5(A), 5.5(B), 5.6(A), 

and 5.6(B)). 

It was also observed that changes in the tilt angle of the tail while maintaining a downward elevation 

could generate a lateral force in the yaw direction while maintaining a high L/D (Fig. 5.4(C)). Conversely, 

L/D remained consistently low for upward elevation of the tail, regardless of changes in the tilt angle. 

In both cases of up and down tail elevation, the changes in efficiency with the variation of the tilt angle 

were marginal. This is because the lift and drag forces do not change with a change in the tilt angle (Figs. 

5.5(C) and 5.6(C)). However, the absolute values of the lateral force increase linearly according to 

changes in the tilt angle (Fig. 5.7(C)). This means that changing the tilt angle can control yawing without 

affecting efficiency. 

Some curves of the aerodynamic forces according to changes in the elevation and tilt angles exhibited 
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asymmetry with respect to the reference angle of 0 ° (e.g., Figs. 5.5(A), 5.6(B), and 5.7(C)), which can 

be attributed to the influence of the wake generated by the supporting column to fix the robot with the 

force sensor, as shown in Fig. 5.3(A). Additionally, because the tail is affected by the downwash of the 

wings (Fig. 5.3(B)), the interaction between the wings and tail may have affected the aerodynamic 

performance of the robot. 

5.3.2 Aerodynamic moments 

Pitch moment 

The elevation of the tail controls the pitch moment relative to the vertical direction of the head of the 

robot. When the elevation angle of the tail is between −5° and 0° (slightly upward or nearly horizontal), 

the pitch moment is small (Fig. 5.8(A)). Bending the tail downward outside this range causes a 

monotonic increase in the negative pitch moment, which induces the head to move downward. 

Conversely, bending the tail upward increases the positive pitch moment due to the large negative lift 

generated by the tail behind the body, which causes the head to move upward. The effect of the tail on 

the pitch moment is more evident for a larger tail area (Fig. 5.8(A)). For example, if a wind disturbance 

such as a gust increases the lift produced by the wings and increases the positive pitch moment, which 

may cause a stalling due to head-up, the negative pitch moment obtained by manipulating the elevation 

angle of the tail can help to recover the attitude. 

It was also found that the pitch moment does not change significantly with respect to the change in 

tilt angle (Fig. 5.8(B)). Tilting the tail generates a lateral force, but the changes in the lift acting on the 

pitch moment are small. Even for changes in the rudder angle of the tail with the same tail area, the pitch 

moment curves exhibit a similar trend. This indicates that rudder control does not contribute to 

generating the pitch moment. 

Roll moment 

The roll moment is generated either by attitude changes with a combination of rudder and elevation 

or by a combination of tilt and elevation. The variation rate of the roll moment with changes in the 

elevation angle increases when the bias of the tail rudder angle is greater (Fig. 5.9(A)). It was also 
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confirmed that the roll moment was changed with the tilt of the tail (Fig. 5.9(B)). However, the amount 

of roll moment generated by the tail is limited compared to the pitch moment because the length of roll 

moment arm around roll axis from the tail is expected to be shorter than that of pitch moment arm around 

pitch axis. 

These results are similar to those of the Rudder-R60L60 with the maximum and minimum tail areas. 

Changing the tail area does not affect the roll moment curve with respect to the elevation change. 

Therefore, the results of Rudder-R80L80 and R40L40 are omitted from Fig. 5.9(A). The roll moment is 

not equal to zero at an elevation angle of 0 ° possibly due to the slight difference in the angle of attack 

between the left and right wings. Therefore, it should be considered that the effect of the tail on the roll 

moment (Fig. 5.9) includes a slight positive offset. 

Yaw moment 

One approach to change the yaw moment is to change the rudder angle of the tail with a bias to the 

right or left. It was determined that the yaw moment changes when the rudder angle of the tail is 

gradually deflected to the right side while maintaining the same wing area of the tail (Fig. 5.10(A)). 

Despite having the same tail area, the yaw moment almost doubles when the tail is biased by 10 ° to the 

right (Rudder-R70L50 to R80L40) with the tail pointing 15 ° downward. A yaw moment is obtained 

only when the elevation angle of the tail is either downward or upward. When the tail feathers are 

approximately horizontal, the tail area projected on the plane which is perpendicular to the inflow is 

small, thus a lateral and drag force which generate yaw moment are not obtained. 

Another approach to control the yaw moment is to change the tilt angle of the tail. It was determined 

that a greater lateral force and yaw moment can be obtained by increasing the tilt angle, rather than 

biasing the tail rudder (Figs. 5.10(A) and 5.10(B)). For instance, a slight tilt angle of approximately 10 ° 

provides a yaw moment equivalent to that when the rudder angle of the tail is fully shifted to the right. 

However, the tilt movement of the tail also generates roll and pitch moments simultaneously, even 

though the rate of change is low (Figs. 5.8(B), 5.9(B), and 5.10(B)). 

Just as in the case of the roll moment, changing the tail area has little effect on the yaw moment with 

respect to the elevation change. The results for Rudder-R80L80 and R40L40 are similar to the yaw 

moment curve for Rudder-R60L60. Therefore, they are omitted from Fig. 5.10(A). 
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5.4 Discussion 

In this study, the aerodynamic forces on a bird-inspired robot were measured to evaluate the role of 

attitude changes in the tail during flight. It was experimentally confirmed that flight efficiency and 

controllability can be improved by changing the attitude of the tail. It was also determined that there is 

redundancy in how the tail generates aerodynamic moments associated with roll, pitch, and yaw control. 

Here, discussion of the applicability of the proposed tail to a flying robot are presented with references 

to previous studies. 

First, differences between the morphing of a real bird tail and the artificial tail fabricated in this study 

should be considered. Real birds change their tail shape by spreading or narrowing tail feathers. The 

number of tail feathers varies between species. For example, pigeons and kestrels have 12 tail feathers, 

whereas turkeys have 18 (Gatesy and Dial, 1996). The two central feathers are directly connected to the 

pygostyle and the other feathers on each side are spread or narrowed (Gatesy and Dial, 1996). These tail 

components are controlled by muscles and are functionally decoupled from the rest of the trunk and hind 

limbs (Gatesy and Dial, 1993). Our morphing tail mechanism was fabricated by imitating the fixed 

central feather and moving feathers on both sides of a bird tail. This mechanism can change the shape 

of the tail in a fan shape with only six feathers, that are fewer than the tail feathers of a real bird. Unlike 

the complex musculoskeletal actuation of birds’ tail, our tail mechanism is directly driven by four micro 

servo motors to reproduce the three-degrees-of-freedom posture changes of the tail similar to that of a 

bird. However, our current mechanism cannot furl the tail feathers into a smaller shape as seen in real 

birds, and improving the design to achieve this is a task to be tackled in the future study. 

It was demonstrated that a combination of an adequate elevation angle of the tail and its area results 

in greater efficiency. Variable lift and drag forces based on tail elevation, which affect efficiency, were 

confirmed in this study, and noted in a previous study (Ajanic et al., 2020, Parga et al., 2007). Greater 

tail elevation angles do not necessarily lead to higher efficiencies because the elevation angles must 

remain within an appropriate range. Therefore, our experimental findings indicate that it is not necessary 

to vary the elevation angle of the tail significantly to enhance efficiency. The L/D with the tail fully 

spread was also relatively low based on a decrease in lift (Figs. 5.4(A) and 5.5(A)). Based on a study 

using a simple aerodynamic model, it was estimated that the power required for flight could be reduced 
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when flying at low speeds with the tail spread or at higher speeds with the tail narrowed (Thomas, 1996a). 

Following this logic, our experimental wind speed was relatively high and the L/D with the spread tail 

was worse than that with the furled tail, which is qualitatively consistent with the conclusion that it is 

more efficient to furl the tail. Our experimental L/D curves exhibited gaps between when the tail was 

fully spread and narrowed (hatched area in Fig. 5.4(A)), indicating that the tail has redundancy in terms 

of efficiency adjustment. Control of the tail area may be helpful when passing through narrow spaces, 

where it is difficult to elevate the tail significantly. Conversely, when L/D adjustment based on tail area 

control is weakened by damaged tail feathers, adjustment based on the elevation angle may be able to 

compensate for this effect. Therefore, redundancy in the function of adjusting flight efficiency by tail 

wing can help improve the reliability of flyers. 

It was determined that the attitude change of the tail elevation angle is the most useful method for 

controlling the pitch movement of the bird-like robot, rather than changes in the tail shape (Fig. 5.8(A)). 

However, this result does not deny the potential benefits of pitch control based on changes in tail area, 

which is frequently performed by birds (Gillies et al., 2011). When switching the perspective to a robot 

configuration and considering the costs associated with tail movements, the moment of inertia must be 

considered because the actuation power of a small actuator that can be mounted on a bird-size robot is 

limited. The moment of inertia about the elevation axis of the tail is greater than that about the rudder 

axis (Table 5.1). Additionally, the elevating motion with a widely spread tail incurs additional costs 

based on fluid resistance. Controlling the rudder angle, which varies the tail area with a smaller moment 

of inertia at a given elevation angle, is thought to be a superior option for fine-tuning the pitch moment 

at a smaller cost. 

In comparison to the pitch moment controlled by tail elevation, the roll moments controlled by the 

tail rudder and tilt movements were relatively minor (Figs. 5.9(A) and 5.9(B)). Considering the 

geometric arrangement of a bird's body, these results are reasonable because the roll moment can be 

controlled based on the lift difference between the right and left wings (Gillies et al., 2011, Parga et al., 

2007). Birds generate lift differences by varying the twisting angles (i.e., angles of attack) or wing areas 

between the left and right wings. Even in the case of a flying robot, it is intuitive that the primary control 

of the roll moment is performed by the main wings. For example, Lishawk succeeded in generating a 

difference in the lift and roll moment by tucking wings asymmetrically (Ajanic et al., 2020). Aircraft 
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use ailerons to generate a difference in lift and morphing mechanisms have been designed specifically 

for small aerial robots (e. g., Luca et al., 2017, Stanford et al., 2007). Our results indicate that the benefits 

of the roll moment generated by the tail are limited to supporting subtler control, rather than agile 

maneuvers (Harvey et al., 2022). 

The yaw moment is clearly controllable by rudder and tilt changes in the tail. In particular, it was 

quantitatively determined that the yaw moment was greater when the tail was tilted than when the rudder 

angle was biased. It is also apparent from our study that tilting the tail is an effective method for 

obtaining a yaw moment because tail tilt does not significantly change the lift-drag ratio or other 

aerodynamic moments (Figs. 5.4(C), 5.8(B), 5.8(B), and 5.10(B)). In the real world, it is common for 

birds and aircraft to roll their bodies and make banked turns when they need to turn quickly (Gillies et 

al., 2011) and it is unlikely that the yaw moment of the tail will be able to produce such turns by itself. 

However, in cases such as aerial imaging, it is necessary to change direction slowly without banking. In 

aircraft, such yaw turns can be made with rudder, but in birds, it has been shown that such slow turns 

can also be made by tilting the tail wing. Additionally, it is considered that the tilt rotation of the tail 

functions to actively improve the yaw stability as an alternative to the vertical tail of an aircraft (Thomas, 

1993a). However, if stability is a priority, the use of a vertical tail, that improve yaw stability of aircraft, 

could be more effective. On the other hand, if turning performance is a priority, it may be effective to 

reduce the stability by utilizing a morphing tail wing. 

The results of this study show that each angle of a tail affects the forces/moments of several axes 

simultaneously. When the tail is applied to an aerial robot, it may be more desirable from the perspective 

of simplification of design and control if the moments around each axis can be controlled separately at 

each angle of the tail. Therefore, this complexity should be taken into account when using tails for 

attitude control of flying robots. 
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Fig. 5.1   Design of bird-inspired robot with a morphing tail mechanism. (A) Overview of the entire 

body from the diagonal-forward-left angle. (B) Overview of tail mechanism with tilt, elevation, and 

rudder motions from the diagonal-backward-left angle. 
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Fig. 5.2   Setup for wind tunnel experiments. (A) Viewpoint from the diagonal-backward-left angle. 

(B) Schematic diagram of the setup from the side view (not to scale).  
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Fig. 5.3   Variations of tail postures. (A) Elevating movement of the tail feathers viewed from the side. 

(B) Tilting movement viewed from behind. (C) Rudder movement viewed from the top. 
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Fig. 5.4   Effects of elevation angle with (A) symmetric and (B) asymmetric tail and of (C) tilt angle 

on the lift/drag ratio. 
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Fig. 5.5   Effects of elevation angle with (A) symmetric and (B) asymmetric tail and of (C) tilt angle 

on the lift force coefficient. 
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Fig. 5.6   Effects of elevation angle with (A) symmetric and with (B) asymmetric tail and of (C) tilt 

angle on the drag force coefficient. 
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Fig. 5.7   Effects of elevation angle with (A) symmetric and with (B) asymmetric tail and of (C) tilt 

angle on the lateral force coefficient. 
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Fig. 5.8   Effects of (A) elevation angle and (B) tilt angle with symmetric tail on the pitch moment 

coefficient. 
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Fig. 5.9   Effects of (A) elevation angle with asymmetric tail and (B) tilt angle with symmetric tail on 

the roll moment coefficient. 
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Fig. 5.10   Effects of (A) elevation angle with asymmetric tail and (B) tilt angle with symmetric tail 

on the yaw moment coefficient. 
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Chapter 6 

 

Conclusions 
 

 

6.1 Conclusions 

In this thesis, several methods based on passive mechanisms for a flying robot to tackle the effects 

of wind disturbances were presented. Aiming at developing a highly robust flying robot against wind 

effects, fabrication of the bird-inspired robot, that has multi-degrees-of-freedom for attitude 

transformation and can be equipped with the airflow sensor developed in this thesis was also carried out. 

The aerodynamic performance of a wing model with flexible flaps, inspired by covert feathers of 

birds, has been investigated experimentally with a specific focus on its robustness against disturbances. 

In the wind tunnel experiments, several wing models with covert-inspired flaps of different stiffness 

were tested. In order to evaluate the aerodynamic performance of wing models, aerodynamic force 

measurements by a force sensor and PIV measurements for visualizing the flow fields near the wing 

were conducted. The force measurements revealed that the wing model with flexible flaps could lead to 

significantly suppressing the fluctuations of aerodynamic forces in both uniform and disturbed flows, 

corresponding with a pronounced reduction in the magnitude of vorticity on the upper surface of the 

wing with flexible flaps. Such reduction in the variation of aerodynamic forces was further confirmed 

to be strongly dependent on the stiffness of the flaps, and thus, there likely exists an optimal stiffness of 

the flexible flaps capable of reducing the disturbance-induced fluctuations at some specific disturbance 

frequencies. these results indicate that the avian covert feathers near the leading-edge may work as a 

passive flow-control device to enhance the aerodynamic robustness under aerial disturbances. Given its 

simplicity, the feather-inspired attachment can be used as an effective method for improving the flight 

stability of small drones with fixed wing working in an environment with various disturbances. 
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Aiming at application for a flying robot, two types of flexible airflow sensor were designed and 

fabricated. Both types were designed to be shaped like cantilever, that are also inspired by covert feathers. 

One is strain-gauge-type sensor with flexible PET sheet printed by silver nano-ink circuit whose design 

was based on common strain gauge and quarter-bridge circuit. The other is hall-effect-type sensor 

configured from hall-effect IC, flexible PET sheet with silver nano-ink pattern, and magnet. These 

sensors were mounted on the wing model and tested in wind tunnel. It was found that both types of 

sensors shaped like cantilever mounted on the wing surface responded to the change in airflow near the 

wing surface. Strain-gauge-type sensor had an advantage of a simple fabrication method, however, its 

performance as an airflow sensor was worse than hall-effect-type sensor due to its difficulty in 

mechanical and electrical design of a strain gage. On the other hand, hall-effect-type sensor showed 

better performance than strain-gauge-type sensor in terms of responsiveness to airflow and 

reproducibility. It was demonstrated that the wing can be enhanced its aerodynamic performance and 

acquire redundant airflow sensing capabilities by attaching multiple hall-effect-type sensors to the wing 

model. 

Development of bird-inspired robot with multi-degrees-of-freedom attitude control mechanisms in 

the wings and tail was further carried out. In this study, the aerodynamic performance of a bird-inspired 

morphing tail mechanism with three degrees of freedom associated with tilt, elevation, and rudder was 

investigated, with a specific focus on the effect of the morphing tail mechanism on aerodynamic 

controllability. Through wind tunnel experiments, it was confirmed that both the aerodynamic 

performance and maneuverability of a bird-inspired flying robot can be controlled by adjusting its tail 

attitude. The tail mechanism was further verified to be redundant in the production of aerodynamic 

forces and moments, which may provide an effective approach to achieve flight stabilization under 

complex conditions with wind gusts in unsteady natural environments. These results point to the 

capability and importance of tail-based control strategies for adjusting aerodynamic forces and moments, 

which may provide a useful biomimetic design for bird-inspired aerial vehicles or drones.  
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6.2 Future tasks and prospects 

Findings from the several experiments conducted in this thesis indicate that feather-based flexible 

structures can be used as a stall prediction sensor while suppressing the effect of wind disturbance. 

Experimental findings on further fabricated flying robot, particularly on the morphing tail, have clearly 

shown that the morphing tail can assist in the active control and production of aerodynamic forces and 

moments. Utilizing aerodynamic control strategies based on airflow sensing capabilities and morphing 

wings and tails to achieve flight stabilization and maneuvers in unpredictable winds for both birds and 

bird-inspired flying robots remains an important topic for further research. Active and passive control 

mechanisms in biological flyers such as insects, bats, and birds are considered to play a crucial role in 

achieving diverse, robust flight patterns in various complex conditions (Harvey et al., 2022; Liu, 2020). 

In order to achieve highly stable flight under untethered and disturbed-wind conditions, further 

studies on the flight robot integrating a feather-based structures, passive mechanisms for airflow sensing 

and suppressing the effects of wind disturbances, and morphing wing and tail, an active mechanism for 

aerodynamic control will be studied. The following research task is the development of a flight system 

that learns the predictive signs of wind conditions that cause the flying robot to lose its posture and 

controls the morphing wing and tail of the robot to maintain a stable posture in response to wind 

disturbances. Another research task is to explore the feasibility of a flight control method using 

reinforcement learning in real flying robots, as legged robot systems using methods adapted for deep 

reinforcement learning have been demonstrated on real robots (Haarnoja et al., 2019; Hwangbo et al., 

2019). If stable hovering utilizing wind energy is achieved by reinforcement learning in the flying robot, 

it may provide more efficient hovering flight than a multirotor drone because the bird-inspired flying 

robot can perform hanging flight without enormous energy consumption. 
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