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Abstract 

The bio-inspired morphing wing is a futuristic concept in the aviation field that draws inspiration from 

birds and insects. Drawing inspiration from the exceptional flight capabilities of birds and insects, the 

goal is to develop a wing design that can adapt its aspect ratio, similar to nature. By incorporating the 

adaptive aspect ratio capabilities into the wing configuration, it becomes possible to optimize the wing's 

aerodynamic performance to adapt wide assortment of flight settings, including high-speed cruise and 

increased maneuverability. The wing aspect ratio is changed dynamically from a fully extended 

condition to a retracted condition through servo actuation. The aerodynamic characteristics of the 

retracted and fully extended conditions are analysed by Xfoil Low Reynolds number (XFLR5) 

simulations providing insights for performance optimization. The results show that by changing the 

aspect ratio to a fully extended condition, the lift-to-drag (L/D) ratio and lift coefficient (Cl) are 

increased and the drag coefficient (Cd) is reduced because of the reduction in induced drag. Similarly, 

at the retracted condition, the L/D ratio and Cl are reduced and the drag is increased. This capability 

can be adopted during high-speed turns and during instant landing, this wing is more efficient and can 

be adopted for all flight conditions thereby opening doors to new possibilities in the field of aerial 

vehicles and Unmanned Aerial Vehicles (UAV). 
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INTRODUCTION  

A bird's wing is made up of a movable skeleton, muscles and joints that are meticulous with soft 

overlapping feathers. By folding the outermost feathers, or primary flight feathers, a significant 

reduction in wing surface can be achieved. Almost all birds filled in the world have these adaptable 

folding wings. The adaptable morphing wing can 

change shape without the need for wing surface 

slots or steps, reducing aerodynamic drag and being 

controlled automatically without pilot intervention. 

Like birds, these wings can spread or retract during 

various stages of flight, like perching, loitering, 

diving, or landing. Wing morphing is a 

technological advancement in the field of aviation 

that has the potential to adapt the wing shape during 

its flight. The name morphing originated from the 

word morphos word, which means change or 

transformation. Many researchers around the world 

worked on the bioinspired morphing concept. The 

morphing wing is the technological advancement of 

conventional aircraft and UAVs. A rational 

morphing wing can make the UAV with a better 

L/D ratio, adaptability and enhanced endurance [1]. 

The morphing concept is inspired by bird wings 

with key advantages such as Aerodynamic 
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efficiency, Flight envelope expansion, Enhanced maneuverability, Noise reduction, Design flexibility 

and Weight reduction [2]. This concept of nature-inspired wing morphing helps in solving human 

engineering challenges in the aviation industry. 

 

Several attempts were made by researchers around the globe to improve the capability of Aircraft 

through bioinspired morphing. For example, Surface morphing is utilized by birds to energetically 

manipulate their posture and achieve aerodynamic excellence across a broad spectrum of flight 

velocities. Raj and Rose worked on a bioinspired morphing wing concept in the MQ-9 Reaper UAV. 

The Computational Fluid Dynamic transient analysis is carried out for the NACA 4412 airfoil that 

changes the airfoil shape dynamically and the benefits include improved L/D characteristics and delayed 

stall [3]. The main aspect of agile bird flight is in transforming the shape of the wing alternating between 

balanced and unbalanced gliding. The relevant research with morphing mechanism, airfoil 

configuration, material used and aerodynamic efficiency were discussed in this section.  

 

Bioinspired morphing wing is categorized as follows: telescopic span morphing configuration, sweep 

morphing wing configuration, folded wing configuration, and Adaptable flexible wing [4, 5] Raj et.al 

developed a corrugated rib with a spine inspired by an eel fish that can morph the camber of the wing 

by adaptable flexible wing. The aerodynamic analysis suggests that the lift coefficient is increased 

during morphing. The ribs were 3D printed using polyactic acid plus (PLA+) material and the rib shape 

is NACA 4412 airfoil [6]. Ajanic et. al developed bio-inspired wings for drones with sweep morphing 

abilities that have been optimized for different flight regimes. By sweep morphing, the wings were 

retracted and extended for cruise and aggressive flight conditions [7]. Cheney et. al captured three 

different bird flying abilities during high-speed maneuvers and reported that it tends to bend the wing 

like a saddle shape at high-speed maneuvers [8]. Hui et. al investigated the aspect ratio adapting concept 

through a bioinspired morphing wing inspired from the pigeon. Interestingly, the wing offers an 

enhanced L/D ratio and reduced drag. The morphing is enabled through a pulley mechanism and the 

wing tip is made up of feathers just like birds [9]. Song et. al (2021) reviewed thoroughly the mechanism 

of birds’s wings and the physics behind bird flight with both aerodynamic and structural analysis [10]. 

Harvey and Inman investigated the gull wing and found that the gull will adjust its shoulder and wing 

to do agility and high-speed maneuvers [11]. Yun et. al developed a retractive folding mechanism with 

sarrus linkage for a bio-inspired morphing wing UAV and found that the UAV can be fitted for sports 

and for different flight phases [12]. Matloff et. al reported that the feather arrangement of birds while 

extending their wings was because of the directional velcro mechanism and this aspect ratio adapting 

mechanism increases the aerodynamic efficiency of the wing during turbulence. conditions [13]. 

Retracted and extended morphing wings have their own superiority and extremities. When the wing is 

in an extended position it exhibits enhanced endurance and induced drag is also reduced. On the other 

hand, when the wing is retracted the aerodynamic performance decreases gradually but the 

maneuverability of the wing is enhanced [14, 15].  

 

The swept wing is an adaptable design that helps in varying the sweep angle of the UAV to optimize 

aerodynamic efficiency. Conversely, when a UAV is about to make a dive in the water, the sweep angle 

is increased to tuck the wing closer to the fuselage, leading to a shorter wing span and contact area. This 

minimizes the impact of water entry and reduces drag during submersion but the hinge mechanism is 

more complex [16–18]. Normally, the wing can enable retraction through a mechanical linkage, gear 

assemblies, and torsion spring–pulley mechanism. To fit the wing for multiple mission phases of a 

collapsible aircraft, Wang et al. [19] developed a distinctive folding wing mechanism inspired by a 

beetle. Zhang et. al [20] developed a folding wing mechanism for a micro air vehicle (MAV). Ryu et. 

al. [21] coupled flapping and folding motion with a four-bar linkage mechanism. 

 

Additionally, Luca et. al introduced morphing in small-winged drones that can retract its wing by 

sweeping them backwards to adapt their maneuvering capability. By inhibiting this ability, it can fly 

efficiently through obstacles and high wind resistance that cannot be optimally addressed by a single 
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aerodynamic profile [22]. Kilian et. al developed a prototype inspired by crow wings with bioinspired 

morphing capabilities, imitating real feather structures, and used an S1223 airfoil to provide smooth 

airfoil surfaces. The wingspan is retracted and extended through morphing and it shows aerodynamic 

performance, as confirmed by wind tunnel experiments [23]. Several bird species solve this problem by 

adapting the aspect ratio of their wings to adapt to the different aerodynamic requirements. This project 

aims to develop a retractable mechanism mimicking the Peregrine falcon bird and to study the 

aerodynamic behaviour of both wing configurations. During the descent and sudden dive phase, birds 

retract their wings to cut down the lift generated to drop down from a higher altitude to a lower altitude. 

This phenomenon is investigated in this aerodynamic analysis to evaluate the Cl and Cd behavior of the 

designed wing at both extended and retracted conditions. This ability enhances the UAVs to mimic 

birds and adapts its wing for different flight regimes.  

 

METHODOLOGY  

The methodology adapted in this work is illustrated in Figure 1. The morphing analysis starts with 

problem definition, geometry preparation, 2D analysis, 3D analysis, and evaluation of results and ends 

with the fabrication of the prototype. 

 

DESIGN OF BIOINSPIRED WING 

The bioinspired morphing wing configuration is inspired by Falcon Columbarius commonly named 

Falcon. The wing configuration of a Falcon bird changes its wing aspect ratio in two manners a fully 

extended shape and a retracted shape as displayed in Figure 2a and 2b. 

 

 
Figure 1. Methodology of Adaptive wing morphing. 

https://www.google.com/search?sca_esv=577734576&rlz=1C1VDKB_enIN990IN991&q=Peregrine+falcon&si=ALGXSlYzFQQn5id74gU-GPAR8UsllKNebHx5zj2txQsc1FfqFNbsMd41UxxcDahI4v1WFgy4VTj1nZb2TWUmUzJFEwD9IO7WrKNOJd84V2Z2th8taru2uNfxwlhCpu9cEUWwt_8wDTB0ryrx7I5yYRczt8G42m9vJ7kNvjXzoDmM2PvUIWioEOvjEahkRsaXSqdB75Ys7p4fNcuSRBZcu_u2kczqFNit1w%3D%3D&sa=X&ved=2ahUKEwiak8L1qZ2CAxXTzzgGHdiZBbMQmxMoAHoECCUQAg
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Figure 2. Morphed wing configuration of Falcon bird. (a) Fully Extended Wing (b) Retracted Wing. 

 

  
  

  
Figure 3. CAD model of morphed wing configuration. (a) Fully Extended Wing, (b) Retracted Wing, 

(c) CAD model of Morphing mechanism. 

 

The CAD model is prepared by using the CATIA V5 tool for both the full extended wing and retracted 

wing configuration as presented in Figure 3. The length of the full extended wing is 0.7 m and the 

retracted wing is 0.55 m which is taken from the falcon wing. The airfoil used is S1223 and conventional 

NACA 4412 airfoil. S1223 airfoil is a high lift low Re number airfoil designed by Selig [24]. The Clmax 

of the S1223 airfoil is high as compared to the conventional airfoil and it resembles the airfoil shape of 

a Falcon bird. 

 

Birds change their wing aspect ratio by the internal muscles, bones and joints that enable the 

morphing as shown in Figure 4a and 4b [25]. The muscles are breast muscles (pectoralis and 

supracoracoideus) and the joints are wrist and elbow joints. Similarly, the morphed wing is designed 

with aluminium rods which act as a bone as seen in birds and hinges which act as joints the muscles 

that promote the aspect ratio changing motion are the servo, hinge and connecting rod (Figure 4c). The 

ribs are 3D printed with PLA material and the aluminium rods are about 5mm in diameter. The internal 

mechanism of the morphing wing has the capability of changing the aspect ratio from a fully extended 

condition to a retractive condition. 

(a) (b) 

(a) (b) 

(c) 
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Figure 4. Bio-inspired Retractive Mechanism [25]. (a) Joints of birds promoting retractive motion, (b) 

Muscles providing retraction [25], (c) Bio-inspired morphing mechanism. 

(a) 

(b) 

(c) 
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AERODYNAMIC ANALYSIS OF MORPHING WING 

The aerodynamic analysis is carried out for two different morphing wing configurations i.e., retracted 

wing (RW) configuration and extended wing (EW) configuration. Initially, a low Reynolds number 

high lift airfoil S1223 and conventional thick airfoil NACA 4412 suitable for UAVs are taken for the 

analysis. The Reynolds number used for the analysis is 1.4x105 and the span length of EW and RW are 

0.7m and 0.55m. The analysis is carried out for an angle of attack (AoA) range of about -150 to 150. 

The simulation is done in the XFLR5 tool and the aerodynamic characteristics of the airfoil profile such 

as the lift coefficient (Cl) and drag coefficient (Cd) of both airfoils are analyzed. 

 

Aerodynamic Coefficients of Airfoil Configuration 

Figures 5a and 5b represent the Cl and Cd of both S1223 and NACA 4412 airfoil. The maximum lift 

coefficient Clmax of S1223 and NACA 4412 are 2.135 and 1.322 respectively. At low Reynolds number 

(Re) S1223 shows significant performance but at high Re NACA 4412 is commercially used. Moreover, 

the stalling angle of NACA 4412 is high as compared to S1223. The Cd of S1223 is comparatively high 

compared with NACA 4412. Also, the maximum L/D ratio of NACA 4412 is 64 at 90 AoA and that of 

S1223 is 61 at 20 AoA as displayed in Figure 5c. This evidences that the selected airfoil for the 

bioinspired morphing strategy is virtuous to proceed with the analysis.  

 

  
  

  
Figure 5. Aerodynamic coefficients vs AoA. (a) Cl vs AoA, (b) Cd vs AoA, (c) L/D ratio of airfoil 

configuration. 

 

Pressure Coefficients (Cp) of Airfoil Configuration 

The Cp of both NACA 4412 and S1223 airfoils are simulated through the XFLR5 tool and displayed 

in Figure 6. The Cp is computed for both airfoils from the low AoA range to the high AoA range. The 

low AoA range is scaled from 00 to 60 and the high AoA range is scaled above 60. The Cp is plotted 

against x/c for both NACA 4412 and S1223 airfoil. 

(a) (b) 

(c) 
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Figure 6. Pressure distributions around the 2D airfoil. (a) Cp low AoA NACA 4412 (d) Cp high AoA 

NACA 4412 (c) Cp low AoA S1223 (d) Cp high AoA S1223. 

 

At low AoA, the Cp range of NACA 4412 is from -2.3 to 1.0 and at high AoA, the Cp value range 

increase from -11 to 1 as shown in Figure 6a and 6b. The pressure difference created because of the 

cross section shape is large enabling a maximum L/D ratio. Similarly, at low AoA, the Cp range of 

S1223 is from -3 to 1.0 and at high AoA, the Cp value range increases from -7 to 1 approx. as shown in 

Figures 6a and 6b. 

 

In the S1223 airfoil, the camber of the airfoil is more compared to the conventional NACA 4412 

airfoil. The trailing edge is cusped and that enhances the Cl even at low AoA but the airfoil stalls quickly. 

If this S1223 airfoil is implemented for the 3D rectangular wing, it will stall soon. Interestingly, Figure 

6c and 6d showed that the cusped is responsible for the large gap in the Cp curve near the trailing edge. 

Even though the Clmax of S1223 is high compared with the NACA 4412 model, the L/D ratio shows that 

NACA 4412 is superior to the S1223 airfoil 

 

Aerodynamic Characteristics of EW and RW  

The aerodynamic parameters like the lift distribution, downwash, induced drag and viscous drag are 

estimated to evaluate the performance of this adaptive aspect ratio wing. Both the EW and RW 

configuration is analyzed with the help of the XFR5 tool. The Aerodynamic characteristics of EW for 

a span length of 0.7 m at AoA 00, 50, 100 and 150 respectively are shown in Figure 7. The lift distribution 

of the adaptive wing is indicated with a vertical arrow (green colour) perpendicular to the surface of the 

wing. The arrow indicates that the lift distribution of the wing Is more at the root region of the EW wing 

and near the wingtip the lift distribution is zero. As AoA increases the lift distribution is also increased 

as shown in Figure 7a–7d. The horizontal lines (yellow colour) emanating from the wing trailing edge 

portion show induced drag, which is more near the wingtip and less near the wing root as AoA increases. 

(a) (b) 

(c) (d) 
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Figure 7. Aerodynamic characteristics of EW. (a) 00 AoA (b) 50 AoA (c) 100 AoA (d) 150 AoA. 

 

The perpendicular line (red colour) acting in the downward direction is due to the downwash of the 

wing. It clearly states that as AoA increases from 00 to 150 AoA, the downwash is increasing 

substantially. Another set of horizontal lines (lavender colour) that extends after the induced drag lines 

are created due to the viscous drag on the wing profile. As AoA is increased, the viscous drag also arises 

shown in Figure 7d. At 150 AoA, the EW shows that the viscous drag formed due to the boundary layer 

separation is larger near the root region of the wing. 

 

In contrast, the RW of span length 0.5m swept forward is analyzed at low Re and AoA range of 00 to 

150 to determine its aerodynamic performance. The lift distribution of RW at low AoA shows that there 

is a considerable amount of reduction iu the overall spanwise lift production during the glide phase (see 

Figure 8a and 8b). Figure 8c and 8d represent the lift distribution of RW at 100 and 150 AoA is reduced 

as compared with EW (see Figure 6c and 6d). This reduction in Cl paves the UAV to reduce its speed 

during maneuvers. The induced velocity is higher during this transition creating a downwash. The 

transition also indicates that the viscous drag is less compared to the EW configuration. This allows 

UAVs to do acrobatic maneuvers in extreme flight conditions.  

 

The CL and CD of EW and RW with both airfoil configurations are displayed in Figure 9. Figure 9a 

shows that the NACA 4412 extended wing shows a 10% increase in lift compared with the retracted 

(a) (b) 

(c) (d) 
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wing after 50 AoA. However, the S1223 airfoil shows a 20% reduction in lift at low AoA, as the 

aerodynamic characteristic of this particular airfoil is good at low AoA (see Figure 9b). Similarly, the 

CD of RW with NACA 4412 airfoil shows a 20% increase in drag at high AoA compared with the EW 

wing (see Figure 9c). But in the S1223 case, the EW shows an abrupt increase in CD value at high AoA. 

The CD of the RW is 10% higher than EW in all low AoA cases (see Figure 9d). Thus, it is evident that 

the RW aerodynamic characteristics change drastically and make it adaptable for circumstances like 

unexpected landing, high-speed maneuvers and acrobatic conditions. 

 

  
  

  
Figure 8. Aerodynamic features of RW (a) 00 AoA (b) 50 AoA (c) 100 AoA (d) 150 AoA. 

 

  

(a) (b) 

(c) (d) 

(a) (b) 
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Figure 9. Aerodynamic coefficient of 3D wing (a) CL of Wing with NACA 4412 airfoil (b) CL of Wing 

with S1223 airfoil (c) CD of Wing with NACA 4412 airfoil (d) CD of Wing with S1223 airfoil 

 

CONCLUSIONS 

The bio-inspired wing with adaptive aspect ratio mechanism inspired by a falcon wing is developed 

to facilitate different aspect ratios during its flight. The internal components consist of hollow 

aluminium tubes, hinges and 3D-printed ribs. Also, 3D models were created to determine the 

aerodynamic coefficients of the wing at EW and RW conditions using the XFLR5 tool. The wing aspect 

ratio is changed dynamically from a fully extended condition to a retracted condition through servo 

actuation controlled by an Arduino board and a potentiometer. By incorporating the adaptive aspect 

ratio capabilities into the wing configuration, it becomes possible to optimize the win’'s performance at 

different flight conditions that include high-speed cruise, instant landing and increased maneuverability. 

The results of the simulation show that by changing the aspect ratio to a fully extended condition, the 

L/D ratio and lift coefficient (Cl) are increased and the drag coefficient (Cd) is reduced from 10% to 

20%. Similarly, at the retracted condition, the L/D ratio and Cl are reduced and the drag increases. This 

morphing wing technology enhances flight dynamics and stability of UAVs during high-speed turns 

and instant landings, offering potential advancements in various flight conditions. 
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