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Abstract 9 

This paper presents a control-oriented quasi-steady aerodynamic model tailored for a low-frequency 10 

(f < 4 Hz) ornithopter equipped with rigid-flexible multi-segment wings. The wing mechanism is 11 

dynamically decoupled: the inner wings are modeled as rigid segments, whereas the flexible 12 

deformation of the outer wings is structurally reconstructed using chordwise and spanwise twist 13 

angles derived from motion-capture measurements. First, the local aerodynamic loads of spanwise 14 

wing strips are calculated. Next, these loads are projected onto the airframe coordinate system using 15 

coordinate and force–moment screw transformations. Finally, the forces are integrated along the 16 

span and averaged over one complete flapping period. This approach yields equivalent lift and thrust 17 

coefficients directly applicable to longitudinal flight-dynamics analysis and controller-oriented 18 

simulations. The applicability of the proposed model is rigorously assessed through flow-regime 19 

analysis and dimensionless qualitative trend comparisons against published wind-tunnel 20 



 

 

measurements. The validation results demonstrate that the model accurately captures the dominant 21 

lift and thrust trends at low frequencies and moderate angles of attack. However, expected deviations 22 

emerge when unsteady wake interactions and severe flow separation become prominent. Ultimately, 23 

the proposed model offers a computationally efficient and practically viable aerodynamic prediction 24 

framework for the control-oriented design of large-scale ornithopters. 25 

Keywords: Ornithopter; quasi-steady aerodynamic model; rigid–flexible wing; flexible deformation; 26 

control-oriented modeling. 27 

1 Introduction 28 

Bio-inspired flapping-wing aerial vehicles have garnered significant attention for generating 29 

aerodynamic forces via periodic wing motion. This unique mechanism offers inherent advantages in 30 

low-speed flight, maneuverability, environmental adaptability, and stealth capabilities. Unlike fixed-31 

wing and rotary-wing aircraft, flapping-wing vehicles excel in tasks requiring low-speed cruise, short-32 

distance maneuvering, and operation in complex low-altitude environments. Recent reviews 33 

emphasize the intricate nature of high-aspect-ratio flapping wings. Specifically, their aerodynamic 34 

performance is highly coupled with wing geometry, structural flexibility, and actuation mechanisms 35 

[1-3]. To push the boundaries of practical deployment, researchers have made remarkable progress in 36 

autonomous operations, such as branch perching in complex environments [4] and bird-style self-37 

takeoff utilizing reconfigurable mechanisms [5]. 38 

Large bird-like ornithopters usually operate at lower flapping frequencies and higher Reynolds 39 

numbers than insect-scale flapping-wing vehicles. Their wings often consist of multiple structural 40 

segments and flexible membranes, rather than single rigid plates. Consequently, their aerodynamic 41 



 

 

performance depends heavily on wing segmentation, inter-segment motion coupling, and passive 42 

deformation. From an engineering perspective, the scaling, kinematics, and structural configuration 43 

of such vehicles must be holistically integrated [6]. In multi-segment configurations, the aerodynamic 44 

response is notably sensitive to the inter-segment phase relationships and coupled torsional motions 45 

[7-8]. As a result, optimizing these multi-stage wing structures and establishing accurate aerodynamic 46 

models are crucial steps for enhancing overall flight performance and facilitating control-oriented 47 

design [9-10].  48 

High-fidelity numerical techniques, particularly computational fluid dynamics (CFD) and 49 

fluid–structure interaction (FSI) solvers, have been extensively deployed to elucidate the complex 50 

unsteady aerodynamics of flexible wings [11-14]. These advanced methods have successfully 51 

unraveled intricate physical phenomena, including wake capture, leading-edge vortex evolution, and 52 

the impact of local morphological changes such as morphing trailing edges [15-16]. However, their 53 

high computational cost strictly limits their direct use in the preliminary aerodynamic prediction and 54 

controller-oriented simulation of large ornithopters. To alleviate this computational burden, quasi-55 

steady and reduced-order models have emerged as pragmatic alternatives [19-20]. While recent quasi-56 

steady models have attempted to incorporate structural flexibility [21-22], they frequently rely on 57 

purely empirical, frequency-locked kinematic lookup tables. Such table-driven approaches 58 

fundamentally lack generalization, as they cannot passively adapt to varying flight velocities and 59 

angles of attack. Alternatively, existing structural modal formulations are often too computationally 60 

heavy for real-time control algorithms. For low-frequency ornithopters with complex rigid–flexible 61 

multi-segment wings, a critical gap remains: how to efficiently model the passive aeroelastic washout 62 

effect—where the outer wing twists dynamically under aerodynamic loads—without resorting to full 63 



 

 

FSI solvers.  64 

Instead of relying on computationally expensive FSI solvers, this study proposes a data-driven 65 

quasi-aeroelastic approach. By introducing an optical motion-capture experiment solely to calibrate 66 

a lumped-parameter equivalent stiffness, this study elegantly reconstructs the complex passive 67 

deformation within a low-order mathematical framework. The primary objective of this study is to 68 

bridge the gap between complex rigid-flexible coupled kinematics and control-oriented flight 69 

dynamics. To achieve this, the present study focuses on three key aspects. First, instead of simplifying 70 

the vehicle into a single flapping plate, this study establishes a dynamically decoupled kinematic 71 

framework. This framework explicitly captures the phase lag between the rigid inner and flexible 72 

outer wings (Sections 2.1-2.2). Second, to overcome the limitations of purely empirical flexible 73 

models, a novel data-driven quasi-aeroelastic formulation is proposed. By utilizing motion-capture 74 

experiments strictly to calibrate a lumped-parameter equivalent stiffness, the model inherently 75 

predicts passive outer-wing torsion across varying dynamic pressures and angles of attack (Section 76 

2.3). Third, a blade-element integration scheme is developed to strip away high-frequency 77 

aerodynamic noise, providing clean, cycle-averaged lift and thrust coefficients directly usable for 78 

control system design (Section 3). 79 

Motivated by these considerations, this paper presents a complete control-oriented aerodynamic 80 

prediction framework tailored for large-scale multi-segment ornithopters. The main contributions of 81 

this work are summarized as follows: 82 

1. A unified multi-segment kinematic modeling framework is established for large ornithopters, 83 

explicitly capturing the critical phase relationships and motion coupling between the rigid inner and 84 



 

 

flexible outer wings. 85 

2. A novel, motion-capture-calibrated quasi-aeroelastic model is proposed. Unlike conventional 86 

frequency-locked empirical models, this formulation utilizes equivalent torsional stiffness to 87 

dynamically predict flexible wing deformation in response to varying flight speeds and angles of 88 

attack. This dynamic prediction significantly enhances the model's physical fidelity. 89 

3. The model efficiently translates complex aeroelastic behaviors into cycle-averaged lift and 90 

thrust coefficients, providing a computationally lightweight and mathematically smooth aerodynamic 91 

input matrix essential for longitudinal flight-dynamics analysis and controller design. 92 

4. An internal progressive ablation study (from purely rigid to rigid-flexible coupled) is 93 

conducted. The results quantitatively isolate the specific aerodynamic benefits of wing segmentation 94 

and flexibility, proving that the proposed quasi-aeroelastic mechanism accurately captures structural 95 

washout and stall-delay phenomena under varying flight envelopes.  96 

2 Flapping wing kinematics 97 

This section establishes the kinematic basis for the quasi-steady aerodynamic model of the 98 

studied multi-segment ornithopter. Rather than constructing a computationally exhaustive aeroelastic 99 

solver, the objective is to provide a unified, control-oriented mathematical description of the coupled 100 

inner–outer wing motion, coordinate transformations, force–moment transfer, and experimentally 101 

reconstructed outer-wing deformation. These definitions are subsequently used to calculate the 102 

instantaneous aerodynamic forces and moments of each wing strip and to transform them into the 103 

airframe. 104 



 

 

2.1 Coordinate system definition and force-moment transformation 105 

 106 

Figure 1. The studied multi-segment wing ornithopter 107 

The ornithopter under study comprises a central airframe, a pair of rigid inner wings, and a pair 108 

of flexible outer wings, as illustrated in Figure 1. To describe the motion of the wing segments and to 109 

express the aerodynamic loads in a unified reference frame, the following coordinate systems are 110 

introduced. 111 

The inertial frame is denoted by { , , , }i i i i iS O x y z= . It serves to describe the translational motion 112 

of the ornithopter. The ix  -axis is aligned with the nominal forward-flight direction, the 
iz  -axis 113 

points upward, and the iy -axis is determined by the right-hand rule. 114 

The airframe frame is denoted by { , , , }b b b b bS O x y z= and its origin bO  is located at the center 115 

of mass of the airframe. The bx -axis points from the center of mass to the nose of the ornithopter, 116 

the bz -axis lies in the longitudinal plane and points upward, and the by -axis is determined by the 117 

right-hand rule. The pitch angle of the airframe is denoted by  . 118 

The left and right inner-wing frames are denoted by { , , , }il il il il ilS O x y z= , { , , , }ir ir ir ir irS O x y z= . 119 

Their origins are located at the corresponding inner-wing root joints. The spanwise direction from the 120 



 

 

wing root to the wing tip is defined as the local spanwise axis, the local normal direction is defined 121 

as the z-axis, and the remaining axis is determined according to the right-hand rule. 122 

The left and right outer-wing frames are denoted by { , , , }ol ol ol ol olS O x y z=  , 123 

{ , , , }or or or or orS O x y z= . Their origins are located at the joints between the inner and outer wings. The 124 

outer-wing frames move with the corresponding outer-wing segments and are used to calculate the 125 

local aerodynamic load distribution after the measured flexible deformation is introduced. For a 126 

vector T

1 2 3[ , , ]a a a=a , the skew-symmetric matrix is defined as 127 

  
3 2

3 1

2 1

0

0

0

m m

m m

m m

a


− 
 = − 
 − 

                                 (1) 128 

Let the aerodynamic force and moment calculated in a local frame 
jS  be written as a force–129 

moment screw T T T[ , ]j j j= F M  , where 
jF   is the aerodynamic force vector and 

jM   is the 130 

aerodynamic moment vector about the origin of 
jS . If the same aerodynamic action is expressed in 131 

another frame kS , the screw transformation is written as: 132 

 
k

k j j= T                                        (2) 133 

With: 134 
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                                  135 

where k

j R  is the rotation matrix from 
jS  to kS , and k

j r  is the position vector from the origin of 136 

kS  to the origin of 
jS , expressed in kS . This formulation ensures the accurate representation of 137 

both the force direction and the moment induced by the force arm. Consequently, the aerodynamic 138 

loads of different wing segments can be rigorously transferred to the frame. 139 



 

 

The rotation matrix from the airframe frame to the inertial frame is determined by the pitch angle 140 

 : 141 

 

cos ( ) 0 sin ( )

( ) 0 1 0

sin ( ) 0 cos ( )

i

b

t t

t

t t

 

 

− 
 =  
  

R                           (3) 142 

For the left inner-wing, the rotation matrix from 
ilS  to bS  is: 143 

 

1 0 0

( ) 0 cos ( ) sin ( )

0 sin ( ) cos ( )

b

il i i

i i

t t t

t t

 
 

 
 =  
 − 

R                           (4) 144 

where ( )i t  is the inner-wing flapping angle.  145 

For the left outer-wing, the rotation matrix from olS  to 
ilS  is: 146 

 

1 0 0

( ) 0 cos ( ) sin ( )

0 sin ( ) cos ( )

il

ol o o

o o

t t t

t t

 
 

 
 =  
 − 

R                           (5) 147 

where ( )o t  is the outer-wing flapping angle. 148 

The right inner-wing and outer-wing transformations are obtained in the same manner according 149 

to the geometric symmetry of the ornithopter. The distribution and relationship of six coordinate 150 

systems on the ornithopter are illustrated in Figure 2. 151 



 

 

 152 

Figure 2. Distribution of ornithopter coordinate systems 153 

2.2 Coupled flapping kinematics of the inner and outer wings 154 

The studied ornithopter uses a two-segment wing mechanism (shown in Figure 3). Both wing 155 

segments are driven by a centralized actuation system and share an identical flapping frequency. 156 

However, they exhibit distinct amplitudes and phase shifts, which are dictated by the linkage 157 

geometry. 158 

 159 

Figure 3. Two-segment linkage configuration 160 



 

 

The inner-wing flapping angle is defined as the angle between the inner-wing leading-edge 161 

reference line and the airframe reference plane. It is positive when the inner wing moves above the 162 

airframe reference plane. The inner-wing motion is represented by: 163 

 ( )( , ) sin 2i i if t A ft  = +                             (6) 164 

where f  is the flapping frequency, and : 165 

 
,max ,min ,max ,min

,
2 2

i i i i

i iA
   


+ −

= =                           (7) 166 

where 
,maxi  and 

,mini  are the maximum and minimum inner-wing flapping angles, respectively. 167 

The outer-wing flapping angle is defined relative to the corresponding inner wing. Considering 168 

the phase difference between the two wing segments, the outer-wing motion is expressed as: 169 

 ( )( , ) sin 2o o of t A ft  = + +                            (8) 170 

where: 171 

 
,max ,min ,max ,min

,
2 2

o o o o

o oA
   


+ −

= =                          (9) 172 
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 174 

Figure 4. Coupled flapping kinematics of the inner and outer wings 175 

where 
,maxo  and 

,mino  are the maximum and minimum outer-wing flapping angles, and   is the 176 

phase difference between the inner- and outer-wing motions. The value of   is determined by the 177 

mechanical linkage and can be obtained from the measured wing kinematics. 178 

The spanwise coordinates of the inner and outer wings are denoted by 
is  and os , respectively: 179 

0 i iwy l  , 0 o owy l  , where iwl  and 
owl  are the span lengths of the inner and outer wings. 180 

The measured deformation of the inner wing is structurally negligible compared to the outer 181 

wing across the tested frequency spectrum. Therefore, the inner wing is kinematically modeled as a 182 

rigid segment. For instance, at the maximum tested flapping frequency of 3.316 Hz, the vertical 183 

displacement amplitude of the selected inner-wing marker is approximately 0.8 cm. This 184 

displacement corresponds to an equivalent rib angle-of-attack variation of less than 2 degrees. In 185 

contrast, the selected outer-wing marker shows a vertical displacement variation of approximately 8 186 



 

 

cm within one flapping cycle. This larger deformation results in an equivalent rib attack-angle 187 

variation of approximately 16 degrees. Consequently, incorporating the flexible deformation of the 188 

outer wing is essential for accurate aerodynamic modeling. The chord distribution of the rigid inner 189 

wing is written as: 190 

 0( )i i ic y c=                                       (10) 191 

where 
0ic  is the inner-wing chord length. The outer wing is treated as a flexible tapered wing, and 192 

its chord distribution is written as: 193 

 
2 2

2 max
max 2

( ) o
o o

ow

c y
c s c

l
= −                                 (11) 194 

where maxc  is the spanwise coordinate of the outer-wing and 
owl  is the span length of the outer-195 

wing. 196 

 197 

(a) reconstructed inner- and outer-wing motion in the OptiTrack Motive software (b) arrangement of reflective markers on the wing surface 198 

Figure 5. Motion-capture measurement of wing-surface deformation 199 



 

 

2.3 Control-Oriented Quasi-Aeroelastic Deformation Model 200 

The flexible deformation of the outer wing is introduced into the aerodynamic model through 201 

chordwise and spanwise twist angles reconstructed from optical motion-capture data. This treatment 202 

retains the dominant deformation effect without solving a full fluid–structure interaction problem. 203 

At a given outer-wing spanwise position oy  , the vertical displacement of the leading-edge 204 

marker is denoted by ( , )LE oz y t , and the vertical displacement of the trailing-edge marker is denoted 205 

by ( , )TE oz y t . The chordwise twist angle is defined as: 206 

 
1 ( , ) ( , )

( , ) tan
( )

TE o LE o
x o

o o

z y t z y t
y t

c y
 −   −

=  
 

                          (12) 207 

The spanwise twist angle is used to describe the spanwise deformation trend of the outer wing. 208 

Taking the outer-wing root as the reference position, it is defined as: 209 

1 ( , ) (0, )
( , ) tan , 0LE o LE
y o o

o

z y t z t
y t y

y
 −   −

=  
 

                    (13) 210 

At the outer-wing root, the deformation is constrained by the joint, and the twist angles are set 211 

as (0, ) (0, ) 0x yt t = = . The measured results show that the outer-wing deformation is periodic with 212 

the flapping motion and varies with flapping frequency. Within the tested low-frequency range, the 213 

extreme values of both chordwise and spanwise twist angles show approximately linear variation with 214 

flapping frequency. This indicates that the experimentally measured deformation can be used to 215 

reconstruct the time-varying wing geometry at different flapping phases. 216 



 

 

 A purely kinematic lookup table fundamentally lacks generalization across varying flight 217 

velocities and angles of attack. To overcome this limitation, this study proposes a lumped-parameter 218 

quasi-aeroelastic model. The structural flexibility of the outer wing is modeled as an equivalent 219 

torsional spring system. 220 

To maintain computational efficiency for control-oriented applications, a linear equivalent 221 

torsional stiffness )(yK   is introduced. The dynamic twist angle twist   (representing either 222 

chordwise or spanwise equivalent twist) is governed by: 223 

),(),(),()( tyMtyMtyyK inertiaaerotwist +=                        (14) 224 

where aeroM  is the instantaneous sectional aerodynamic moment generated by the relative airflow, 225 

and inertiaM  is the inertial moment induced by the flapping acceleration. 226 

High-fidelity fluid-structure interaction (FSI) solvers typically require massive computational 227 

resources to determine )(yK . In this study, the optical motion-capture data are utilized innovatively 228 

to calibrate the equivalent stiffness. By matching the experimentally measured twist angles under the 229 

nominal baseline flapping condition ( 457.2=bf  Hz, zero forward speed) with the corresponding 230 

theoretical moments, the spanwise equivalent stiffness distribution )(yK   can be inversely 231 

identified. 232 

Once )(yK   is calibrated, the equation is inverted to predict the time-varying flexible 233 

deformation under arbitrary flight conditions: 234 

)(

)(),(
),(

,

yK

tMVM
ty

inertiatairframeaero

twice






+
=

                         (15)
 235 

Empirical mappings typically lock wing deformation strictly to flapping frequency. In contrast, 236 



 

 

the fundamental advantage of this quasi-aeroelastic formulation is its ability to inherently capture the 237 

effects of varying flight speed V and airframe angle of attack airframe . As dynamic pressure increases 238 

or the angle of attack changes, 
aeroM  naturally adjusts, driving realistic variations in the passive wing 239 

deformation. This structural-coupling mechanism significantly enhances the model's predictive 240 

capability and robustness for longitudinal flight-dynamics simulations. 241 

To rigorously validate the frequency-scaling assumption embedded in this quasi-aeroelastic 242 

formulation, the measured and predicted dynamic twist angles were compared across multiple 243 

flapping frequencies. As shown in Figure 6, the time-varying chordwise and spanwise twist angles 244 

were reconstructed for different frequency conditions using the single baseline equivalent stiffness 245 

eqK . 246 

 247 

Figure 6. Comparison of measured (scatter) and model-predicted (solid lines) dynamic twist 248 

deformation histories at multiple flapping frequencies. 249 

The results demonstrate that the predicted deformation histories closely track the experimentally 250 

measured optical motion-capture data across the frequency spectrum. The amplitude and phase of the 251 



 

 

passive twist naturally scale with the varying aerodynamic and inertial moments. This strong 252 

agreement experimentally validates the fundamental assumption of Eq. (15): the lumped-parameter 253 

equivalent stiffness remains structurally constant, allowing the model to accurately predict aeroelastic 254 

structural washout under varying dynamic loads without requiring repetitive empirical calibrations. 255 

2.4 Characterization of Flow Regime and Dimensionless Parameters 256 

The applicability of a quasi-steady aerodynamic model depends on the operating flow regime of 257 

the ornithopter. Therefore, the Reynolds number, reduced frequency, and Strouhal number are 258 

evaluated to clarify the physical range in which the proposed model is expected to be reliable. The 259 

Reynolds number is defined as: 260 

 
U c

Re


=                                     (16) 261 

where   is the air density, U  is the incoming flight velocity, c  is the mean aerodynamic chord, 262 

and   is the dynamic viscosity of air. Under the nominal flight condition  =1.293 kg/m3, U =5 263 

m/s, c =0.28 m.  264 

The Reynolds number is approximately Re ≈1.0×105. This indicates that the studied ornithopter 265 

operates in a low-speed but not insect-scale flow regime. Therefore, the aerodynamic loads are not 266 

dominated solely by highly viscous effects, and a blade-element-type quasi-steady model can be used 267 

to estimate the dominant force trends and load-transfer characteristics. The reduced frequency is 268 

defined as: 269 

 
2

c cf
k

U U

 

 

= =                                (17) 270 



 

 

where 2 f =  is the flapping angular frequency.  271 

For the nominal low-frequency condition f  =2 Hz, k  ≈0.35. This value indicates that the 272 

characteristic time scale of the wing motion is still comparable to, but not overwhelmingly faster than, 273 

the convective time scale of the incoming flow. Therefore, the quasi-steady approximation is 274 

reasonable for capturing the dominant aerodynamic trends under low-frequency and low to moderate 275 

angles of attack conditions. However, when the flapping frequency approaches the upper tested value, 276 

the reduced frequency increases and unsteady wake effects, flow separation, and structural vibration 277 

may become more significant. These dimensionless parameters confirm that the studied vehicle 278 

operates within a low-speed, bird-sized flight regime where kinematic time scales are comparable to 279 

the convective flow [32, 33]. Consequently, a quasi-steady formulation is physically appropriate for 280 

estimating the dominant cycle-averaged loads required for flight-dynamics modeling. However, it 281 

inherently excludes highly transient unsteady effects, such as dynamic stall. 282 

Table 1. Dimensionless parameters of the studied ornithopter under the nominal flight condition 283 

Parameter Definition 
Nominal 

value 
Physical implication 

Reynolds 
number 

Re U c =  ∼105 Low-speed, bird-sized flow regime 

Reduced 
frequency 

k cf U =  ∼0.35 
Quasi-steady model is reasonable for low-

frequency conditions 

Strouhal 
number ppSt fA U=  ∼0.32 Within the efficient flapping-propulsion range 

3 Aerodynamic modeling frameworks 284 

This section establishes a control-oriented quasi-steady aerodynamic model for the rigid–285 

flexible multi-segment wing system. The primary purpose of this model is to predict the dominant 286 



 

 

cycle-averaged lift and thrust characteristics of the ornithopter. It does not intend to resolve detailed 287 

unsteady vortex structures, dynamic stall, or full fluid–structure interaction. The wing is discretized 288 

into spanwise blade elements. For each element, the instantaneous aerodynamic load is calculated 289 

from the local relative velocity, the effective angle of attack, the local chord length, and the 290 

reconstructed flexible deformation. The strip loads are integrated along the span and averaged over 291 

one flapping period to obtain the equivalent lift and thrust coefficients. 292 

3.1 Quasi-steady blade-element formulation 293 

To predict the aerodynamic forces continuously while maintaining the mathematical smoothness 294 

required for flight-dynamics simulations, the aerodynamic loads are evaluated using the quasi-steady 295 

blade-element method. Assuming an incompressible incoming flow with constant density, the 296 

proposed model avoids simplifying the vehicle into a single rigid plate. Instead, the proposed model 297 

evaluates the local aerodynamic load of each wing strip based on its instantaneous relative velocity, 298 

effective angle of attack, and the reconstructed deformation angles (Section 2.3). Following the 299 

classical empirical formulations for thin flapping wings [29-31], the sectional translational lift 300 

coefficient and drag coefficient are modeled as continuous analytical functions of the local effective 301 

angle of attack. The lift coefficient is expressed as: 302 

)2sin()( max, effLeffL CC  =                                  (21) 303 

where max,LC is the maximum lift coefficient, typically assigned a value of 1.8 for thin flapping wings. 304 

The drag coefficient is described by: 305 

)2cos(
2

)(
0,max,0,max,

eff

DDDD

effD

CCCC
C 

−
−

+
=

                  (22)
 306 



 

 

where max,DC  is the maximum drag coefficient (occurring at 90=eff ), and 0,DC  is the zero-lift 307 

profile drag coefficient (occurring at 0=eff ). In this study, standard values of 4.3max, =DC  and 308 

4.00, =DC are adopted, which have been proven effective for similar flexible wing configurations. 309 

By utilizing these continuous analytical expressions instead of interpolating discrete empirical 310 

curves, the proposed quasi-steady model ensures mathematical smoothness. This characteristic is 311 

particularly advantageous for subsequent control-oriented simulations, optimization, and stability 312 

analysis, where differentiable aerodynamic inputs are highly preferred. 313 

3.2 Aerodynamic model of the rigid inner wing 314 

The effective relative velocity and attack angle of the inner-wing strip are: 315 

 2 2( , , , ) ( cos )i i i iv y f t v s v ⊥= − +                           (23)          316 

)
cos

(tan),,,(~

||

1

v

sv
tfy ii

ii

−
= ⊥− 

                         (24) 317 

Let ܥூ,௪ and ܥ஽,௪ be the lift and drag coefficients of the wing section at the effective angle of 318 

attack  . The elemental lift and drag acting on the strip in the local equivalent-flow frame are: 319 

 

( )
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( )d

( )2d

v
L iil

i o iv
D iil

CL c
v y y

CD


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




                         (25) 320 

where the superscript v indicates that the lift and drag are defined in the local equivalent-flow frame. 321 

The corresponding thrust, side-force, and lift components in the inner-wing frame are obtained by: 322 
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F                        (26) 323 

The total aerodynamic force of the left inner-wing is: 324 



 

 

 d

i

il il

y

= F F                                   (27) 325 

Let ilr  be the position vector from the origin of Sil  to the aerodynamic center of the strip. 326 

According to the quarter-chord assumption, ilr  is determined by the local spanwise coordinate iy  327 

and the quarter-chord position of the strip. The aerodynamic moment of the left inner-wing is: 328 
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y= M r F                                (28) 329 

The force–moment screw of the left inner-wing is: 330 

 
T T T[ , ]il il il= F M                                 (29) 331 

The right inner-wing aerodynamic screw 
ir  is obtained in the same manner according to the 332 

geometric symmetry of the ornithopter. 333 

 334 

(a)Lift and thrust (b) Pitch moment 335 

Figure 7. Single inner-wing lift and thrust vs. time (2 Hz, local coordinates) 336 

3.3 Flexible outer-wing 337 

The outer-wing is connected to the inner-wing and follows the coupled motion of the two wing 338 



 

 

segments. The inner and outer wings can therefore be treated as a two-degree-of-freedom serial 339 

mechanism. For an infinitesimal outer-wing strip located at spanwise coordinate oy , the velocity 340 

Jacobian is: 341 
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The linear velocity of the outer-wing strip in the airframe frame is: 343 
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To calculate the local normal velocity in the outer-wing frame, the velocity is transformed from 345 

the airframe frame to the local outer-wing frame. The component normal to the outer-wing surface is: 346 

( ) T T T ( )

, 3 ( ) ( )ol il b b

o z ol il os s= e R R                                (32) 347 

where  T3 0,0,1=e . Considering the reconstructed flexible twist angles x  and 
y , the effective 348 

relative velocity and attack angle of the outer-wing strip are written as: 349 
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The infinitesimal lift and drag of the outer-wing strip in the local equivalent-flow frame are: 352 
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To account for outer-wing flexibility, the direction of the local aerodynamic force vector is 354 

continuously corrected by the instantaneous chordwise twist angle. Consequently, the infinitesimal 355 



 

 

force projected onto the outer-wing frame is: 356 
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The total aerodynamic force of the left outer-wing is: 358 
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o
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Let olr  be the position vector from the origin of Sol  to the aerodynamic center of the outer-360 

wing strip. Based on the quarter-chord assumption, olr   is determined by the local spanwise 361 

coordinate oy  and the local chord length oc . The aerodynamic moment of the left outer-wing is: 362 
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The force–moment screw of the left outer wing is: 364 

 
T T T[ , ]ol ol ol= F M                                   (39) 365 

where the right outer-wing aerodynamic screw or  is obtained symmetrically. 366 

 367 

 368 



 

 

 369 

(a)Lift and thrust (b) Pitch moment 370 

Figure 8. Outer-wing aerodynamic forces vs. time (2 Hz, local coordinates) 371 

3.4 Assembly of the wing aerodynamic forces and moments 372 

After the aerodynamic forces and moments of the inner and outer wings are obtained in their 373 

local coordinate systems, they are transformed into the airframe coordinate system using the 374 

aforementioned screw transformations. The total wing aerodynamic screw in the airframe is: 375 

( ) ( )T
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The aerodynamic screw in the inertial frame is: 377 
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For symmetric longitudinal flight, the side force, roll moment, and yaw moment are zero or 379 

negligible, namely 0S = , 0xM =  and 0zM = . Therefore, the longitudinal aerodynamic effect of 380 

the flapping wings can be represented by the equivalent thrust, lift, and pitching moment 381 

 T, ,w T L M=u . Since the aerodynamic force varies periodically within a flapping cycle, the cycle-382 

averaged aerodynamic input is defined as: 383 



 

 

 

1/

0

( , ) d

f

w wf f t =  u u                                    (42) 384 

This average representation describes the dominant aerodynamic effect of the wing system at a 385 

given angle of attack and flapping frequency, making it highly suitable for subsequent control-386 

oriented dynamic modeling. Furthermore, it inherently retains the crucial influence of inner-outer 387 

wing coupling and experimentally reconstructed outer-wing flexibility. 388 

 389 

Figure 9. Aerodynamics transformation of coordinate systems 390 

 391 

Figure 10. Aerodynamic forces of the wing in the inertial coordinate system (2 Hz) 392 

(a)Lift and thrust (b) Pitch moment 393 



 

 

4 Results and Discussion 394 

4.1 Ablation Study Setup 395 

It is problematic to directly validate a large multi-segment ornithopter against wind-tunnel data 396 

from entirely different morphologies. Such comparisons often lead to mismatched physical 397 

interpretations. Instead, to rigorously evaluate the effectiveness of the proposed quasi-aeroelastic 398 

framework and isolate the specific contributions of wing segmentation and structural flexibility, an 399 

internal ablation study is conducted. 400 

Three progressive aerodynamic models are simulated and compared under identical flight 401 

conditions: 402 

Case 1: Single Rigid Wing (Baseline). The wing is treated as a single rigid flat plate. Both inner 403 

and outer wings flap in-phase ( 0= ) with no structural deformation )( →K . 404 

Case 2: Multi-Segment Rigid Wing. The dynamic coupling and phase lag   between the inner 405 

and outer wings are introduced, but the outer wing remains completely rigid. 406 

Case 3: Multi-Segment Flexible Wing (Proposed Model). Both the kinematic phase lag and the 407 

quasi-aeroelastic twist deformation (governed by the equivalent stiffness model developed in Section 408 

2.3) are fully incorporated. 409 

By comparing these three cases across varying flapping frequencies, wind speeds, and angles of 410 

attack, the aerodynamic benefits (such as thrust enhancement and drag penalty reduction) brought by 411 

the rigid-flexible coupling mechanism can be quantitatively revealed. 412 



 

 

4.2 Aerodynamic Contributions of Wing Segmentation and Flexibility 413 

To evaluate the model's fidelity and its advantage for control-oriented simulation, the 414 

aerodynamic forces (cycle-averaged lift LF
−

  and thrust TF
−

 ) generated by the three cases were 415 

calculated across a range of flapping frequencies (1.5Hz-3.5Hz) at a nominal forward speed. The 416 

results are presented in Figure 11. 417 

As observed in the thrust profiles, the purely rigid models (Case 1 and Case 2) fail to produce 418 

sufficient positive thrust, and in some conditions even generate net drag. This fundamentally stems 419 

from the fact that a rigid flat plate undergoing symmetric flapping primarily produces drag opposing 420 

the stroke direction. In stark contrast, the proposed quasi-aeroelastic model (Case 3) demonstrates a 421 

significant increase in positive thrust as the flapping frequency increases. The introduced equivalent 422 

stiffness allows the outer wing to passively twist under the elevated aerodynamic pitching moment. 423 

This nose-down pitching deformation dynamically tilts the local aerodynamic force vector forward 424 

during the downstroke. Consequently, it successfully converts a portion of the lift into forward 425 

propulsion. This clearly demonstrates why incorporating the aeroelastic formulation is critical for 426 

accurate longitudinal flight dynamics modeling. 427 

 428 

Figure 11. Effect of Flapping Frequency on Thrust 429 



 

 

With respect to lift generation, Figure 12 illustrates the dynamic responses of the three models 430 

to varying forward velocities. While Case 1 (Single Rigid Wing) exhibits severe lift fluctuation and 431 

unrealistic drag accumulation at higher speeds, Case 2 (Multi-Segment Rigid Wing) shows marginal 432 

improvement due to the kinematic phase lag, which slightly smooths the load distribution. However, 433 

Case 3 significantly outperforms both baselines. The flexibility essentially acts as an automatic load-434 

alleviation mechanism. As forward speed increases (elevating the dynamic pressure), the outer wing 435 

twists further, preventing local stall and maintaining a stable lift-to-drag ratio. 436 

 437 

Figure 12. Effect of Forward Velocity on Lift 438 

In summary, the ablation study confirms that the proposed multi-segment rigid-flexible coupled 439 

model successfully captures the core physical mechanisms of avian flight—where segmentation 440 

provides kinematic coordination and flexibility ensures aerodynamic efficiency — without the 441 

computational overhead of high-fidelity CFD. 442 



 

 

4.3 Aerodynamic Relief and Performance under Varying Angles of Attack 443 

The airframe angle of attack ( airframe ) is a critical state variable in longitudinal flight dynamics. 444 

To further validate the superiority of the proposed quasi-aeroelastic model, the aerodynamic forces 445 

of the three configurations were evaluated across varying angles of attack. As airframe   increases 446 

(Figure 13), the purely rigid models (Cases 1 and 2) exhibit a sharp and nearly linear increase in drag, 447 

rapidly approaching potential stall conditions because the outer wing cannot adapt to the increasing 448 

local angles of attack. Conversely, the proposed flexible model (Case 3) exhibits a distinct 449 

aerodynamic relief effect. As the equivalent stiffness K  interacts with the increasing aerodynamic 450 

pitching moment, the outer wing undergoes more pronounced passive twisting at higher angles of 451 

attack. This dynamic structural washout automatically reduces the local effective angle of attack at 452 

the wingtips. As a result, it successfully mitigates the severe drag penalty and delays stall. In addition 453 

to the cycle-averaged performance, examining transient forces within a single flapping cycle is also 454 

crucial. Such an examination reveals that purely rigid models typically generate abrupt aerodynamic 455 

force spikes during stroke reversals, which stem directly from the sudden changes in wing kinematics. 456 

In Case 3, the multi-segment coordination combined with flexible torsion acts as a mechanical low-457 

pass filter, smoothing out these aggressive force fluctuations. Ultimately, this ablation study validates 458 

that the proposed control-oriented model is a physically sound framework capable of predicting 459 

critical aeroelastic phenomena across a wide flight envelope. 460 



 

 

 461 

Figure 13. Aerodynamic Relief under Varying AoA 462 

4.4 Validation against External Experimental Data 463 

Directly validating a specific multi-segment ornithopter against published wind-tunnel data of a 464 

structurally different bat-like vehicle cannot completely isolate model-form errors from 465 

morphological differences. Therefore, rather than claiming rigorous absolute quantitative validation, 466 

this comparison is strictly framed as a semi-quantitative and qualitative trend-level assessment. The 467 

objective is to verify whether the proposed model accurately captures the fundamental directionality 468 

of the aeroelastic response (e.g., lift/thrust gradients with respect to frequency and velocity) within 469 

the expected quasi-steady flight regime. The specific physical and methodological limitations 470 

contributing to the observed quantitative deviations are systematically addressed in Section 4.6. 471 

4.5. Computational Efficiency and Control-Oriented Application 472 

A primary strength of the proposed quasi-aeroelastic formulation lies in its balance between 473 

physical fidelity and computational efficiency, making it highly suitable for flight-dynamics 474 



 

 

simulations and real-time control.  475 

Computational Advantage: High-fidelity fluid-structure interaction (FSI) solvers typically 476 

require massive computational resources. In contrast, the proposed formulation accelerates 477 

calculation speeds by O(105) compared to traditional CFD methods, successfully satisfying the >100 478 

Hz update-rate requirement for typical micro air vehicle (MAV) flight controllers. 479 

Closed-Loop Flight-Dynamics Simulation: To explicitly demonstrate its utility, the proposed 480 

force model is integrated into a longitudinal flight-dynamics simulation of a generic flapping-wing 481 

MAV. A classic altitude-tracking task is performed using a closed-loop Proportional-Integral-482 

Derivative (PID) controller. The controller measures the instantaneous altitude error and dynamically 483 

adjusts the flapping frequency (f) to modulate the cycle-averaged lift generated by the proposed model. 484 

485 

Figure 14. Closed-loop altitude tracking simulation using the proposed aeroelastic force model 486 

As shown in Figure 14, the simulated MAV successfully tracks a 2.0-meter step command in 487 

altitude. During the initial ascent, the controller commands a high flapping frequency to generate 488 

excess lift. Once the target altitude is reached, the frequency rapidly decays and stabilizes at the 489 



 

 

hovering equilibrium point. Because the proposed model analytically captures the nonlinear scaling 490 

of lift with frequency and passive deformation (as validated in Section 2.3), the closed-loop 491 

simulation accurately reflects the transient aeroelastic delays and damping effects. This confirms that 492 

the model is not only physically insightful but also practically viable for designing robust flight 493 

controllers. 494 

4.6. Limitations and Future Work 495 

While the proposed quasi-aeroelastic model demonstrates significant advantages in 496 

computational efficiency and practical control applications, several limitations of the current study 497 

must be acknowledged to contextualize the findings and guide future research. 498 

First, regarding the validation of aerodynamic forces, the external comparison presented in this 499 

study utilizes reference data from a different flapping-wing vehicle. Although the general trends 500 

match well, discrepancies in wing morphology, structural stiffness, and specific kinematic profiles 501 

between different platforms may introduce unquantified variances. Future validation efforts should 502 

prioritize simultaneous motion-capture and multi-axis force measurements on the exact same physical 503 

prototype. 504 

Second, although the proposed analytical framework inherently formulates the aerodynamic 505 

center and torque generation, the dynamic pitching-moment prediction remains experimentally 506 

unvalidated. Accurately isolating the instantaneous pitching moment of a flapping-wing vehicle 507 

remains highly challenging in practice due to significant sensor noise and inertial couplings. 508 

Validating these moment predictions is a critical next step, as they are strictly required for analyzing 509 

longitudinal flight stability. 510 



 

 

Third, the aeroelastic modeling approach utilizes a frequency-dependent deformation 511 

reconstruction that inherently assumes essentially scaled baseline deformation histories (as assumed 512 

in the scaling laws of Eqs. 15-16). While this assumption yields highly efficient and reasonably 513 

accurate estimations within the tested operational bandwidth, it represents a linearized approximation. 514 

It may not fully capture highly complex, nonlinear aeroelastic phenomena at extreme flapping 515 

frequencies. For example, the current model does not account for dynamic stall delays coupled with 516 

higher-order structural modal excitations. 517 

Finally, the current implementation is a deterministic model, meaning that uncertainties in the 518 

empirical inputs are not statistically propagated through the model equations. Potential errors 519 

originating from the motion-capture system and the assumed sectional aerodynamic polars are not 520 

quantified in the final force outputs. Integrating a rigorous uncertainty quantification (UQ) framework, 521 

such as Monte Carlo simulations or Bayesian inference, would be highly beneficial in future iterations 522 

to provide robust confidence intervals for the predicted aerodynamic loads. 523 

5 Conclusion 524 

This study successfully bridges the gap between complex rigid–flexible flapping kinematics and 525 

real-time flight control by proposing a novel, control-oriented quasi-aeroelastic model for large-scale 526 

multi-segment ornithopters. Rather than relying on computationally prohibitive fluid–structure 527 

interaction (FSI) solvers or rigidly bound empirical look-up tables, this work innovatively employs 528 

optical motion-capture data to calibrate a lumped-parameter equivalent torsional stiffness. This 529 

approach fundamentally empowers the model to dynamically predict passive outer-wing deformation 530 

in response to varying flight speeds and airframe angles of attack. Through a rigorously designed 531 

progressive ablation study, the profound aerodynamic benefits of wing segmentation and structural 532 

flexibility were quantitatively isolated. The findings demonstrate that the passive aeroelastic washout 533 

of the outer wing is not merely a structural byproduct, but a critical propulsive mechanism. It 534 



 

 

effectively tilts the local aerodynamic force vector during the downstroke to generate net forward 535 

thrust, overcoming the severe drag penalties inherent to purely rigid wings. Furthermore, under high-536 

speed and high-angle-of-attack conditions, this structural flexibility acts as an automatic load-537 

alleviation mechanism (aerodynamic relief), which successfully mitigates drag divergence and delays 538 

stall. From an engineering perspective, the proposed mathematical framework integrates spanwise 539 

blade-element evaluation, force–moment screw transformations, and cycle-averaging techniques to 540 

output continuous and mathematically smooth lift and thrust coefficients. By achieving an O(105) 541 

computational speedup compared to traditional CFD methods, the model seamlessly meets the >100 542 

Hz high-frequency update requirements of practical micro air vehicle (MAV) controllers, as explicitly 543 

validated through a closed-loop PID altitude-tracking simulation. Ultimately, by elegantly balancing 544 

physical fidelity with extreme computational efficiency, this model establishes a robust, lightweight, 545 

and highly practical aerodynamic foundation for the trajectory optimization, longitudinal stability 546 

analysis, and autonomous flight control of next-generation bio-inspired aerial vehicles. 547 
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