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This paper addresses the flapping frequency-dependent trim flight characteristics of a bioinspired ornithopter. An
integrative ornithopter flight simulator including a modal-based flexible multibody dynamics solver, a semiempirical
reduced-order flapping-wing aerodynamic model, and their loosely coupled fluid-structure interaction are used to
numerically simulate the ornithopter flight characteristics. The effect of the fluid—structure interaction of the main
wing is quantitatively examined by comparing the wing deformations in both spanwise and chordwise directions,
with and without aerodynamic loadings, and it shows that the fluid—structure interaction created a particular phase
delay between the imposed wing motion and the aeroelastic response of the main wing and tail wing. The trimmed
level flight conditions of the ornithopter model are found to satisfy the weak convergence criteria, which signifies that
the longitudinal flight state variables of ornithopters need to be bounded and that the mean value of the variables are
converged to the finite values. Unlike conventional fixed-wing aerial vehicles, the longitudinal flight state variables,
such as forward flight speed, body pitch attitude, and tail-wing angle of attack in trimmed level flight, showed stable
limit-cycle oscillatory behaviors with the flapping frequency as the dominant oscillating frequency. The mean body
pitch attitude and tail-wing angle, and the root-mean-square value of the body pitch attitude, decreased as the
flapping frequency increased. In addition, the mean forward flight speed is found to almost linearly increase with the

flapping frequency.
Nomenclature i"rl = position between J; and P; (undeformed position) that
AST, = aerodynamic strip, where k indicates the kth 1sfcoqstant 11}1110§a1 ,fé?mbe ’(‘;Vhere k indicates the index
aerodynamic strip from wing root to wingtip P, of pomt on the flexible body
'é‘A = transformation matrix from local reference frame to pTy = modal superposition vector in local reference frame
global coordinate U = inflow speed or forward flight speed
bow = semispan of main wing wp = vertical velocity of body center of gravity
b = tail-wing span At = numerical integration time step
Cmwi = Mmain-wing chord length at kth aerodynamic strip 0 = body pitch attitude
Ciw = tail-wing chord length 0 = local pitch angle of kth aerodynamic strip; AST;, at jth
f = flapping frequency time step
R = local plunging motion velocity parallel to global z Kk = main-wing motion or flapping-wing motion; upstroke
direction is positive from midstroke plane to maximum flapping
M; = aerodynamic moment of kth aerodynamic strip angle
Og = origin of global coordinate, where G indicates the
global coordinate
O f origin of local reference frame of main wing I. Introduction
jG‘ r, = position of local reference frame defined in global N ORNITHOPTER primarily consists of a pair of anisotropic

coordinate

Presented as Paper 2010-8237 at the AIAA Guidance, Navigation, and
Control Conference, Toronto, 2—5 August 2010; received 8 December 2010;
revision received 19 January 2011; accepted for publication 19 January 2011.
Copyright © 2011 by the American Institute of Aeronautics and Astronautics,
Inc. All rights reserved. Copies of this paper may be made for personal or
internal use, on condition that the copier pay the $10.00 per-copy fee to the
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923;
include the code 0731-5090/11 and $10.00 in correspondence with the CCC.

*Graduate Student, Department of Aerospace Engineering; js11009 @kaist.
ac.kr. Student Member AIAA.

Graduate Student, Department of Aerospace Engineering; joongkwan.
kim@Kkaist.ac.kr. Student Member AIAA.

*Senior Researcher, Satellite Control System Department; dkk @kari.re kr.

SAssociate  Professor, Department of Aerospace Engineering;
jachunghan@kaist.edu. Senior Member ATAA.

667

flexible main wings attached to a flapping-wing motion
mechanism and a tail. The role of the main wing in cruising flapping-
wing flight is to produce enough lift and thrust for sustained flight,
and the tail is used to balance the pitching moment with respect to the
center of gravity [1]. To make the ornithopter a more useful flight
platform for various practical tasks, its flight dynamics must be well
understood. However, the complex couplings of unsteady low
Reynolds number aerodynamics, wing kinematics, and the flexibility
of the wings do not allow one to easily establish an accurate flight
dynamics model of the ornithopter. Unlike insect-type flapping
micro air vehicles (MAVs), the time scale of flapping frequency of
larger bioinspired ornithopters is closer to the characteristic time
scale of the vehicle’s dynamic modes; therefore, the cycle-averaging
method [2] for insect-type MAVs is no longer an effective tool for
analysis of the flight dynamics of the ornithopter [3].
Assuming that the ornithopters have oscillatory behaviors in the
longitudinal direction, instead of using a time-averaging sense, Dietl
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and Garcia [3] studied the stability characteristics of limit-cycle
oscillations (LCOs) of longitudinal flapping flight using a quasi-
static aerodynamic model of a rigid flapping wing. Grauer and
Hubbard [4] experimentally showed that the ornithopter has
oscillatory flight dynamics with the flapping-wing frequency as the
dominant oscillating frequency using state-of-the-art inertial mea-
surement units mounted on a commercially available ornithopter.
Later, they presented the simulation results showing similar
oscillatory flight characteristics to the ornithopter by applying a
simplified quasi-steady aerodynamic model and a nonlinear rigid
multibody flight dynamic model [5]. Because the fluid—structure
interaction (FSI) of ornithopter wings has not been taken into
consideration, these previous studies have used further assumptions:
the flapping- and twisting-wing motions were prescribed in [3],
and the aerodynamic coefficients were tuned to keep trimmed flight
in [5].

The main wing of ornithopters with large flapping motion
undergoes elastic deformation incorporated with aerodynamics
governed by an unsteady low Reynolds number flow. Such aeroelas-
tic behaviors affect overall aerodynamic performance of the main
wing as well as the flight dynamics of the ornithopter itself. There-
fore, for the sound understanding of ornithopter flight dynamics
(e.g., how an ornithopter can achieve stable flight without continuous
control effort [4]), the FSI must inevitably be introduced in order to
construct an integrative ornithopter flight simulation model.

Both modeling fidelity (accuracy) and computational cost (effi-
ciency) should be considered together for a refined flight simulation
of ornithopters that includes the effects of FSIs. Until now, the
aerodynamic characteristics of flapping wings by themselves under
predescribed wing kinematics have been actively studied to find the
principles of unconventional aerodynamic mechanisms of nature’s
flyers under tethered conditions [6-8]. State-of-the-art high-fidelity
modeling techniques, such as computational structural dynamics,
computational fluid dynamics, and their coupling analysis, have
aimed to investigate unique aerodynamic phenomena in flapping-
wing flights; for example, the flexible wing has a higher thrust-to-
power ratio than its rigid counterpart [6]. Reduced-order
aerodynamic models, which can be effectively used for aeroelastic
analyses of flapping wings, have been proposed [8—11]. However,
simplified aerodynamics, such as quasi-steady aerodynamics, are
still used, typically with a rigid-body dynamics model, to study flight
dynamics characteristics of ornithopters [12—15]. Particularly, it is
difficult to find literature about the flight dynamics of flapping-wing
vehicles that consider wing flexibility and FSI.

This paper describes an integrative ornithopter flight simulator that
includes a modal-based flexible multibody dynamics solver [16—18],
a semiempirical reduced-order flapping-wing aerodynamic model
[9-11], and their loosely coupled FSI to numerically simulate the
ornithopter flight characteristics. The effect of FSI in ornithopter
flight dynamics simulation is featured by comparing the spanwise
and chordwise wing deformations, with and without aerodynamic
loadings. Using the present flight simulator, Pfeiffer et al. [19]
designed an ornithopter model and conducted flight dynamics

simulations that considered FSI for a single flapping-wing frequency.
This FSI analysis capability was also experimentally validated for a
rectangular flapping-wing model in the literature [11].

The present study reports the stable LCO of flight states such as
body pitch attitude, forward flight speed, and altitude of the
ornithopter at the trimmed condition from the direct time integration
of the ornithopter system model. Unlike previous works [3,5] where
several simplifications were made to model system characteristics,
wing flexibility and its aeroelastic interaction is considered in this
study; wing deformations, such as passive, aeroelastic twisting
motion, are not predefined but can be instantaneously calculated with
respect to the change of flapping frequency, and the resultant
transient effect on the vehicle motion can be evaluated. Similar to
avian flight characteristics [20,21], the mutual relationships among
the flapping frequency, the forward flight speed, and the behaviors of
other flight states are explicitly presented in this paper.

The established ornithopter flight simulator can provide deeper
insight into the flight dynamics of ornithopters by monitoring any
flight state, which cannot be easily obtained in actual flight tests
owing to the limited sensors, communications, and flight endurance
times.

II. Ornithopter Modeling for Flight
Dynamics Simulation

The primary task of the present paper is to simulate the flight
dynamics of ornithopters considering FSI between anisotropic
flexible-wing structures and a surrounding unsteady low Reynolds
number flowfield. For those respective domains to be coupled and
analyzed in an effective manner, a reduction approach in both
structural and aerodynamic models is taken to realize an efficient FSI
in a flight simulation environment. Figure 1 shows a simplified
flowchart of the present integrative ornithopter flight simulator. The
following sections provide a detailed modeling process and
descriptions of the ornithopter flight simulator.

A. Structural Modeling of Main and Tail Wings

The ornithopter model used in this study has a natural quarter-
ellipse wing shape with a wingspan of 540 mm and an aspect ratio of
5.58. The details of the material properties and dimensions of main-
wing and tail-wing structures are summarized in Fig. 2 and Table 1
(in which LE denotes leading edge, CS denotes cross stiffener, STIF
denotes stiffener, and EA denotes elastic axis). Also, the
specifications of the ornithopter model drawn in Fig. 3 are listed in
Table 2. This ornithopter model was virtually designed to be flyable
in the presented flight simulator. An actual prototype was also
manufactured based on this design, and it flew successfully afterward
(Fig. 3a).

The structural design of a flexible flapping wing that has a
particular patterned stiffener structure covered by thin skin was
determined by iterative aeroelastic tailoring to obtain sufficient
aerodynamic lift and thrust [19]. The finite element modeling of each
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Fig. 1 Flowchart of integrative ornithopter flight simulator considering FSI of main wing and tail wing.
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Fig. 2 Structural design of flexible ornithopter wings: a) main wing and b) tail wing.

wing structure was performed using ANSYS. The BEAM4 and
SHELLG63 elements in ANSYS were applied to the patterned
stiffener structure made of carbon and the Ripstop nylon fabric skin
of the wings, respectively. The BEAM4 is a three-dimensional elastic
uniaxial element with tension, compression, torsion, and bending
capabilities, and the SHELL63 is an elastic shell element that permits
both in-plane and normal loads for membrane modeling. The
elements have six degrees of freedom (DOFs) at each node. These
elements were chosen to model all three-dimensional elastic
behaviors of the carbon stiffener attached to nylon fabric skin, which
underwent complex elastic deformation under root flapping motion
(e.g., bending, twisting, and torsion modes). A total of 1857 finite
elements were used to describe the structural dynamic response of the
main wing. The structural model of a tail wing, shown in Fig. 2b, is
relatively simple, and its finite element model was similarly
constructed. The number of finite elements in the tail wing was 221,
and the 196 nodal points were automatically seeded. The number of
finite elements was chosen in a way that the modal solutions of
interest could be converged; the number of elements was increased
from a very coarse model to a dense one until modal solutions were
converged.

Table 1 Material properties and dimensions of main
and tail-wing structures

Part name Elastic modulus, Poisson Density, Thickness,
GPa ratio kg/m? mm
LE1 250 0.31 1800 2
LE2 100 0.31 1800 1
EAl1~2 175 0.31 500 04
CS1 ~4 175 0.31 500 04
Main-wing skin 100 0.31 500 0.04
STIF1 ~ 2 300 0.31 1495.42 0.5
Tail-wing skin 200 0.31 616.155 0.05

B. Flexible Multibody Dynamics and Coordinate Definitions

The elastic deformations of the main and tail wings are described
in a local reference frame, which is attached to the undeformed
wings, while the frame undergoes large, nonlinear global motion,
i.e., flapping-wing motion and nonlinear oscillating body dynamics.
The structural deformation of main and tail wings used in this study is
represented by the linear combination of the mode shapes (fixed
interface normal modes and component constraint modes for the
Craig—Bampton method [17]). Figure 3b illustrates the definitions of
the overall coordinate systems of the ornithopter used in this study.
The point O,,, ; is the origin of the local reference frame, and the
point O is the origin of the global coordinate. The vector Qro
indicates the position of the local reference frame defined in the
global coordinate. The position vector ;)f r, is constant and connects
J1 to P (undeformed position), expressed in the local frame. In this
section, the subscript k specifies an index of a point on the flexible
body. /! A is the transformation matrix from the local reference frame
to the global coordinate. The translational deformation vector of P,

(P}, is the deformed position of P;) i;krz is a modal superposition
vector. The deformed position or nodal point of the finite element
model rp, is expressed in the global coordinate in Eq. (1):

»
rp =0r)+ gAGT + 1) (1)

Table 2 Specifications of the bioinspired ornithopter model

Parameter Value Parameter Value
Total Mass 79.92¢g  Tail-wing maximum span  0.12 m
Main-wing mass 7.68 g  Tail-wing maximum chord 0.12 m
Tail-wing mass 042 g  Main-wing span 0.54 m
Body mass 71.82g  Main-wing mean chord 0.05 m
Main-wing area  0.044 m?>  Main-wing aspect 5.58
Tail-wing area 0.0072 m?> Tail-wing aspect ratio 2
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Fig. 3 Ornithopter model: a) prototype of designed model ornithopter and b) definition of ornithopter system coordinates.

Both J, and J, are coincident with the main-wing interface points,
Opyw s and Oy, ,. The main-wing driving point J, has one-DOF
motion, namely, the flapping-wing motion « and the Z ,, are always
parallel to Xp. Note that the flapping motion « defined in Eq. (2)
should be imposed gradually in both amplitude and frequency to
prevent undesired, transient structural deformations at the initial
stage of the flight simulation:

K = Kmpan + & sin(27 ft) 2)

where the mean flapping angle kypax i set to 10 deg, the flapping-
wing amplitude « is equal to 35 deg, and the flapping frequency f is
varied from 6.5 to 16 Hz for this study.

The component mode synthesis and dynamic substructuring
(particularly, the Craig-Bampton method [17]) with minor
mathematical modification (mode shape orthonormalization) [18]
is adopted in the flexible multibody dynamics solver (MSC.A-
DAMS) to calculate the elastic deformation of the flexible wings
under a large flapping-wing motion. The fixed interface normal
modes and the interface constraint modes with respect to the interface
points (J; and J, in Fig. 2a) are extracted from the finite element
models of main and tail wings for reduced-order structural modeling,
and the finite element modeling software used in this study (ANSYS)
generates this structural model in the form of a modal neutral file
(MNF), which can be used directly in the flexible multibody
dynamics solver as a flexible body. The MNF is a reduced-order
structural model that is generated after the Craig—Bampton
component mode synthesis method is applied to the model so that its
DOFs are reduced based on the Craig-Bampton modal basis (fixed
interface normal modes and component constraint modes). It
contains information on reduced-order structural model, including
1) mass, 2) moment of inertia, 3) center of gravity, 4) reduced
stiffness and mass matrix in terms of interface points, 5) fixed
interface normal modes, and 6) interface constraint modes. The

interface points are used to impose various boundary conditions,
such as a flapping motion or constrained conditions. In this study, to
represent the flexible multibody dynamics of flexible main-wing and
tail-wing behavior, the first 25 and 3 normal modes were chosen for
the main and tail wings, respectively. The number of modes for each
wing was adjusted to accurately describe the dynamic behavior of the
ornithopter and to reduce the total number of DOFs.

The governing equations for a flexible body can be derived from
Lagrange’s equations of the following form:

d (oL oL AV _ _
a(@)‘afﬂ[a?]“”“ =0 @

where L is the Lagrangian (difference between kinetic energy and
potential energy), W is the constraint equations, A is the Lagrange
multipliers for the constraints, £ is the generalized coordinates
defined as £ = [é‘ r, ¢ q](¢denotes Euler angles and g denotes
modal coordinates), and Q is the generalized applied force
(projection to & space). Using Eq. (3), the governing differential
equation of motion, in terms of the generalized coordinates, can be
derived as follows:

1M ow

o e 7 - T
méni-g |G dr ke 4[] -0 @

where M is the time varying mass matrix, K is the generalized
stiffness matrix, f, is the generalized gravitational force, W are the
algebraic constraint equations, A is the Lagrange multipliers for the
constraints, and Q is the generalized applied forces. More detailed
formulations on the modal-based flexible multibody dynamics can
be found in [10,11].
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C. Main-Wing and Tail-Wing Aerodynamic Models
1. Main-Wing Aerodynamic Model

The main-wing and flapping-wing aerodynamics are governed by
an unsteady low Reynolds number (viscous) flow. In this paper, an
improved version of the modified strip theory (MST) [10,11] that
includes the dynamic stall model for large plunging wing motion is
applied to the integrative ornithopter flight simulator. DeLaurier [9]
proposed a design-oriented aerodynamic model for the unsteady
aerodynamics of a flapping wing called the MST original, and its
performance was examined by a manned ornithopter construction
and flight tests. The core of the MST original is the modified
Theodorsen function, or three-dimensional Theodorsen function,
that takes into account a three-dimensional wake correction factor in
terms of the wing aspect ratio and the reduced frequency. Also, the
contributions of the section mean angle of attack, camber, partial
leading edge suction, and friction drag were added, which allows
MST original to be used for the calculation of the average lift, as well
as the thrust, power required, and propulsive efficiency of a flapping
wing in equilibrium flight. However, this model failed to predict the
amplitude of the time-varying aerodynamic forces and moment
according to the continuous flapping-wing motion that resulted from
the application of the original MST that only classifies two types of
flows: the attached flow range and the poststall flow range.

Kim et al. [10,11] improved the MST original (now denoted as
MST Improved) for flapping-wing motion with larger amplitudes
and a low Reynolds number flow consideration from the static wind-
tunnel testing data. Moreover, the classification of flow in MST
improved is more refined as follows: 1) attached flow range,
2) dynamic stall range, and 3) poststall flow range. In MST improved,
the dynamic stall range was added, and the dynamic stall criterion
was established using the ratio between the inflow resultant velocity
and the sectional flapping-wing motion velocity. When the criterion
is satisfied, the flapping wing maintains the aerodynamic charac-
teristics of the attached flow range until the resultant angle of attack is
bounded by the double static stall angle of attack. The details of the
formulation and limitations of the MST original and MST improved
aerodynamic models can be found in [9-11].

Aerodynamic strips (ASTs), highlighted by the solid bold line in
Fig. 2a, are divided equally along the wing span. The aerodynamic
surface is a two-dimensional surface that has the same aerodynamic
properties as the corresponding AST. The motion parameters of the
AST are obtained from the flexible structural dynamics of coincident
structural nodal points. The definition of the motion parameters used
in the main-wing aerodynamic model is expressed in Fig. 4a. For
example, the local pitch angle 6, represents the rotational angle of
the AST in the span direction and, measured from the position vectors
rp,;and rp, ;, itis defined in the global coordinate. The subscript j
indicates the index of the time step, and k implies the number of
ASTs, starting from 1 and moving through to 27 (from wing root to
wingtip). In the flexible multibody dynamics solver, the position
vector of structural nodal points can be easily measured at each time
index j, which contains the rigid-body motion of the ornithopter
fuselage, the main-wing flapping motion, the local structural
dynamic deformation, and the local deformation due to the fluid-
structural coupling in the global coordinate.

To obtain the motion parameters of the AST virtually attached to
the structural surface, three points, P,, P3, and P4, were chosen, as
shown in Fig. 4a. To obtain the local pitch angle 6, in the global
coordinate, the directional cosine presented in Eq. (5) was used,
where ¢y, is a unit vector of the X coordinate. The superscript ¢ in
Eq. (6) indicates the camber, which can be derived in the same
manner as local pitch angle:

Oy = COS_I{(rPZ,_,' —Tp, ;) ex,/Ixp, ; —Tp I} %)

97/( = COS_I{(rP4,j —Tp, ;) ex,/Ixp, ; —Tp, I} (6)

Each sectional strip has three DOFs of motion: plunging, translating,
and pitching. The translational motion of point P, on the leading
edge can be neglected due to the small amount of deformation in the

a)
o Crossing Nodal Point of
gy Aerodynamic Strip and Elastic Axis
Aerodynamic Surface
0
Structural Surface AST,
b)

Fig. 4 Aerodynamic forces and motion variables for main-wing
aerodynamic model: a) definition of motion parameters for AST and
b) definition of aerodynamic force and moment.

X direction. The plunging motion velocity h i calculated in Eq. (7),
is parallel to the Z; direction:

hy=p, ;1 —Tp,;) €7,/ AL @)

The numerical integration time step Atz should be carefully
determined based on the aeroelastic response of the flexible wings. In
this study, the time step is set to 5 ms, which provides stable,
converged solutions. Although the stability of the numerical
differentiation is guaranteed by continuous wing structural motion,
undesired motion might cause instability if sudden wing motions are
applied during the initial simulation stage.

The definition of plunging motion hfk in the aerodynamic model
reveals motion perpendicular to the flapping axis or vehicle body
attitude, not the motion perpendicular to the inflow velocity. Hence,
the plunging velocity requires a coordinate transformation using the
local pitch angle 6, and the body pitch attitude 6, as in Eq. (8):

R = hj cos(0 — 6) ®)

After the pitching and plunging motion parameters are determined
using Egs. (§) and (8), the sectional aerodynamics are able to be
predicted. Moreover, the change of each aerodynamic surface area is
small enough to neglect. The inflow speed or forward flight speed U
and the vertical velocity of body wj are parallel to the global
coordinates X; and Z, respectively (as shown in Fig. 4a).

The aerodynamic model computes the resultant force and moment
vector at the intersecting point of the elastic axis and AST. In general,
the elastic axis of an airplane wing is defined as the spanwise line
along which the transverse load must be applied in order to allow
only bending deformation, with negligible torsion of the wing at any
section along the span. The elastic axis is sensitive to the boundary
conditions of the structure and the applied loads. Thus, the process of
determining the elastic axis, especially for ornithopter wings that
have anisotropic flexibility with a thin skin and patterned structural
stiffeners, is very complicated and requires much iteration. The
stiffeners, EA1 and EA2 as shown in Fig. 2a, are the elastic axis of the
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main-wing structural model, and they are iteratively determined
through a finite element analysis (without a bending spanwise line
under the application of wingtip torque).

For the FSI analysis, the sectional aerodynamic forces and
moment are generally applied to the structural nodal point nearest to
the elastic axis on the AST, as in Fig. 4b. The pitching moment was
corrected to take into account the transformation of the moment
reference point from the center of pressure to the elastic axis.

An important consideration in aerodynamic calculation is the
aerodynamic surface transformation with respect to the flapping
motion imposed at the joint J,. When the undeformed structural
surface is rotated with respect to the imposed flapping-wing motion,
the aerodynamic surface is parallel to the global X;-Y; plane. The
inclination angle between two undeformed surfaces is also called the
flapping angle «. The section normal force N normal to the
aerodynamic surface is transformed to the normal force on the
structural surface Nj cosk and the spanwise tangential force
Ny sink.

The section normal forces in Eq. (9) are composed of the
circulatory force and noncirculatory force, such as the apparent mass
effect. The sectional axial force F, in Eq. (10) includes the leading-
edge suction force of the oscillating wing, the frictional drag, and the
camber-induced drag. The moment in Eq. (11) is also calculated
similarly. These forces change with the flow criteria in MST
improved [10,11]:

Njk = Ncirculatory,jk + Nnoncirculamry,jk (9)
Fa,jk = TS.jk - Dc.jk - Df,jk (10
Mjk = Mac,jk + Mcirculatory.jk + Mnoncircu]atory.jk (1 1)

2. Tail-Wing Aerodynamic Model

Unlike the insect and bat, tailless ornithopters and birds are not
common. The tail wing has an important role in the trimmed
ornithopter flight in terms of balancing the instantaneous pitching
moment with respect to the center of gravity. Because of the
continuous flapping-wing motion, the pitching moment at the center
of gravity has nonlinear, periodic, time-varying properties. Once the
mean pitching moment has a nonzero value for each flapping period,
the longitudinal dynamics will eventually diverge. However, the tail-
wing aerodynamic modeling has not yet been investigated with
regard to balancing the pitching moment. Previous research on tail-
wing aerodynamics has been primarily focused on the tail-wing
planform effects on the static aerodynamic characteristics [22].

In Pfeiffer et al.’s previous research on the longitudinal flight
dynamics of the ornithopter [19], the tail-wing aerodynamic model
was simplified to have a linear relationship between the aecrodynamic
lift and the tail-wing elevation angle. Thus, the tail-wing aerody-
namic model passively affects the ornithopter system as a
proportional linear feedback control. In this study, the tail-wing
aerodynamic model was improved in a nonaffine form with respect to
the tail-wing elevation angle, and the resultant velocity and new
effective angle of attack are defined for the tail wing. The tail-wing
aerodynamic model is acting as a feedback controller, albeit much
more elaborate compared with the previous one, due to the inclusion
of flight state variables, such as body pitch attitude, pitch rate, flight
velocity vector, etc.

The detailed derivation of the tail-wing aerodynamic model for an
bioinspired ornithopter is summarized in the Appendix. The resultant
aerodynamic forces acting on the tail wing and the pitching moment
with respect to the center of gravity are noted in Eqs. (12-14):

Ly =3pUV 055z St - Ch (@) (12)

2
Liw

th = Dp,tw + I
0.50V 256, SwTeAR

13)

Z dMCG.lW = dM[W + (ltw,delw - llw.detW) COS(&O,ZSE|W + 9)

- (llw,detw + ltw,zstw) Sin(&().ZSElw + 0) (14)

Note that the only the control parameter for the tail wing is the tail-
wing mean deflection angle §,, which is resolved inside the Mg, in
a nonlinear form. Therefore, the tail-wing pitching moment with
respect to the center of gravity is very difficult to express in affine
form, and the nonlinear flight simulation by direct time integration
shows the tail-wing effect on the trajectory of ornithopter flight
dynamics.

D. Fluid-Structure Interaction of Flexible Wings

The spanwise and chordwise anisotropic wing flexibility allow a
passive wing or an active wing to have proper wing bending and
twisting interactions with the surrounding unsteady low Reynolds
number fluid. In cooperation with the flexible multibody dynamics
solver, the external aerodynamic forces and moment are automati-
cally converted to the generalized coordinate of the governing
differential equation of motion. In time step j, before proceeding to
j + 1, the number of iterations required to converge for the structural
deformation to converge a certain range of error can be defined.
Hence, the FSI procedure is loosely coupled, and the motion
parameters and structural deformation obtained in time step j are
used for j + 1th aerodynamic calculations.

The flexible multibody dynamics solver was set to dynamics, and
the gear stiff numerical integrator was chosen. The number of
Newton—Raphson iterations for the convergence of the solution of
Eq. (4) was fixed to a maximum of 10 for every time step, and the
error bound was set to 1% during the iteration steps. The FSI
framework used in this study has previously been experimentally
validated for rectangular flapping-wing models [19].

To emphasize the FSI effect on the flapping wing, a center of
gravity-constrained flight simulation was performed for two cases

1/10 cycle

N

r
/7777\ 10/10 cycle

2/10 cycle

3/10 cycle

9/10 cycle
Downstroke | Upstroke
& 8/10 cycle
e ———
4/10 cycle

5/10 cycle 7/10 cycle

6/10 cycle

Fig. 5 Phase shift of structural deformation of flexible main wing due to
FSI effect (flapping frequency: 12 Hz; vehicle attitude: 3.21 deg).



LEE ETAL. 673

—— Reference Main-Wing Imposed Motion
-~ -FSION ----" FSI OFF

i f=12Hz

Twisting Motion [deg] Bending Motion [deg]

60
30
O —
-30 1
A T T T T T
0.000 0.042 0.084 0.126 0.168 0.210 0.252
Time [s]

Fig. 6 Time history of wingtip bending motion and maximum twisting
motion with and without FSI (reference signal: main-wing imposed
motion; flapping frequency: 12 Hz; vehicle attitude: 3.21 deg).

analogous to wind-tunnel tests with/without ambient air: 1) FSI on
(with aerodynamic loading) and 2) FSI off (without aerodynamic
loading). The flapping frequency was set to 12 Hz, and the body pitch
attitude was fixed to the mean trimmed flight condition at
approximately 3.21 deg.

In Fig. 5, the shaded wing without the distribution of force vectors
indicates the structural dynamic responses of the FSI-off wing. The
two wings are synchronized to have identical flapping-wing motions.
It clearly shows that the phase delay or advance effect is due to the
applied aerodynamic loads. To compare the fluid structural response
of the two wings more quantitatively, the wingtip point P, in Fig. 3b
and the 19th AST, which has the maximum twisting deformation,
were selected. The imposed flapping-wing motion, as a reference
signal, was compared with the wing bending motion of P; and the
twisting motion of AST,, respectively (see Fig. 6). For point P, the
FSI-on wing lags approximately 56 deg, and the FSI-off wing leads
by approximately 4 deg. For the twisting motion at the 19th AST, the

FSI-on wing leads by approximately 65 deg, and the FSI-off wing
also leads by approximately 160 deg. If the reference signal is set as
the FSI-off wing motion, then the FSI on each wing has approxi-
mately a 51.5 deg delay of wingtip bending motion and
approximately a 91 deg delay of wing local twisting motion. The
aerodynamic force is applied at the elastic axis, thus the magnitude of
the twisting motion at the 19th strip has the same value of both the
FSI-on and FSI-off wings. The phase angle of 91 deg has an
important role in generating positive thrust between the 4/10 cycle
and the 5/10 cycle, as shown in Fig. 5.

III. Longitudinal Trim Flight of Bioinspired

Ornithopter

The integrative ornithopter flight simulator based on the loosely
coupled FSI, explained in the previous section, is applied to tackle the
trim flight dynamics of the ornithopter. The center of gravity is no
longer constrained as in Sec. IL.D in order to search for the trimmed
free-flight conditions. In other words, the trim flight conditions for
the ornithopter can be found using the same methods that are used for
other types of aircraft. Finding the trim flight conditions for a wide
range of flapping frequencies is beneficial in understanding the
longitudinal flight dynamic characteristics of the ornithopter.

A. Trim Search Criteria for Longitudinal Level Flight

To simulate various hand-launching conditions (or initial flight
conditions) of the ornithopter, a force vector with various magnitudes
and directions is applied to the center of gravity for a certain period.
Once the ornithopter is released with the initial flight conditions
determined by an initial force vector, it automatically attempts to find
a trimmed flight state using the harmony of its own aerodynamic lift,
thrust, and moment. We found that the magnitude of the hand-
launched force vector does not change the final trim flight speed and
body pitch attitude, and the ornithopter shows only one trim flight
condition for a specific flapping frequency. In other words, even
though the ornithopter has different initial flight conditions, the trim
flight condition is uniquely determined for a given flapping
frequency. The initial conditions affect only the convergence time to
the final trim condition. If the tail wing or another actuator of the
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Fig. 7 Time history of longitudinal flight state variables: imposed main-wing motion, aeroelastic response of tail-wing tip, body pitch attitude, forward
flight speed (flight speed X), vertical oscillating speed (flight speed Z), and altitude (flapping frequency: 12 Hz).
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Fig. 8 Limit-cycle orbit recovery for pitching dynamics under external disturbances (flapping frequency: 12 Hz).

ornithopter are actively controlled, then there might be more than one B. Trim Characteristics of Longitudinal Level Flight

trim condition. In this study, only the passive motion of a tail wing 1. Limit-Cycle Oscillation of Longitudinal Flight State Variables
due to the flexibility is considered without any active tail-wing It was observed from the flight simulation that the flight state
motions. variables of the ornithopter in trim show nonlinear dynamic behavior
For a given flapping frequency, a trim mean tail-wing elevation known as LCO; the LCO phenomena are not dependent on initial
angle §, must be found. Let x; be any longitudinal flight dynamics flight conditions within certain boundaries. In the case of flapping
state variable of the ornithopter, and the trimmed level flight frequency of 12 Hz, Fig. 7 shows that the longitudinal flight state
condition can be expressed as Eqs. (15) and (16): variables have the unique oscillatory behaviors satisfying Egs. (15)
and (16). The stability of the LCO is often studied by using the
mean(x; (1)] — C,| — 0 (5 eigenvalues of the moi/lodromy matrix in the Floquet thz;ory [ég]. In
this study, however, the direct numerical simulation was performed
|x;(£) — mean[x;()]] < C, < 00 (16) to investigate the stability of LCO of the ornithopter. The aircraft

stable trajectories were monitored in order to evaluate how the state
trajectories converged to a LCO following the application of external
force and moment disturbances. In the case of 12 Hz flapping-wing
frequency, Fig. 8 shows that the pitching dynamics limit-cycle orbit
in the phase plane returns to its original trim state, even after several
kinds of disturbances are applied.

where t € [nT, mT], n <m, ¥n, m € Z, and for the arbitrarily real
constant C; and C,.

When the trim tail-wing elevation angle §, is to be found
heuristically, flight states of the ornithopter are carefully monitored to
see the criteria disclosed in Eqs. (15) and (16) are satisfied.

Y
o
75 o
16 23
c 9
w )
£ o 2
> 12 @ =
2 50 £ 2
[ » =
3 5=
T g T
) S =
= = @
w s K
=)
£ 25 <
=%
o
s
s
Fig. 9 Phase portraits of pitching dynamics of trimmed level flight Fig. 10 Aeroelastic response of flexible tail-wing tip during trimmed

ornithopter (flapping frequency: 6.5 ~ 16 Hz). level flight.



LEE ETAL. 675

—{3— Pitch Attitude (Peak-to-Peak)
—@— Tail-Wing Angle (Peak-to-Peak) |

-4 1.96

~-]1.63

-11.31

--10.98

B 0,65

Pitch Attitude (Peak-to-Peak) [deg]
Tail-Wing Angle (Peak-to-Peak) [deg]

T T T T T

6 8 10 12 14 16
Flapping Frequency [Hz]

Fig. 11 Peak-to-peak values of pitch attitude and tail-wing angle vs

flapping frequency.

The LCO is uniquely demonstrated for each trim condition in this
study. The flapping frequency was adjusted from 6.5 to 16 Hz, and
the corresponding trim flight state variables were found. In Fig. 9, the
phase portraits for the pitching dynamics show the complex
nonlinear dynamic behavior. As the flapping frequency increases
(positive Z axis), the mean pitch angle is decreased and the inner
closed loop in the phase portrait is dismissed as having a single closed
loop for a higher flapping frequency. In other words, simplified
pitching dynamics are obtained for higher flapping frequencies.

2. Tail-Wing Structural Vibration due to Main-Wing Motion

The structural response to the external forces is amplified when the
natural frequency of the structure is tuned to the excitation frequency.
The natural frequency of the first bending mode of the tail-wing
structure is 31.75 Hz: sufficiently high compared with the ranges of
the operational flapping frequencies. However, the pitch LCO

contains higher harmonic forcing terms for the lower flapping
frequency flight. There are flapping frequencies that are candidates to
resonate the tail-wing structure, and the changes of phase portrait
shapes shown in Fig. 10 are observed near the flapping frequencies of
9.0-10.0 and 14.0-15.0 Hz. As shown in Fig. 11, when the peak-to-
peak values of the tail-wing aeroelastic response are increased
according to the flapping frequency, the peak-to-peak values
of the body pitch attitude are decreased; thus, the aeroelastic response
of the tail wing might affect the passive flight stability of the
ornithopter.

3. Mean Longitudinal Flight Dynamics of Trimmed Ornithopter

The trimmed level longitudinal flight of the ornithopter is
summarized in Fig. 12, which shows the mean longitudinal flight
state variables with respect to the flapping frequency. The mean
values of the longitudinal flight state variables are calculated for the
10 cycles of flapping-wing motion. The observed state variables are
the mean values of the tail-wing elevation angle, the forward flight
speed, the body pitch attitude, and the peak-to-peak value of the body
pitch oscillations. The mean tail-wing elevation angle is decreased as
the flapping frequency increases. Hence, the mean flight speed is
faster for the higher flapping frequency due to the reduced drag on the
tail. The pitching dynamics associated with the flapping frequency
can be solved from the data presented in Figs. 11 and 12. The mean
body pitch attitude is almost inversely proportional to the flapping
frequency. Interestingly, the peak-to-peak value of the pitch
oscillation is also decreased with an increase of the flapping
frequency up to 14 Hz. In the avian trim flight dynamics, the flapping
frequency is adjusted to have the minimum power required for the
actuation of wings with respect to the flight speed, and the wing beat
amplitude and downstroke angular velocity are proportional to the
airspeed or flight speed [20,21]. The ornithopter has symmetric
upstroke and downstroke wing motion, unlike avian flight; however,
ornithopters have similar mean flight dynamic characteristics to
avian flight: the body pitch attitude and tail angle of attack are
decreased as the air speed or flapping frequency increased.
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Fig. 12 Mean characteristics of trimmed flight state variables with respect to flapping-wing frequency.
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IV. Conclusions

In this paper, an integrative ornithopter flight dynamics simulator
including the modal-based flexible multibody dynamics solver has
been introduced, and the refined flapping-wing aerodynamic model
has been corrected for a low Reynolds number regime. The FSI
effects were clearly demonstrated by comparing wing deformations
with and without aerodynamic loadings. The trim condition for the
stable longitudinal level flight was also investigated. From the
simulation of an ornithopter model, the following was found. First,
the trim flight conditions are uniquely determined once the flapping
frequency is fixed (frequency-dependent trim flight characteristics).
Second, the bioinspired ornithopter has unique trimmed flight
dynamics characteristics LCO, and due to the LCO characteristics,
the ornithopter shows robustness to external disturbances under
continuous flapping. Finally, the mean flight dynamics of the
trimmed ornithopter have functional relationships with respect to the
flapping-wing frequency (e.g., mean pitch attitude is almost
inversely proportional to the flapping frequency, and the peak-to-
peak value of the pitch oscillation generally decreased with an
increase of the flapping frequency).

The proposed integrative ornithopter flight simulator and trim
search method will be helpful to systematically design ornithopters
for unmanned air vehicle mission profiles and to study flight
dynamics and control behaviors of the ornithopters.

Appendix: Tail-Wing Aerodynamic Model
for Bioinspired Ornithopter

The detailed derivation of the tail-wing aerodynamic model for the
bioinspired ornithopter in Sec. I.C.2 is given here. Figure Al
describes the definition of the tail-wing and vehicle body motion
parameters used in the proposed refined tail-wing aerodynamic
model. The resultant velocity ‘}0_25Elw, shown in Fig. Alb and in
Eq. (Al), is composed of ornithopter forward flight speed U, the
vertical velocity wg, the body pitch rate-induced velocity at the three-
quarter chord point w, ; 75z on the tail-wing surface, and the rate of

tail-wing motion &,:

‘70.255[“, = \/(‘71,0.2SE|W)2 + (‘}n,O.ZSE‘lW)Z

Qoosz, = tan™! (Vn.ozsim /‘7[,0,252‘“.,) (A1)

where

\7,_0‘25% = Ucos(6 —§,) — wgsin(@ —§6,)
‘7)1,0,256‘“, = Usin(6 —§,) + wg cos( — 8,)

+ wq‘O.ZSElW — 0.2551“,8(,
— 3 =
u)q.OJSZ“W - q{B lx + Ciw COS 86} Cos 89

W, 0256, = q{g I, 4+ 0.5¢,, cosé,}cosd,

various velocity components are combined to represent the bound
vortex dT sz~ of the tail-wing section at the chord length c,,,. The
bound vortex is located at the quarter-chord of the mean chord
location, and a basic assumption is made for the flow around the tail
wing to be attached for overall ranges of angles of attack. Once the

Normal
X, direction

Tangential
direction

a)

Normal
X direction

Tangential
direction

b)

Fig. A1 Aerodynamic forces and motion variables for tail-wing
aerodynamic model: a) definition of tail-wing and body motion
parameters and lumped bound-vortex consideration of the tail wing for
the tail-wing aerodynamic model; and b) directions and locations of
aerodynamic forces and moment around tail wing and the pitching
moment at the center of gravity due to tail-wing aerodynamic loads.

zero normal flow boundary condition on solid surfaces is satisfied in
Eq. (A2) at the control point of the three-quarter chord location from
the joint, J; is reduced to the bound vortex dT' sz in Eq. (A3). The
normal velocity on the tail-wing surface 7 ;s;,, is also defined in
Fig. Ala:

. dlopss, 3. ¢ .
o 75z, =0=— % - thWSe + Usin(0 —6,)
+ wg cos(8 — 8,) + w0754, (A2)

dl 255, = TCyy [U sin(f — 8,) + wy cos(d — 8,)

3.
+ Wy0758, — 2 clw88i| (A3)

The derivation of the bound vortex in Eq. (A3) and the resultant
velocity in Eq. (A1) are assumed to be applied for a two-dimensional
wing; then, the circulatory force on the tail wing can be obtained from
the Kutta—Joukowski theorem. In Eq. (A4), it can be confirmed that
the constitution of the two-dimensional lift of the tail wing is a
multiplication of the dynamic pressure, lift slope, 277 derived in two-
dimensional thin airfoil theory, and the new fictitious angles of attack
o, shown inside the parentheses in Eq. (A4):

[sin(6 — 8,) + (ws/U) cos(6 — 8,) + (w075, /U) — (3/4) (€. /U)]

~ 1 A _
dL, = PVo.zszlwdro.zsaw = zPUVO.zsaw < Cy * 2T

(A4)

a*

Craw
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The extension of two-dimensional aerodynamic lift in Eq. (A4) to
three-dimensional can simply be implemented by the modification of
the lift slope 2. Once the spanwise distribution of the circulation is
assumed to be an elliptical distribution, then the lift acting on the tail
wing L, is finally derived in Eq. (AS). The finite wing induces the
downwash distribution along the tail-wing span, and the downwash
generates drag called induced drag. The total drag of the tail wing D,
consists of both the induced drag and the profile drag, or skin friction,
in Eq. (AY). In a quasi-steady aerodynamic sense, once the aerody-
namic coefficients Cj, are known, then the instantaneous
aerodynamic coefficients can be obtained according to the angle of
attack o*:

eAR 1 A eAR .
Ly, = mstwbtw = EPUVo.zsaw S Zﬂm“
1 ~
= EPUVo.zsaw *Stw Ci,lw(a*)
Ly,
Dy=D,u +—— (A5)
lW Pty O'SIOVO.25EN SlwﬂeAR

The tail-wing moment M, in Eq. (A6) is negligible compared with
the other components in relation to its contribution to the pitching
moment at the center of gravity. Figure A1b illustrates the free-body
diagram of the tail-wing forces and moment to estimate the pitching
moment in Eq. (A6) with respect to the center of gravity:

Z dMCG,lw = thw + (ltw‘detw - ltw.detw) COS(&O.ZSEIW + 0)
- (llw.delw + ltw,zdLlw) Sirl(ézO,ZSE,w + 9) (A6)
where

Ly, =21, 4 0.25C,,siné,, Ly = 21, + 0.25C,, cos 8,
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