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Nomenclature

A = double amplitude of wing tip
f = flapping frequency
St = Strouhal number
U = freestream velocity
� = aircraft angle of attack to freestream velocity
�a = angle of advance at wing tip
� = magnitude of wing folding or bending
��t� = instantaneous bending angle at wing joint
�0 = stroke amplitude at wing root
� = transition time of wing folding or bending
�s = leading-edge suction efficiency
��w = time-averaged washout angle at wing tip
�’ = phase angle of wing twist with respect to flapping

angle
�0 = magnitude of wing twist at wing tip
��t� = instantaneous folding angle at wing joint
� = downstroke ratio of wing folding or bending
’ = phase shift of wing folding or bending
� = feathering parameter, Eq. (1)

Subscripts

opt = optimum value
� = wing bending
� = wing folding

Introduction

T HE vast majority of birds and bats reduce their effective wing
span on the upstroke by bending their wrist and elbow joints. It

is not known, however, whether this wing articulation is a method of
improving aerodynamic performance or the result some other
physiological constraint. Conversely, the majority of successful
mechanical flapping-wing aircraft fly with torsionally flexible but
spanwise-rigid wings [1]. Efficient thrust production in this second

flight mode is highly dependent on the leading-edge suction
efficiency of the airfoil [2], whereas birds and bats are known to
operate with thin leading edges that provide almost no leading-edge
suction. The purpose of this research, then, is to investigate the
performance of articulated flapping wings and how this performance
is related to leading-edge suction efficiency.

For the most part, past research on the performance of articulated
flapping wings has been from the perspective of analyzing an
existing bird or bat species, rather than from a design perspective.
Several aerodynamic models that account for unsteady effects have
been employed to this end, notably by Rayner [3], Spedding [4–6],
and Pivkin et al. [7], but the specific mechanism that makes upstroke
span reduction an efficient thrust production method has not been
elucidated. Another category of researchers has approached the
problem of flapping flight from a fundamental aerodynamics
perspective. The research of Betteridge and Archer [8], Archer et al.
[9], Vest and Katz [10], Hall et al. [11], Phlips et al. [12], and
DeLaurier [13] has led to a far greater understanding of some of the
underlying principles of flapping flight, including the effects of
leading-edge suction, but has all been limited to the spanwise-rigid
flapping mode.

To properly capture the effects of upstroke span reduction, the
model used in the current study extends the unsteady strip-theory
model assumed in [12], which accounts explicitly for the effects of
leading-edge suction efficiency. Wing articulation is added to the
kinematic model with a wrist joint at themidspan, as shown in Fig. 1.
A gradient-based optimizer was used to navigate the enlarged design
space and converge on the optimal set of kinematics for both the
rigid-span and articulated-wing flight modes. It was found that the
effect of upstroke span reduction can be better understood by using
the nondimensional feathering parameter �. The feathering
parameter is defined at the wingtip and describes the magnitude of
the dynamic twist �0 normalized by the maximum angle of advance
��a�max, as given in Eq. (1):

�� �0
��a�max

� �0
arctan�	St� (1)

The relationship between the magnitude of the tip twist, the advance
angle, and the Strouhal number is shown in Fig. 2, in which the

Fig. 1 Articulated wing with 2-degrees-of-freedom joint at midspan.
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Strouhal number is given in its usual form as St� fA=U. In general,
the point of intersection of the chordlines is off-center due to an
average positive angle of attack. In the casewhere�� 1, the angle of
attack is constant throughout the stroke and the resulting symmetry
produces no thrust. Decreasing � produces a positive net thrust, as
the relative angle of attack on the upstroke becomes less than that on
the downstroke. Though other methods of thrust production are
possible, this technical note will focus on thosewhere the asymmetry
of the stroke is achieved by a combination of reducing the upstroke
angle of attack, regulated by �, and reducing the effective span
through wing articulation. The goal is to link wing articulation to the
kinematic parameter � and to show how upstroke span reduction can
lead to performance increases when leading-edge suction efficiency
is low.

Analytical Model

Kinematics

In this study, wing morphing is accomplished with a 2-degree-of-
freedom joint defined by a bending angle ��t� and a folding angle
��t�, as shown in Fig. 1. In the case of wing folding, the angle at the
joint is mirrored by an equivalent rotation at the root. As the wing
folds, chord lines remain parallel and the effective wing area is
reduced. In the case of bending, the size of the wing does not change.
The variation of each joint angle in time is parameterized by four
variables: magnitude �, phase shift ’, downstroke ratio �, and
transition time �, as shown in Fig. 3. With an 180 deg transition time
and 0 deg phase shift, this converges to a sine wave. The flapping
motion at the root is sinusoidal with stroke amplitude �0 and flapping
frequency f. The time-varying twist angle of the wing is assumed to
be proportional to the downward flapping velocity at each point
along the span, plus a prescribed phase shift �p. Themagnitude of the
wing twist is defined at the wing tip and is given by �0. For spanwise-
rigid sinusoidal flapping, this converges to wing twisting that is
linear along the span and sinusoidal in time. Note that for this model
the magnitude and phase of the tip twist are prescribed directly,
instead of using an integrated aeroelastic model as in [12]. The
kinematic parameters given earlier fully define the motion of each
chordwise strip along the wing, from which the linear and rotational

velocities aswell as the relative angles of attack can be calculated and
applied in the unsteady aerodynamicmodel given in the next section.

Aerodynamics

As previously stated, the aerodynamic model used for this study is
based on the unsteady strip-theory model from [12], which uses
modified Theodorsen functions to model the effect of the unsteady
wake. These functions have been derived by Jones [14], assuming
sinusoidal motion; therefore, to retain accuracy, the folding and
bending magnitudes have been kept below 50 deg so that the
variation of the angle of attack remains at least somewhat sinusoidal.
The model also has corrections for dynamic stall delay, apparent-
mass effects, and partial leading-edge suction. Leading-edge suction
efficiency is an important parameter in the study of flapping-wing
flight because of the large variations in angle of attack. Its effect on
airfoil performance is plotted in Fig. 4, in which it can be seen that
airfoils with low leading-edge suction efficiency suffer a dramatic
reduction in their lift-to-drag ratio at off-design angles of attack. The
mechanism responsible for this loss of performance is a small
separation bubble that appears when the flow is required to turn too
quickly around the leading edge [15]. Thus, leading-edge suction
efficiency is directly related to the leading-edge radius of the airfoil
and becomes a far greater concern in the lowReynolds number flight
of birds and bats.

Results

Aprevious successful ornithopter [1]was used as the baseline case
for the computational experiments. The wing has a 0.28 m chord at
the root and a 1.1 m semispan with a straight trailing edge and a
12 deg taper starting at the midspan. The airfoil at the root is a Selig
S1020 with a 5.33 deg zero-lift line and 91.5% leading-edge suction
efficiency, which blends into a symmetric S1080 airfoil towards the
wingtip.‡ The flapping frequency was set to 2.75 Hz, the flight speed
to 13:7 m=s, and the stroke amplitude to �27:3 deg, giving a
constant Strouhal number of 0.20, which lies within the range for
efficient flight noted by Nudds et al. [16]. With the Strouhal number
held constant and joint articulation phased so that span reduction
occurs on the upstroke, thrust becomes a function primarily of the
feathering parameter � and the magnitude of the span-reduction
angles�� and��. During the study it was found that thrust was often
optimized when the folding magnitude was set approximately
equivalent to the bending magnitude; thus to simplify further
discussion �� will be made equal to �� and they will be referred to
collectively as �.

Fig. 2 Stroke kinematics for defining the feathering parameter �.

Fig. 3 Variation of joint angle in time.
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Fig. 4 Finite-wing drag polars for various �
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values.

‡The S1020 and S1080 airfoils were designed by Professor Michael Selig
at the University of Illinois at Urbana–Champaign for specific use on this
ornithopter model. The airfoil data is not published.
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An initial sweep over � and � reveals two distinct methods of
producing thrust (Fig. 5): one with a small amount of wing twist and
no folding, and the other with a larger feathering parameter and span
reduction on the upstroke.

Figure 5 represents a single baseline configuration operating in
two different flight modes, but it was found that both of these thrust
peaks could be further improved by fine tuning the folding, bending,
and twisting parameters in a way that was specific to each mode of
flapping. Thus, a gradient-based optimizer was applied to the design

variable set �’�; ’�; ��; ��; ��; ��; �0; �’; ��w; �� so as to maximize
thrust production for a given span-reduction magnitude �.
Constraints were placed so that the required power and the
integrated lift remained constant for all experiments. The
optimization was repeated over a range of � values and for two
different values of the leading-edge suction efficiency (Fig. 6).

The curves in Fig. 6, first, demonstrate the importance of having
high leading-edge suction efficiency, and second, show that wing
articulation can lead to increased thrust if the kinematics are properly
optimized. The correlation between the increase in �opt and the
increase in� reveals a tradeoff between two different mechanisms of
thrust production. As upstroke span reduction is increased, the
constraints on lift and power produce a corresponding decrease in the
variation of the angle of attack. The overall effect is that, for the same
input power, more thrust can be produced in the articulated flapping
mode. For high leading-edge suction efficiencies the thrust increase
ismarginal considering the extramechanical complexity required for
an articulated wing, but at low leading-edge suction efficiencies the
trend becomes much more prominent. This can be understood by
referring to the drag polars shown in Fig. 4. A higher feathering
parameter means less variation in the relative angle of attack and

more time spent near the airfoil’s design angle, which is important for
wings with low leading-edge suction efficiency.

Conclusions

The tradeoff between two different methods of flapping-wing
thrust production has been presented. In the first method the relative
angle of attack is reduced on the upstroke, which results in off-design
angles throughout much of the stroke. The second method involves
both folding and bending the wing on the upstroke to achieve an
effective reduction in the projected wing area. This second mode
allows more efficient use of the airfoil because, for an equivalent
amount of thrust, it can operate with a higher feathering parameter
and therefore less variation in the angle of attack. This note does not
make any presumptions about small-scale ornithopters with bound
leading-edge vortices, but for medium to large-scale aircraft it
verifies that, whenever possible, wings should be designed with high
�s airfoils.When high values of �s can be achieved, wing articulation
offers little benefit considering the added mechanical complexity,
and large-scale ornithopter designers would be better off sticking
with the spanwise rigid flapping mode. However, as the size of the
ornithopter decreases, so does the ability to produce a leading-edge
suction force; and wing articulation begins to offer a significant
aerodynamic advantage. It is likely, then, that upstroke span
reduction is a deliberate strategy used by birds and bats to improve
the efficiency of thrust production given the limitations of their
relatively thin airfoils. Thus, if it is desired to improve the efficiency
of ornithopter flight within the size range of natural flyers, it may be
advantageous to draw inspiration from nature’s solution.
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