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An aeroelastic instability provides a
possible basis for the transition from
gliding to flapping flight

Oscar M. Curet'?, Sharon M. Swartz"? and Kenneth S. Breuer'

ISchool of Engineering, and 2Department of Ecology and Evolutionary Biology, Brown University,
Providence, RI, USA

The morphology, kinematics and stiffness properties of lifting surfaces play
a key role in the aerodynamic performance of vertebrate flight. These sur-
faces, as a result of their flexible nature, may move both actively, owing to
muscle contraction, and passively, in reaction to fluid forces. However, the
nature and implications of this fluid-structure interaction are not well
understood. Here, we study passive flight (flight with no active wing actua-
tion) and explore a physical mechanism that leads to the emergence of a
natural flapping motion. We model a vertebrate wing with a compliant
shoulder and the ability to camber with an idealized physical model consist-
ing of a cantilevered flat plate with a hinged trailing flap. We find that at low
wind speed the wing is stationary, but at a critical speed the wing spon-
taneously flaps. The lift coefficient is significantly enhanced once the wing
starts to oscillate, although this increase in lift generation is accompanied
by an increase in drag. Flow visualization suggests that a strong leading
edge vortex attached to the wing during downstroke is the primary mechan-
ism responsible for the enhanced lift. The flapping instability we observe
suggests a possible scenario for an evolutionary transition from gliding to
powered flapping flight in animals that possess compliant wings capable of
passive camber. Although the flapping state is accompanied by a lower lift-
to-drag ratio, the increased lifting capability it confers might have enabled
increased body mass, improved foraging performance and/or flight at lower
speeds, any of which might have been selectively advantageous.

1. Introduction

The empirical study of interactions of the wings of animals in flight with
the surrounding air poses great technical challenges. Tracking the intricate
movements of the three-dimensionally complex wings [1] is only the first diffi-
culty. Investigators may perform flow visualization and measure forces from
animals performing natural behaviours, distinguish between actuated and
not-actuated motion, etc., although such studies are difficult to execute success-
fully. Many questions in bio-fluid dynamics, however, cannot be addressed
most effectively, or at all, with living animals [2]. Physical modelling presents
a powerful means to gain fundamental insights into relevant phenomena in
such situations [3]. This general approach has been adopted in diverse ways
by biological and physical scientists to better understand aerodynamic perform-
ance of wing models at low Reynolds number (Re < 10°), including wings at
constant speed [4,5], in rotational motion [6], following an impulsive start [7],
exhibiting oscillatory motion [8,9] and with compliant structures [10]. Here,
we use a physical model to explore the transition from steady gliding to flap-
ping flight. Our model captures two key features present in many animals:
(i) the wing structure can deflect with a restoring stiffness provided, at least
in part, by elements of the wing structure, such as shoulder muscles and ten-
dons, and (ii) the lifting surface possesses the ability to change camber due
to aerodynamic forces. We embody these characteristics in a highly idealized
way using a physical model composed of a cantilevered flat plate, which cap-
tures compliance, and a hinged trailing flap, which models variable camber
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Figure 1. Experimental set-up. (a) Schematic of the experimental set-up. The
wing model was mounted on a two-axis air-bearing attached to two uniaxial
load cells. A high-speed camera was used to capture kinematics. L, is the
length of the cantilever, L is the chord of the wing, L, is the length from the
edge tip of the wing to the pivot point and U* = U/U,. (b) Image taken by
high-speed camera. Broken white line shows the edge of the wing, as viewed
from below (see (a)). « is the angle of attack based on the main wing, 8
the angle of the flap, and Y the wing deflection.

(figure 1a). With no ambient flow, the model has a natural flap-
ping frequency, f, which can be controlled by either adjusting
the stiffness of the cantilever that serves as the ‘shoulder’ or
changing the mass of the wing. In our experiments, the natural
frequency was controlled by changing the length of the cantile-
ver. The model is mounted at a fixed angle of attack, «, in a low
turbulence wind tunnel, and the lift and drag characteristics are
measured over a range of wind speeds, L.

1.1. Physical characteristics of the
gliding—flapping transition

At low wind speeds, the physical model remains stationary
and is stable to small disturbances. However, above a critical
velocity, U, the wing starts to oscillate in a sinusoidal
manner, heaving in a manner reminiscent of flapping in
animal wings (see figure 2a and electronic supplementary
material, movie S1). This is an example of the well-known
phenomenon of ‘flutter” instability, which arises from inter-
action between an elastic structure and fluid flow. This
phenomenon has been studied in aircraft wings [11,12],
flags [13], suspension bridges [14], filaments in soap films
[15] and other systems. However, our study is distinctive
in two important respects: (i) the configuration of the physi-
cal model abstracts a biological wing characterized by

camber and compliance, and (ii) we characterize the benefits
associated with the onset of flutter from a biological perspec-
tive, and do not interpret the unsteady phenomenon as a
precursor to aeroelastic failure.

The unsteady motion of the wing, as measured by the stan-
dard deviation of the flapping amplitude, 6= arcsin(Y/L;),
increases with wind speed U* = U/U,, and is independent
of the initial angle of attack (figure 2b). The flap position, S,
exhibits a similar behaviour but with larger magnitude oscil-
lation and with a phase angle that leads by approximately
5 per cent of the total flapping cycle. The frequency of oscillation
(figure 2c), represented as a Strouhal number, St=fL/U,
remains constant over a range of velocities: i.e. the flapping
frequency increases linearly with flow speed. However, the
flapping frequency is lower than the natural frequency of the
wing, f, (St/St, = 0.8, where St, = f,L/U). The reduction in fre-
quency might be associated with additional damping ora lower
effective spring constant, both induced by aerodynamic forces.

Similar aeroelastic instabilities have been observed pre-
viously, but the effect this kind of flapping motion on
aerodynamic force coefficients has yet to be reported. To
our surprise, the self-excited motion of the wing model sig-
nificantly increases the mean lift coefficient (figure 3a),
Cr. = F;. /(0.5pU?A), where Fy is lift, p the air density, and
A the wing area, including the flap. When U* rises above
unity, there is an abrupt jump in the lift coefficient, followed
by a slower decrease as the speed increases further. The maxi-
mum lift enhancement, quantified as ratio of maximum Cy, to
the average subcritical Cy, ranges between 15 and 27 per cent.
The drag coefficient, Cp, increases more rapidly than Cp,
(figure 3b), and hence lift-to-drag ratio drops (figure 3c).
The amplitude of the unsteady lift force also rises abruptly
at the onset of the flapping motion (figure 3d), and exhibits
a hysteretic behaviour characteristic of a Hopf bifurcation
[16] (figure 3d, inset), consistent with previously reported
stabilities of a similar character [15].

1.2. Flow visualization

At subcritical speeds, and at low angles of attack, e.g. a = 5°
(figure 4a), smoke visualization reveals that flow separates at
the sharp leading edge of the wing. This separation generates
small vortices that are shed into the flow. For U* > 1, the flow
is more complex (see figure 4b and electronic supplementary
material, movie S2). At the beginning of the downstroke,
there is a small leading edge vortex (LEV); this is evident
in the flow visualization as particles rotating around a
common centre and suggests a region of low pressure. The
LEV increases in size as the downstroke progresses, but
remains attached to the upper surface of the wing until the
end of the downstroke, when it is shed into the flow. The
flow structure in the wake at mid-downstroke suggests that
the flow reattaches to the wing. During the upstroke, the
LEV is significantly smaller and the flow is mostly attached
to the wing. The two effects of the LEV—the low-pressure
region and the recirculation of the flow on the wing sur-
face—are known to enhance lift in delta-wing aircraft [17],
and in flapping flight in insects [18,19], bats [20] and gliding
swifts [21]. Indeed, it has been suggested that exploitation of
LEVs may have evolved as a mechanism to generate high lift
over a wide range of Reynolds numbers in animal flight [22].
Although the mechanisms of LEV stability in flapping wings
are not well understood, it has been suggested that low
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Figure 2. Kinematics of the self-excited flapper. (a) Motion of the flapper at U* = 1.01, f, = 4.4 Hz and v = 5°. Solid grey lines show the configuration of the
main body and flap at different time instants during one cycle. Black dots show the motion of the trailing edge. (b) Standard deviation of the amplitude of oscillation
versus velocity for f, = 4.4 Hz. () Strouhal number based on the natural frequency (blue) and the stroke frequency (red) as a function of wind velocity for @ = 5°.
Symbols represent the natural frequency of the model in hertz (in parenthesis the critical velocity in metre per second), squares, f, = 3.83 (U, = 4.57); inverted
triangles, f, = 3.96 (U, = 4.82); plus symbols f, = 4.26 (U, = 5.13); cross symbols f, = 4.40 (U, = 5.55); diamonds f, = 4.59 (U, = 5.71); asterisks

f, =488 (U, = 6.03).
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Figure 3. Lift and drag forces on the self-excited flapper. (a) Lift coefficient as a function of wind velocity for o = 4.4°, 5.0° and 6.4°. (b) Drag coefficient as a
function of wind velocity. (c) Lift-to-drag ratio as function of velocity. (d) Standard deviation of the lift. The inset shows the case for a¢ = 6.4° increasing and
decreasing the wind velocity. The error in (a,b) was estimated by the minimum and maximum mean forces.

Rossby number (Ro = R/c ~ 3, where R is the wing tip radius
and ¢ the wing chord) is a critical parameter for LEV stability
[22]. In our case, the Ro ranges from 2.3 to 2.5.

1.3. Implications for biological flight
These results demonstrate that a compliant wing with ability
to camber can exhibit a flapping behaviour in steady flow,

without powered actuation. Although the wing model used in
this work is an abstraction of biological wings, it captures
key features present in animal morphology (camber and com-
pliance) and the observed instability occurs in a Reynolds
number regime (Re = UL/ ~ 10®, where p is the kinematic
viscosity of air) for animal flight [22]. This suggests that a
similar passive motion could arise in wings of gliding ani-
mals. Such oscillatory motion could present challenges for

Ov607107 ‘0L ey 205 y [ biobungsyndiraposieforys: g


http://rsif.royalsocietypublishing.org/

Downloaded from rsif.royalsocietypublishing.org on January 30, 2013

(@)

non-flapping

(b) flapping
T=0

Figure 4. Smoke visualization around the wind model at mid-span. White broken line shows the location of the wing. (a) The wing is in a non-flapping state,
U=10ms"". (b) Flow visualization at four times on the flapping cycle, U = 1.94 m s~ ". Starting from the left top panel and counter-clockwise: starting of the
downstroke, mid-downstroke, starting upstroke and mid-upstroke. Grey arrows show the direction of the main wing motion. The flow around and behind the wing

were recorded separately and stitched together manually.

stability and control during gliding. In a lineage of gliding
animals in which such oscillations occur, adaptations of the
neuromuscular apparatus that effectively control these
motions would be advantageous, and such traits would
also be appropriate evolutionary precursors for the ability
to control and actuate flapping flight. In addition, our results
suggest that small movements of wing membranes—which
can be seen to control attitude and trajectory in gliding
mammals [23]—could also confer aerodynamic benefits.

This study demonstrates that substantial lift is generated
by passive flapping motions, and biological analogues of this
flapper model would experience similar increases in aerody-
namic force. Furthermore, these passive flapping motions
arise from the fluid—wing interaction, and occur close to the
resonance of the structure, where compliant wings generate
force more effectively than those that are more rigid [24,25].
However, the nondimensional frequency in these experiments,
based on stroke amplitude and frequency, K= fA/U where
A = 2L; sin(6), ranges from 0.01 to 0.07, which is considerably
lower than those observed for flying animals (from 0.2 to 0.4)
[26]. While passive mechanisms might thus be sufficient
to initiate flapping, powered actuation may still be requi-
red to increase the flapping amplitude and/or frequency,
thus raising the nondimensional frequency to a value that
might be more energetically beneficial.

We propose that these results offer insight into possible
evolutionary trajectories between gliding and flapping
flight. Compliant wings capable of passive camber could
experience self-excited motion in a manner analogous to
that observed in our model. If such self-excited motion is
not suppressed, for example, in the absence of muscular con-
traction, the spontaneous flapping motion could, in turn,
produce increased lift due to formation of LEVs. Ultimately,
this self-excited motion might have been a precursor to flap-
ping flight of early birds which, based on recent new analysis
of fossils, may have used their wings for high-speed gliding
[27]. As in our model, animals might experience elevated
drag in conjunction with the elevated lift accompanying oscil-
latory motions. It has often been proposed that improved
locomotor economy has driven the evolution of gliding
flight [28]. The specialized morphology of gliding animals
has thus frequently been interpreted as functioning to maxi-
mize lift-to-drag ratio [29]. However, maximizing lift-to-
drag ratio may well not have been critical for all gliders, or
in the early evolution of flapping flight [30,31]. There are
many ecological situations in which this parameter is not
necessarily a key target of selection, such as predator
escape or capture of elusive but nutritionally rich prey [32].
In settings of these kinds, ‘paying’ for useful lift with
additional drag may be an effective compromise to improve
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overall fitness. This deviation from ‘ideal” steady-state aero-
dynamics is even more probable in highly transient
dynamics such as can be observed in short-range glides [33].

If a lineage of animals that employs gliding locomotion
experiences periodic fluttering oscillations that generate elev-
ated aerodynamic forces, could specific patterns of anatomy
or neural control be favoured by selection? We hypothesize
that specializations of musculoskeletal structure or control
might experience positive selection in this locomotor regime.
Species with these traits might then be differentially likely to
give rise to a lineage of descendants with the capacity for pow-
ered flapping, by way of incremental increases in force
production capacity and flapping control en route to evolution
of a wing. In this way, a simple passive oscillatory physical
phenomenon could influence the evolution of muscle-powered
flapping flight.

2. Method

The main wing (7.6 x 28 cm) and flap (5.1 x 28 cm) were
constructed from two pairs of aluminium plates (0.13 cm in
thickness) that sandwich two sailcloth straps which allow
for easy flexure, and a thin latex sheet which prevents flow
from leaking through the gap (0.64 cm) (figure 1a). The natu-
ral frequency, f,, was controlled by adjusting the length of the
supporting cantilever, L,. The bending stiffness of the main
wing-flap connection was much less than that of the cantile-
ver. The flutter speed may be affected by the size of the flap
and stiffness of the connection between the main wing and
the flap. Characterizing these effects, however, was beyond
the scope of this study. To remove the effect of gravity in
the model behaviour, the wing was hung from the ceiling
of a closed-circuit wind tunnel (test section of 380 x 60 x
82 cm in length, height and width, respectively). The model
was mounted on a two-axis platform floating on air bearings.
Uniaxial load cells were used to measure drag (22 N, Omega,
model LCFA-5) and lift (9 N, Futek, model LSB-200) with
a full-scale resolution of 0.7 and 0.3 mN, respectively. For
each experimental condition, three trials were recorded at
2000 Hz for 20 seconds each. Before the data acquisition of
each experimental set, the load cells were calibrated. The
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