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Flexible Flapping Airfoil Propulsion at Zero Freestream Velocity

S. Heathcote,∗ D. Martin,† and I. Gursul‡

University of Bath, Bath, England BA2 7AY, United Kingdom

Thrust generation for an airfoil plunging at zero freestream velocity, the case relevant to hovering birds and
insects, has been studied. The objective was to investigate the effect of airfoil stiffness. Particle image velocimetry
and force measurements were taken for three airfoils of relative bending stiffnesses 1:8:512 in a water tank. The
deformation of the flexible airfoils produces an angle of attack that varies periodically with a phase angle with
respect to the plunging motion. Amplitude and phase of this combined plunging/pitching motion play a major
role in the flowfield and thrust generation. Vortex pairs or alternating vortex streets were observed depending
on the amplitude and phase lag of the trailing edge. The strength of the vortices, their lateral spacing, and the
time-averaged velocity of the induced jet were found to depend on the airfoil flexibility, plunge frequency, and
amplitude. Direct force measurements confirmed that at high plunge frequencies the thrust coefficient of the
airfoil with intermediate stiffness was greatest, although the least stiff airfoil can generate larger thrust at low
frequencies. It is suggested that there is an optimum airfoil stiffness for a given plunge frequency and amplitude.
The thrust/input-power ratio was found to be greater for the flexible airfoils than for the rigid airfoil.

Nomenclature
a = plunge amplitude
b = plate thickness
CM = momentum flux coefficient
CT = thrust coefficient
c = chord length
d = lateral spacing between vortex rows
E = modulus of elasticity
F = driving force
f = plunge frequency
h = dimensionless plunge amplitude, a/c
K = dimensionless thin-plate bending stiffness
k = thin-plate bending stiffness
M = momentum flux per unit span
Re = Reynolds number
s = displacement
T = thrust per unit span; period
t = time
U = fluid velocity
v = wing leading-edge velocity
x = streamwise distance
y = lateral distance
α = angle of attack
ε = efficiency
µ = viscosity
ν = kinematic viscosity, µ/ρ
ρ = density
φ = phase

Subscripts
LE = leading edge
p = peak value
TE = trailing edge
x = streamwise component
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Introduction

R ECENT advances in microtechnology have created an oppor-
tunity to mount miniature surveillance equipment on small fly-

ing aircraft known as micro air vehicles (MAVs). Such microflying
robots may be suitable for military missions such as reconnaissance
and surveillance, as well as civilian applications such as coast watch,
crop monitoring, telecommunications, news broadcasting, remote
sensing, and mineral exploration. A large number of much smaller
sized flying sensors is envisaged for atmospheric measurements and
climate research.

Due to their small size and speed, MAVs fly at very low Reynolds
numbers, which results in flow separation and poor aerodynamic
performance. Nevertheless, the aerodynamic lift is not the limit-
ing issue. The real challenge is in the area of propulsion systems.
Flapping-wing flight has received considerable attention in the past
few years as an alternative to propeller flight, which is inefficient
at these small scales. The fact that birds, insects, and many sea
creatures use flapping-wing propulsion successfully encouraged re-
cent interest in the development of MAVs.1 Plunging and pitching
airfoils are known to produce thrust if the oscillation frequency or
amplitude is large enough. The mechanism of thrust generation is
related to the formation of a pair of opposite-sign vortices at the
trailing edge of the wing during the oscillation cycle.

It seems to have been Knoller2 in 1909 and Betz3 in 1912 who first
discovered that an oscillating airfoil produces thrust. Ten years later,
Katzmayr’s4 wind-tunnel tests verified what is now known as the
Knoller–Betz effect. These early experimental and theoretical inves-
tigations were summarized by Koochesfahani,5 Jones et al.6 and Lai
and Platzer.7 Theoretical investigations based on inviscid flow analy-
sis established that the theoretical propulsive efficiency of a flapping
airfoil could be very high. Viscous simulations of thrust generation
in the absence of large-scale flow separation agreed well with the po-
tential flow analysis.8 However, when flow separation occurs at low
Reynolds numbers, the propulsive efficiency is rapidly degraded.9,10

Likewise, adverse effects of flow separation on propulsion at low
Reynolds numbers have been observed for a MAV configuration.11

The limiting case of low-Reynolds-number aerodynamics is the
thrust generation at zero freestream velocity.12 This particular case is
relevant to the thrust generation by many insects and birds hovering
in still air. It was shown that a sharp trailing edge is required for
effective thrust generation.12 More complicated models of hovering,
which involve coupled pitching and plunging motions, were studied
by Freymuth13 and Sunada et al.14 Present work focuses on thrust
generation for plunging rigid and flexible airfoils.

Since Knoller and Betz sparked interest in the subject, there have
been many experimental and numerical studies of thrust coefficient
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Fig. 1 Schematic of a flexible airfoil plunging periodically in the ver-
tical direction.

and propulsive efficiency as a function of the amplitude and fre-
quency of motion, coupled pitching and plunging motions, and air-
foil shapes. Flexibility, though, has received less attention. The im-
portance of wing flexibility remains unclear in unsteady flow of
insect flight.15 A computational study16 of a flexible oscillating thin
airfoil in inviscid flow was carried out and it was shown that flexible
foils may have better efficiency. There is a suggestion that flexi-
bility is essential for fish agility.17 There is also growing evidence
that wing flexibility may be exploited for better performance for
low-Reynolds-number flows.18

The aim of this paper is to study the effect of flexibility by mea-
surements of the deformation of a flexible airfoil, resulting velocity
field, thrust, and ratio of thrust to input power. Comparison over a
range of plunging frequencies, amplitudes, and airfoil flexibilities
is made. A flexible airfoil is shown in Fig. 1. The leading edge is
plunged sinusoidally with plunge amplitude a and frequency f . The
displacement of the leading edge is denoted by SLE(t) and the dis-
placement of the trailing edge is denoted by STE(t). The experiments
described in this paper are carried out at zero freestream velocity.
Three dimensionless parameters are appropriate:

h = a/c, Re = f c2/ν, K = k/µνc

where k = Eb3/12. Hence, h is proportional to the plunge amplitude,
Re to the plunge frequency, and K to the bending stiffness of the
plate k. Note that there is no freestream velocity, and therefore the
Reynolds number in this case depends on the frequency and has
been used in previous investigations.13,14

Experimental Setup
The cross section of the airfoil/plate combination tested is shown

in Fig. 2. Previous work suggests that leading-edge shape has only
a minor effect.11 The airfoil has a thin flat plate of length 60 mm
attached to a 30-mm-chord, 10-mm-thick airfoil. It has an overall
chord length of 90 mm and span of 300 mm. The thick airfoil forming
the leading edge was manufactured from solid aluminum. The plate
is sheet steel with uniform thickness. The flexibility of the airfoil is
varied by using plates of different thickness. Three plates, of thick-
nesses 0.05, 0.1, and 0.4 mm, are tested. Because the bending stiff-
ness of a plate varies with the cube of the plate’s thickness, the bend-
ing stiffnesses are in the ratio k1:k2:k3 = 0.053:0.13:0.43 = 1:8:512.
The three airfoils are referred to as “very flexible,” “flexible,” and
“rigid,” respectively.

Experiments are carried out in a 1.2 × 0.5 × 0.5 m glass water
tank (Fig. 3). The airfoil is mounted vertically and one end is at-
tached to a horizontal shaker (Motovario 0.37-kW three-phase motor
and IMO Jaguar controller). Tests are carried out for frequencies in
the range of 1–2.5 Hz and amplitudes in the range of 5–25 mm. A
position sensor on the motor emits one pulse for every degree of
rotation, and an extra pulse every 360 deg, allowing phase informa-
tion of the airfoil motion. There is a 2-mm gap between the top of
the airfoil and a perspex splitter plate and a 2-mm gap between the
bottom of the airfoil and the glass of the tank.

A laser sheet is used for visualization of plate deformation, which
is generated from a Coherent 12-W Ar-ion continuous laser beam
by cylindrical and spherical lenses. A 50-frames-per-second dig-
ital videocamera mounted underneath the tank is used to record

Fig. 2 Cross section of the airfoil/plate combination tested.

a)

b)

Fig. 3 Experimental setup: a) overview and b) arrangement of the
laser and camera for PIV measurements.

the motion of the wing. The laser sheet illuminates the x–y plane
that intersects the midspan of the wing, as illustrated in Fig. 3.
In the particle image velocimetry (PIV) experiments a TSI PIV sys-
tem is used to measure the instantaneous velocity field in a region
downstream of the trailing edge. The time between pulses from a
dual YAG laser is 500 µs. The light reflects off 4-µm particles into a
2048 × 2048 pixel, 8-bit grayscale digital camera. The interrogation
window size is 64 × 64 pixels with 50% overlapping. Velocity fields
at a maximum rate of 3.75 Hz are recorded. A fast Fourier transform
algorithm is used to determine the velocity field. An estimate of the
time-averaged velocity is obtained by averaging 200 velocity fields.
Ensemble averaging was used to obtain statistical information such
as maximum streamwise velocity, circulation, and vortex spacing.
The standard deviation of these quantities was less than 8%.

The momentum flux per unit span one chord length downstream
of the trailing edge is calculated from the instantaneous velocity
fields as

M = ρ

∫
U 2

x dy (1)

where Ux is the instantaneous velocity and overbar denotes time
averaging. A momentum flux coefficient may be defined as

CM = M
/

1
2 ρv2

pc (2)
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The uncertainty of the momentum flux coefficient was estimated to
be less than 10%.

A binocular strain-gauge force balance,19 machined from alu-
minum, is used to make direct force measurements. Strain gauges
with different sensitivities are constructed so that measurements
may be taken over a wide range of plunge frequencies and ampli-
tudes. The position of the strain gauge is shown in Fig. 3. Inertial
forces were subtracted from the total force measured in any direc-
tion. The inertial forces were determined by oscillating the airfoil
in air, where the fluid-dynamic forces are three orders of magni-
tude smaller than those generated in water. Also, the time-averaging
process eliminates any contribution from the inertial forces, which
have zero averages. The thrust and driving force were measured
separately by rotating the strain-gauge balance. The measurement
uncertainty for force coefficients was estimated as 5%. The strain-
gauge signals and the motor encoder signal are sampled with a
sampling rate of 100 Hz to yield a force–displacement relationship.
Since U∞ = 0, the thrust coefficient is defined based on the peak
plunge velocity:

CT = T̄
/

1
2 ρv2

pc (3)

where vp = 2πa f .

Fig. 4 Shape of the very flexible airfoil over one period (Re = 2.025 ×× 104; h = 0.194).

The conventional definition of propulsive efficiency cannot be
used in this case, because the freestream velocity is zero. In other
words, the propulsive efficiency is zero at zero freestream velocity.
An alternative measure of performance is the thrust-to-power-input
ratio19:

ε = T̄ /Fv (4)

which has units of newton/watt and is evaluated using direct thrust
and driving force measurements. The measurement uncertainty for
this quantity is estimated as 8%.

Results
Flow/Structure Interaction

Figure 4 shows the very flexible plate over one oscillation cycle
for Re = 2.025 × 104 and h = 0.194. The inset shows the variation
of location of the leading edge as a function of time. The rigid
airfoil that forms the leading-edge element is partly visible. The
deformation of the airfoil shown in Fig. 4 produces an angle of
attack as well as a camber, which varies periodically with phase
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a)

b)

Fig. 5 Displacement of a) the trailing edge and b) the trailing edge
relative to the leading edge (Re = 2.025 ×× 104; h = 0.194).

angle with respect to plunging motion. For the rigid airfoil, the
pure plunging motion at zero freestream velocity produces effective
angles of attack of +90 or −90 deg. However, for a flexible airfoil,
pitching angle is generally negative during the downward plunging
motion, which results in an effective angle of attack smaller than
90 deg. This pitching motion appears to play a major role in the
flowfield and thrust production, as will be discussed.

The instantaneous location of the trailing edge of the plate was
measured and is plotted in Fig. 5a. The variation of location of the
trailing edge for the other airfoils is shown in the same figure. It
is seen that the displacement of the trailing edge has a large phase
lag for the flexible wings. Surprisingly, the maximum values of the
displacement are smaller for the very flexible plate than for the
flexible plate. This is due to the phase lag between the plunging
motion and deformation of the flexible plates. Figure 5b shows the
displacement of the trailing edge relative to the leading edge, which
is the time history of the relative deformation. It is seen that the
deformation of the very flexible plate is larger and the phase lag
is also substantial. Nevertheless, the amplitude of the deformation
is not very different for the two cases. The phase delay, however,
appears to play a major role, as will be discussed.

Because the deformation and dynamic response of the flexible
plates affect the resulting flow considerably, the response of the
plates will be summarized in this section before the results of the
velocity and force measurements are presented. Because the first
bending mode is dominant in the range of the parameters tested, the
amplitude and phase angle of the trailing edge are sufficient to char-
acterize the dynamic response of the plates. Figure 6 shows the vari-
ation of amplitude and phase of displacement of the trailing edge as
a function of Reynolds number for h = 0.194. The trailing-edge am-
plitude is greater than the leading-edge amplitude for both the flex-
ible and very flexible airfoils over the range of frequencies tested.
The trailing-edge amplitude of the flexible plate first increases and

a)

b)

Fig. 6 STE/a as a function of Reynolds number (h = 0.194): a) ampli-
tude and b) phase.

then decreases with frequency. The trailing-edge amplitude of the
very flexible plate decreases steadily with frequency and the curves
cross at around Re = 1.0 × 104. For higher Reynolds numbers, the
amplitude of the motion of the trailing edge is larger for the flexible
plate than for the very flexible plate as a consequence of combined
plunging motion and dynamic deformation.

Note that the displacement of the trailing edge depends on the am-
plitude and phase angle of deformation with respect to the plunging
motion. This variable is different from that for the deformation only.
If the deformation only is considered, it increases with Reynolds
number as shown in Ref. 20. It is seen from Fig. 6b that the phase
lag increases roughly linearly with frequency for the two flexible
plates. The phase lag is approximately 60 deg greater for the very
flexible airfoil. Figure 7 shows the amplitude and phase of the trail-
ing edge as a function of plunge amplitude for Re = 1.62 × 104.
Once again, the trailing-edge amplitude is greater than the leading-
edge amplitude for both the flexible and very flexible airfoils over the
range of frequencies tested. The normalized trailing-edge amplitude
decreases with increasing plunge amplitude for both the flexible and
very flexible airfoils. The phase lag is almost independent of plunge
frequency but depends greatly on the flexibility of the airfoil.
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a)

b)

Fig. 7 STE/a as a function of plunge amplitude (Re = 1.62 ×× 104):
a) amplitude and b) phase.

Velocity Measurements
Figure 8 shows the instantaneous velocity fields for the three

plates, corresponding to Fig. 5 (Re = 2.025 × 104; h = 0.194). It is
seen that the structure of the vortical flow is similar for the rigid and
flexible plates, resembling vortex pairs released periodically. Three
differences are observed: the vortices from the flexible airfoil are
slightly stronger, slightly farther apart in the lateral direction, and
appear to be preserved farther downstream than the vortices from
the rigid airfoil. A quite different flow structure resembling a reverse
von Kármán vortex street is observed for the very flexible plate. The
vortices are weaker and closer in the lateral direction; much lower
induced velocities are observed.

Over a wide range of frequencies and amplitudes of plunging
motion tested, it was found that the instantaneous flow structures
were similar to those shown in Fig. 8: vortex pairs for the rigid
and flexible plates, and alternating vortex street for the very flexible
plate. It is shown in Ref. 20 that the corresponding time-averaged
velocity field for all three plates is nearly parallel and symmetric.
Again, higher velocities are observed for the flexible plate compared
to the other two plates.

a)

b)

c)

Fig. 8 Instantaneous velocity field for a) the rigid airfoil, b) the flexible
airfoil, and c) the very flexible airfoil (Re = 2.025 ×× 104; h = 0.194).

Instantaneous and time-averaged flowfields were studied in detail
for further statistical information. The strength of the vortices gen-
erated close to the oscillating plate was calculated as a line integral
of velocity around a square path that is centered on the vortex core
and covers the whole vortex, for each instantaneous flowfield. The
average circulation of the vortices is shown in Fig. 9 as a function of
Reynolds number. The strength is slightly larger for the flexible plate
than for the rigid one, but there are substantial differences from the
very flexible plate at high Reynolds numbers. The vortex strength
is almost constant for the rigid and flexible airfoils but decreases
rapidly with increasing Reynolds number for the very flexible plate.
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Fig. 9 Variation of normalized circulation as a function of Reynolds
number (h = 0.194).

Fig. 10 Variation of maximum time-averaged streamwise velocity as
a function of Reynolds number (h = 0.194, x/c = 1).

The variation of the maximum time-averaged jet velocity is shown
in Fig. 10. The variation of streamwise velocity with Reynolds num-
ber is seen to be similar to the variation of circulation with Reynolds
number, although the flexibility of the plates seems slightly less im-
portant. The maximum time-averaged velocity is roughly equal to
the peak plunge velocity. Figure 11 shows the lateral spacing of the
vortex rows as a function of Reynolds number. The plate stiffness
is seen to have a profound effect on the separation of the vortices, a
quantity roughly proportional to the mass flux of the induced jet. The
largest spacing is observed for the flexible plate, whereas the small-
est spacing (roughly equal to the peak-to-peak plunge amplitude) is
observed for the very flexible plate. The effect of the flexibility is
more important at higher Reynolds numbers.

From the instantaneous velocity information the momentum flux
was calculated, which is related to the generated thrust and was used
in previous investigations5 to estimate it. However, this control-
volume approach has its limitations due to large fluctuations in
velocity and deviation of pressure from the freestream value at
the downstream measurement station.10 In addition, for the case of
U∞ = 0, there is some momentum flux across the boundary upstream

Fig. 11 Variation of normalized lateral vortex spacing as a function of
Reynolds number (h = 0.194).

Fig. 12 Momentum flux coefficient as a function of Reynolds number
(h = 0.194).

of the oscillating wing. Nevertheless, the momentum flux down-
stream provides useful information about the flowfield generated
by a plunging airfoil. In Fig. 12, the variation of momentum flux
with Reynolds number is shown for each plate. The momentum
flux is greatest for the flexible plate and smallest for the very flex-
ible plate. This implies that there is an optimum flexibility. The
variation of the momentum flux resembles that of the vortex lateral
spacing, indicating that the most important contribution comes from
the effective jet width and mass flux.

Figures 13–16 show the variation of circulation, peak time-
averaged velocity, vortex spacing, and momentum flux with plunge
amplitude for Re = 1.62 × 104. Figure 13 shows that the strength of
the vortices is the smallest for the very flexible plate. There is a rapid
decrease of the normalized circulation with increasing plunge am-
plitude for the two flexible airfoils. The variation of the maximum
time-averaged jet velocity normalized by the peak plunge velocity is
shown in Fig. 14. The maximum time-averaged velocity decreases
rapidly with increasing plunge amplitude for all three airfoils. The
effect of plunge amplitude on the average lateral separation of the
vortex rows is shown in Fig. 15. At small amplitudes, the vortex
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Fig. 13 Variation of normalized circulation as a function of plunge
amplitude (Re = 1.62 ×× 104).

Fig. 14 Variation of maximum time-averaged streamwise velocity as
a function of plunge amplitude (Re = 1.62 ×× 104; x/c = 1).

spacing is as high as three times the peak-to-peak plunge ampli-
tude. At high amplitudes, the normalized vortex spacing approaches
unity. Note that there is a similarity between the variations of the
vortex lateral spacing and the time-averaged jet velocity (Fig. 14).

The variation of the momentum flux as a function of plunge am-
plitude is shown in Fig. 16. For comparison, Ref. 12 reports velocity
measurements for pure plunging motion of a NACA 0012 airfoil.
The momentum flux was estimated from the velocity measurements
in Ref. 12. The momentum flux coefficients of CM = 1.6 and 2.24
were found for 2h = 0.08 and 0.494, respectively. These estimated
values are in good agreement with the results shown in Fig. 16, in
spite of the differences in geometry of the rigid airfoils and Reynolds
numbers. It is seen in Fig. 16 that at small amplitudes the momentum
flux is a factor of 2 to 3 greater for the flexible plate than for the very
flexible or rigid plates. At higher amplitudes the three curves con-
verge; the effect of flexibility appears to be diminished. Although the
flexible plate provides the largest momentum flux at small plunge
amplitudes, it decreases rapidly with increasing amplitude. The re-
sults shown in Figs. 9–16 suggest that the flexible plate generates
larger thrust in general. These results were studied more closely by
direct force measurements.

Fig. 15 Variation of normalized lateral vortex spacing as a function of
plunge amplitude (Re = 1.62 ×× 104).

Fig. 16 Momentum flux coefficient as a function of amplitude
(Re = 1.62 ×× 104).

Force Measurements
Figure 17 shows the variation of the thrust coefficient obtained

directly from force measurements as a function of Reynolds num-
ber for h = 0.194. For Re < 1.0 × 104, the very flexible plate has
the greatest thrust coefficient. It falls rapidly though, and for
Re > 1.0 × 104 the flexible plate has the greatest thrust coefficient.
The thrust coefficient for the rigid plate increases almost linearly
with Reynolds number. With the exception of the rigid plate, the
trends in the momentum flux coefficient and thrust coefficient are
similar. The magnitudes of the momentum flux and thrust coeffi-
cients differ by a factor of roughly 2, illustrating that downstream
momentum flux is not sufficient for an accurate estimate of the thrust.
Figure 18 shows the variation of the thrust coefficient obtained di-
rectly from force measurements as a function of plunge amplitude
for Re = 1.62 × 104. There is again a similar trend with the momen-
tum flux coefficient obtained from PIV measurements. For coupled
pitching and plunging studies reported in Refs. 13 and 14, the mo-
mentum flux and force coefficients (relatively high thrust coeffi-
cients in the range of 1–3) for typical pitching amplitudes corre-
sponding to our case are consistent with the data for zero freestream
velocity.



HEATHCOTE, MARTIN, AND GURSUL 2203

Fig. 17 Variation of thrust coefficient with Reynolds number
(h = 0.194).

Fig. 18 Variation of thrust coefficient with plunge amplitude
(Re = 1.62 ×× 104).

a) b)

Fig. 19 Thrust/power ratio as a function of a) Reynolds number (h = 0.194) and b) amplitude (Re = 1.62 ×× 104).

In Figs. 19a and 19b, the variation of thrust per unit power input
with Reynolds number and plunge amplitude is shown. The power
input is calculated from the strain-gauge measurements of driving
force and the velocity of the airfoil. The very flexible plate is seen
to be the most efficient for all values of Reynolds number and the
rigid plate the least. This behavior is qualitatively different from
the variation of thrust with Reynolds number, where the flexible
plate provides larger thrust, except at very low Reynolds numbers.
The efficiency of the very flexible plate is particularly high at low
Reynolds numbers but, as with the thrust coefficient (Fig. 17), it
falls rapidly. The efficiency of the flexible plate declines gradually
with increasing Reynolds number. The efficiency of the rigid plate
is remarkably constant. In Fig. 19b, thrust per unit power input is
plotted as a function of plunge amplitude. Over the range of plunge
amplitudes tested the very flexible plate is the most efficient and the
rigid plate the least. The general trend is for the efficiency to fall
with plunge amplitude.

Conclusions
Thrust generation for an airfoil plunging at zero freestream ve-

locity, the case relevant to insects and birds moving off from rest,
was studied. The objective was to study the effect of airfoil stiffness.
PIV and force measurements were taken for three airfoils of relative
bending stiffness 1:8:512.

The displacement of the trailing edge of flexible airfoils was found
to be larger than that of the rigid airfoil and also to lag the displace-
ment of the leading edge. The maximum values of the instantaneous
displacement are generally smaller for the very flexible airfoil than
for the flexible airfoil as a consequence of large phase lags between
the deformation and plunging motion. This phase lag, which in-
creased with wing flexibility and plunge frequency, produced very
different vortical flows. Vortex pairs for the rigid and flexible plates,
and alternating vortex streets for the very flexible plate, were ob-
served. The angle of attack and camber of the flexible airfoil de-
termines the velocity outside the boundary layer at the separation
point (trailing edge). Because the trailing edge is a major source of
shedding of vorticity at zero freestream velocity, the amplitude and
phase angle of the motion of the trailing edge affect the strength and
spacing of the vortices.

The strength of vortices is slightly larger for the flexible plate than
for the rigid one, but there are substantial differences from the very
flexible plate, in particular at high Reynolds numbers. The airfoil
flexibility has a much more pronounced effect on the vortex spacing,
which is roughly proportional to the mass flux of the induced jet. The
largest spacing is observed for the flexible plate, whereas the small-
est spacing is observed for the very flexible plate. The calculated
momentum flux is greatest for the flexible plate, but the very flexible
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plate performs even worse than the rigid plate, implying that there is
an optimum flexibility. There is a strong effect of plunge amplitude
on the circulation of vortices, time-averaged velocity, and vortex
spacing. The calculated momentum flux indicates large influence of
flexibility at small amplitudes.

Direct force measurements confirmed that at high plunge fre-
quencies the thrust coefficient of the airfoil with intermediate stiff-
ness was greatest, although the least stiff airfoil can generate larger
thrust at low frequencies. No regime was found in which the
stiffest, essentially rigid, airfoil performed best. It is suggested that
there is an optimum airfoil stiffness that maximizes thrust for a
given plunge frequency and amplitude. The thrust/input-power ra-
tio was found to be greater for the flexible airfoils than for the rigid
airfoil.
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