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1. Motivation and objectives
Many biological or manmade systems involve flexible appendages interacting with fluid
flow. Notable examples are waving flags and filaments (Zhang et al. 2000; Allen & Smits
2001; Shelley et al. 2005; Shelley & Zhang 2011), self-streamlining leaves and trees (Vogel
1989; Haller 1990; Alben et al. 2004; Miller et al. 2012), whole-body and fins of fish (Long
& Nipper 1996; Tytell & Lauder 2004; Muller & van Leeuwen 2006; Muller et al. 2008;
Tytell et al. 2010; Leftwich et al. 2012), insect wings (Ellington 1984; Ellington et al.
1996; Lentink & Dickinson 2009; Kang & Shyy 2013), bat wings (Song et al. 2008; Riskin
et al. 2012; Bahlman et al. 2013), micro air vehicles (Lentink et al. 2009; Wu et al. 2011;
Bahlman et al. 2013), underwater robots (Giacomello & Porfiri 2011; Cen & Erturk
2013) and flow-powered energy harvesters (Taylor et al. 2001; Tang et al. 2009; Akaydin
et al. 2010a,b; Aureli et al. 2010; Akcabay & Young 2012; Dias et al. 2013). It is known
that aero/hydro dynamic characteristics of these compliant appendages are remarkably
different from those of their rigid counterparts (Wu et al. 2011; Tanaka et al. 2011; Song
et al. 2008; Curet et al. 2013; Timpe et al. 2013). However, the fluid-structure interaction
mechanisms that create such differences are still not fully understood.
Flexible filaments of flags serve as convenient models for fundamental investigations
on fluid-structure interactions. Stability of flexible filaments and structures in fluid flow
have been studied by numerous researchers, including Zhang et al. (2000); Allen & Smits
(2001); Yadykin et al. (2001); Alben et al. (2004); Shelley et al. (2005); Tang & Padoussis
(2007); Connell & Yue (2007); Shukla & Eldredge (2007); Alben & Shelley (2008b,a);
Alben (2008a,b); Shelley & Zhang (2011). It was found that such structures will start to
flutter beyond certain flow speed, and that this threshold speed decreases with flexibility
and mass of the structure. However, the overwhelming majority of these works utilized
only computational methods or investigated dynamic response of such structures only at
zero degree of angle of attack. With this work, we aimed to elucidate experimentally the
dynamic behavior of flexible filaments at angles of attack ranging from 0 to 90 degrees. In
doing so, we utilized novel methods that produced the most detailed set of experimental
data to date on this subject. We hope that our results will be useful for validation of
relevant computational investigations in the future.

2. Materials and methods
2.1. Filaments and the soap film tunnel
Fluid-structure interaction experiments with rubber filaments were conducted in a soap
film tunnel, a diagram of which is shown in Figure 1. The tunnel creates a planar film of
soap solution that flows between two nylon strings under gravity (soap solution: water
with 2% Procter & Gamble Dawn manual dishwashing liquid). The width of the film
is 120 mm whereas its thickness is h = 2.94 µm (measured using the IR transmittance
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Figure 1. The experimental setup and methods. a) A diagram of the soap film tunnel showing
the major components of the setup. b) The soap film is much thinner than the filament; and it
exerts forces on the filament only through a thin interface. c) The high-speed video images are
used for d) particle image Velocimetry (PIV) and for e) tracking and reconstructing the shape
of the filament. (Color online).

method at 110 mm upstream of the filaments leading edge). The very large width to
thickness ratio ( 40,000) and near-absence of shear stresses on free surfaces of the film
make this flow essentially two-dimensional (Rivera & Wu 2000). The density, ρf , and
bulk viscosity, µf , of the soap solution is practically the same as those of water at room
temperature (Martin & Wu 1995); so we took ρf = 103 kg/m3 and µf = 10−3 Pa.s in all
of our analyses. During the experiments presented here, we kept the flow speed of the
film constant at about U∞ = 0.35 m/s. (For further details on design and operation of
this tunnel, please see the work of Muijres & Lentink (2007).)
We used 9 rubber filaments (Elpa Rubber) of 3 different diameters (d = 0.28, 0.51
and 0.71 mm) cut at 3 different lengths (L = 20, 30 and 40 mm) as flexible filaments.
The Reynolds numbers based on filament length, Re = ρf U∞ L/µf , are therefore 7,000,
10,500, and 14,000, respectively. Our measurements showed that the filaments had an
average density of ρs = 1.12 × 103 kg/m3 and Youngs modulus of Y = 2.06 MPa. We
installed each of the filaments in the test section of the tunnel by gluing them from their
leading edges on the horizontal leg of an L-shaped piano wire (0.3 mm thick) that was
mounted underneath the soap film. The short leg of the wire was 2 mm long, therefore
the effective length of the filaments for structural dynamics became Le = L−2 mm. Once
immersed in the soap film, surface tension forces dominate other out-of-plane forces, such
as gravity, and keep the filament aligned with the plane of the soap film. We define the
non-dimensional stiffness and inertia parameters as K ∗ and M ∗ , respectively. In these
expressions, A = πd2 /4 is the area and I = πd4 /64 is the second moment of a filament’s
cross section. We recorded the flow and filament dynamics in concert for all filaments at
α = 0◦ , 15◦ , 30◦ , 45◦ , 60◦ , 75◦ , and 90◦ of angle of attack. For the most flexible filament
(L = 40 mm, d = 0.28 mm), we took additional measurements at 7.5◦ , 22.5◦ , 37.5◦ ,
52.5◦ , 67.5◦ , and 82.5◦ .
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2.2. Particle image velocimetry
The velocity field in the soap film was measured by seeding it with polyamide tracer
particles and by performing Particle Image Velocimetry (PIV) (Westerweel 1997; Raffel
et al. 1998; Adrian 2005) on high speed video images taken (Figure 1d. The particles
(Vestosint 2070 by Evonik Industries) had a mean diameter of 6 µm and density of 1016
kg/m3 and were mixed with the soap solution at a 2% volume ratio. The Stokes number
of the particles were in the order of 10−5 , therefore they accurately followed the local
flow. We measured particle and filament motion using a high-speed camera (Fastcam
1024PCI by Photron, 1024×1024 pixels) at 500 Hz with a 105 mm Nikon prime lens
(Nikkor 105 mm f/1.8) set at an aperture of f/2.8. We illuminated the test section of the
soap film with a synchronized strobe light (Helio-Strob Gamma by Elmed Messtechnik)
in forward scatter configuration. We aligned the focal plane of the camera with the soap
film using a Scheimpflug adapter (article #1108199 by LaVision) to obtain a field of
view of 110 mm ×80 mm in streamwise direction. For image processing, we first removed
tilt distortion using image calibration and masked the filament before cross-correlating
images to calculate the displacement and velocity fields with DaVis 7.2 (LaVision GmbH).
Then, we algorithmically masked the pixels representing the filament with the following
series of filters: 1) pass pixels with intensity more than or equal to 230, 2) erode for
4 iterations to remove particles, 3) invert, 4) erode for 4 iterations to restore filament
pixels, 5) subtract sliding average using Gaussian profile to normalize image contrast and
remove background. The unmasked areas of consecutive frames were cross-correlated in
two passes with a 50% overlap, first using a correlation windows of 64×64 pixels, then
using that of 32×32 pixels. This procedure resulted in fluid velocity vectors, ~uf , within
the unmasked every 16 pixels or approximately every 1 mm.
Using the velocity fields obtained from PIV, we computed fluid force Ff exerted on the
filament by invoking conservation of momentum on a planar control surface S bounded
by a contour C (Figure 1e):





f

∂~u
F~ f = h −ρf
− ρf
~uf · ~n ~uf ds − p~nds .
(2.1)
∂t
S

C

C

In this expression, n is the unit outward normal of C, p is static pressure; and ~uf =
u~i + v~j where ~i and ~j are unit vectors tangent and perpendicular to the free stream,
respectively. The fluid force is thus readily resolved in lift (Fxf ) and drag (Fyf ) components
as F~f = Fxf~i + Fyf~j. In order to compute the values of pressure used in these equations, we
first expressed gradient of pressure, ∇p, by rearranging the Navier-Stokes equation as
∂~uf
− ρf ∇~uf · ~uf − µ∇2 ~uf
(2.2)
∂t
(Anderson 2001), and computed the right-hand side of this expression using the velocity
fields obtained from PIV measurements. We then set p(x1 , y1 ) = 0 at a reference point
N1 on C and computed relative value of pressure, pi (x, y), at other points Ni on C by
taking average of two line integrals:
#
"


 Ni 
Ni 
1
|C| − |CCW |
|C|
−
|C
|
CCW
pi =
∇p · ~tdcCW +
∇p · ~tdcCCW . (2.3)
2 N1
|C|
|C|
N1
∇p = −ρf

In the expression above, dcCW and dcCCW are curvilinear coordinates from N1 to Nj along
the two paths (CCW and CCCW ) that constitute C and ~tdc = dx~i + dy~j is an infinitesimal
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tangent vector on these paths. Note that, instead of simply taking a contour integral of
pressure gradient along C at once, we first integrated the pressure gradient weighed by
relative path lengths remaining along two complementary paths, then we averaged the
two integrals at each point N of interest. By doing so, we reduced the propagation of
errors in computed ∇p values during integration (Kurtulus et al. 2007).
We tracked the shape of the filament in a time-resolved manner on the same images
that we used for PIV. From those images, we extracted the pixels that represent the
filament and we fitted on those pixels line segments of equal lengths, ∆s =1 mm, to
reconstruct the filament (Figure 1f). We determined angles θi between each segment and
computed curvature along the fitted shape by
κi =

dθ
ds

(2.4)
i

(Stickel 2010; Eilers 2003). We found the coordinates of the nodes where the segments
intersect using the following relations
xi+1 = xi + ∆s cos θi
yi+1 = yi + ∆s sin θi ,

(2.5)

where x1 and y1 are the coordinates and θ1 is the angle of attack of the leading edge (i.e.,
θ1 = α). We then found velocity (~usi ) and acceleration (~asi ) of the nodes by computing
the first and second time derivatives of their coordinates. We estimated that shear forces
induced on the filament by the fluid are negligibly small, therefore we assumed that there
is no axial load exerted by the fluid on the filament and that the filament is inextensible
under these given forcing conditions. Thus we computed instantaneous elastic and kinetic
energies of the filament respectively by



L

κ2 ds

Eela = Y I

(2.6)

0

Ekin

1
= ρs A
2



L

2

|~us | ds,

(2.7)

0

∗
∗
and normalized them as Eela
= Eela L/Y I and Ekin
= Ekin L/Y I . We estimated that
contribution of rotational acceleration of a beam element on the shear force at a node
is a few orders of magnitude smaller than that of its translational acceleration. We
thus computed the forces due to inertia of the filament, F~ s by integrating the linear
acceleration of the segments



L

F~ s = ρs A

~as ds.

(2.8)

0

Finally, we expressed the total force F~ acting on the filament as a summation of respective
inertial and hydrodynamic contributions:
F~ = F~ s + F~ f .

(2.9)

After calculating instantaneous values of these periodic quantities, we phase-averaged
them among the periods present within the data. The lowest filament vibration frequency
observed was about 1 Hz, which resulted in at least one complete filament period within
the 2 seconds of videos acquired.
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Figure 2. Overview of filament response in a matrix form. In each cell, we overlap the shapes
of the filaments at different instants. We normalized the lengths of each shape; however, we kept
relative thicknesses of the lines in proportion with diameter of filaments. (Color online).

3. Results and discussion
3.1. Mechanisms of flutter
All of the 9 filaments we tested in this study remained stable when the angle of attack
is 0◦ (Figure 2), which is in agreement with the stability conditions set forth by Alben
and Shelley (2008b). When an angle of attack is introduced, however, the six stiffest
filaments were deformed only statically at all angles, whereas the remaining three (i.e.,
filaments with K ∗ = 0.296, K ∗ = 0.0786, and K ∗ = 0.0315) fluttered noticeably at
and after 15◦ . In Figure 3, we show vorticity contours around the two of the fluttering
filaments at selected angles. The filament with K ∗ = 0.296, the least flexible of the three,
deforms by a relatively small amount. Therefore, the distance between the shear layers
emanating from leading and trailing edges increases with angle of attack. As a result,
the leading and trailing edge vortices form further downstream of the filament and can
impart less dynamic force on the filament than they do at lower angles. On the contrary,
flutter of the most flexible filament (K ∗ = 0.0315) stops due to excessive deformation
at large angles of attack: At angles 60◦ or larger, we observe that a leading section of
the filament is statically bent backwards, while a trailing section has a separated flow
on its bottom side. In these states, it appears that the trailing section is drawn into and
trapped within the low-pressure wake of the leading section; and it hinders formation of
leading edge vortices. As a result, the most flexible filament starts with a stable, nondeformed state; goes through an unstable, fluttering state; and rests in another stable
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Figure 3. Instantaneous vorticity contours around two of the fluttering filaments. a) The less
flexible filament separates the leading and trailing edge shear layers as angle of attack increases;
and vibrates only by small amplitudes, as shown in Figure 2b). The more flexible filament
flutters with large amplitudes from α = 15◦ to 52.5◦ . However, at α = 60◦ and more, flow
on the bottom surface separates; the tail section lodges in the wake and hinders formation of
leading edge vortices. The shear layer from the leading edge impinges on the trailing edge, but
can move it only by small amplitudes. (Color online).

but highly deformed state as the angle of attack increases from 0◦ to 90◦ . The filament
with K ∗ = 0.0786, on the other hand, has a flexibility between the two other filaments
and flutters with significant amplitudes at all angles without entering a stably deformed
state.
We conducted an additional experiment to test the effect of leading edge vortex on
flutter of the most flexible filament. We hindered the interaction between the leading edge
vortex and the filament by inserting rigid wires of various lengths (ls = L/8, L/4, L/2,
3L/4, and L) downstream of the leading edge. These wires functioned as splitter plates
which delayed the formation of leading edge vortex. Therefore, the vortex interacted
only with a shorter portion of the filament near the trailing edge. As a result, the flutter
response was drastically reduced when ls = L/2 (Figure 4) and was completely suppressed
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Figure 4. Addition of a splitter plate of length ls = L/2 shifted formation of leading edge
vortex towards downstream and greatly reduced flutter. Flow patterns on the soap film were
made visible by using a SOX lamp for lighting. (Color online).

when ls = 3L/4 or more. This test showed that flutter of the most flexible filament is
driven by leading edge vortex formation above the filament rather than an instability
developing in the high-speed flow underneath.
3.2. Lock-in, lock-out and the strength of flutter
The three fluttering filaments exhibited a rich variety of response throughout the range of
angles of attack we tested. In order to investigate these response further, we plotted the
normalized stationary (time-averaged) and dynamic tip deflections, Asta /L and Adyn /L of
these filaments in Figure 5a. We observe that the stationary tip deflection monotonically
increases with angles of attack up to 90◦ , as in the case of less flexible filaments that do not
flutter. However, the dynamic tip deflections reach a maximum value at an intermediate
angle of attack and then decrease before the angle of attack reaches 90◦ . In particular,
the most flexible filament experiences a steep transition to and from the high-amplitude
flutter at angles of attack around 15◦ and 60◦ .
In Figure 5b, we investigate the frequency response of filaments and fluid to elucidate
different regimes of flutter. In order to do this, we first plotted frequency content of vertical velocity in the wake of four filaments to determine the vortex shedding frequencies,
f f , at various angle of attacks (columns labeled F). We note that the measured vortex
shedding frequencies downstream of the nearly-rigid filament (K ∗ = 12.2) are nearly
identical to Strouhal frequency, fSt = StU∞ /w, based on St = 0.2 and on time-averaged
frontal height, w. For the three filaments that flutter, we added frequency spectrum of
∗
their elastic energies, Eela
, next to spectra of wake oscillations (columns labeled S). We
define “lock-in” as the regime when fundamental frequencies of the two spectra match.
According to this definition, it is apparent in Figure 5b that the three fluttering filaments enter a lock-in regime at about α = 15◦ to α = 22.5◦ . The filament with moderate
stiffness (K ∗ = 0.0786) remains locked in until α = 90◦ , whereas the other two filaments
“lock out” before reaching this angle. While the filament with K ∗ = 0.296 locks out
rather gradually starting at about α = 30◦ , the most flexible filament (K ∗ = 0.0315)
locks out abruptly after α = 52.5◦ . It is also apparent that the lock-in frequency of the
least flexible fluttering filament (K ∗ = 0.296) decreases gradually; however, that of the
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Figure 5. Response data of the three fluttering filaments. a) Normalized stationary tip deflection
(Asta /L) monotonically increases with angle of attack; however, normalized dynamic tip deflection (Adyn /L) reaches a peak value at an intermediate angle. (K ∗ = 0.0315:-◦ -, K ∗ = 0.0786:- -,
K ∗ = 0.296 : −4−) b) The frequency response reveals the lock-in and lock-out regimes as well
as strength of flutter. The column marked F and S display the frequency content of the wake
and filament, respectively. The (red) triangles mark the Strouhal number calculated based on
time-averaged frontal height, the (green) thick lines on the sides mark the first two natural frequencies and the (blue) thin lines mark the second natural frequency corrected for added mass
effect (Color online).

two most flexible filaments remain nearly unchanged. Here we define strength of flutter
regarding whether or not the lock-in frequency is close to the Strouhal frequency: In the
case of “weak flutter”, the filaments vibrate only with small amplitudes; so that it does
not significantly alter the main characteristic of the surrounding flow (see K ∗ = 0.296
at α = 45◦ in Figure 2 and Figure 3). In this case, the motion is forced strongly by
vortex shedding and the influence of filaments motion on the flow field is negligible. As
a result, the wake frequency matches well with the Strouhal frequency in case of weak
flutter (K ∗ = 0.296 with α = 30◦ to 90◦ and K ∗ = 0.0786 with α = 60◦ to 90◦ ). In
the case of “strong flutter”, however, the filament moves in relatively large amplitudes
and significantly alters the surrounding flow. As a result, the Strouhal frequency based
on time-averaged frontal height differs significantly from wake frequency in the case of
strong flutter. (K ∗ = 0.0786 with α = 15◦ to 30◦ and K ∗ = 0.0315 with α = 22.5◦ to
52.5◦ ). The relative difference between the wake frequency and the Strouhal frequency,
(ff − fSt )/ff , may therefore serve as a quantitative metric to determine the strength of
flutter, or generally the strength of mutual dynamic interactions between solid with fluid,
in a given case.
Since dynamic response of the filaments involves periodic deformations, we compare the
contents of the measured frequency spectra of the filaments with natural frequencies of
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Figure 6. Change of lift (a) and drag (b) coefficients of filaments with flexibility.
K ∗ = 0.0315:-◦ -, K ∗ = 0.0786:- -, K ∗ = 0.296 : −4−, K ∗ = 0.349 : −|−, K ∗ = 0.865 : −4−,
K ∗ = 1.30 : − ∗ −, K ∗ = 3.25 : −  −, K ∗ = 3.26 : − • −, and K ∗ = 12.2 : − ? −. With increasing
flexibility (i.e., decreasing K ∗ ), the filaments produce less lift force in general but become less
prone to stall and have lower drag. (Color online.)

their transverse vibrations, fns =

λ2n
2πL2

q

YI
ms

(Humar 2012). In this expression, ms = ρs A

is mass per unit length of the filament and λn is eigenvalue of the nth mode of vibration
(λ1 =1.875, λ2 =4.694). As we show in Figure 5b, the lock-in frequency takes a value
between the first two natural frequencies for all filaments; however, it remains relatively
closer to the first one (f1s ) in the case of filament with K ∗ = 0.296 and to the second
one (f2s ) in the case of the most flexible one (K ∗ = 0.0315). We argue that the lock-in
frequency in the case of K ∗ = 0.296 is higher than, but still closer to, the first natural
frequency because the flutter is weak and the filament is forced at the frequency imposed
by vortex shedding. However, in more flexible cases, the flutter is strong (Figure 2b;
K ∗ = 0.0786 at α = 15◦ to 45◦ and K ∗ = 0.0315 at α = 15◦ to 52.5◦ ) with large
deformations similar in shape to second mode of vibration. We thus argue that the lockin frequency during strong flutter is less than the second natural frequency because the
filament has to displace a relatively large amount of added
mass of fluid, mf . The natural
q
frequencies are corrected for added mass as fn’s = fns 1+m1f /ms (Naudascher & Rockwell
2005). We estimated added mass by the relation mf = ρf π(L/2)2 h/L, which is a modified
version of added mass expression for transverse vibration of beams in two-dimensional
fluid (Naudascher & Rockwell 2005). This yields resonant frequencies and for the 0.28mm-thick filaments with L = 30 mm and L = 40 mm, respectively. We observe that the
lock-in frequency in the case of strong flutter is about 0.7 of f2s for both filaments.
3.3. Relevance to micro air vehicles and piezoelectric energy harvesters
Flexibility changes aerodynamic characteristics of the filaments remarkably. This is primarily due to decrease of effective angle of attack and change of effective camber due to
dynamic deformations. In general, time-averaged values of both the lift and drag coef2
2
ficients, Cl = 2Fxf /ρf U∞
Lh and Cd = 2Fyf /ρf U∞
Lh, decrease with flexibility at a given
leading edge angle of attack (Figure 6). However, they become less sensitive to variations
in angles of attack as flexibility increases. This aerodynamic characteristic may become an
important benefit in designing robust and agile micro air vehicles that may need to change
their angles of attack quickly in large amounts while remaining stable. Filaments in planar flow may be considered as a simplified representation of flags on three-dimensional
flow (Zhang et al. 2000). In that respect, flutter response of a filament becomes relevant
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Figure 7. Variation of curvature along the most flexible filament during three periods of flutter
(t∗ = 1 to 3). The filament curvature, κ, is resolved in stationary (time-averaged) and dynamic
components as κ = κsta + κdyn . The dynamic one, shown on the rightmost column, is the
component relevant to piezoelectric energy harvesting. The locations of dynamic strain nodes,
where κdyn = 0, are ideal places for segmentation of electrode layers that pick up charges
generated by piezoelectric layers under dynamic strain. Since the locations of the nodes are
relatively stationary (around s/L = 0.25 and s/L = 0.90) throughout the flutter regime, the
electrodes can be segmented at fixed locations and still avoid charge cancellation.(Color online.)

to flow-powered piezoelectric energy harvesters which convert time-dependent structural
strains induced by flutter into electrical energy by using piezoelectric materials (Taylor
et al. 2001; Tang et al. 2009; Akaydin et al. 2010a,b). Typically, these harvesters are long,
flexible beams coated with layers of piezoelectric material and cantilevered on a pole. For
maximum electrical output, the harvesters are oriented according to the dominant direction of the flow so that they flutter with the highest amplitude and/or frequency.
However, the direction of the flow may deviate occasionally from the dominant direction.
Therefore, it is desirable that the harvesters keep fluttering within a large range of angle
of attack to accommodate for such changes in flow direction. As we see in Figure 5 the
most flexible filament (K ∗ = 0.0315) flutters strongly within a range of angle of attack
that extends from 15◦ to 52.5◦ . Therefore, an energy harvesting piezoelectric beam that
has a similar relative stiffness and mass would keep fluttering and generating electrical
energy even if the flow direction changes approximately 20◦ around an installation angle
of 30◦ with respect to dominant flow direction. Furthermore, since the flutter frequency
is nearly constant in this regime, design of conditioning circuits that rectify and store
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the alternating current can be made simpler. This prediction, of course, assumes that
the two-dimensional flow assumptions remain relevant to the operation of the actual
harvester.
Time-dependent curvature distribution along the filament is of special interest in designing piezoelectric energy harvesters. Deformation of the filament may be in the form
of a travelling wave or a standing wave. In the case of a standing wave, locations of strain
nodes (i.e., the points where curvature is zero) are fixed along the filament at all times.
This is beneficial when designing piezoelectric energy harvesters because the length of
electrode segments that pick up electrical charges developing within the piezoelectric
material can be fixed regarding the location of strain nodes (Erturk & Inman 2009).
In Figure 7, we resolve curvature κ into stationary and time-dependent components as
κ = κsta + κdyn , and plot their contours along the filament for three flapping periods.
The component that is relevant to piezoelectric energy harvesting is the time-dependent
one shown on the rightmost column. It appears that there are two dynamic strain nodes
which take only small excursions around locations s/L = 0.25 and s/L = 0.90. Therefore,
the electrodes that cover the harvester can be segmented around these locations to pick
up the maximum amount of electrical charge for this shape of deformation.

4. Conclusions
Investigation of flexible structures subject to fluid flow is important not only to understand biomechanics of swimmers and fliers we observe in nature but also to design
better-performing micro air vehicles and energy harvesting systems. For these investigations, fundamental studies on simplified models are essential. In that respect, stability
of filaments or flags has been extensively studied. However, most of these studies were
computational investigations and involved filaments or flags held only at zero degree of
angle of attack.
In this work, we generated a set of experimental data the on behavior of 9 filaments
in planar fluid flow at angles of attack varying from 0◦ to 90◦ . At α = 0◦ , none of
the filaments fluttered. When an angle of attack is given the 6 least flexible filaments
deformed only statically at all angles. The 3 most flexible filaments, however, started to
flutter at moderate angles of attack (α ≥ 15◦ ) and reached peak flutter amplitudes at an
intermediate angle of attack. By observing how the flutter starts or stops and by doing
a splitter plate experiment, we found out that the flutter of these filaments is driven by
vortex shedding rather than by dispersive instabilities developing within the flow along
the filament, as in the case of filaments fluttering at α = 0◦ which was studied earlier by
other researchers.
We distinguished between two types of flutter, weak flutter or strong flutter, by analyzing the frequency of oscillations in the wake and comparing it with the Strouhal
frequency based on time-averaged frontal height of the filament. In the case of weak flutter, the motion of the filament is small and the Strouhal frequency is close to the wake
frequency. In the case of strong flutter, however, the motion of the filament is relatively
large and Strouhal frequency is significantly higher than the wake frequency measured.
We therefore proposed that the relative difference between the measured wake frequency
and the Strouhal frequency may be a quantitative metric to determine strength of flutter. We also identified the lock-in regimes as the regimes where the dominant frequencies
of wake oscillation and filament deformation match. We concluded that the flutter may
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become weak or strong within a lock-in regime, and that the lock-in frequency remains
relatively constant if flutter is strong.
Using PIV measurements, we calculated lift and drag force coefficients acting on the
filaments. We found that the time-averaged lift and drag forces decrease with flexibility,
but they also become less sensitive to variations in angle of attack. Therefore, flexible
wings and appendages may become useful in the design of robust and highly maneuverable micro air vehicles. In addition, we found that the strain nodes remain relatively
stationary along the the most flexible filament during flutter. This feature, coupled with
the fact that longest filament remains in a locked in flutter regime for a large range of
angle of attack, suits very well for a design of piezoelectric energy harvesters.
Finally, our experimental data set contains detailed information, such as time-resolved
velocity field and shape of the filament, on flow configurations that are nearly two dimensional. As such, we hope that our results would be useful for validation of two-dimensional
simulations of the cases presented here.
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