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A B S T R A C T

Experiments were carried out to study the dynamics of hanging cantilever flexible filaments in air cross-flow.
Thirteen flexible filaments of 0.61mm diameter and lengths from 20mm to 60mm were tested with wind speeds
in the range of 1–15m/s, corresponding to Reynolds numbers of 25 < Red < 610 and reduced velocities in the
range of 5 < U∗ < 130. Two synchronized fast-imaging cameras were used to reconstruct the motion of the
filaments in three dimensions, and a blend of linear and nonlinear time-series analysis techniques was used to
analyze the observed dynamics. Long filaments show a rich dynamics as the wind speed is gradually increased,
ranging from small amplitude vibration to large amplitude limit-cycle oscillation and to a more complex chaotic
motion. However, short filaments only exhibit a small amplitude vibration-like motion throughout the range of
wind speeds tested. Turbulent buffeting is identified as the main source of excitation responsible for the observed
filaments dynamics. The results highlight the importance of the filament damping ratio, which is modulated by
the filament length, as a controlling parameter for the dynamics of flexible filaments in cross flow, in addition to
the flow velocity. The Scruton number for these tests correspond to 31 < Sc < 86.

1. Introduction

Fluid-structure interaction problems with flexible structures are
becoming increasingly important in engineering applications. Examples
include flexible marine propellers [40], flexible turbomachinery for
biomedical applications [11], flapping wing propulsion for micro aerial
vehicles [37], flexible bladed wind turbines [20], towing cables
[26,38], cable-stayed bridges and antennae [29]. Flexible fluid-struc-
ture interactions are also ubiquitous in nature: flexible vegetation re-
configures dynamically under the action of wind [13] or water flow,
birds use their feathers as passive flow control devices [12], and the
biology of reproduction in mammals heavily depends on the interaction
of flexible structures with a surrounding fluid environment, as the fla-
gellar motion allows the sperm to make its way through the female
reproductive tract [33,34,39].

In particular, fluid-structure interactions with flexible filaments
have received considerable interest in recent years, notably in con-
nection with drag reduction [4,5,15,24] and energy harvesting appli-
cations [3,7,17,35]. A pioneering experimental study on flexible fila-
ments in flow was carried out by [42] in a soap film vertical flow. Their
test apparatus consisted of a gravity-driven flow of a soap-water

mixture that was guided between nylon threads to produce a thin film
flow (3–4 µm in thickness) in which they placed their flexible filament
aligned with the flow. In particular, they studied the bifurcations in
filament behavior as function of the filament length, observing two
types of filament motion: stretched-straight (observed with short fila-
ments) and flapping (observed with long filaments). In the stretched-
state mode, the filament remained straight and aligned with the flow,
while in the flapping mode the filament oscillated harmonically. They
found a bi-stability region at the boundary between these two modes,
where the filament switched between the stretched-straight and the
flapping states when externally disturbed, i.e. the transition from one
type of motion to the other was externally triggered in their experi-
ments. They also studied the interaction between two adjacent fila-
ments in flow, and observed three types of motion when increasing the
separation distance between them: in-phase symmetric flapping (the
filaments flap synchronized and in phase), out-of-phase symmetric
flapping (the filaments flap synchronized but out of phase), and de-
coupled (each filament flaps at its own pace). Their study motivated the
employment of the soap film as a standard experimental technique to
study the dynamics of flexible filaments in flow. Ait Abderrahmane
et al. [1] focused on flexible filament dynamics beyond flutter at high
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flow velocity, observing that the flapping motion was quasiperiodic
(more than one dominant frequency), and that the transition to chaotic
motion followed a quasiperiodic route. Additionally, they found a
switching oscillation between stretched-straight and flapping states that
did not require any external triggering perturbation, and was therefore
different in nature from the bistability phenomenon observed pre-
viously by Zhang et al. [42] that did require an external trigger. Jia and
Yin [19] employed horizontal and vertical soap films to study the
motion of a flexible filament located in the wake of a circular cylinder.
They observed that the response modes of the filament were different in
the two experimental setups due to the effect of gravity. Schouveiler
et al. [31] experimentally investigated the dynamics of silicone fila-
ments of high mass ratio (i.e. filament density much larger than the
surrounding fluid density) in a horizontal wind tunnel, focusing on the
threshold of critical flutter speed and its theoretical prediction via a
linear stability analysis. They argued that the motion of the filament
was mainly two-dimensional and attributed the onset of flutter in-
stability to a flow-induced vibration, in contrast with the vortex-in-
duced vibration that normally characterizes the onset of flutter in low
mass ratio systems (i.e. structure and surrounding fluid densities com-
parable) [14].

Available numerical studies of flexible filaments in flow
[6,16,36,43,42,45] qualitatively confirm the trends observed in ex-
perimental studies, and highlight the importance of the filament
bending rigidity and filament to fluid density ratio on the dynamics of
flexible filaments in flow. In particular, both the decrease of the fila-
ment bending rigidity and the increase of filament to fluid density ratio
were found to destabilize the filament dynamics, thus promoting a
transition from a periodic flapping motion to a chaotic one. In other
words, very flexible filaments exposed to a low density fluid flow seem
more prone to a chaotic dynamics, whereas periodic flapping char-
acterizes less flexible filaments exposed to a high density fluid flow.

The dynamics of flexible filaments in flow is to a certain extent si-
milar to other slender flexible structures such as pipes and plates ex-
posed to fluid flow. In this regard, Paidoussis [27] has extensively
covered the state-of-the-art knowledge on the linear and nonlinear in-
stabilities arising in slender systems in axial flow, while Paidoussis et al.
[28] have covered the instabilities arising from cross flow. In their
study, Modarres-Sadeghi et al. [21] numerically simulated the onset of
three-dimensional motion in horizontal and vertical flexible cantilever
pipes with internal fluid flow. They found that both configurations
exhibited qualitatively similar dynamics as function of the mass ratio

and the dimensionless flow velocity. For low mass ratio, in particular,
they found that at the onset of instability the motion of the pipes was
three-dimensional and remained like that for increasing dimensionless
flow speeds. On the other hand, for high mass ratio they found that the
motion was two-dimensional and remained like that with increasing
dimensionless flow speeds. For intermediate mass ratio values the
motion switched between two- and three-dimensional as the di-
mensionless flow speed was varied. This suggests that the motion of
slender flexible structures in fluid flow can be either two- or three-di-
mensional, depending on the mass ratio and flow velocity, and can
switch between two- and three-dimensional as the flow speed is gra-
dually changed. According to the authors, the reason why the motion
can be either two- or three-dimensional is yet unknown, and only
confirms the complexity of the dynamics of flexible bodies interacting
with fluid flow.

Notwithstanding the investigations carried out so far, the dynamics
of flexible filaments in flow is far from being satisfactorily characterized
and understood. Most of the available experimental investigations have
been carried out in axial flow with soap films aligned with gravity,
which allow a good experimental resolution at the expense of con-
straining the filament motion to two-dimensional, and in the only three-
dimensional experimental study currently available [31] the filament
motion was actually resolved in a two-dimensional front-view plane
and did not extend beyond the onset of instability. Experimental evi-
dence gathered with other flexible structures exposed to fluid flow
suggests that the filament motion could be either two- or three-di-
mensional, depending on the flow velocity, while available numerical
studies show that the filament motion can be either periodic or chaotic,
depending on the filament bending rigidity and filament to fluid density
ratio. The present study was therefore conducted to broaden the
knowledge of the dynamics of flexible filaments in air flow. In parti-
cular, we investigated vertical cantilever flexible filaments in horizontal
cross flow: a configuration relevant for energy harvesting, for passive
flow control, for biological applications and for slender engineering
structures such as antennae and marine cables. Three-dimensional ef-
fects in the filament motion were resolved using two synchronized fast
imaging cameras, while the dynamics of the filaments was analyzed
using linear and non-linear time series analysis techniques. Besides
yielding valuable insight into the dynamics of flexible filaments in flow,
the present study provides useful benchmark data for the calibration
and fine-tuning of fluid-structure interaction computer codes.

Nomenclature

U wind speed in the along wind direction (x direction)
L filament length
D filament diameter
U∗ reduced velocity
A∗ dimensionless amplitude of oscillations
A amplitude of motion
X,Y,Z or x,y,z X direction – along wind; Y direction – cross wind and

parallel to gravity direction; Z direction – cross wind and
perpendicular to gravity

ζ damping ratio
ν Poisson ratio
Re Reynolds number

Sc Scruton number
B bending stiffness
E Young modulus
ρf fluid density
Lvx turbulence macro length scale
u mean fluctuating velocity
α angle of filament relative to x direction
St Strouhal number
fn natural frequency
m mass per unit length
fvs frequency of vortex shedding
fo frequency of oscillations
g acceleration due to gravity

Fig. 1. Flexible filament along with a 5 pence
coin and a ruler in cm (left), and SEM image
detail of the filament surface finishing (right).
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2. Experiments and methods

2.1. Filaments characterization

The flexible filaments used in the present study (Fig. 1were realized
using an additive manufacturing system (model: 3D-Bioplotter; make:
Envisiontec GMBH) to produce flexible filaments of uniform circular
cross-section (to within± 10 µm), and smooth surface finishing. The
filaments were manufactured from a highly flexible commercial silicone
rubber (density= 1.0 ± 0.05 g/cm3) and were printed following
straight paths without bends in order to avoid any curvature or per-
manent deformations. Notwithstanding the filaments flexibility, no fi-
lament elongation and/or permanent deformation were observed
during or after the tests. The diameter of the filaments
(D=0.61 ± 0.02mm) was measured via Scanning Electron Micro-
scopy, while their modulus of elasticity (E=116±5 kPa), Poisson
ratio (ν=0.0101 ± 0.0004) and bending rigidity (B=(1.15 ± 0.20)
x10−12 Nm2) were determined via preliminary tension tests and static
deflection tests (described in the Appendix A). Additionally, the natural
vibration frequencies of the filaments were determined from forced
vibration tests, while the damping ratio (ζ) was determined from free
vibration tests in still air (described in the Appendix A). The damping
ratio is a dimensionless parameter that measures how rapidly free os-
cillations of the filaments decay after having applied a disturbance. As
described in the Appendix A, the filament was manually displaced from
its vertical equilibrium configuration, liberated from rest and its free
damped vibration recorded. The damping ratio was then computed
following the well-known logarithmic decrement of the envelope.
Further details on the filaments fabrication and on their static and
dynamic characterization are provided in the Appendix A, while
Table 1 summarizes the geometrical and dynamical properties mea-
sured for the thirteen flexible filaments used in the present study. As
can be seen in Table 1, all filaments used in the present study have the
same diameter but different lengths varying from 20mm to 60mm
(measured to within± 0.5mm) and corresponding to length to dia-
meter ratios L/D in the range of 98 (Filament 1) down to 33 (Filament
13). For Filaments 1 through 6 it was possible to measure the natural
vibration frequencies for the first four modes (fn1 to fn4 in Table 1, while
the filament displacement was too small to identify higher modes. With
Filaments 7 through 11 it was possible to measure the first three modes
(fn1 to fn3 in Table 1, while only the first two modes were resolvable
with the shortest Filaments 12 and 13 (fn1 and fn2 in Table 1. In order to
better highlight their dependence on filament length, the measured
natural frequencies and damping ratios are displayed in Fig. 2 as
function of the filament length. As can be seen, natural vibration fre-
quencies and damping ratios decrease with increasing filament length.
In particular, the first mode frequency and the damping ratio saturate
and level off for filament lengths above about 50mm. Notably, the
damping ratio of the shortest filament (Filament 13) is almost three
times larger than that of the longest filament (Filament 1): as better
discussed later on, this marked variation of the damping ratio with fi-
lament length is believed to be a key factor in controlling the filament
dynamics.

In order to position the filament inside the wind tunnel a support
was devised aiming to make it as little intrusive as possible. As sche-
matically shown in Fig. 3, the test piece was realized by introducing the
flexible filament extremity into a straight stainless steel support tube
(external diameter: 1.05mm, internal diameter: 0.9 mm, length:
100mm) and fixing with glue cement the filament end to the free end of
the support tube so as to reproduce a cantilever boundary condition.
The homogeneity of the connection of the filament to the support tube
was checked statically by rotating the support horizontally around its
axis and verifying that the configuration assumed by the hanging fila-
ment remained the same regardless of the rotation position of the
support. The length of the support tube was selected in order to position
the filament hanging at approximately mid-height inside the wind

tunnel test section, while the diameter and thickness of the support tube
were large enough to avoid any vibrations or bending during the ex-
periments. As shown in Fig. 3, the support tube was secured to a sup-
port plate and was introduced from the top of the wind tunnel so that
the filament would hang vertically like a pendulum in cross-flow.
During the tests, the filaments typically did not move in the wake of the
support tube and remained for most of the time below the support tube
due to gravity effects. Nevertheless, the frequency content in the wake
of the support tube was measured at the range of flow speeds explored
in the present study (1 < U < 15m/s). The vortex shedding fre-
quency from the support tube was above 103 Hz, large enough to ne-
glect any effects on the filaments dynamics, which was characterized by
frequencies in the range of 5–30 Hz. Moreover, these frequencies dis-
appeared from the support tube spectra when performing the mea-
surements right below and downstream of the free end of the support
tube, indicating that no disturbances spread below this level into the
flow and into the region where the filament was located. Additionally,
any vibrations that could possibly be transmitted from the support plate
and/or support tube to the flexible filaments were carefully assessed.
First, it was observed that the support did not vibrate when subjected to
the range of flow speeds employed in this study. Moreover, the natural
frequencies of the support tube were estimated (via standard Euler-
Bernoulli beam theory) to be 2–3 orders of magnitude larger than the
frequencies found in the filament motion frequency spectra. Therefore,
any disturbances on the filament dynamics due to the presence of the
support tube were considered to be of second order importance and
therefore not taken into account, as their potential effect was con-
sidered negligible especially on the large displacement motion of the
flexible filaments that is the focus of the present study.

2.2. Wind tunnel flow characterization

The experiments were performed in a horizontal wind tunnel (make:
Armfield) of octagonal cross section with height and width of 350mm.
Flow speed measurements were performed with a calibrated hot-wire
anemometer which was preliminary in-situ validated via a standard
experiment of vortex shedding from a circular cylinder in cross-flow
(see Appendix A for details). The hot-wire anemometer was located
200mm downstream and 100mm below the filament lowest point in
order to assure that the flow speed measurements were not affected by
the filament motion. The extension of the boundary layer and the
uniformity of the velocity profile within the wind tunnel were measured
before testing the flexible filaments: the boundary layer extended less
than 10mm from the walls of the wind tunnel at all wind speeds tested,
while the velocity profile across the wind tunnel (excluding the
boundary layer) was uniform to within 1% (i.e. less than 1% deviation
of the normalized speed with respect to the centerline speed). This
assures that the flexible filaments were always exposed to a uniform
and fully developed velocity profile during the tests. Measurements of

Table 1
Geometrical and dynamical properties of the flexible filaments.

Filament No. L (mm) fn1 (Hz) fn2 (Hz) fn3 (Hz) fn4 (Hz) ζ

1 60.0 2.6 7.0 14.5 25.2 0.0241
2 55.0 2.7 7.5 16.4 28.1 0.0240
3 50.0 2.8 8.1 18.2 32.5 0.0241
4 45.0 3.1 8.7 19.5 35.0 0.0250
5 40.0 3.3 9.9 23.0 41.0 0.0261
6 35.0 3.7 12.0 28.2 48.0 0.0297
7 32.0 4.0 13.2 32.0 – 0.0315
8 29.0 4.2 14.7 36.0 – 0.0342
9 27.5 4.5 18.0 41.0 – 0.0368
10 26.5 4.7 19.0 44.0 – 0.0383
11 25.0 4.9 22.0 50.0 – 0.0404
12 22.5 5.6 27.5 – – 0.0513
13 20.0 6.5 34.0 – – 0.0660
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the flow turbulence intensity are shown in Fig. 4 as function of the wind
speed. As can be seen, the turbulence intensity reaches a minimum of
about 0.35% at around 3.0m/s and then increases at larger wind
speeds, leveling off at an approximately constant value of 0.6% for wind
speeds in the range of 5.5–15.0 m/s.

The wind tunnel flow was further characterized by measuring the
integral length scale (or macroscale) of the turbulent eddies Lvx, which
is an approximate measure of the size of the turbulent eddies in the flow
that contain most of the turbulence energy. Following common practice
[23] we assumed homogeneous turbulence, which is normally con-
sidered an acceptable approximation in engineering applications. Two
main methods have been developed to estimate the integral length scale
of turbulent eddies: in the first method, which is based on the auto-
correlation function of the velocity measurements [23,25], the integral
length scale of turbulence is estimated through the following equation:

∫=
∞

L U R τ dτ( )vx 0 (1)

where U is the mean free stream velocity, meaning that the convection
speed of the turbulent eddies is assumed to be the mean flow velocity, R
is the autocorrelation function of the velocity time series and τ is the
delay time. Operatively, the autocorrelation function is calculated from

the measured velocity time series, and the integral in Eq. (1) is eval-
uated numerically fixing the upper integration limit to the time the
decaying autocorrelation signal first reaches zero. The second and al-
ternative method for calculating the integral length scale of the tur-
bulent flow is based on the energy spectra deduced from the velocity
measurements [30]. Basically, this method consists of finding the en-
ergy levels contained at each frequency of the sampled velocity time
series and then determining the energy level of the signal as the fre-
quency goes to zero. The length scale can then be estimated from the
following relation [30]:

= ⎡
⎣

⎤
⎦ →

L
E f U

u
( )
4vx

f
2

0 (2)

where E is the energy spectrum of the velocity signal as function of the
frequency f, U is the mean flow velocity, and uis the mean fluctuating
velocity. Operatively, the energy asymptote is determined from aver-
aging the values of the energy spectrum at low frequencies. The results
are presented in Fig. 5, where the integral scale of turbulence Lvx esti-
mated with the two methods described above is displayed as function of
the wind speed. As can be noticed, the two methods give congruent
results and indicate that the most energetic turbulent eddies present in
the flow range in size between 5 and 50mm.

The temperature and pressure in the laboratory during the experi-
ments were 298 ± 1 K and 101 ± 1 kPa, respectively.

2.3. Experimental procedure

The motion of the flexible filaments was recorded simultaneously in
the horizontal and vertical planes using two synchronized digital
cameras (make: Panasonic, model: Lumix DMC-FZ200, recording fre-
quency: 200 frames per second, resolution 480×640 pixels), positioned
on the top and front of the wind tunnel, as schematically shown in
Fig. 6. For the remainder of this study, the motion of the flexible

Fig. 2. (left) Natural frequencies vs filament length; (right) damping ratio vs filament length.

Support Plate 

Support tube

Filament

Fig. 3. Schematic representation of the test piece.

Fig. 4. Turbulence intensity of the free stream flow in the wind tunnel as
function of the wind speed.
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filaments projected onto the planes X-Y and X-Z (as schematically
shown in Fig. 6 will be referred to as front view and top view, respec-
tively. The motion recorded from the front view is the usual plane in-
vestigated in all previous works found in the literature, as this contains
the direction of gravity. On the other hand, the motion seen in the top
view from above the wind tunnel adds another plane that allows
studying the three-dimensional configuration of the filament.

The tests on the flexible filaments began with the filament hanging
vertically from the ceiling of the wind tunnel and no flow. The wind
tunnel fan motor was then started and the wind velocity set to 1.0m/s
(minimum stable velocity achievable in the wind tunnel). Noting that
the fluid transit time through the wind tunnel was in the range of
0.3–3 s (depending on the wind velocity), the video recording started
after 30 s of having set a wind speed, so as to avoid any transient effects
in the recorder videos, and the recording time at each wind velocity was
of approximately 60 s. The wind velocity was increased progressively in
steps of roughly 0.5 m/s until reaching the maximum speed (15–16m/
s). Then, the speed was decreased gradually down to the minimum.
Notably, no hysteresis effects were observed on the filament motion.
The optical resolution of the present setup was estimated to be of
0.20mm, appropriate to resolve the relatively large displacements of
the flexible filaments of interest here. The static reconfiguration of
flexible filaments at low wind speed (about 1–5m/s) is described in
[32], while the focus here is the dynamic response of the flexible fila-
ments, observed with wind speeds within about 5–15m/s. The videos
obtained from the two cameras were post-processed using the Image
Processing Toolbox of Matlab. In particular, three-dimensional config-
urations of the filaments were reconstructed and displacement time
series extracted at different locations along the filament by measuring
along the arc length of the reconstructed filament shapes.

2.4. Data analysis

In order to exemplify the typical behaviors found and justify the
analysis approach adopted in the remainder of this paper, selected re-
sults for the longest filament (Filament 1) are presented in Fig. 7. In
particular, Fig. 7 includes the envelopes of filament motion in the front
view and top view and the trajectories of the free end of the filament as
seen in the Y-Z plane (see Fig. 6 that corresponds to the view of an
observer located downstream of the filament and facing upstream. The
results presented in Fig. 7 refer to two different values of the wind
speed: a relatively low wind speed of 6.1m/s and a relatively large
wind speed of 15.6 m/s. Irrespective of the wind speed the amplitude of
motion varies widely along the filament, being barely noticeable close
to the filament fixed end and progressively increasing as the filament
free end is gradually approached. Notably, the filament motion am-
plitude is not the same in the front view and top view. In particular, for
the lower wind speed of 6.1m/s the filament motion is mostly two-
dimensional and confined to the front view, as the displacement in the
top view is barely noticeable, while at the higher wind speed of 15.6 m/
s the filament motion has become fully three-dimensional, as the dis-
placements in the front view and top view are now comparable in size.
This qualitatively agrees with the experimental findings of Schouveiler
et al. [31] with cantilever filaments in cross-flow and also with the
theoretical results obtained by others for flexible structures of high
density compared to the surrounding fluid [8,21],. Considering that the
motion of the filament is not always restricted to a plane, the overall
measure used here for characterizing the motion at any location along
the filament is the total displacement Ayz defined as follows:

= +A y zyz
2 2 (3)

where y and z are the filament displacements observed in the Y and
Z directions (see Fig. 6. As such, the total displacement Ayz combines
into a single number the displacements observed in two orthogonal
directions and can therefore be used to characterize both planar and
three-dimensional motion. Even though the total displacement can in
principle be computed for any position along the filament, we used the
filament free-end as representative to analyze the filament dynamics.
Being characterized by the largest displacements (and thus by the
lowest measuring errors), in the literature the filament free end is most
frequently selected for the analysis, and this motivates the approach
adopted here. We double-checked the dynamics at different locations
along the filaments and confirmed that within the limits of the present
study the dynamics of the filament free end is indeed representative of
the dynamics of the entire filament. As a further confirmation, the
normalized frequency power spectra generated for Filament 1 for the
two wind speed velocities in Fig. 7 (6.1 m/s and 15.6m/s) are shown in
Fig. 8. In particular, the dimensionless coordinate s/L in the vertical
axis of Fig. 8 represents the filament arc length s measured from the
filament fixed end divided by the filament total length, so that the

Fig. 5. Integral length scale of the turbulent flow in the wind tunnel for the
range of flow speeds tested.

U 
Filament 

Support tube 

Top camera 

Y

X

CT hot-wire anemometer 

i) 

g 

Z

XSupport  Plate 

anemometer 
Filament

Front camera 

ii) 

U 
CT hot-wire

Fig. 6. Schematic representation of the experimental setup: (i) front view, plane X-Y; (ii) top view, plane X-Z.
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limiting values of 0 and 1 correspond to the filament fixed end and free
end, respectively. As can be seen, the frequency of motion is always the
same along the filament, thus confirming that the dynamics at different
locations along the filament is qualitatively the same.

The total displacement Ayz time series were studied using standard
time series analysis tools (power spectra, autocorrelation plots, root-
mean-squared values) as well as using state-space techniques specifi-
cally designed for non-linear dynamical systems: an approach recently
adopted by Ait Abderrahmane et al. [1,2] in the study of filaments and
flags. As pointed out by Moon [22] and Paidoussis [27], experimental
data is invariably subject to disturbances and noise and thus standard
time series analysis techniques might give a partial picture of the dy-
namics of the system being studied, while the combined use of both
standard and state-space techniques can provide a more complete pic-
ture. In particular, we used the publicly available software package
TISEAN [18] to obtain appropriate values of the embedding delay and
dimension for the state-space reconstruction via the delayed vectors
method [10]. As will be shown, the topology of the reconstructed at-
tractor in state-space reveals useful qualitative characteristics of the
flexible filaments dynamics that complete and corroborate the in-
formation obtained with standard time-series analysis techniques. The
time series were filtered using the locally projective non-linear noise
reduction method included in the TISEAN package, which is specifically
designed for non-linear time-series analysis and specifically takes into

account the underlying dynamics of the time series [18]. As a matter of
fact, the noise in the collected signals was rather small so that the effect
of this filter on the time-series was most of the times minimal. Other
more classic filters for time series analysis, such as moving average
filters, were also checked but the non-linear filter of the TISEAN
package was found superior for the present application (lower noise-to-
signal rms ratio and smoother reconstructed attractor in state-space).

3. Results and discussion

The complete raw databank is provided in the Electronic Annex
(available in the online version of this paper) and includes, for all fi-
laments tested and all wind velocities investigated, the envelopes of
motion in the front view and top view and the trajectories of the fila-
ment free-end as seen in the Y-Z plane (corresponding to the view of an
observer located downstream of the filament and facing upstream, see
Fig. 6. The Electronic Annex also includes, for all filaments tested and
all velocities investigated, the frequency spectra, histograms, the au-
tocorrelation function and the reconstructed attractor in phase-space
computed for the total displacement of the filaments free-end. In the
following, selected results are presented in condensed format and dis-
cussed to analyze the filaments dynamics.

s/m6.51=Us/m1.6=U

Fig. 7. Raw results for filament 1 at two wind speeds, corresponding to 60 s of recordings (axes units in mm): (upper) envelopes of motion in front view; (middle)
envelopes of motion in top view; (bottom) trajectories of filament free end in Y-Z plane.
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3.1. Filaments response

The response diagram for all filaments tested is presented in Fig. 9
(top), where the dimensionless total displacement A∗ is plotted versus
the dimensionless velocity U∗. In order to better visualize the trends, the
response diagram for a selection of filaments is also presented in Fig. 9
(bottom). In particular, the dimensionless total displacement is defined
as = √∗A A L2 /rms , where Arms is the root-mean-squared total dis-
placement of the filament free end Ayz (Eq. (3)) and L is the filament
length. This parameter represents the ratio between the amplitude of
the excursions of the free end of the filament relative to its length. As
previously noted, the filaments exhibit dynamical properties (damping
ratio and natural frequency), which are highly dependent on the fila-
ment length: this dimension was therefore selected here as the re-
presentative length scale in place of the more conventional diameter
typically used with slender bodies in cross-flow. Following common
practice, the reduced velocity is defined as =∗U U f L/( ),n1 where U is
the free stream wind velocity and fn1 is the first mode natural frequency
of the filament (from Table 1. The reduced velocity is the ratio between
the two speed scales found in this problem: wind speed and filament
natural vibration speed. As can be noticed in Fig. 8, the filament length
clearly affects the filament response. In particular, the response of long
filaments (filaments 1 through 6 with lengths varying from 35mm to
60mm) at low reduced velocity is a small amplitude motion that slowly
and gradually increases in amplitude with increasing reduced velocity.
As the reduced velocity reaches a threshold the motion amplitude in-
creases sharply, reaching a maximum that can be up to one order of
magnitude larger than the amplitude of motion below the threshold.
Notably, the reduced velocity threshold is different for each filament
and gradually increases with decreasing filament length, while the
maximum in motion amplitude is progressively less prominent as the
filament length gradually decreases. The maximum in motion ampli-
tude is rather localized with filaments 1 through 5, while with filament
6 it tends to broaden into a rather flat plateau. Beyond the maximum,
the motion amplitude decreases gradually as the dimensionless velocity
is further increased until it reaches a minimum beyond which the
motion amplitude tends to increase again for very large reduced velo-
cities. On the other hand, the response of short filaments (filaments 10

through 13 with lengths varying from 20mm to 26.5mm) remains a
comparatively smaller amplitude motion at all reduced velocities
tested, with amplitude of motion that increases with increasing reduced
velocity, though not monotonically, without localized jumps or sharp
maxima. Finally, the response of intermediate length filaments (fila-
ments 7 through 9 with lengths varying from 27.5mm to 32mm) is to
some extent intermediate between those of long and short filaments:
small amplitude motion at low reduced velocity, then a change in trend
characterized by a localized but not sharp increase in motion amplitude
followed by a rather broad plateau at higher reduced velocities. It is
evident from Fig. 9 that the change in filament response as the filament
length varies is gradual, so that the previous classification into long
filaments, short filaments and intermediate length filaments is to some
extent arbitrary, and only proposed for the sake of better clarifying the
observations.

In conclusion, the filaments response is clearly modulated by the
filament length: short filaments have low amplitude response at all
reduced velocities, while long filaments have a richer dynamics char-
acterized by both small and large amplitude response, depending on the
value of the reduced velocity.

3.2. Filaments dynamics analysis

In what follows we concentrate on filaments 1 and 12, which are
representative of long filaments (filaments 1 through 6) and short fi-
laments (filaments 10 through 13), and analyze in detail their dy-
namics. The results are indicative of intermediate length filaments too
(filaments 7 through 9), which as previously noted have a response
intermediate between those of long and short filaments. In particular,
the analysis is carried out using the reconstructed attractor in phase-
space, the autocorrelation function and the power spectrum, all com-
puted from the time series of the filament free-end total displacement.

The reconstructed attractor in phase-space and the autocorrelation

Fig. 8. Normalized PSD of total displacement along Filament 1 at two wind
speeds: (a) U= 7.4m/s (frequency of 10.6 Hz); (b) U=15.6m/s; (frequency of
13.4 Hz).

Fig. 9. Dimensionless response diagram of filaments free-end vs reduced ve-
locity (in the legend F1 stands for filament 1, F2 for filament 2, and so forth): all
filaments tested (top) and selection of filaments (bottom).
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function for filament 1 and for all values of the reduced velocity are
presented in Figs. 10 and 11, while power spectra for selected reduced
velocities are presented in Fig. 12. As can be seen, at low reduced ve-
locities (U∗≤ 25) the reconstructed attractor appears like a small blob,
the autocorrelation function decay rather fast, and the power spectrum
representative of this reduced velocity range in Fig. 12(i) presents one
single and relatively broad peak. These characteristics show that fila-
ment 1 motion at low wind speed (U∗≤ 25) is a small-amplitude vi-
bration: a random and not self-sustained motion that decays and does
not leave the vicinity of the stable equilibrium corresponding to the
static reconfigured filament. For reduced velocities in the range of
28.3≤U∗≤ 56 the reconstructed attractor is ring-like and the auto-
correlation function is periodic and slowly decaying, indicating that the
filament has entered a limit-cycle oscillation. The power spectrum re-
presentative of this reduced velocity range in Fig. 12(ii) shows a pro-
liferation of clear harmonics of the main frequency, which is typical of
resonance phenomena. The histograms shown in the Electronic Annex
agree with this observation: limit-cycle motions are characterized by
bridge-shape distributions, while low-amplitude vibrations are re-
presented as bell-shape histograms. Finally, for high reduced velocities
(U∗≥ 62.7) the ring-like attractor gets thicker and eventually changes
its topology evolving into a blob, the autocorrelation function decays
rather fast, and the power spectrum representative of this reduced ve-
locity range in Fig. 12(iii) shows two dominant frequencies: a first peak
at f1= 12.3 Hz and a second peak at f2= 22.0 Hz, where the two peaks
have comparable magnitude and f2 is clearly not an integer multiple of
f1. This shows that as the wind velocity is gradually increased the limit-
cycle periodic oscillation is progressively corrupted and gradually re-
placed by a more complex dynamics that becomes gradually chaotic. In
particular, the period doubling suggests a quasiperiodic route to chaos

characterized by a shift from a period-1 to a period-2 motion that has
also been observed in other experiments published in the literature, see
e.g. Ait Abderrahmane et al. [1].

The reconstructed attractor in phase-space and the autocorrelation
function for filament 12 and for all values of the reduced velocity are
presented in Figs. 13 and 14, while power spectra for selected reduced
velocities are presented in Fig. 15. As can be seen, the reconstructed
attractor never appear ring-shaped, the autocorrelation function always
decays fast while the power spectra present one rather broad peak and
an additional secondary peak at high reduced velocities. This shows
that filament 12 never enters a limit-cycle oscillation (at least within
the range of reduced velocities explored here), and its dynamics always
remains a small amplitude random vibration.

In conclusion, based on the present observations a critical filament
length can be established to be around L/D=43. Below this threshold
the dynamics of short filaments is a small amplitude random vibration,
with amplitude of motion that tends to increase with increasing re-
duced velocity without any localized jumps or sharp maxima. On the
other hand, the dynamics of filaments with L/D > 43 remains a small
amplitude random vibration only at low reduced velocities. As soon as
the reduced velocity reaches a threshold, these filaments enter into a
large amplitude limit-cycle oscillation that persists for a relatively large
range of reduced velocities, until the filaments enter into a chaotic
motion via a quasiperiodic route to chaos. The threshold value of the
reduced velocity at the onset of the limit-cycle oscillation decreases
with increasing filament length, while the amplitude of motion during
the limit-cycle oscillation increases with increasing filament length,
indicating that their length modulates the attitude of flexible filaments
to enter a limit-cycle oscillation.

Fig. 10. Reconstructed attractors in phase-space for the free end of Filament 1 in the Y-Z plane. Horizontal Axes: ryz (t), Vertical Axes: ryz (t+ τ). (tau is the optimal
delay estimated with the TISEAN software).
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3.3. Filaments dynamics interpretation

It remains to identify the cause of the observed dynamics: in par-
ticular what is sustaining the filaments vibration and why the filament
length is so influential for observing limit-cycle oscillations. Since the
flexible filaments tested here are slender circular cylinders in cross-
flow, vortex shedding is clearly a possible source of excitation. The
reduced velocity values typical of vortex-induced vibration are in the
range of 1 to 15, when the reduced velocity is based on the cylinder
diameter [23]. In the present case, the reduced velocity based on the

filament length ranged between 5 and 130 (Fig. 9. Should the filament
diameter be used as characteristic dimension in place of the filament
length, this would correspond to figures on the order of 102–103: well
outside the range of values typical for vortex-induced vibration. It is
well known, however, that a number of factors affect vortex shedding in
addition to the Reynolds number, including the cylinder inclination and
end-effects that are particularly relevant in the present case. Before
ruling out vortex shedding as a possible source of excitation, therefore,
we performed hot-wire measurements in selected locations in the wake
of the vibrating filaments in order to measure the vortex shedding

Fig. 11. Autocorrelation function of the displacements of the free end of Filament 1 in the Y-Z plane (horizontal axis unit is s).

8.33=*U)ii2.22=*U)i

iii) U*=66.5 

Fig. 12. PSD of displacements of the free end of Filament 1 in the Y-Z plane. (i) U*= 22.2; (ii) U*= 33.8; (iii) U*= 66.5.
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Fig. 13. Reconstructed attractors in phase-space for the free end of Filament 12 in the Y-Z plane. Horizontal Axes: ryz (t), Vertical Axes: ryz (t+ τ).

Fig. 14. Autocorrelation function of the displacements of the free end of Filament 12 in the Y-Z plane (horizontal axis unit is s).
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frequency and thus properly assess the role of vortex shedding as a
potential source of excitation. The results from a typical measurement
made for Filament 11 are presented in Fig. 16. As shown, we made
measurements at three locations: behind the tube support (ii), behind
the filament at mid-length (iii) and behind the filament at the free-end
(iv). The tube support is a rigid cylinder in cross-flow, so vortex shed-
ding measurements at location (ii) are directly comparable with lit-
erature data for cylinders in cross-flow. On the other hand, vortex
shedding measurements at location (iii) incorporate the effect of the
filament inclination, while both the filament inclination and end-effects

influence the measurements taken at location (iv). Power spectra gen-
erated from the hot-wire measurements at these three locations are
presented in Fig. 16. As can be seen, the power spectrum at location (ii)
has a single peak that nicely matches the vortex shedding frequency
fvs= 818 Hz predicted for the support tube at these conditions via the
usual Strouhal-Reynolds number relationship. In the present study the
Reynolds number (based on filament diameter), which represents the
ratio between inertial and viscous forces, was in the range
300 < Red < 610 for wind speeds large enough for the filaments to
move. The vortex shedding frequency fvs= 1252 Hz predicted for the

U*=89.9ii)U*=59i)

iii) U*=118.8  

Fig. 15. PSD of displacements of the free end of Filament 12 in the Y-Z plane. (i) U*= 59; (ii) U*= 89.9; iii) U*= 118.8.

)ii)i

)vi)iii

(iv)

(iii) 

(ii) 

Fig. 16. Measurements in the wake of Filament 11 at U*= 35. (i) Schematic of filament and locations of measurements. (ii) PSD of support wake. (iii) PSD of filament
wake at mid-length. (iv) PSD of filament wake at free-end.
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filament taking into account its inclination with respect to the flow [41]
is clearly present in the power spectra generated at locations (iii) and
(iv), together with a peak at f0= 7.5 Hz that corresponds to the
dominant frequency in the filament vibration. This confirms that the
flexible filaments tested here are shedding vortices, and the vortex
shedding frequencies are about two orders of magnitude larger that the
frequencies that characterize the filaments vibration. Vortex shedding,
therefore, can be ruled out as possible source of excitation responsible
of the observed filaments dynamics.

Another possibility is that the filaments vibration is externally-in-
duced: it is well known that lightly damped bodies can incur into self-
excited and large amplitude motions in a turbulent flow [23]. In order
for turbulence-induced excitation to occur, the length scale of the most
energetic turbulent eddies present in the flow should be comparable
with the typical length scale of the vibrating body. In our case the
characterization of the turbulent flow in the wind tunnel (Fig. 5 shows
that the most energetic turbulent eddies range in size between 10 and
30mm for wind velocities within 4–15m/s (excluding low velocities
where the filaments statically reconfigure). This length scale is indeed
comparable with the length of the filaments, so that turbulent buffeting
could be responsible for the fluctuating load that ultimately drives the
filaments vibration. As previously noted, the damping ratio of the fi-
laments is a strong function of their length (Fig. 2 right) and long fi-
laments have much lower damping than short filaments. This is note-
worthy because it provides an explanation of the observed filaments
dynamics: long filaments are lightly damped and therefore exhibit large
amplitude limit-cycle oscillations, while short filaments do not due to
their comparatively larger damping. The gradual variation of the
damping with filament length explains the gradual change in filaments
dynamics as the filament length is gradually varied. In conclusion,
therefore, turbulent buffeting is identified here as the principal source
of excitation responsible for the observed filaments dynamics: limit-

cycle oscillations are observed with long and lightly damped filaments,
while the bigger damping of short filaments prevents them entering into
limit-cycle oscillations.

Finally, the stability diagram for the filaments tested is presented in
Fig. 17 as reduced velocity versus Scruton number (or mass-damping
number) defined as =Sc 2mζ/ρ Df

2, where m is the filament mass per
unit length, ζ is the damping ratio of the filament, ρf is the fluid density
and D is the filament diameter. The Scruton number relates the
damping level of a system relative to its size, thus is useful for de-
scribing the susceptibility of structures to vibrate. As can be seen, limit-
cycle oscillations occur for well-delimited values of the reduced velocity
and Scruton number (Scruton number 31 < Sc < 86), again sug-
gesting that the filament damping is a key factor for the occurrence of
limit-cycle oscillations. In particular, the trend between reduced velo-
city and Scruton number in Fig. 17 is a direct proportionality, showing
that larger reduced velocities are required to sustain limit-cycle oscil-
lations as the filament gets shorter and its damping increases.

4. Conclusions

The dynamics of thirteen flexible filaments of different lengths ex-
posed to air cross flow was investigated using two synchronized fast-
imaging cameras to reconstruct the filaments motion in three-dimen-
sions, and employing both linear and non-linear time series analysis
techniques to investigate the filaments dynamics. Filaments of L/
D≤ 43 are characterized by a small amplitude vibration-like motion at
all wind speeds tested, while filaments of L/D > 43 exhibit a richer
dynamics: a small-amplitude vibration-like motion at low wind speed
followed by a large amplitude limit-cycle oscillation that persists for a
relatively large range of wind velocities, until the filaments enter into a
chaotic motion via a quasiperiodic route to chaos. The threshold value
of the reduced velocity at the onset of the limit-cycle oscillation and the
amplitude of motion during the limit-cycle oscillation are both modu-
lated by the filament length, which in turn determines the filament
damping ratio that is the key factor in controlling the filaments dy-
namics. It is suggested that the main source of excitation responsible for
the observed filaments dynamics is turbulence buffeting, and not the
typical vortex-induced vibration found for other slender structures in
cross-flow. The capability of long filaments to incur into limit-cycle-like
motion is attributed to the lower damping ratio of long filaments as
compared to the relatively higher damping ratio of short filaments.
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Appendix A. Appendix

A.1. Filament fabrication parameters

Nozzles of 0.84mm ID were used to produce filaments of 0.61mm in diameter (extrusion pressure 0.6 MPa and 0.6 mm/s deposition speed). All
other processing parameters, namely extrusion temperature (300 K), and nozzle offset from deposition platform (0.5 mm) were kept constant
throughout the process.

A.2. Determination of the Young modulus (E) and Poisson ratio (ν)

The Young modulus and the Poisson ratio of the filaments were determined with a series of simple elongation tests under variable loading. In
particular, filaments of length L=70mm were held hanging tightly from top while the other end was free. A small paper basket was attached to the
free end via a cotton string (the unitary strain of the filament due to the weight of this basket was about 1%). The reference point for measuring the
elongation was the point where the basket was attached. This was the initial configuration, i.e. no deformation, after which small weights of known
mass were gently added to the basket and the resulting elongation of the filament was recorded after 30 s to allow for the filament to fully stretch.
The loads were then carefully removed one by one in order to detect any hysteresis effect. The maximum elongation was kept below 30% in order to

Fig. 17. Stability map: Reduced velocity vs Scruton number.
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avoid any plastic deformation in the filaments tested. The diameter change due to the axial deformation of the filament was measured using two
digital cameras located perpendicular to each other and focused on the mid-section of the hanging filament. Images were taken before and after the
small weights were added to the basket. The Poisson ratio was computed via the relationship = − −ν D D D( )/f i i, where Df and Di are the measured
filament diameters after and before adding a new weight. Image processing was carried out using Matlab. The initial diameter of the filaments was
determined from images taken with a Scanning Electron Microscope (SEM). For each load, the axial stress on the filament was determined using a
diameter computed through volume conservation, and cross checked with the one computed via the Poisson ratio. Results from one representative

Fig. A1. Filament elongation test results: axial stress versus unitary deformation.

Fig. A2. Five equilibrium configurations of a flexible filament under self-weight.
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Fig. A3. Schematic of the vibration test shaker for free and forced vibration tests on the flexible filaments.
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elongation test are presented in Fig. A1, where the axial stress is plotted versus the filament unitary deformation. As well known, the slope of the
linear part of the data on the stress-strain plot represents the Young Modulus, which equals 111.4 kPa for the elongation test depicted in Fig. A1.
Elongation tests were repeated several times and the values obtained from each of the test repetition were averaged, yielding final figures of
E=116 ± 5 kPa for the Young modulus (the reference value provided by the silicon manufacturer was 0.3MPa) and ν=0.010 ± 0.001 for the
Poisson ratio.

A.3. Determination of the bending rigidity (B)

The bending rigidity B of the filaments was determined from static deflection tests under self-weight. As shown in Fig. A2, the filament was
clamped from one end and was let to hang horizontally and bend under its own weight.

The equilibrium configuration of the filament is the result of the balance between the moment due to filament weight and the resistance offered
by the bending rigidity of the filament itself. The filament initially had a length of 70mm, and was gradually shortened by carefully cutting pieces of
approximately 10–15mm. After each cut, the filament reached a different equilibrium configuration, as shown in Fig. A2. This figure depicts five
equilibrium configurations which correspond to five different filament lengths. Images of the filaments configuration were taken with a digital
camera and were post-processed using Matlab. The slope variation along the filament was determined from the shape of the filament and the bending
rigidity B was subsequently determined from the bending-curvature relationship for beams, i.e. =M

B
dα
ds , where the local moment M is due to the total

Fig. A4. Example of free vibration test results for a filament of L=55mm, representative of Filament 1 in Table 1.

Fig. A5. Forced vibration tests: first four vibration modes (from left to right) of the filament of L=60mm, representative of Filament 1 in Table 1.

Fig. A6. Test rig validation: Strouhal number vs Reynolds number for a circular cylinder in crossflow.
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weight load perpendicular to the local portion along the filament length s, i.e. W αcos . The final result for the filaments bending rigidity is
B=(1.15 ± 0.20)× 10−12 Nm2.

A.4. Determination of the natural frequencies and damping ratios

Natural frequencies and damping ratios of the filaments were determined with free and forced vibrations tests using the experimental setup
schematically depicted in Fig. A3. The vibration test shaker comprises a loudspeaker connected to a signal generator, a rigid stainless steel con-
nection rod (diameter: 1.0 mm, length: 200mm) cemented at one end to the membrane of the loudspeaker, and a plastic support plate connected at
the other end of the rod where the flexible filament was secured. The sinusoidal wave excitation produced by the signal generator induced a
horizontal vibration of the loudspeaker membrane, which was then transmitted by the connection rod to the filament support plate. A low-friction
guide support was installed to support the connection rod and allow only horizontal displacements of the connection rod. The connection rod was
long enough to avoid any direct interactions between the vibrating loudspeaker membrane and the flexible filament through the ambient air. A
reference white circle was realized on the support plate to serve as a reference for optically tracking the horizontal vibration of the support plate.
High-speed cameras were used to simultaneously track the vibration of the support plate and the motion of the flexible filament.

The free vibration tests were carried out in this setup with the signal generator off. The filament was manually displaced from its vertical
equilibrium configuration, liberated from rest and its free damped vibration recorded. A representative example is provided in Fig. A4, which shows
the evolution in time of the displacement from equilibrium of the filament free end. The free vibration tests allowed obtaining the free vibration
damping ratio from the logarithmic decrement of the free-decay amplitudes of motion, yielding values within (0.024–0.066) that are inversely
proportional to the filament length, as shown in Table 1.

On the other hand, the lowest-modes natural vibration frequencies of the flexible filaments were determined form the forced vibration tests by
visually identifying the external excitation frequencies at which resonance peaks occurred. In particular, the signal generator was set to produce a
sinusoidal wave excitation (this was later double-checked using a square signal, which produced comparable results), and the frequencies of the
signal were increased in steps of 0.1 Hz from 1Hz up to 25 Hz (the range of interest for the flow-induced vibrations analyzed here). It was possible to
identify the natural vibration frequencies of the first four modes of Filaments 1–6, of the first three modes of Filament 7–11, and of the first two
modes of Filament 12–13. The natural vibration frequencies are provided in Table 1 and for each mode are inversely proportional to the filament
length, which is consistent with classic beam theory. The first four vibration modes for the filament of free length of L= 60mm (representative of
Filament 1 in Table 1 are qualitatively the same as the corresponding ones for a rigid cantilever beam, as shown in Fig. A5.

A.5. Validation of the constant temperature hot-wire anemometer measurements

Flow speed measurements were performed with a calibrated hot-wire anemometer which was validated in-situ via a preliminary experiment of
vortex shedding frequency from a circular cylinder in cross-flow. The straight hot-wire was located 100mm downstream of a circular cylinder of
diameter 15.5 mm which was set in cross flow configuration across the wind tunnel test section. The probe was then set 30mm offset from the axis of
the cylinder to detect vortex shedding. The measurements are presented in Fig. A6, where the cylinder Strouhal number is displayed as function of
the cylinder Reynolds number. The measurements compare well with the following well-known correlation [9]

= ⎛
⎝

− ⎞
⎠

St
Re

0 198 1 19 7. .
(4)

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.expthermflusci.2018.04.023.
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