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Abstract
This paper describes the methodology used to analyse oscillations of foils of a wide range of aspect ratios, 0.5
≤ AR ≤ 4, and Reynolds numbers, 104 ≤ Re ≤ 105, for energy harvesting purposes. The foils were fixed at their
trailing edge, and their dynamical behaviour was captured as the wind speed was varied. The foil response was
then analysed as a function of velocity, Reynolds number, oscillation amplitude and frequency. Additionally, the
forces and moments acting on the foils were measured, utilising an aerodynamic scale, designed and built in-house.
An empirical power generation equation was derived to determine the foil characteristics for maximum energy
harvesting production. The results show that a flexible foil with AR = 3 with oscillations in the large-amplitude
regime is the most effective for energy harvesting.

Nomenclature
A oscillation amplitude
AR foil aspect ratio
B deflection rigidity
d dimensionless amplitude
E Young’s modulus
f vortex shedding frequency
Fx, Fy foil force components
H, L, h foil height, length, thickness
Kb bending stiffness ratio
LE foil leading edge
l/

L foil dimensionless deflection
�l/

L dimensionless tip deflection
Mx, My foil moment components
TE foil trailing edge
P̄ power extracted
Pt fluid total pressure
Ps fluid static pressure
qc fluid dynamic pressure
PDF probability density function
PSD power spectral density
Re Reynolds number
St Strouhal number
U flow velocity
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μ mass ratio
ν kinematic viscosity
νp Poisson’s ratio
ρs foil density
ρf fluid density, air density
w(L, t) foil displacement
ẇ(L, t) foil velocity

1.0 Introduction
Renewable energy production that can function for extended periods of time and reduce the need for
batteries is of major concern in the modern world [1–3]. A great deal of effort has been expended towards
developing self-powered devices that can capture energy from oscillating foils and convert it into energy
[4–6]. A flexible foil immersed in a fluid flow can experience self-induced periodic oscillations at various
flow velocities. The oscillation of foils is of interest not only because of its occurrence in nature, but
also because it can generate great amounts of clean renewable energy, even with relatively small-sized
foils [7–9].

In this research, we consider cantilevered foils exclusively, with a clamped trailing edge (TE), a free
leading edge (LE) and no other support elsewhere. This configuration is referred to as the “inverted
foil configuration”. The flow direction is parallel to the rest position of the foil, and is presumed to be
uniform and steady, as shown in Fig. 1. The 2D representation shows the length (L) and height (H) of
the foil and the mean flow speed U direction.

Analytical and experimental studies on conventional plates in axial flow were performed by Guo and
Païdoussis [10] who employed inviscid potential flow theory to predict the onset of oscillatory instability.
They were the first to conclude that the plates oscillate at critical velocities inversely proportional to their
mass ratio.

In 2013, the first experimental investigation on inverted foil flapping was conducted by Kim et al. [11]
who identified three flow regimes, namely, with the foil straight, undergoing large-amplitude flapping
and fully deflected. Additionally, they reported that the foil mass ratio has little effect on the onset of
large-amplitude flapping.

In a 2016 study by Sader et al. [12], it was found that two key parameters of the dynamics of inverted
foils are the foil’s length (L) and height (H). For foils, where L is at least 10 times H, they found that
foils do not flap, but they go from the straight mode (a) to the fully deflected mode (f) shown in Fig. 2.
Additional dynamical states have been identified in that and subsequent studies [12–15] as a function
of flow velocity and foil aspect ratio. For sufficiently large aspect ratio, as shown in Fig. 2, the foil
(a) is straight, (b) is buckled, undergoes (c) small-amplitude asymmetric flapping, (d) large-amplitude
flapping, (e) aperiodic or chaotic flapping and (f) becomes fully deflected.

In this paper, we analyse the dynamics of inverted foils over a wide range of foil aspect ratios, 0.5 ≤
AR ≤ 4, in the Reynolds number regime of 104 ≤ Re ≤ 105, in well-defined and controlled experimental
tests. The inverted foil configuration was chosen in this research because: (i) inverted foils are more sus-
ceptible to instabilities at various flow conditions and can exhibit more flapping modes; (ii) an inverted
foil configuration can produce energy several times larger than a conventional-foil configuration for the
same foil size [16–19].

As stated earlier, the overall motivation for this research is to investigate the dynamics of inverted
foils as an efficient energy harvesting system. This method of renewable energy production requires fluid
kinetic energy to be transferred to the foil (as strain energy), and then the strain energy to be converted
into energy with an “energy generator mechanism” that will rotate a motor shaft. The “energy generator
mechanism” design and validation is part of a future study by the present authors. The Power P̄ extracted
from the “energy generator mechanism” is equivalent to the extracted energy from foil oscillations.
As there is no actuation system, the input energy is null, and thus the net energy extracted is always
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Figure 1. Physical parameters of an inverted foil configuration.

Figure 2. Experimental measurement of a foil clamped at the trailing edge (inverted foil configuration)
in axial flow. The direction of the flow is from right to left, as shown by the arrow. The foil is black and
its recorded path is grey. The foil dynamics shows the followings modes: (a) straight, (b) buckled, (c)
small-amplitude asymmetric flapping, (d) large-amplitude flapping, (e) aperiodic or chaotic flapping
and (f) fully deflected state. Data collected and image produced in Matlab version 9.0 (R2016a).

guaranteed to be positive. The extracted energy from an oscillating foil can be determined using the
empirical equation of Mitcheson et al. [20],

P ≈ A St3. (1)

where P̄ is the extracted power, A is the oscillation amplitude, and St is the Strouhal number.
The research objectives in this paper are the following.

(1) Investigate the effects of foil length and height (aspect ratio), flapping frequency, flapping regime,
Strouhal number, Reynolds number and foil peak-to-peak amplitude.

(2) Analyse the characteristics of inverted foils for power generation.
(3) Analyse the forces acting on inverted foils for a better understanding of foil dynamics and power

generation.

2.0 Definitions of dimensionless parameters
We consider a foil of length L, height H, density ρs, thickness h, in fluid flow of density ρf and flow
velocity U. The aspect ratio AR, mass ratio μ, and Reynolds number are defined by Kim et al. [11]

AR = H

L
, μ = ρf L

ρs h
, Re = U L

ν
, (2)

where ν is the fluid kinematic viscosity.
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A dimensionless amplitude of oscillation is defined by Kim et al. [11]

d = A

L
, (3)

where A is the maximum peak-to-peak amplitude.
We also define a parameter Kb as defined by Kim et al. [11]
Bending stiffness Kb is the ratio of the deflection rigidity B of the foil and the fluid inertia, as shown

by Equation (4a). The fluid inertia is defined by the fluid density ρf , with a specific flow velocity U
and foil length L, as shown in Fig. (4b). The deflection rigidity B, which is the force required to bend a
flexible foil, it is defined by the Young’s modulus E, the thickness of the foil h, and the Poisson’ ratio of
the foil material defined by the variable ν. deflection rigidity B is calculated as shown by Equation (4c).

Kb = Deflection rigidity

Fluid inertia
(4a)

Kb = B

ρf U2 L3
(4b)

B = E h3

12(1 − ν2)
(4c)

Also, presuming that vortex shedding from the deformed upstream end of the foil occurs, we define
the Strouhal number as shown in Equation (5) from the work of Mitcheson et al. [20]

St = fA

U
, (5)

where f is the vortex shedding frequency in Hz.

3.0 Apparatus and instrumentation
The experimental tests were performed in the Price-Païdoussis (P-P) subsonic wind tunnel of the
Research Laboratory in Active Controls, Avionics and Aeroservoelasticity (LARCASE). New method-
ologies in the aeronautical field have been developed at the LARCASE, including computational fluid
dynamics (CFD) model validations with experimental results from subsonic wind tunnel tests [21–30].

The properties of the inverted foils, the novel design of the aerodynamics scale, the P-P wind tunnel,
as well as the real-time data acquisition system and instrumentation used in this research are described
in this section.

3.1 Foil properties
Foils made of various metal and plastic materials were tested in the wind tunnel. Brass foils were found
to give asymmetric oscillation and undergo permanent deformation. Zinc foils were found to have a high
material damping and could not flap at all. Stainless steel and propylene foils had other problems [13].
Polycarbonate foils were found to behave best, and they were chosen for the experiments to be described.
Table 1 lists the properties and dimensions of the foils used.

3.2 Experimental setup
For the study and analysis of foil dynamics in the inverted foil configuration, a novel design was devel-
oped in-house of an aerodynamic scale for measuring forces and moments, along the three axes oriented
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Table 1. Material and geometric properties of the foils tested in
the wind tunnel

Foil Properties

Material Polycarbonate
Young’s Modulus E 2.38GPa
Poisson ratio v 0.38
Foil density ρs 1,200Kg m−3

Foil aspect ratio
(Length × Height × Thickness)

AR = 0.50
(150 × 75 × 1.02) 10−3m

Foil aspect ratio
(Length × Height × Thickness)

AR = 0.75
(150 × 112.5 × 1.02) 10−3m

Foil aspect ratio
(Length × Height × Thickness)

AR = 1
(150 × 150 × 1.02) 10−3m

Foil aspect ratio
(Length × Height × Thickness)

AR = 2
(150 × 300 × 1.02) 10−3m

Foil aspect ratio
(Length × Height × Thickness)

AR = 3
(150 × 450 × 1.02) 10−3m

Foil aspect ratio
(Length × Height × Thickness)

AR = 4
(150 × 600 × 1.02) 10−3m

Air density ρf 1.225Kg m−3

Mass ratio μ

ρf × Length/(ρs × Thickness)
μ = 0.15

1.225 × 150/(1200 × 1.02)

(a) (b)

Figure 3. Inverted foil aerodynamic scale for forces and moments measurements: (a) side view; (b) left
view.

parallel and perpendicular to the foil’s surface and parallel to the foil’s height. The parts of this aerody-
namic scale are illustrated in Fig. 3. The novel clamping screw mechanism uses 27 flat-head screws and
2 symmetrical NACA 0012 aerofoils to support the inverted foil at the trailing edge, without obstructing
the flow. An important characteristic of this design is that the clamping screw mechanism and the strain
gauge sensors are mechanically aligned and joined together with a coupling mechanism which allows
all forces and moments on the foil’s surface to be transmitted to the aerodynamic scale. This unique
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Figure 4. Price-Païdoussis Wind Tunnel schematic.

clamping and coupling mechanism makes it possible to measure and record the foil’s displacement (by
a high-speed camera), and to simultaneously measure and record the forces and moments acting on the
foil. The aerodynamic scale has a measured drag coefficient of only Cd = 0.008 for an angle-of-attack
AoA = 0◦.

For each flow speed, the foil displacement, forces and moments were recorded simultaneously. The
interface plate allows for positioning the aerodynamic scale inside the test-section without interfering
with the incoming flow. The foil’s clamping and the coupling mechanism were machined from high
strength aluminum alloy 606. This aerodynamic scale can measure Fx, Fy and Fz forces of up to 290N
and moments Mx, My and Mz of up to 10N m, with a full-scale accuracy of 1/8N and 1/19N m, respec-
tively. The output signals, of the measured forces and moments on all three axes, were amplified, filtered,
and sent to the data acquisition system for recording and treatment.

3.3 Wind tunnel
The Price-Païdoussis open-return subsonic wind tunnel consists of a centrifugal fan, a diffusing and
settling chamber, a contraction section, and a test-chamber or test section, as shown in Fig. 4. The air
enters the wind tunnel by two inlets located on opposite sides of the centrifugal fan. The engine and the
centrifugal fan are located in the mechanical room, and they are protected from dust particles by filters
in an enclosed area. The main parameters to characterise the flow during wind tunnel tests are: (i) the
total, static and dynamic pressures; (ii) the temperature variation during the test; (iii) the controlled flow
speed; and (iv) the Reynolds number. The turbulence reduction air filters with honeycomb cell shape and
squared cell shape (black dashed lines) can be seen in the settling chamber in Fig. 4; their main function
is dissipating and reducing the flow turbulence to a value below 1% [31]. The experiments took place
in the test-section with height × width × length of 0.62 × 0.91 × 1.83m.

The flow velocity in the test-section was determined by a Pitot tube. The mean flow speed U was
determined for a temperature of 22◦C and using the air density ρf and the difference between the total
pressure Pt and the static pressure Ps, as stated in Equation (6) [31]:

Pt − Ps = qc = 1

2
ρf U

2 . (6)

Figure 5 shows an inverted foil in the wind tunnel setup for the experiments. The foil trailing edge
TE was fixed, and the leading-edge LE was free.

3.4 High-speed camera
Measurements were made using a FLIR Systems high-speed camera. This camera has a global shutter,
minimising “blur effects” on moving objects. It operates at 163fps at a maximum resolution of 1,920 ×
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Figure 5. Side view of an inverted foil configuration mounted in a wind tunnel.

1,200 pixels; the exposure time range can vary between 0.005ms to 31.98s [32]. This exposure time range
is sufficient to capture approximately 16 frames for a typical cycle of foil flapping. A fixed focal length
lens was set on the image sensor. The camera system enables multiple points painted at the leading edge
of the foils to be traced. These points help to determine the foil’s displacement in real-time. A MATLAB
image-processing script was developed in-house for extracting the displacements of the foils from the
video images. The leading edge slope of the foil was determined, using a linear fit. A point at the leading
edge of the foil was used to determine the foil’s transverse and longitudinal deflections. The length of
each foil at rest was used as the reference image for calibration.

3.5 Data acquisition system
A multifunction data acquisition system (DAS) from National Instruments (NI), USB-6210, was chosen
to convert the analog signals of the aerodynamic scale into digital data, and to save the post-processed
data. The USB-6210 allows measurements of up to 16 analog inputs and does not require external power
for its functioning. A video was recorded for each flow speed, from 5.0 to 18.4m/s with an increment of
0.2m/s, to capture the foil’s displacement. The high resolution and high frequency video signals were
also sent to the data acquisition system for data treatment and post-processing. This data acquisition
system made it possible to record the signal from the aerodynamic scale and the video signal simulta-
neously and in real-time. The sampling rate was 300Hz for the foil’s displacement videos and 1,000Hz
for the forces and moments.

The data collected from the videos, as well as the forces and moments, were imported with a hardware
timing resolution of 50ns [33] using an in-house MATLAB script (version 9.0-2016b) for the analysis
in the post-processing phase.

4.0 Results
In this section, a combination of empirical analysis and wind tunnel measurements is used to establish
the relation between foil dynamics and energy production [34, 35]. The time history of tip displacement
recorded during the wind tunnel tests, the displacement at a specific flow speed (probability density
function), the dominant frequencies (power spectral density) and the phase-plane portrait are used to
analyse the foil dynamics.

There are three regimes of dynamic behaviour for a foil with AR < 0.1: (i) stretched-straight, (ii)
flapping and (iii) fully deflected, as observed by Sader et al. [12]. For foils with AR ≥ 0.2, the recent work
of Tavallaeinejad et al. [36] has identified three other regimes, for a total of six possible foil dynamical
states. In this paper, we use the regimes identified in [36] to classify foil deflection at different flow
speeds.
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(i) The stretched-straight regime with small vibrations superimposed
(ii) The buckled regime, involving a small mean deflection with small-amplitude random-like

vibrations superimposed
(iii) The small-amplitude regime with coherent, periodic oscillations around the deflected equilib-

rium
(iv) The large-amplitude flapping regime
(v) The aperiodic (chaotic) regime with intermittent flapping around the origin and to one side
(vi) The fully deflected regime

The next sub-sections present the experimental data, analyse the inverted foil deflections, describe
the inverted foil’s dynamics regimes and analyse the forces produced by the inverted foils.

Figure 6. Time history (a) and PDF (b) of the tip displacement of AR = 1 foil for U = 5.0m/s.

Figure 7. Time history (a) and PDF (b) of the tip displacement of AR = 1 foil for U = 7.0m/s.

4.1 Oscillations of the AR = 1 inverted foil
The first experimental data presented are those of the square-shaped foil (AR = 1), with H = L = 150mm.
This foil will be the reference foil, utilised to assess if a more slender or a wider foil is better suited for
energy harvesting.

At very low airflow speeds, between 5.0 and 7.0m/s, the foil stays in a stable undeformed equilibrium,
parallel to the incoming flow without any oscillation, as shown in Figs. 6(a) and 7(a). The quasi-Gaussian
form of the probability density function (PDF) plots suggests small random oscillations, induced by
turbulence and unsteadiness of the incoming flow, as shown in Figs. 6(b) and 7(b).

Increasing the flow speed in the wind tunnel test chamber to 7.5 and 7.9m/s causes the AR = 1 foil
to buckle slightly and exhibit random oscillations with small amplitudes. As shown in Fig. 8(a), the tip
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Figure 8. Time history (a) and PDF (b) of the tip displacement of AR = 1 foil for U = 7.9m/s.

Figure 9. Time history (a), PDF (b), phase-plane (c) and frequency (d) of the tip displacement of AR = 1
foil for U = 8.1m/s.

displacement time history is very small, and the probability density function shows a small oscillation
between 0.055L and 0.065L for U = 7.9m/s in Fig. 8(b).

Increasing the wind speed to 8.1m/s, the foil started flapping abruptly, with an amplitude of 0.8L and
a frequency of 4.75Hz, as seen in Fig. 9(a) and (d). The double mast and convex shape of the probability
density function and the single-loop response of the phase-plane portrait indicate a periodic oscillation
of the foil, as shown in Fig. 9(b) and (c), respectively.

For flow speeds ranging from 8.5 to 10.5m/s, the flapping transverse amplitude reached 0.8L, with a
flapping frequency decreasing from 4.85 to 4.6Hz (refer to Figs. 10 and 11). The phase-plane plots show
that the large-amplitude flapping is predominantly periodic, as does the classical double-masted shape
of the PDFs, with a transition to a damped behaviour of the foil deflections, as the flow speed increases.

As the air flow speed is increased to 11.0m/s, the transverse deflection response of the inverted foil
shows an interesting feature with double peaks, marked by a dotted circle in Fig. 11. The double peaks
can be detected in the time history and probability density function of Figs. 11(a) and (b). These double
peak responses indicate that the foil undergoes extremely large-amplitude bending with the tip slope
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Figure 10. Time history (a), PDF (b), phase-plane (c) and frequency (d) of the tip displacement of
AR = 1 foil for U = 9.1m/s.

Figure 11. Time history (a), PDF (b), phase-plane (c) and frequency (d) of the tip displacement of
AR = 1 foil for U = 11.0m/s.
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Figure 12. Time history (a), PDF (b), phase-plane (c) and frequency (d) of the tip displacement of
AR = 1 foil for U = 13.0m/s.

going beyond 90 degrees. As a result, the transverse deflection displays local minima. This indicates
that the flapping amplitude continues to increase as the wind speed increases as shown in Fig. 11(c). In
Fig. 11(d), the frequency domain (power spectral density plot) shows higher harmonics contributing to
the system response.

For the flow speed range of 12.0 ≤ U ≤ 13.5m/s, the oscillation frequency is reduced from 4.25
to 3.8Hz. Figure 12 shows the chaotic regime characteristics (tip displacement, PDF, phase-plane and
power spectral density) of the AR = 1 foil for U = 13m/s.

For flow speed higher than 13m/s (as seen on Fig. 13, for 14m/s), the two peaks at the edge of the foil
oscillation have increased in size and the oscillation is no longer periodic; the inverted foil is considered
in a chaotic regime. Sader et al. [12] were among the first to identify the chaotic regime of an inverted
foil. The definition given was “when the foil transitions from a periodic, large-amplitude flapping regime
to an aperiodic flapping regime, it is considered a chaotic regime”.

It can be noted in Fig. 13(a)–(d) for U = 14m/s, while the flapping amplitude is still ∼0.8L, the
dominant frequency of the inverted foil’s oscillation decreases to 3.575Hz and the phase-plane no longer
shows a periodic shape. At the flow speed critical value higher than 14.0m/s, the foil displays a one-sided
deflected shape, showing the fully deflected regime identified by Kim et al. [11], and any oscillation will
cease suddenly.

4.2 Dynamic regimes of AR = 1 inverted foil
Figure 14 shows the various transitions in dynamical state that the AR = 1 inverted foil undergoes are:
(a) quasi-static state with very low amplitude oscillation (less than 0.1L, where L is the foil length)
for U<8.0m/s corresponding to Re < 8 × 104; (b) flapping, with amplitude 0.85L for U>8.0m/s; (iii)
cessation of flapping at U≈14.0m/s.
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Figure 13. Time history (a), PDF (b), phase-plane (c) and frequency (d) of the tip displacement of
AR = 1 foil for U = 14.0m/s.

Figure 14. Bifurcation of Poincaré points for the AR = 1 foil.

A more refined classification of these dynamical states is given as follows: (i) totally static, (ii)–(iii)
quasi-static with small oscillations; (iii)–(iv) asymmetric flapping; (iv)–(v) large amplitude flapping;
beyond (v) cessation of flapping. In the range 13.0m/s <U< 14.0m/s, the oscillation is aperiodic (chaotic),
with the flapping occurring more often on one side than on the other.
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Figure 15. Strouhal number of function of flow velocity for the AR = 1 foil.

The Strouhal number (St) variation with the U for the inverted AR = 1 foil is provided in Fig. 15.
A non-zero St occurs once oscillation (flapping) takes place. With increasing flow velocity, St decreases
from St = 0.140 to St = 0.063.

4.3 Oscillations of the AR < 1 inverted foils
The phase-plane and PSD diagrams of a foil of AR = 0.5 are shown in Fig. 16.

For U = 9.8m/s, the foil undergoes small oscillations as seen in Fig. 16(a) and (b), then it exhibits
large-amplitude oscillations for U = 10.0m/s in Fig. 16(c) and (d), aperiodic oscillations for U = 16.7m/s
in Fig. 16(e) and (f) and chaotic oscillations for U = 18.5m/s in Fig. 16(g) and (h).

The corresponding results for a foil of AR = 0.75 are shown in Fig. 17.
For U = 9.8m/s, as seen in Fig. 17(a) and (b), the foil undergoes small oscillations. At U = 11.6m/s,

as seen in Fig. 17(c) and (d), the large-amplitude regime is observed with a single-loop in the phase-
plane diagram and a dominant frequency of 5.2Hz in the power spectral density (PSD) diagram. At
U = 17.1m/s, as seen in Fig. 17(e) and (f), the foil oscillations are irregular with a reduced and not well
defined (not prominent) flapping frequency of ≈2Hz. At U = 18.8m/s, as seen in Fig. 17(g) and (h), the
foil fully deflects to one side and ceases oscillating.

4.4 Oscillations of the AR > 1 inverted foils
In this section, we explore the dynamic regimes of foils whose heights are two, three and four times their
lengths, AR = 2, AR = 3 and AR = 4, respectively.

Figure 18 shows the experimental data and different oscillation regimes obtained for the AR = 2 foil
for three flow speeds U = 8.0, 8.78 and 16.6m/s. Small-amplitude oscillations around the zero (neutral)
position can be seen in Fig. 18(a) and (b) for U = 8.0m/s. Large-amplitude oscillations, with a well-
defined “single-loop” phase–plane shape and a dominant frequency of 5.3Hz are seen in Fig. 18(c)
and (d) for U = 8.78m/s. The ill-defined shapes on the phase-plane and the absence of a dominant
frequency are signs of a chaotic regime, as observed in Fig. 18(e) and (f) for U = 16.6m/s.

At a flow speed U of 7.1 m/s, the AR = 3 foil starts showing small-amplitude oscillations behaviour,
as seen in Fig. 19(a) and (b). As soon as the flow speed reaches 7.6m/s, the large-amplitude oscillations
start showing a very well-defined phase-plane shape and a dominant frequency of 5.2Hz, as seen in Fig.
19(c) and (d). Then, a chaotic regime follows at U = 16.2m/s, as seen in Fig. 19(e) and (f).
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Figure 16. (a,b) Phase-plane and frequency of AR = 0.50 foil for U = 9.8m/s; (c,d) for U = 10.0m/s;
(e,f) for U = 16.7m/s; and (g,h) for U = 18.5m/s.

The last foil tested had an aspect ratio AR = 4. The small-amplitude oscillations and the phase-plane
shapes are not periodic with a dominant frequency of 2.7Hz for U = 7.0m/s is not well-defined, as
observed in Fig. 20(a) and (b). At a flow speed of 9.0m/s, the single-loop phase-plane shape and the
dominant frequency of 5.7Hz are signs of a periodic oscillation, as seen in Fig. 20(c) and (d). At and
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Figure 17. (a,b) Phase-plane and frequency of AR = 0.75 foil for U = 9.8m/s; (c,d) for U = 11.6m/s;
(e,f) for U = 17.1m/s; and (g,h) for U = 18.8m/s.

above U = 15.9m/s, the signs of chaotic oscillations are clearly seen: the phase-plane is no longer defined
by a single loop, and a dominant frequency is absent, as seen in Fig. 20(e) and (f). Therefore, the AR = 4
foil periodic regime ranges from 9.0 to 15.9m/s, which is a wide range of flow speeds, and it is promising
for energy harvesting.
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Figure 18. (a,b) Phase-plane and frequency of AR = 2 foil for U = 8.0m/s; (c,d) for U = 8.7m/s; and
(e,f) for U = 16.6m/s.

4.5 Dynamic regimes of the 0.5 ≤ AR ≤ 4 inverted foils
The bifurcations of Poincaré maps allow the six regimes identified previously to be observed in a single
graph for each foil size [37]. Figure 21 shows the six possible regimes encountered by the AR = 0.50
foil as a function of the flow speed. The large-amplitude regime is wide before the foil’s surface fully
deflects.

The bifurcation diagram for the AR = 0.75 foil, shown in Fig. 22, presents well-defined regimes, with
a fully deflected foil after a flow value of 18m/s.

For the two foils with AR = 0.5 and AR = 0.75, the small-amplitude regime was around ≈10.0 m/s,
but for AR = 1, the foil passes suddenly from a straight position to full-amplitude oscillations. (This
figure is not shown for brevity.)

The regimes for AR = 2, AR = 3 and AR = 4 foils are presented in the bifurcations shown in
Figs. 23, 24 and 25, respectively. We can observe that, with increasing AR, the critical wind speed
at which the large amplitude regime initiates, is diminished. The critical flow speed for foils with AR>1
is smaller than ∼8m/s, which is significantly different from that for AR = 0.5 and AR = 0.75 (that is
larger than 10m/s). Another interesting feature observed is that for the foils with AR = 0.5 and 0.75
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Figure 19. (a,b) Phase-plane and frequency of AR = 3 foil for U = 7.1m/s; (c,d) for U = 7.6m/s; and
(e,f) for U = 16.2m/s.

the chaotic regime lasts longer. Thus, for larger foils (AR > 1), the foil transitions fairly quickly from a
large-amplitude regime to a fully deflected regime.

4.6. Forces and moments for 0.5 ≤ AR ≤ 4 inverted foils
The aerodynamic scale designed for the experiments enabled us to measure the forces and moments of
six polycarbonate foils with aspect ratios in the range 0.50 ≤ AR ≤ 4 and with a mass ratio μ= 0.15.

The foil with aspect ratio AR = 0.5 can produce forces up to 8 Newtons during the large-amplitude
regime in the flow regime Re = 1.1 × 105.

The force and moment measurements for the transition between the straight regime and the large-
amplitude regime can be observed in Figs. 26, 27, 28 and 29. For the AR = 0.75 foil, the force
produced was much higher, as it increased to Fx = 35N and Fy = 38.5N in the large-amplitude regime
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Figure 20. (a,b) Phase-plane and frequency of AR = 4 foil for U = 7.0m/s; (c,d) for U = 9.0m/s; and
(e,f) for U = 15.9m/s.

range. Figure 26 shows how the forces and moments increase fairly quickly as soon as the foil starts
flapping.

For a foil with an AR of 1, the forces Fx and Fy produced are close to 60N for the whole large-
amplitude regime, and seem to be synchronised. The forces and moments develop gradually as the foil
transitions from the stretched-straight regime to the large-amplitude regime.

The transition from the straight regime to the large-amplitude regime observed in Fig. 23 for an
AR = 2 foil can be also observed in the graph of forces Fx and Fy shown in Fig. 27. For this foil, the
forces and moments did not increase considerably, but remained very close to those of the AR = 1 foil,
40N for Fx and 3.5Nm and 3.0Nm for the moments Mx and My, respectively. The force Fy for AR = 2
foil was lower than that of the AR = 1 foil.

The AR = 3 foil developed the largest forces and moments among all six foils; as the foil reached the
large-amplitude regime, the forces measured were Fx ≈ 125N and Fy ≈ 65N and the moments were Mx
≈ 9Nm and My ≈ 8Nm. This foil produced the largest forces during the large-amplitude regime, until
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Figure 21. Bifurcations of Poincaré points for AR = 0.50 foil.

Figure 22. Bifurcation of Poincaré points for AR = 0.75 foil.

Figure 23. Bifurcation of Poincaré points for AR = 2 foil.
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Figure 24. Bifurcation of Poincaré points for AR = 3 foil.

Figure 25. Bifurcation of Poincaré points for AR = 4 foil.

it reached the fully deflected regime. Figure 28 shows the high forces produced by the oscillation of this
flexible foil.

The last foil with AR = 4, exhibits smaller forces Fx and Fy and moments compared to the AR = 3
foil in the large-amplitude regime. Figure 29 shows that the AR = 4 foil does not produce constant forces.
For the large-magnitude regimes of AR = 3 and AR = 4 foils, even if the foil deflection displays a full
amplitude of 0.8L, the maximum numerical values forces Fx produced by the AR = 4 foil are 56% less
than the Fx forces produced by the smaller AR = 3 foil. (Calculation: Table 3: AR = 3 foil, Fx = 125N
and AR = 4 foil, Fx = 70N; 125N × 56% is equal to 70 N . For the AR = 4 foil, Fx is 56% of Fx of the
AR = 3 foil.)

4.7 Power and force generation
We examined the effects of Re and AR on the flapping regimes, and particularly on the Fx and Fy force
generation, as these forces are very important to maximise energy harvesting. It was observed, when
calculating the power output P̄, that a large-amplitude regime, high oscillation frequency and a Strouhal
number of 0.14 maximised the energy production of the foil.

https://doi.org/10.1017/aer.2023.46 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2023.46


The Aeronautical Journal 1947

Figure 26. Forces Fx and Fy and moments Mx and My for the AR = 0.75 foil for a Reynolds flow range
4.9 × 104 ≤ Re ≤ 1.1 × 105.

Figure 27. Forces Fx and Fy for the AR = 2 foil for a Reynolds flow range 7.9 × 104 ≤ Re ≤ 1.6 × 105.

The work on harvested energy performed by Mitcheson [20] applied to inverted foils shows that
the harvested power P̄ is proportional to the amplitude times the cube of the frequency, as shown in
Equation (1). The amplitude corresponds to the tip displacement of the foil, and the frequency of vibra-
tion of a blunt body is given by the Strouhal number. Thus, large amplitude with a high Strouhal number
would increase the output power. The output power calculated for each foil is presented in Table 2.

The energy harvesting performance of six foils in the inverted foil configuration was analysed. The
inverted foil with AR = 3 is best for maximising energy harvesting production, because: (i) the inverted
foil configuration oscillates over a relatively large range of flow speeds, providing sustained power gen-
eration over a large wind speed range, as seen in Table 2; (ii) it can produce up to 1.06mW of output
power, which is the second-highest amount of power generated by the six foils tested. The AR = 4 foil
displays spanwise motion which can lead to a deterioration of the energy generation capability of the
foil.

Table 3 shows the forces (Fx, Fy) and moments (Mx, My) generated by the six inverted-foils during
the large-amplitude regime. Large-amplitude flapping with a constant frequency is the most effective
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Figure 28. Forces Fx and Fy for the AR = 3 foil for a Reynolds flow range 4.9 × 104 ≤ Re ≤ 7.5 × 104.

Figure 29. Forces Fx and Fy for the AR = 4 foil for a Reynolds flow range 4.9 × 104 ≤ Re ≤ 8.9 × 104.

condition to produce large quantities of force from flexible foils in the inverted foil configuration. The
AR = 3 foil is optimal for force and moment generation, as obtained experimentally and shown in
Table 3.

The results discussed in this section show that the inverted-foil is capable of power generation over
a wide range of flow regimes under realistic wind environments. The main characteristics of flapping
of an inverted foil are: (i) the flapping regimes occur over a wide range of flow velocities, which makes
them suitable for wind energy harvesting in realistic wind conditions with fluctuating flow speeds, as
shown in Table 3; (ii) the peak-to-peak amplitude is large, leading to a high magnitude of stress on the
surface of the foil, and therefore to a high output of energy production, as shown in Table 2.

It should be mentioned that using a foil configuration and a clamping mechanism different from the
one presented in this study (Fig. 3), could affect greatly the foil’s energy generation performance.
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Table 2. Power generation as function of inverted-foil aspect ratio

Aspect Ratio 0.50 0.75 1 2 3 4
Output Power (mW) 0.494 0.299 0.650 0.956 1.06 1.07

Table 3. Frequencies, forces Fx, Fy and moments Mx, My generation in terms of foil AR and fluid
velocity during large-amplitude regime

AR U(m/s) f (Hz) Fx(N) Fy(N) Mx(Nm) My(Nm)
0.5 10.0 5.3 4.5 6 0.25 0.4
0.75 11.6 5.2 35 38.5 0.25 0.4
1 9.1 4.85 60 60 3.0 7.0
2 8.78 5.3 40 25 3.5 3.0
3 7.6 5.2 125 65 9.0 8.0
4 9.0 5.7 70 22.5 4.0 5.0

5.0 Conclusion
In this article, we presented experimental results for flexible foils of different aspect ratio for the pur-
pose of optimising energy harvesting. We presented the foils’ experimental data in Poincaré bifurcation
diagrams, in which the variation of the foil’s displacement was shown as a function of increased flow
speeds. In addition, the forces and moments at the foil’s surface, the time-histories, probability density
functions (PDF), phase-plane portraits and power spectral density (PSD) plots were presented for differ-
ent Reynolds numbers to help understanding the foil’s dynamics for energy harvesting purposes. This
paper also investigated the evolution of the flapping instability as a function of some pertinent parame-
ters, including flow speed, flapping frequency, Reynolds number, aspect ratio, bending rigidity and force
production.

We investigated the energy harvesting capabilities of flexible foils in the inverted-foil configuration.
More specifically, we focused on a wide range of foil sizes, 0.5 ≤ AR ≤ 4, at high Reynolds number
regimes of 104 ≤ Re ≤ 105 in well-defined and controlled experimental tests. Through a series of wind
tunnel tests, we studied the range of wind speed in which the flapping instability occurs. Additionally, we
showed that the power generation capability of inverted foils increases with AR, and tends to converge
to a certain value. Then, we identified the optimum AR foil for sufficient power generation with pre-
dominantly chordwise motion. Moreover, the present study allowed us to characterise the foil regimes,
detect the critical flow speed to maximise energy harvesting performance, and measure, in real-time,
the generated flapping forces and moments. The measurements suggest that foils with aspect ratio equal
to 3, in the inverted-foil configuration, seem to be viable candidates for producing clean and renewable
energy via small remote devices.
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