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Summary

The cut-in wind speed and the power output are the two main concerns of a

galloping energy harvester. A good galloping energy harvester is expected to

have a low cut-in wind speed and a high power output. This paper proposes a

two-degree-of-freedom (2-DOF) galloping-based piezoelectric energy harvester

(GPEH) by mounting a secondary beam onto a primary piezoelectric cantilever

beam. An experimental study is conducted to evaluate the actual energy

harvesting performance of the proposed 2-DOF GPEH. The effects of the sec-

ondary beam length and the mounting position on the cut-in wind speed and

the power output are investigated. It is revealed that the introduction of the

secondary beam can reduce the cut-in wind speed from 2.372 m/s to 1.961 m/s.

Mounting the secondary beam further away from the bluff body weakens the

influence of the secondary beam on the energy harvesting performance of the

2-DOF GPEH. Moreover, the power output can be increased or decreased by

tuning the secondary beam length. The power output from a well-tuned 2-DOF

GPEH can be increased for about 111.1%, as compared to the conventional

1-DOF GPEH. By contrast, the power output from a badly tuned 2-DOF GPEH

is reduced for about 22.2%. A simple theoretical model is developed for

explaining the experimentally observed phenomenon and can be used to pro-

vide some guidelines in the design of 2-DOF GPEH to avoid performance

deterioration.

1 | INTRODUCTION

Harvesting energy from ubiquitous wind1-3 has been
extensively studied for the purpose to power micro-elec-
tro-mechanical systems (MEMS)4-11 in the past decade.
The development of wind energy harvesters requires to
convert wind energy into structural vibration energy first
using various flow-induced vibration mechanisms,12-15

such as galloping,16-18 wake galloping,19,20 flutter21 and
vortex-induced vibration.22-25 To subsequently convert
vibration energy into electricity, there are several energy
transduction methods including electromagnetic,26-29

electrostatic30,31 and piezoelectric effects.32-36 Because of
the advantage of high-power density, using piezoelectric
materials for energy harvesting has attracted numerous
research interests. On the other hand, to broaden the
bandwidth or improve the energy harvesting efficiency,
various innovative mechanical structures have been
proposed.37-40

Due to the characteristics of large oscillation ampli-
tudes and a wide range of operating wind speed,
galloping-based piezoelectric energy harvesters (GPEHs)
have been explosively researched. A typical GPEH can be
obtained by attaching a bluff body to the free end of a
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piezoelectric beam.41 Due to the wind-structure interac-
tion, a lift fore is applied onto the bluff body with an
asymmetrical conductor profile. The lift fore is perpendic-
ular to the wind speed and behaves like a negative
damping term which is the key to incurring the self-
excited vibration of the system. A GPEH is often mod-
elled as a one-degree-of-freedom (1-DOF) system and
mathematically described by lumped parameters.42 On
the basis of the 1-DOF model, Tang et al43 and Wang
et al44 established an equivalent circuit model (ECM) to
enable the analysis of a GPEH and VIVPEH shunted to
various complicated interface circuits. Yang et al33 com-
pared the performance of a GPEH using bluff bodies with
different cross-sections and concluded that a square-
sectioned bluff body yielded the best energy harvesting
performance.

Besides the fundamental research, some researchers
explored various innovative configurations to improve
the performance of GPEHs. Bibo et al,45 Yang et al,46 and
Wang et al47 proposed bistable or tristable GPEHs by
introducing a magnetic nonlinearity to improve the
energy harvesting performance. It was found that the
inter-well oscillation enabled the nonlinear GPEHs to
achieve enhanced power outputs. Yang et al46 and Wang
et al48 employed a double-beam system in the design of a
novel galloping energy harvester. The experimental
results showed that the cut-in wind speed of the proposed
double-beam GPEH could be significantly reduced up to
41.9%. He et al49 enhanced the performance of a wind
energy harvesting by the interaction between vortex-
induced vibration and galloping. Wang et al50 proposed
to add Y-shaped attachments on the bluff body, which
resulted in the transition from vortex-induced vibrations
into galloping and thus the energy harvesting perfor-
mance enhancement. Instead of using the conventional
1-DOF design for galloping energy harvesting, Zhao
et al51 proposed a nonlinear 2-DOF GPEH based on a
cut-out cantilever beam. The experimental results
showed that the cut-in wind speed was beneficially
decreased and the power output was increased. Sun
et al52 also developed a 2-DOF GPEH based on a nested
structure. It was experimentally observed that the pro-
posed 2-DOF GPEH exhibited an enhanced power out-
put. Recently, Lan et al53 conducted a comprehensive
theoretical study of two configurations of a 2-DOF GPEH
using the harmonic balance method. The effects of the
systems parameters on the energy harvesting perfor-
mance were investigated. According to the state of the
art, the research on 2-DOF GPEH is still in its infancy.
Though Lan et al53 presented a comprehensive theoreti-
cal study, there lacks any experimental insight into the
actual performance of a physically prototyped 2-DOF
GPEH. This paper presents the design of a 2-DOF GPEH

and focuses on the experimental study. A mode-
activation phenomenon is observed and reported for the
first time. A simple theoretical model is developed and a
qualitative analysis is provided to explain the phenome-
non observed in the experiment.

2 | PHYSICAL PROTOTYPE

Figure 1(A) shows the schematic of the proposed gallop-
ing energy harvester. Such kind of system can be reg-
arded as a 2-DOF system,54 which is the reason why we
term it as a 2-DOF GPEH. One end of the primary beam
is clamped and the other end is attached with a cuboid
bluff body. The primary beam is made of aluminium with
the length, width and thickness of 140 mm, 20 mm and
0.5 mm, respectively. The design criterion for a galloping
energy harvester is that the fundamental natural fre-
quency should not be very high. Otherwise, the cut-in
wind speed will be very high, making it difficult for low-
speed wind energy harvesting. According to this design
criterion, it is not essential to use aluminium to make the
primary beam. One can use other materials, such as steel,
to make a primary beam as long as proper dimensions
are chosen to achieve a low natural frequency. However,
it is obvious that using aluminium material is easier to
lower the fundamental natural frequency because of its
relatively low Young's modulus. Due to this practical rea-
son, we used the aluminium material to make the pri-
mary beam. A macro fibre composite (MFC) patch
(Model: 2814P2, Smart Material Corp., Germany) is
bonded at the clamped root of the primary beam for
power generation. The bluff body is made of foam with
the geometric dimensions of 140 × 32 × 32 mm3 and the
mass density of 16 kg/m3. A secondary steel beam is sym-
metrically mounted onto the primary beam by screw con-
nection. For the secondary beam, it is not essential to use
the steel material, either. From the theoretical point of
view, one can use other materials such as aluminium,
bronze, etc. The design criterion for the secondary beam
is that during the vibration, plastic deformation should
not take place in the secondary beam. According to the
theory of the dynamic amplifier, the vibration amplitude
of the secondary beam could be much larger than the pri-
mary beam. Thus, plastic deformation could more easily
occur in the secondary beam. For this reason, we used
steel rather than aluminium to make the secondary
beam, as steel material has a higher yield strength. How-
ever, we need to state that with proper geometric dimen-
sions, one can use other materials to satisfy the same
design criterion. The secondary beam is actually split into
two identical small cantilever beams. This symmetric
design is to ensure that the motions of the two identical

2 HU ET AL.



small cantilever beams are exactly the same to avoid tor-
sional motion of the primary beam caused by imbalance.
For a symmetric design, there also exist torsional vibration
modes. However, when the external load is symmetrically
applied, for example, the current uniform wind load that
is evenly distributed over the bluff body, the torsional
vibration modes with asymmetric shapes cannot be stimu-
lated. In fact, when the secondary beam is relatively small
and lighter as compared to the host beam. Even without
the symmetric design, the torsional vibration modes exist
in the high frequency range and its influence on the
dynamic motion around the fundamental resonance is
very minor. An example study of an asymmetric design
without evident torsional vibration influence in the low
frequency regime can be found in.55 On the other hand,
when the secondary beam is relatively heavy, an asymmet-
ric design results in a non-ignorable imbalance. The tor-
sional vibration mode will appear in the low-frequency
range and has a significant influence on the fundamental
vibration mode shape. A relevant study can be found in.56

The condition for the appearance of an evident torsional
vibration in an asymmetric design is actually different for

different systems. In the current study, for simplicity, we
intentionally adopt the symmetric design strategy to cer-
tainly obviate the torsional vibration. The width and thick-
ness of the secondary beam are 8 mm and 0.1 mm,
respectively. A pair of nut and bolt with the total mass of
1.8 g is attached to each free end of the secondary beam to
serve as the tip mass. Three sets of screw holes are drilled
on the primary beam to enable the change of the mount-
ing position of the secondary beam (as shown in Figure 1
(B)). Moreover, three sets of secondary beams with differ-
ent lengths (100, 120 and 140 mm) are prepared to be
tested (as shown in Figure 1c). It is worth mentioning that
a conventional 1-DOF GPEH is obtained by directly
removing the secondary beam.

In the experiment, the physical prototype is installed
in a circular wind tunnel with the cross-sectional diame-
ter of 0.4 m. By controlling the rotating speed of a
draught fan, different wind speeds can be produced. The
honey comb is used to stabilize the air flow in the tunnel.
The digital oscilloscope (Model: DS1104S, RIGOL.,
China) is used to acquire the voltage output of the piezo-
electric transducer.

FIGURE 1 (A) Schematic diagram of the proposed 2-DOF GPEH and the conventional 1-DOF GPEH as baseline, (B) three sets of

mounting positions, (C) three sets of secondary beams with different lengths [Colour figure can be viewed at wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSIONS

To investigate the effects of introducing the secondary
beam on the cut-in wind speed, the open-circuit voltage
outputs vs the wind speed for the proposed 2-DOF GPEH
are plotted in Figure 2. The result for the conventional
1-DOF GPEH is also provided for comparison. The cut-in
wind speed of the conventional 1-DOF GPEH is 2.372 m/s.
Figure 2(A) shows the result of using a secondary beam
with the length H = 100 mm. It can be noted that adding
the secondary beam to the primary significantly reduces
the cut-in wind speed. By mounting the secondary beam
at a distance of 0.5D from the bluff body, the cut-in wind
speed is reduced from 2.372 m/s to 1.961 m/s. Moreover,
the open-circuit voltage output is significantly increased
for the full range of wind speed. For instance, at the wind
speed of 3.605 m/s, the voltage of the 2-DOF GPEH with
the 0.5D configuration is about 27.11 V, which indicates a
52.3% increase as compared to the conventional 1-DOF
GPEH (17.80 V). It is also found that the improvement
brought by the secondary beam becomes smaller when the
secondary beam is mounted further away from the bluff
body. At a distance of 2.5D, the enhancement is negligible
and the performance of the 2-DOF GPEH becomes similar
to that of the 1-DOF GPEH.

Figure 2(B) and C shows the results of two more cases
with the secondary beam length being increased to
120 and 140 mm, respectively. The increase of the sec-
ondary beam length implies the decrease of its natural
frequency. For H = 120 mm, improvements brought by
the secondary beam can still be observed: the cut-in wind
speed is reduced and the open-circuit voltage amplitude
is increased. However, for H = 140 mm, except when the
secondary beam is mounted at the distance of 0.5D from

the bluff body, the cut-in wind speed of the 2-DOF GPEH
is almost the same as that of the 1-DOF GPEH. In terms
of the open-circuit voltage, in contrast to previous cases,
the amplitude of the 2-DOF GPEH is slightly decreased
as compared to the 1-DOF GPEH.

Figure 3(A)-C shows the output power vs electrical
resistance for the 2-DOF GPEH with a secondary beam
of different lengths under different wind speeds. It is
found that the optimal resistances for all the cases are
nearly the same: Roptimal is around 500 kΩ. Therefore, it
can be concluded that the optimal resistance is only
dependent on the primary structure. For a given wind
speed U = 3.47 m/s, the optimal power outputs from the
2-DOF GPEH with the secondary beam length of
100 mm, 120 mm and 140 mm are 0.57 mW, 0.51 mW
and 0.21 mW, respectively. Under the same wind speed,
the optimal power output from the 1-DOF GPEH is about
0.27 mW. It can be found that as predicted from the
open-circuit voltage analysis, the configurations of
H = 100 mm and H = 120 mm show better performance
as compared to the 1-DOF GPEH, while the power out-
put from the configuration of H = 140 mm is slightly
reduced. With H = 100 mm, a power enhancement of
111.1% is achieved.

To help understand the working mechanism, a simple
theoretical model is presented. The primary DOF denotes
the host beam together with the bluff body and the sec-
ondary DOF represents the secondary beam with the tip
mass. m1 is the equivalent mass of the host beam together
with the bluff body and k1 is the equivalent stiffness of
the host beam. Similarly, m2 is the equivalent mass of the
secondary beam with the tip mass and k2 is the equiva-
lent stiffness of the secondary beam. Neglecting the
damping terms and omitting the electromechanical

FIGURE 2 Open-circuit voltage vs wind speed for the proposed 2-DOF GPEH with a secondary beam of the length (A) H = 100 mm,

(B) H = 120 mm, (C) H = 140 mm. The subscript rms denotes the root mean square [Colour figure can be viewed at wileyonlinelibrary.com]
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coupling effect, the two natural frequencies of the
coupled 2-DOF system as shown in Figure 4(A) are:
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where μ= m2
m1

, ω1,0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=m1

p
, ω2,0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2=m2

p
. It can be

proved that the natural frequencies of the coupled 2-DOF
system are the solutions to the frequency of dynamic
response of the 2-DOF GPEH.53 In addition, it can be
proved that the two DOFs have in-phase motion around
the first mode and out-of-phase motion around the second
mode. Figure 4(B) shows the relationship between the natu-
ral frequencies of the coupled 2-DOF system (ie, ω1 & ω2)
and the natural frequencies of the two standalone systems

(ie, ω1, 0 & ω2, 0). The two curves representing ω1 and ω2

are similar to two branches of a hyperbola. The dimension-
less parameter μ determines the radius of curvature. It can
be seen that ω1<min(ω1, 0,ω2, 0) and ω2>max(ω1, 0,ω2, 0).
Moreover, it is worth noting that when ω2, 0 is small,
ω1≈ω2, 0 and ω2≈ω1, 0. The physical meaning is that when
the k2 is small, the coupling between the primary and the
secondary systems becomes weak and the two systems are
almost uncoupled, operating nearly independently.

As the aerodynamic force is directly applied onto the pri-
mary system, it can be expected that regardless of the tuning
of the secondary system, the dynamic motion of the primary
system can be induced at a frequency around ω1, 0 once the
wind speed exceeds the threshold value. It can be deduced
that when ω2, 0 is tuned smaller than ω1, 0, the second vibra-
tion mode of the coupled 2-DOF might be stimulated by the
self-excited oscillation, since kω1, 0 − ω2k < kω1, 0 − ω1k
(k*kdenotes the Euclidean distance). In this case, since the

FIGURE 3 Output power vs load resistance under different wind speeds for the proposed 2-DOF GPEH with a secondary beam of the

length (A) H = 100 mm, (B) H = 120 mm, (C) H = 140 mm and (D) for the conventional 1-DOF GPEH. The secondary beam is always

mounted at a distance of 0.5D from the bluff body [Colour figure can be viewed at wileyonlinelibrary.com]
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second vibration mode corresponds to the out-of-phase
motion, it can be deduced that the reaction force from the
secondary system will neutralize the external aerodynamic
force applied onto the primary system. Therefore, the vibra-
tion intensity of the primary system will be decreased. And
the energy output from the piezoelectric element attached to
the primary system will be consequently reduced. In con-
trast, when ω2, 0 is tuned larger than ω1, 0, the first vibration
mode might be dominant. As known that for the first vibra-
tion mode, the secondary system has an in-phase motion.
The reaction force from the secondary system is in phase
with the external aerodynamic force applied onto the pri-
mary system. Hence, it can be easily deduced that the vibra-
tion intensity of the primary system will be enhanced in this
case. In summary, the first in-phase mode will benefit the
energy harvesting capacity, while the second out-of-phase
mode will deteriorate it. However, it is worth mentioning
that the above analysis is just a qualitative deduction and
the intersection point at ω1, 0 = ω2, 0 in Figure 4(B) might
not be an accurate criterion to predict whether the first or
the second vibration mode plays the dominant role. A more
rigorous mathematical derivation is required but not
presented here.

From the above qualitative analysis, it is speculated
that the two configurations H = 100 mm and 120 mm
satisfy the condition of stimulating the first in-phase
mode, while the configuration of H = 140 mm complies
with the condition for which the second out-of-phase
mode plays the dominant role. To validate this specula-
tion, Figure 5 shows the steady-state time responses of
the three configurations of 2-DOF GPEH and the 1-DOF
GPEH. The corresponding frequency spectra are also
presented using Fast Fourier transform (FFT). It can be
known from Figure 5(D) that the natural frequency (ie,
ω1, 0) of the 1-DOF GPEH is about 9.959 Hz. For the

2-DOF GPEH, how to identify which vibration mode is
activated has already been illustrated in Figure 4(B): just
compare the vibration frequencies of the 2-DOF GPEH
with that of the 1-DOF GPEH. When the vibration fre-
quency is lower than 9.959 Hz (ie, ω1, 0), it indicates that
the fundamental vibration mode of the 2-DOF GPEH is
activated. Otherwise, if the vibration frequency is higher
than 9.959 Hz, it implies that second-order vibration
mode of the 2-DOF GPEH is activated.

From Figure 5(A) and (B), we can find that the domi-
nant frequencies of both configurations are smaller than
9.959 Hz, which implies that they are the first natural fre-
quencies (ie, ω1) of the two configurations. In particular,
we can note that the first natural frequency
(ω1=7.441 Hz) of the configuration H = 120 mm is
smaller than that (ω1=8.281 Hz) of the configuration
H = 100 mm. This conforms to the theory of dynamics
and vibration and the mechanism can be understood
from the sketch presented in Figure 4(B): the configura-
tions of Figure 5(A) and (B) correspond to the circle
remarks annotated by II and III, respectively. Using the
above theory, the in-phase mode motion explains the
improvements observed in the configuration
H = 100 mm and H = 120 mm. From Figure 5(C), we can
note that the dominant frequency of the configuration
H = 140 mm is 10.165 Hz which is larger than 9.959 Hz.
This undoubtedly indicates that rather than the first
mode, the second mode of the configuration H = 140 mm
is stimulated: the configuration of Figure 5(C) corre-
sponds to the circle remark annotated by I in Figure 4(B).
Thus, we can use the out-of-phase motion theory to
explain why the performance of the configuration
H = 140 mm is deteriorated. In addition, from Figure 5
(A)-(D), we can note that the dominant frequencies of the
dynamic responses of all the configurations of 2-DOF

FIGURE 4 (A) Schematic of the 2-DOF GPEH modelled with lumped parameters, (B) the relationship between the natural frequencies

of the coupled 2-DOF system and the natural frequencies of the two standalone systems. The red line represents ω2, the blue line represents

ω1, the black solid line represents ω2, 0 and the black dashed line represents ω1, 0 [Colour figure can be viewed at wileyonlinelibrary.com]
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GPEH do not deviate far away from the natural frequency
of the 1-DOF GPEH, which implies that the primary sys-
tem plays the dominant role. Because the primary system
remains untouched in the experiment, this explains why
the experimental results show that the optimal resis-
tances seem to be the same for all the configurations of
the 2-DOF GPEH and the 1-DOF GPEH.

4 | CONCLUSIONS

In conclusion, this paper has proposed a 2-DOF
galloping-based piezoelectric energy harvester. Experi-
ments have been conducted to investigate the effects of
the secondary beam length and the mounting position on
the energy harvesting performance in terms of the cut-in
wind speed and the power output amplitude. It has been
observed that the cut-in wind speed can be reduced due
to the existence of the secondary beam. Moreover, it has
been found that the first or the second vibration mode of

the coupled 2-DOF system may be stimulated by tuning
the secondary beam length. Since the first vibration mode
corresponds to the in-phase motion, when the first vibra-
tion mode is stimulated, the power output from the
2-DOF GPEH is speculated to be improved. The example
of a well-tuned 2-DOF GPEH with the secondary beam
length of 100 mm demonstrates an increase for about
111.1% as compared to the 1-DOF GPEH in terms of the
power output. In contrast, if the second vibration mode
which corresponds to the out-of-phase motion is stimu-
lated, the power output from the 2-DOF GPEH is specu-
lated to be reduced. The example of a badly tuned 2-DOF
GPEH with the secondary beam length of 140 mm dem-
onstrates a 22.2% reduction in the power output. A fre-
quency spectra analysis based on the time history
responses of the 2-DOF GPEH validates the theoretical
speculations. Regarding the mounting position of the sec-
ondary beam, it has been revealed that with the increase
of the distance between the secondary beam and the bluff
body, the effect of the secondary beam on the

FIGURE 5 Steady-state time histories of the voltage output and the corresponding frequency spectra for (A) 2-DOF GPEH with

secondary beam length of 100 mm, (B) 2-DOF GPEH with secondary beam length of 120 mm, (C) 2-DOF GPEH with secondary beam length

of 140 mm, (D)1-DOF GPEH. The load resistance R is fixed at 500 kΩ [Colour figure can be viewed at wileyonlinelibrary.com]
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performance of the 2-DOF GPEH is weakened: the reduc-
tion of the cut-in wind speed is decreased and the
improvement of the power output is also decreased.
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NOMENCLATURE
H Secondary beam length
D Side length of the cross-section of the bluff body
U Wind speed
m1 Primary DOF mass, equivalent mass of the host

beam and the bluff body
m2 Secondary DOF mass, equivalent mass of the sec-

ondary beam and the tip mass
k1 Primary DOF stiffness, equivalent stiffness of the

host beam
k2 Secondary DOF stiffness, equivalent stiffness of

the secondary beam
μ Mass ratio, μ = m2/m1

R Load resistance
ω1,0 Natural frequency of the primary DOF,

ω1,0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=m1

p
ω2,0 Natural frequency of the secondary DOF,

ω2,0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2=m2

p
ω1 Fundamental natural frequency of the coupled

2-DOF system, that is, 2-DOF GPEH
ω2 Second natural frequency of the coupled 2-DOF

system, that is, 2-DOF GPEH
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