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Abstract

®

CrossMark

This paper develops a twist beam for multi-directional energy harvesting using piezoelectric
transduction. The working principle of the multi-directional ability is explained by the theory of
a pre-twisted beam. A simulation study is performed for concept verification and revealing the
potential advantages of the proposed twist-beam vibration energy harvester (VEH). A physical
prototype is fabricated and an experimental study is conducted to evaluate the actual
performance of the proposed twist-beam VEH for validation. The results show that for the
excitation comes from any direction in the plane in parallel with the beam cross-section, the
proposed twist-beam VEH can produce a substantial amount of power. The optimal resistance is
independent of the excitation direction. Moreover, it is found that the relationships between the
output voltage amplitude and the excitation direction are different for the cases around the first
and second resonances of the twist-beam VEH. The underlying physics behind this
phenomenon is that the dominant motion of the two resonant modes are contrarily different. In
addition, the experimental study shows that the first two natural frequencies of the prototyped
twist-beam VEH are 22.37 and 41.47 Hz, respectively, which are much closer to each other as
compared with those of a conventional plain beam. This feature benefits multi-modal energy
harvesting within a targeted frequency range. The prospects regarding further optimization of

the proposed twist-beam VEH are discussed.
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1. Introduction

Harvesting energy from ubiquitous environmental vibrations
is widely deemed as a promising sustainable power solution
for perpetual wireless sensors and thus has been extensively
developed in the past few decades [1-5]. Since the ubiquit-
ous vibration energy often spreads over a wide frequency
range and presents with a time-varying frequency, broadening
the operation bandwidth and improving the transduction

1361-665X/20/11LT01+7$33.00

efficiency are the two concerns that have attracted wide atten-
tion by the existing literature. Various strategies such as
introducing nonlinearities [6, 7], designing multi-modal/self-
adaptive structures [8, 9] and using advanced interface circuits
[10, 11] have been proposed to address the two concerns.
Another problem which is often ignored but critical in the
practical application of vibration energy harvesters (VEHs)
is that the mechanical vibrations in industrial facilities, civil
infrastructures, and human motions usually feature with
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multi-directionality. Most energy harvesters are convention-
ally designed based on plain beam structures. If the excita-
tion direction deviates from the beam bending direction, the
beam cannot be properly excited and the power outputs from
these conventional plain beam VEHs will decrease dramatic-
ally. To this end, Chen et al [12] designed a dandelion-like
VEH that consisted of multiple cantilever piezoelectric beams
being installed in different orientations for harvesting vibra-
tion energy from different directions. Zhou et al [13] investig-
ated a multi-directional zigzag VEH that is also constituted
of multiple piezoelectric cantilever beams being connected
and coupled through joint blocks in a snake-like form. Deng
et al [14] prototyped a multi-directional VEH by coupling
three cantilever piezoelectric beams in a T-shape. Also adopt-
ing multiple piezoelectric beams, Wang et al [15] presented a
cross-coupled dual-beam structure for harvesting energy from
vibrations induced by wind vortices from different directions.
The aforementioned designs are all achieved by using multiple
piezoelectric beams and more related research can be found in
[16, 17], one drawback is that multiple outputs of the piezo-
electric transducers pose the difficulty in power management.

Based on the internal resonance of nonlinear systems, Xu
et al [18] and Wu et al [19] proposed multi-directional VEHs
by attaching a pendulum to a typical cantilever VEH and a
binder clip based VEH, respectively. Due to the internal res-
onance, the horizontal direction excitation can also induce the
vertical direction vibration of the piezoelectric beam to gen-
erate power output. However, the internal resonance based
multi-directional energy harvesters are highly sensitive to the
system parameters. A mistuning of the system parameters
may easily result in the disappearance of the internal reson-
ance phenomenon and the loss of the multi-directional ability.
Besides the approaches of using multiple cantilever beams and
internal resonance, Gu et al [20] designed an innovative struc-
ture with a magnetic ball moving on a two-dimensional sur-
face for in-plane multi-directional vibration energy harvest-
ing. Yang et al [21] developed a system that consisted of a
doubly-clamped elastic rod and a compressive-mode piezo-
electric transducer for harvesting vibrations from multiple dir-
ections. Kim et al [22] presented a multi-directional energy
harvester using a bump structure that can vibrate both trans-
lationally and torsionally. Other designs for multi-directional
energy harvesting can be achieved through the introduction
of non-unidirectional magnetic interactions [23, 24]. Several
more related research of multi-directional energy harvesting
can be found in a review article [25].

According to the literature review, the research of multi-
directional energy harvesters is still in the infancy stage and
there are still limited means for realizing multi-directional
energy harvesting. In this letter, we propose a novel multi-
directional VEH using a different mechanism. The pro-
posed multi-directional VEH employs a single beam and
a single piezoelectric transducer, thus it has a more com-
pact design and can ease the subsequent power man-
agement. In addition, the proposed multi-directional VEH
does not rely on any nonlinear phenomena, therefore can
exhibit a relatively robust multi-directional energy harvesting
ability.

Figure 1. (a) A pre-twisted beam segment, (b) the proposed
twist-beam VEH, (c) a lumped 2-DOF equivalent.

2. System description and mechanism explanation

The governing equation of a pre-twisted beam segment (figure
1(a)) can be written as [26]:

{E<zxwff+a,xv">”+pAvv—Fy "

E(Iyw" +1y")"" + pAv = F,

where E, p and A are the Young’s Modulus, mass density and
the cross-section area of the beam. /, and I, are the moments of
inertia of the cross-section about the y-axis and x-axis, respect-
ively. I, is the product of inertia which is a function of the
twist angle ¢. v and w are the flexural displacements of the
beam in the x and y directions, respectively. F, and F) are
the distributed load applied on the beam in the x and y dir-
ections, respectively. It is worth noting that for a plain beam,
I, constantly equals to zero, leading to the degeneration of
equation(1) into two decoupled equations. Hence, the flex-
ural displacements of a plain beam in the two directions can
be addressed independently. However, when the beam is pre-
twisted, flexural displacements take place concurrently in the
two perpendicular planes because of the non-zero term /. For
simplicity, we consider that the twist beam is obtained by pre-
twisting a uniform beam and the cross-section remains sym-
metric about the two principal axes of inertia.

Based on the aforementioned mechanism of a pre-twisted
beam, we are inspired to design a multi-directional energy har-
vester as shown in figure 1(b). The proposed multi-directional
VEH mainly consists of two segments: a plain beam segment
and a pre-twisted beam segment. A piezoelectric transducer
is installed onto the plain beam segment. A cylinder mass is
attached to the free end of the pre-twisted segment. Due to
the employment of the pre-twisted segment, it can be expec-
ted that regardless of the direction of base excitation in the x-y
plane, the y-directional flexural displacement of the beam can
always be stimulated to guarantee the operation of the piezo-
electric transducer for power generation. The working prin-
ciple of the proposed twist-beam VEH is illustrated in fig-
ure 1(c) through a simple lumped two-degree-of-freedom (2-
DOF) model. Similar to the one-degree-of-freedom represent-
ation of a typical cantilever beam, the unequal flexural rigid-
ities of the beam in the two directions can be equivalently
represented by two stiffnesses (i.e. k, and k,). The flexural
vibrations in the two directions are described by two separ-
ated DOFs and can be regarded independent for a plain beam.
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However, the non-zero I, of the pre-twisted beam gives rise
to a new stiffness term k,, that couples the dynamic motions
in the two perpendicular directions. The stiffness k,, can be
tuned by changing the twist angle (. Therefore, even only
under the x-directional excitation, the dynamic motion of the y-
directional DOF can be stimulated and the piezoelectric trans-
ducer coupled with the y-directional DOF can realize energy
transduction. It is worth mentioning that the simple 2-DOF
model is just used to help the understanding of the working
principle of the twist-beam VEH. A more rigorous derivation
of the equivalent lumped parameters is worth further investig-
ation but it is not the focus of this letter.

3. Simulation for proof-of-concept

For concept verification, a finite element model of the pro-
posed twist-beam VEH is built. Except that the host beam is
assumed to be made of steel and the piezoelectric transducer
material is PZT-5H, the system parameters of the simulation
model are the same as the physical prototype that will be intro-
duced in the subsequent section and the twist angle is 180°. A
conventional cantilever VEH with the same effective length is
also built for comparison. Figures 2(a) and (b) show the open-
circuit voltage responses of the conventional VEH around the
fundamental and second resonances, respectively. Figures 2(c)
and (d) show the corresponding results of the twist-beam VEH.
The blue solid line denotes the result when the excitation is
applied horizontally in the x-direction and the red dashed line
represents the result when the exaction is applied vertically in
the y-direction. The flexural bending direction of the conven-
tional plain beam VEH is aligned with the vertical y-direction.
It can be observed that when the excitation is in the horizontal
direction, the voltage response from the conventional VEH is
zero (i.e. figures 2(a) and (b)). While, the proposed twist-beam
VEH can always produce a substantial amount of voltage out-
put in response to excitations in both horizontal and vertical
directions (i.e. figures 2(c) and (d)). Moreover, it is noted that
around the fundamental resonance, the twist-beam VEH pro-
duces a higher voltage output when the excitation direction
is vertical. However, around the second resonance, the twist-
beam VEH produces a higher voltage output when the excita-
tion direction is horizontal.

In addition to the voltage output amplitude, by comparing
figures 2(b) and (d), one can note that the second resonant fre-
quency of the twist beam VEH is much lower than the conven-
tional plain beam VEH. To further investigate the effect of pre-
twisting process on the natural frequencies of the beam, fig-
ure 3 plots the first two natural frequencies of the twist-beam
VEH versus the twist angle. It is worth mentioning that when
the twist angle equals to zero, the twist-beam VEH degener-
ates to a conventional plain beam VEH. From figure 3, it is
learned that with the increase of the twist angle, the first natural
frequency slightly increases and the second natural frequency
dramatically decreases. Since a resonant-type energy harvester
can only operate near the resonance, as the first two natural
frequencies getting closer to each other, the effective band-
width within the assumed targeted frequency range becomes
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Figure 2. Simulated open-circuit voltage frequency responses of a
conventional plain beam VEH around (a) fundamental resonance
and (b) second resonance; simulated open-circuit voltage frequency
responses of a twist-beam VEH around (c) fundamental resonance
and (d) second resonance. The blue solid line and the red dashed
line, respectively, denote the results when the excitation is applied
horizontally in the x-direction and vertically in the y-direction.

160 -
. —=— Fundamental resonance
1401 e #— Second resonace
St
N\ 1 Targeted frequency range
1201 »
5 ;
T 100- "
o3 [ |
2 80- .
w [ Y
=] .
T 60 -,
k2 - o
ST e ST
20 | | | = il = L L | w g | ® L | L] L L
0 T

0 20 40 60 &80 100 120 140 160 180

Twist angle - ¢ (degree)

Figure 3. First two natural frequencies of a twist-beam VEH versus
the twist angle .

larger. Therefore, the proposed twist-beam VEH is expected
to be beneficial for not only multi-directional but also multi-
modal vibration energy harvesting.

4. Physical prototype and experimental setup

Due to the complexity of the geometry, the proposed twist-
beam VEH is prototyped using the PMMA material by 3D
printing technique. Figure 4(a) shows the fabricated physical
prototype and the experimental setup. The mass density of
the 3D printing material is measured as 1161 kg m~> and the
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Figure 4. (a) Fabricated prototype and experimental setup, (b)
installation of twist-beam VEH to a rotatable clamper.

—

Young’s modulus is provided by the supplier as 75-110 MPa.
The lengths of the plain and pre-twisted segments are 46 and
80 mm, respectively. Twenty millimetre of the plain segment
is reserved to fit the installation onto the clamper and only the
other 26 mm of the plain segment contributes to the effect-
ive length of the twist-beam VEH. The beam cross-sections
of both the plain and pre-twisted segments are the same: the
width and the thickness are 14 and 1.5 mm, respectively. The
pre-twisted shape is created by using a helix command in CAD
software. Over the span of 80 mm, the helix is twisted for 0.6
turn. The diameter and the length of the tip mass cylinder are
14.32 and 10 mm, respectively. The length, width, and thick-
ness of the piezoelectric transducer (PVDF, LDT0-028 K) are,
respectively, 23.5, 10.2, and 0.2 mm. The capacitance of the
piezoelectric transducer is 480 pF.

To evaluate the multi-directional ability, a rotatable clamper
is designed to control the orientation of the twist-beam VEH,
as illustrated in figure 4(b). a is defined as the orientation angle
of the twist-beam VEH. Using this clamper, a series of discrete
orientation angles can be achieved with an increment of 15°.
Because of rotational symmetry, we only need to vary « from
0° to 90° in the experiment. & = 0° and 90° indicate that the
beam thickness direction is in align with the y-direction and
x-direction, respectively.

Simulated
first mode

—=— g =0°

Open-Circuit Voltage (V)

Frequency (Hz)

Figure 5. Experimentally obtained open-circuit voltage frequency
response of the twist-beam VEH around the fundamental resonance
for different orientation angle o under the base excitation of 0.5 x g.

The whole experimental setup is deployed as follows. The
clamper is installed on the shaker (APS-113) that is used to
generate the desired excitation. The excitation profile can be
defined and edited through the PC software which communic-
ates with the controller (PXL-1036) to produce the command
signal. The amplifier (APS-145) magnifies the command sig-
nal before being fed to the shaker. A feedback accelerometer is
attached to the shaker and connected to the controller to form a
close-loop control. The electrodes of piezoelectric transducer
are bridged to a data acquisition system (Analog Discovery 2)
for recording the voltage response.

5. Experimental results

Figure 5 shows the open-circuit voltage frequency response
of the twist-beam VEH. The excitation frequency is swept
from 20 to 24 Hz at the rate of 2 Hz min~!. The excitation
acceleration is kept at 0.5 x g (g = 9.8 m s™2 is the gravita-
tional constant) during sweep. It is noted that the fundamental
resonant frequency of the twist-beam VEH is around 22.37 Hz.
At the fundamental resonance, when o« = 0°, the maximum
open-circuit voltage amplitude is about 16.48 V. With the
increase of «, the open-circuit voltage amplitude decreases.
The physical explanation behind this is as follows. Though
the fundamental resonant vibration of the coupled-segments
formed beam include components in both directions, the main
component is in the thickness direction of the plain segment.
When a = 0°, the thickness direction is exactly aligned with
the excitation direction, the open-circuit voltage amplitude is
thus significantly large. On the contrary, when o = 90°, the
thickness direction becomes perpendicular to the excitation
direction and the open-circuit voltage amplitude is dramat-
ically decreased to about 2.18 V. Though the output voltage
amplitude is small at e = 90°, this multi-directional energy
harvesting ability is a plus compared with the plain beam VEH.
Due to the rotational symmetry, we can conclude that in the
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Figure 6. Experimentally obtained power versus frequency for different load resistances around the fundamental resonance: (a) o = 0°, (b)

a = 45°, (c) @ = 90°, under the base excitation of 0.5 X g.

x-y plane, regardless of the excitation direction, voltage can
always be generated by the twist-beam VEH.

Optimal impedance is a critical problem and essentially
determines the maximum output power that can be obtained
from a given energy harvesting system. Therefore, in addi-
tion to the open-circuit voltage response, figure 6 shows the
power response with varying load resistance. For conciseness
but without loss of generality, the results of only three cases
with o = 0°, 45° and 90° are presented. For the ease of iden-
tification, only the results of four discrete resistance values
are demonstrated in the figure. It is observed that regardless
of the orientation angle «, the quasi-optimal resistance is the
same for all the three cases: the maximum power outputs are
achieved with the resistance of 12 M(). This is also under-
standable, since the change of the orientation angle a only
indicates the change of the excitation condition but does not
influence the system parameters.

In addition to the fundamental resonance, the perform-
ance of the twist-beam VEH around the second resonance is
investigated as well. Since the voltage output from a VEH at
higher-order resonances is normally much smaller than that
at the fundamental resonance, the acceleration is increased
to 2 x g for the following study to make the results more
easily recognizable. Figure 7 shows the corresponding res-
ults by sweeping the excitation frequency from 30 to 43 Hz.
It is observed that for different «, the peaks in the power
frequency response occur all around 41.47 Hz which is the
second resonant frequency of the twist-beam VEH. It can be
seen that the first two resonant frequencies of the twist-beam
VEH are very close to each other and the ratio between them
is less than 2. As well known that for a typical cantilever plain
beam, the ratio between the second and the fundamental res-
onant frequencies is larger than 6. Therefore, compared with
a conventional plain VEH, the first two resonant frequencies
of the proposed twist-beam VEH can be more easily tuned
within a targeted frequency range to form a wider operation
bandwidth.

Simulated
second mode

o increasing ¥ a0 =
¥ A \ F Y
J s S 1
Pk L
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39 40 41 ) 43
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Figure 7. Experimentally obtained open-circuit voltage frequency
response of the twist-beam VEH around the second resonance for
different orientation angle a under the base excitation of 2 X g.

From figure 7, one can note that different from the
behaviour around the fundamental resonance, the open-circuit
voltage amplitude of the twist-beam VEH increases with the
increase of a. When o = 90° and 0°, the output voltage
amplitudes are 11.07 and 2.74 V, respectively. This phe-
nomenon can also be explained by the vibration mode ana-
lysis of the twist-beam VEH. For the vibration in the second
mode, the dominant motion is in the direction perpendicular
to the thickness direction of the plain segment. Hence, when
a = 90° and 0°, the excitation directions are, respectively,
in parallel with and perpendicular to the dominant motion of
the twist-beam VEH. Obviously, the former case is expec-
ted to produce a higher voltage output. The similar beha-
viour around the second resonance, as revealed in figure 7,
is that though the open-circuit voltage amplitude decreases
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with the increasing «, the voltage amplitude is always non-
zero. Therefore, the multi-directional ability of the twist-
beam VEH is also confirmed around the second resonant
frequency.

Based on these results, the prospects on the further optimiz-
ation of the twist-beam VEH are as follows. First, to improve
the robustness of the multi-directional ability, it is preferred
to have a relatively constant voltage output for different a.
However, the variation between the voltage outputs of the cur-
rent prototype at o = 90° and 0° is relatively large in the
current prototype. To address this problem, one can attempt
to enhance the coupling stiffness k,, (figure 1(c)) by decreas-
ing the pitch of the helix that controls the pre-twisted shape,
i.e. introduce more turns of helix over the same span. Second,
the first two resonant frequencies are expected to be as close
as possible. To this end, one also needs to manipulate the
helix, since it is a critical factor that influences the resonant
frequencies of the twist-beam VEH. In addition, further sys-
tem optimization of the twist-beam VEH can be performed
to increase the efficiency which reflects the real working
performance [27].

6. Conclusions

In this letter, we have proposed a twist-beam VEH for multi-
directional vibration energy harvesting. The underlying mech-
anism of the multi-directional ability of the proposed twist-
beam VEH has been explained using the theory of a pre-
twisted beam with coupled flexural vibrations. A simulation
study has revealed the potential advantages of the twist-beam
VEH as compared with a conventional plain beam VEH in
terms of the multi-directional and multi-modal abilities. An
experimental study has been conducted for further concept
validation. The results have showed that regardless of the ori-
entation angle of the twist-beam VEH (i.e. the excitation dir-
ection), the proposed twist-beam VEH can always produce
a substantial amount of power. Moreover, it has been found
that, the first and the second resonant frequencies of the pro-
totyped twist-beam VEH are 22.37 and 41.47 Hz, respect-
ively. Since the first two resonant frequencies can be more eas-
ily tuned within a targeted frequency range, as compared to a
conventional plain beam VEH, the proposed twist-beam VEH
demonstrates an excellent multi-modal energy harvesting
ability.
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