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This paper presents the design of vibration-based energy harvester model whose resonance fre-

quency can be tunable with the help of the various cantilever type beam structures: T-folded,

E-folded without a tip mass, E-folded with one tip mass, and E-folded with two tip masses. The

main contribution is to make an optimal structure that can scavenge the destructive vibration into

the highest possible electric energy even the attached machine is running at a low rotational fre-

quency. The finite element method and experimental verification were used to search for the opti-

mal design that can make the operational bandwidth broader and yield the maximum power output.

The results show that the design of E-folded with two tip masses can offer a first three resonance

frequencies varied from 18.18 Hz to 26.8 Hz. Such a range of low frequency can well adopt the

common range of rotational frequency of most of the rotary machines. From the observations of

experiments, the maximum output of electricity could be guaranteed and harvested by an external

circuit tailor-made for the beam structures. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4986477]

In recent decades, the research in vibration-based energy

harvester by using piezoelectric transducers has been attract-

ing high attention in the green energy research sector.1 It can

convert the collected vibration generated from machines into

useful electric energy, especially when it is vibrating at the

resonance frequency or around. Because the mechanical

vibration has relatively high power density, it makes them

the most accessible ambient energy source in many applica-

tions.2–4 The energy harvester is used in many different dis-

ciplines including medical, biology, mechanical, and also

computer science. Generally speaking, the energy harvester

field has a significant effect on the improvement of our soci-

ety and people’s daily life.5 Therefore, the piezoelectric

material coupled with the mechanical vibrating structure

would be a good choice for achieving the high power output.

In order to scavenge the maximized energy from the

mechanical vibration and improve the energy transferred effi-

ciency, an electromechanical system, composed of piezoelec-

tric material and mechanical structures, must be designed.

Meanwhile, the resonant frequency of this device can be tuned

to adapt the ambient vibration frequency sources or its band-

width can be widened to adapt the system natural fre-

quency.6,7 Over the past decades, the resonance frequency

tuning8 and the broader bandwidth widening9,10 already being

investigated by various approaches, including magnetic,11,12

electric,13,14 and mechanical methods.15–18 First, the reso-

nance frequency shift has been demonstrated by some

researchers through utilizing the magnetic methods,19–22 to

adjust the electromechanical system’s stiffness and then shift

the resonance frequency. For example, the attracting force

was adjusted via changing the distance between two magnets

in order to design a vibration energy harvester with tunable

resonance frequency.22 Also, a resonance frequency tunable

energy harvesting device was presented using a magnetic

force technique which tuned the resonance frequency range

from 22 Hz to 32 Hz.23 Similarly, a vibration-based energy

harvester with a tunable natural frequency was developed con-

sist of a cantilever beam with a tip mass and reaching the reso-

nance frequency shift.24 However, these two methods cannot

tune the resonance frequency to adapt the ambient frequency

automatically,25 because the gap between the magnets-to-

magnets or magnets-to-devices must be adjusted manually

and the other shortcoming is that the configuration is too com-

plex. Second, the coefficient and parameters of the electrome-

chanical structure also have been used to tune the resonance

frequency.26 The mechanical stress,27 the electrical damp-

ing,28,29 and the number of degree freedom30,31 have been

studied to tune the resonant frequency and broaden the opera-

tional bandwidth. A two-degree-of-freedom (2DOF) configu-

ration which the primary resonance and second resonance

were tuned close enough to achieve wide bandwidth was

developed.32,33 However, there still exists a great weakness

for the above studies which it is hard to obtain the high power

output at a lower resonance frequency simultaneously.

Although many works have been sought to increase the

power density output of a vibration-based energy harvester,

most of them are conducted by using the passive tuning

methods via the magnet field or other complicated compo-

nents. Thereby, there still exist some limits in these devices.

Hence, the research focus of vibration-based energy har-

vester is to tune the model’s resonance frequency to the dom-

inant vibration frequency of the attached machine. The

purpose of this research is to find the optimal structure

design which can scavenge the maximum power output at a

relatively low resonance frequency. In this research work,

four different complex structures were developed to scav-

enge the mechanical vibrations and convert them into useful

electric energy. These four beam structures are the T-folded,a)Electronic mail: meptse@cityu.edu.hk
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the E-folded without any tip mass, E-folded with one tip

mass, and E-folded with two tip masses.

All the beam structures were designed based on the can-

tilevered beam concept. The first stage of research was to

obtain the optimal structure design that could tune the reso-

nance frequency in a relatively low-frequency range. The

second stage was to find out the operational bandwidth, the

possible voltage, and power outputs for each of the four

beam structures. Finally, the optimized design of the energy

harvester was obtained, and the output of maximum power

output could be guaranteed.

Figure 1 shows the designs of the four basic beam struc-

tures. Traditionally, the single degree of freedom (SDOF)

piezoelectric energy harvester design is composed of a canti-

lever beam and a piezoelectric layer, sometimes combined a

tip mass at its free end. Hence, if only the first resonance fre-

quency is considered for the design of energy harvester, then

it is usually taken as the SDOF energy harvester. The SDOF

energy harvester usually has one narrow bandwidth for the

high power output, whereas the environment vibration often

embraces a wide range frequency.32 In this paper, the goal is

to achieve an optimization of the structure design. Hence,

four different basic host structure designs were proposed

based on the traditional piezoelectric energy harvester, which

were the T-folded model, consisted of one main beam and

one tip mass beam shown in Fig. 1(a). Then, two wing beams

were attached at both ends of the tip mass beam developed

an E-folded model shown in Fig. 1(b). Figs. 1(c) and 1(d)

show the E-folded with one tip mass and the E-folded with

two tip mass structure, respectively. One tip mass consisted

of two tip block masses.

Figure 2 shows the experimental setup which was used to

validate the results generated from the simulated methods and

the geometric dimensions of the E-folded with two tip masses.

The system was composed of the generator, the pulse labshop,

the amplifier, and the excited shaker. The main beam, the wing

beam, and the tip mass beam are made from aluminum. The

pieces of tip mass are made from iron. The piezoelectric mate-

rials are the Quick Pack Model (QP10N) which is manufac-

tured by the Mide Technology Corporation and it is directly

glued onto to the surface of the main beam as the collector of

the electric energy converted from the system vibration. The

excitation frequency rate was set up to 2 Hz/s. The voltage

response and resonance frequency were measured by the Pulse

Labshop software which was installed on a PC. A tip mass is

formed by having a top piece of mass and a bottom piece of

mass clamped into the wing beam like a sandwich. The top

mass is mounted on the upper surface of the wing beam and

the bottom mass is mounted to the lower surface of the wing

beam as shown in Fig. 2. The density of the aluminum and the

iron are 2700 kg/m3 and 7860 kg/m3. Young’s modulus of the

aluminum and the iron are 70 and 152 GPa, whereas the corre-

sponding Poisson’s ratio are 0.35 and 0.27, respectively. The

parameters of the piezoelectric materials are shown in Table I.

FIG. 1. Designs of the four basic beam structures: (a) the T-folded, (b) the

E-folded without any tip mass, (c) the E-folded with one tip mass, and (d)

the E-folded with two tip masses.

FIG. 2. (a) The schematic of experi-

mental setup for testing the designed

energy harvester and (b) geometric

dimensions of the E-folded with two

tip masses.
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As is well known, designing and developing an electro-

mechanical system can never be an easy task; the key point

is the technique of tuning the resonance frequency. For an

electrometrical system only when the resonance frequency is

matched with the ambient vibration frequency, the power

output can be optimized and maximized. For the traditional

piezoelectric vibration energy harvester, the first resonance

frequency was studied by many researchers whereas the

residual resonance frequencies were neglected due to their

far away from the first order resonance frequency and lower

system response. Therefore, a wide operational bandwidth of

the proposed electromechanical system around the multi-

modal resonance frequencies is needed, then we conducted a

study of a multimodal resonance frequencies tuning model

which can provide multiple resonance frequencies that are

under 50 Hz and also yield a relatively high energy density

simultaneously because most of the industrial rotating vibra-

tion machine’s frequency are under 50 Hz or around.

Figure 3 shows the modal shape analysis of the designed

structures. The T-folded and the E-folded without any tip

mass were simulated at the first two modes, and the E-folded

with one tip mass and the E-folded with two tip masses were

simulated at the first three modes. The third resonance fre-

quency for the T-folded and E-folded without any tip mass is

too large and hence is neglected in this study.

If only considering the first mode, the original resonant

frequency of the T-folded structure is 28.079 Hz [Fig. 3(a)].

The effect of adding tip masses on the left wing beam has

reduced the resonant frequency from 22.252 Hz [Fig. 3(c)] to

20.448 Hz [Fig. 3(e)]. The effect of adding tip masses to both

the left and the right wing beams has reduced the resonant

frequency from 22.252 Hz to 18.783 Hz [Fig. 3(h)]. Hence, a

variation of 10 Hz in resonant frequency has been achieved.

The second resonance frequency has been reduced to

23.87 Hz [Fig. 3(f)] after adding one tip mass to the wing

beam, whereas the E-folded without any tip mass is

64.052 Hz [Fig. 3(d)]. However, the third resonance fre-

quency is 68.81 Hz [Fig. 3(g)] and is larger than 50 Hz.

Then, for the further study, two tip masses were attached to

the both wing beams of the E-folded structure. Then, the

third frequency of the E-folded with two tip masses is

24.361 Hz [Fig. 3(j)], which is significantly lower than

50 Hz. Therefore, the resonant frequencies of the 1st, 2nd,

and 3rd model shape of the E-folded with two tip masses

have a difference of less than 5.5 Hz. That is, the three peak

values generated by the first three vibration modes are closer

to each other.

Moreover, the maximum surface displacement of the

QP10N when it was vibrating under different models has

also been shown in Fig. 3. Adding two tip masses can also

efficiently improve the displacement at the third resonance

vibration mode. The comparison of Figs. 3(g) with 3(j)

shows that not only the resonance frequency has been

reduced to 24.361, but also the displacement has been

improved from 0.056 mm to 0.73 mm. In sum, adding two tip

mass to the E-folded structure is the optimal structure among

these four designs in terms of the resonance frequency and

also the displacement.

Figure 4 shows the comparison of RMS voltage response

versus various frequencies. From the experimental result

shown in Fig. 4(a), we can see that the peak value of RMS

voltage for the T-folded configuration is 0.23 V@30.4 Hz,

whereas the peak voltage for the E-folded without any tip

mass is 1.86 V@55.0 Hz. Although the RMS voltage was

enhanced but the resonance frequency was also enlarged, this

trend is not useful for our research work. In order to study the

resonance frequency shift to the smaller part further, adding

TABLE I. Parameters of the piezoelectric material.

Description Value Unit

Piezo: L �W � Ha 49.3 � 25.4 � 0.6 mm

Density 7700 kg/m3

Young’s modulus 55 � 109 Pa

Area moment of inertia 4.57 � 10�13 m4

aL�W�H: Length�Width�Height.

FIG. 3. Modal shape analysis of the designed structures: (a) and (b): 1st and

2nd modal shape of the T-folded; (c) and (d): 1st and 2nd modal shape of the

E-folded without any tip mass; (e) and (f): 1st, 2nd, and 3rd modal shape of the

E-folded with one tip mass; (h)–(j): 1st, 2nd, and 3rd modal shape of the

E-folded with two tip masses. (freq:resonance frequency; disp:displacement).
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one tip mass to one of the two wings is considered. The first

peak value of RMS voltage for the E-folded with one tip mass

is 0.71 V@20 Hz. Although it already exhibited a good perfor-

mance that the first peak value of RMS voltage could be

obtained at a relatively lower resonance frequency, but the fre-

quency of the second and the third peak value of voltage is

too far away from the first one and larger than 50 Hz, it cannot

produce a wider frequency bandwidth which can generate

continuous high power density output.

For the E-folded with two tip masses, the first peak

value of RMS voltage is 0.8 V@18.18 Hz, the second peak is

0.44 V@23.6 Hz, and the third peak is 0.08 V@26.8 Hz.

Here, we define the peak-to-peak frequency value under

50 Hz as the operational bandwidth, the experimental opera-

tional bandwidth for E-folded with two tip masses 8.62 Hz

which has also been validated by the simulated results.

Therefore, the results from the finite simulation methods

have demonstrated that the experimental results and conclu-

sions were reliable and convincible.

Figure 5 shows the E-folded with two tip masses: (a)

voltage and (b) power output response versus different

resistor loads at frequencies of 18.18 Hz, 23.6 Hz, and

26.8 Hz. The resistor was used to optimize the maximum

power output. The experiment was conducted under the

resistor load varied from 1 kX to 1 MX. The results show

that the E-folded with two tip masses achieved its maxi-

mum voltage output at 1 MX and then changed a little

when the external load is larger than 1 MX. The maximum

voltage output is 0.88 V@18.18 Hz, 0.465 V@23.6 Hz, and

0.367 V@26.8 Hz, respectively. Clearly, the voltage gener-

ated by the first resonance frequency dominated the main

electric energy output.

Figure 5(b) shows that the maximized power was

obtained at 100 kX for all the three resonance frequencies

18.18 Hz, 23.6 Hz, and 26.8 Hz. The first peak value of the

maximized power is 1.9 mW @18.18 Hz, the second value

of the maximized power is 0.72 mW@23.6 Hz, and the third

value of the maximized power is 0.45 mW@26.8 Hz. The

power output at the first resonance frequency also dominated

the main power output of the whole structure compared to

the other two resonance frequencies power output.

In conclusion, the performance of four different designs

of PVEH models were reported in this paper, including the

T-folded, the E-folded without any tip mass, the E-folded with

one tip mass, and the E-folded two tip masses. The resonance

frequency, the operational bandwidth, and the outputs of volt-

age and power were analysed and compared. The finite ele-

ment analysis was used to simulate the four models’

resonance frequencies. The results show that the design of

E-folded with two tip masses can offer a first three resonance

frequencies varied from 18.18 Hz to 26.8 Hz. Such a range of

low frequency can well adopt the common range of rotational

frequency of most of the rotary machines. From the observa-

tions of experiments, the maximum output of electricity could

be guaranteed and harvested by an external circuit tailor-made

for the beam structures. In summary, the structure of the

E-folded with two tip masses has the best performance among

the four piezoelectric energy harvester structures. This design

can yield the highest outputs in voltage and power at a relative

low resonance frequency range and has a wider bandwidth

that can easy match with most of the dominant vibration fre-

quency or often the rotational frequency of rotary machines.
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