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Abstract

The frequency response and energy conversion efficiency are the critical issue for vibration energy harvester. In this paper, a vibration
energy harvester with suspended piezoelectric beam is proposed. This harvester structure is composed of a discrete support beam in
the bottom and a suspended piezoelectric beam on top. This suspended beam structure is beneficial to the higher response frequency
and the energy conversion efficiency by applying the tension on the shear mode piezoelectric layer. An analytical bending model of
suspended piezoelectric beam is developed, based on the actual deformation: rotational and translational movement modes. The
characteristic of suspended piezoelectric beam is also analyzed by Finite element method. Finally, a 1000:1 prototype is fabricated and
measured. The optimums acquired experiment results show that it is matching well with the model. The maximum of output voltage is

6.5V.
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1 Introduction

Energy harvester is the device, which can convert environ-
ment energy, such as vibration, temperature, solar energy,
etc., into useful electrical energy [1-6]. And with the deve-
lopment of NMES/MEMS technology, and wireless net-
work sensors, the micro-scale energy harvester can generate
electric energy at milli watt level. At the same time, the
power consumption of wireless sensors drastically reduced
to milliwatt and even nanowatt level. Thus, the micro-scale
energy harvester is popular to power sources. Among the
different energy forms, the vibration energy is a good choice
due to its widespread existence. The vibration harvester can
harvest vibration energy via different materials and structure
[7-11]. And among different structure of vibration energy
harvesters, the cantilever-mass structure is regarded as a
promising structure due to the small size, little power con-
sumption, low cost, and compatibility with integrated cir-
cuits [12-16].

However, the lower energy efficiency and lower res-
ponse frequency limit the cantilever-mass energy harvester
further application. To resolve these problems, several app-
roaches were chose.

Firstly, selecting suitable material such as PZT, PMNT,
and PDVFE, etc. is a useful method to enhance efficiency [17].

Secondly, increasing the thickness of the piezoelectric
layer is also a good choice since the normal strain experien-
ced by the piezoelectric layer is proportional to its thickness
[18, 19].

Thirdly, using the proper coupling mode of piezoelectric
material is also worth considering, since the different coup-
ling mode relate to the different electrode pattern [20].
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Finally, choosing novel configuration such as tapered canti-
lever beam, L-shaped beam and so on can affect the fre-
quency of harvester [21-24].

This paper reports an energy harvester with suspended
piezoelectric beam for d31 mode. The cantilever structure is
composed of a discrete support beam in the bottom and a
piezoelectric beam on top. And a gap is forming between
the top beam and the bottom beam. The electrode mode is
selected as d31 mode based on the distribution of strain. To
achieve more accurate analysis, the frequency formula of
the suspended piezoelectric beam is derived, considering the
two actual deformation modes. Furthermore, it also discus-
sed how the geometrical parameters of suspended piezoelec-
tric beam affect harvester’s performance. This model is veri-
fied by a prototype and experiments afterwards.

2 Modeling analyses

The conventional mass-cantilever structure is shown in
Figure 1, it consists of three parts, the piezoelectric layer, the
support layer and the proof mass. And the piezoelectric layer
is often attached on the support layer.

FIGURE 1 Conventional cantilever structure
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Different from conventional mass-cantilever structure,
the suspended piezoelectric beam energy harvester is con-
structed as Figure 2.

4
/VZ #tz /%:

FIGURE 2 Structure of energy harvester with suspended piezoelectric
beam

And the piezoelectric material operates in the ds; mode
to enhance the output charge. The energy harvester is com-
posed of a discrete support bottom beam and a piezoelectric
top beam, so the gap structure exists between the top beam
and bottom beam. And the discrete support bottom beam is
composed of two small parallel beams, the geometric di-
mension of two parallel beams is same. The dimensions
(width x thickness x length) of the bottom support beams,
the piezoelectric top beam, and proof mass are 2xwixtyxl,
Woxtox1, and WmXtmx1m, respectively.

Cross-sectional view of suspended piezoelectric beam
energy harvester is shown in Figure 3.
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FIGURE 3 Cross-sectional view of energy harvester with suspended
piezoelectric beam

Zy and Z, are the middle planes coordinates of the
bottom and top beams respectively, and Z is the coordinate
of neutral plane. In mechanics, the neutral plane is a
conceptual plane where the stress is zero. When an inertial
force is applied, the cantilever bends so that one surface of
cantilever is in compression and the other surface of that is
in tension. d; is the distance between the Z; and Zc, d; is the
distance between the Zc and Z,. Accordingly, the neutral
plane coordinate Z¢ of suspended piezoelectric beam can be
expressed as:

Z — ElAlzl + EZAZZZ
" EA+EA

E1, E2, A1 and A; are respectively defined as the Young
modulus and cross-sectional area of bottom beam and top
beam. A; is equal to the product of width w1 and thickness
t1 of bottom beam. A is the product of width w, and
thickness t, of top beam. Thus, the formulations of d; and d»
can be expressed as:

()
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Since the thickness of PZT film prepared by Sol-Gel is
generally less than 4 um, and then the bottom should be
thick enough to support the big proof mass. As a result, the
location of neutral plane will be shift down to close to the
bottom beam. From the Equation (2) and Figure 3, the dis-
tance d2 can approximately equal to the gap distance when
considering the thickness of top beam and bottom beam.

Next the analysis model is discussed. The Euler-Bernoulli
beam theory based on Kirchhoff’s assumption is not accurate
for the suspended beam structure. Therefore, it is necessary to
establish a new model to describe this structure. In practice,
we can observe two deformation modes: rotational movement
and translational movement, shown in Figure 4. In our analy-
sis, the beam’s mass and the proof mass deformation are
ignored.

For the rotational movement, the bending moments M
of beam is constant and the shear force of beam is zero. Thus,
the deformation of suspended piezoelectric beam can be
considered in pure bending.

@
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a) Rotational movement mode
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b) Translational movement mode
FIGURE 4 Two movement modes

From the theorem of multilayer structure cantilever,
rotary inertia of parallel axis is obtained by 1, =1, + A (d,)*.
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The bending rigidities of rotational movement can be
expressed as:

(E), =E]l, +E,I, + E,Ad] +E,Ad?. (3)

For the translational movement, the mass remains in
horizontal direction after deforming, this means the bending
moment is a linear function of the horizontal position and
the bending moment at the middle of the beam is zero, the
shear force is constant. The bending rigidity of translational
movement is (El); =E I, +E,l, .

Thus, the total bending rigidities of suspended
piezoelectric beam is:
4(El),
El), =——"”R | 4
(B [37" +ul @
I+1
where y = —" y—(EI)R

| (BN,
Finally, the resonant frequency of vibration energy har-

vester with suspended piezoelectric beam can be expressed as:

f__7 (ED)g 5)
1124\ mP@y2 + )

Equation (5) describes the length of cantilever and the
mass of proof mass as the function of frequency.

From the energy perspective, the piezoelectric layer was
expected to store as much stretching energy as possible to
transform into the electric energy from the total mechanical
energy applied. Thus, the energy conversation efficiency
should be discussed. As shown in Figure 4, the force F; of

rotational mode stretch the piezoelectric layer, which means
the strain is generated. But the force F, translational

modes don’t contribute the strain. As a result, the rotational
mode is domain in contributing the strain of whole structure.
Thus, the energy of rotational mode is composed of bending
energy and normal stretching/compress energy. The value
n defined as ratio of stretching energy stored in the top

piezoelectric layer to the total mechanical energy, and 7
can be expressed as:

_E,Ad;
T e,

Finally, the output voltage and charge also can be
considered. To generate as much output voltage as possible,
the piezoelectric layer should be experience the maximized
stretching stress accordingly. But the shear force of
translational movement cannot contribute any stret-
ching/compress strain for the top piezoelectric layer. Thus,
the mainly electric energy is generated in the rotational
movement and the contribution of translational movement
can be negligent.

The output voltage and charge under ds mode can be
expressed as:

(6)
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_ FIR 'dal
&35 &g W, ) (7)

Q= _FIR '&Iec 'd31

where &45 is the dielectric constant, Ay, the electrode
area [25]. Substituting Fw shown in Figure 4 into Equation

(7), the output voltage and charge can be expressed as:
V= ma-(1+1,)-d,-E, - A, -d,,
2-(El)g - &53-65 W,
~ma-(1+1,)-d,-E, - A -dy
2'(EI)R W,

®)

Q=

3 Optimum design

To obtain the better performance, some parameters of sus-
pended piezoelectric beam structure should be considered,
especially in MEMS scale. The Figure 5 shows the rela-
tionship between frequency and the cantilever length and the
proof mass length. The frequency is range from 1.5 KHz to
308 KHz. And the length of proof mass is from 10 um to 50
um and that of suspended piezoelectric beam of is 1 um to
50 um, respectively.
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FIGURE 5 The frequency depending on the length of mass and that of
cantilever

As shown in Figure 5, the smaller length of suspended
beam and proof mass can lead to the higher frequency.
Giving the width, the thickness, and the density, the length
of proof mass can represent the mass. Thus, a conclusion
can be derived that the frequency of suspended beam struc-
ture is affected the mass of proof mass and the length of
suspended beam.

The neutral plane also should be discussed. From Figure
3 and Equation (1), the location of neutral plane is linked
with the Young modulus, the width and the thickness of
bottom beam and top beam. For conventional cantilever, the
neutral plane should be far away the PZT layer, which can
generate strong output voltage. This case is suitable for
suspended beam structure. The relationship of neutral plane
and width of top beam and bottom beams is shown in Figure
6a. The location of neutral plane is distinctly dropped with
the decreasing of top width, but there is tiny change to the
bottom beam. As shown in Figure 6b, the similar conclusion
on the neutral plane and thickness of the top and bottom
beams is derived. The thinner top beam generates the lower
neutral plane location. But the relationship between the
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thickness of bottom beam and neutral plane location isn’t
the linear function. And the neutral plane location is lowest
when the bottom beam thickness is 1 um.
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a) The relationship of neutral plane and thickness
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b) The relationship of neutral plane and width
FIGURE 6 The parameter relationship: a); b)

Next, the optimum energy conversation efficiency should
be considered. The relationship between the width ratio of
two beams and energy efficiency is shown in Figure 7. It is
obvious that the greater width of top beam can improve
efficiency. When the width ratio is approximately equal to 0.5,
the optimum efficiency is 87.5%. Similarly, the relationship
between different thickness ratio of two beams and efficiency
is shown in Figure 8, the optimum thickness ratio is 0.5.

The energy efficiency
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The width ratio of two beams(w2/w1)

FIGURE 7 Relationship of width ratio and efficiency
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FIGURE 8 Relationship of thickness ratio and efficiency

Finally, the performance comparison of suspended pie-
zoelectric beam structures and conventional structure is
given in Table 1 based on Equation (5) and Equation (6).
From the Table 1, we can observe that the suspended beam
structure has the better performance than the conventional
structure. Thus, a conclusion can be derived that the sus-
pended beam helps to improve the resonant frequency and
enhance the energy conversation efficiency.

TABLE 1 Comparison of suspended piezoelectric beam and

conventional beam (1=8 um, w1=20 um, t1=1 um, w2=10
um, t2=0.5 um, L=40 um, wm=30 um, T=5 um)

Suspended Conventional
beam structure structure
Frequency 372(K Hz) 102(K Hz)
Conversation efficiency 83.4 58.6

4 Measurement

In order to verify the analysis model and simulation results,
the millimeters lever prototype is fabricated, and the dimen-
sion of prototype is a 1000:1 time than simulation parameter
in Table 1.

To obtain the similarly performance compared with the
silicon-based device, some candidate material should be
considered. The bottom beam and proof mass is fabricated
with 45# steel, since its mechanical property is very similar
to that of silicon, and its Young modulus is 209 GPa.

The measurement system picture is shown in Figure 9.
The device was fixed to a Vibrator (SINOCERA JZK-2),
which is used to generate mechanical vibrations. Sinusoidal
signals were applied to the vibrator at various frequencies.
The voltages from the energy harvesting device were
monitored by an Oscilloscope (YOKOGAWA DL850) at
the same time, and the non-contact Doppler Vibrometer
(Vibroducer V1002) is used to measure the contrastive
voltage. The experiment frequency is 376.0 Hz, and the
peak output voltage is 25.9 V, shown in Figure 10, which
agrees well with thg'qnal)g_i_sr frequency of 372 Hz.

FIGURE 9 Measurement system plot
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FIGURE 10 Frequency response of the suspended piezoelectric beam

Also, the plot of charging voltage/power is shown in
Figure 11, the value of the capacitor was 100 pF. The
capacitor voltage collected from the energy harvester is 6.5

V. Providing E=%CV2 and E=Pxt, the 295 pW

maximum power is derived.

135

8 T T T T T T T
power

7k —— voltage 30

Voltage/V
Power/uw

10

olt 1 1 1 1 1 1 1 lo
0 1 2 3 4 5 6 7 8 9

Time/s

FIGURE 11 Plot charging voltage/power of the capacitor
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5 Conclusions

The research on energy harvester with suspended piezo-
electric beam, including structure design and optimum, mo-
deling analysis, prototype fabrication and measurement are
discussed in this paper. Considering the actual deformation
in rotational and translational movement modes, the formu-
lation of resonant frequency of suspended piezoelectric
beam is derived. Furthermore, some parameters are consi-
dered to optimum the design. Accordingly, the acquired
1000:1 scale prototype is assembled. The prototype can
generate the 6.5 V output voltage and 29.5 uW output power.
The experiment frequency is 376.0 Hz that match well with
372.0 Hz of calculated frequency.

Compared to conventional cantilever, suspended beam
structure can firstly enlarge the response frequency due to
the existing gap which is affected the bending rigidities of
system. The second advantage of suspended piezoelectric
beam is the improvement of energy conversion efficiency
by matching heavier mass, which improve output charge by
stretching the piezoelectric layer. The finally advantage lies
in the technology feasible of device fabrication [26].
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