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The energy harvesters (EHs) using resonant mechanism have encountered two major issues: low output
power scavenged from low frequency vibrations, and limited effectiveness of harvesting mechanism in
a narrow range near resonant frequency. To overcome these issues, we have proposed a piezoelectric EH
comprising a composite cantilever and a proof mass at the free end. The composite cantilever is formed by
a piezoelectric bimorph and a polymer beam (soft spring) mechanically connected along the longitudinal
direction. Comparing with the resonant frequency of 275 Hz of a standalone piezoelectric bimorph, the
composite cantilever design enables the resonant frequency of the EH to be as low as 36 Hz. Moreover,
this kind of EH is demonstrated to be 3.12 times and 1.32 times (at 0.1 g) more efficient at output power
generation than a standalone piezoelectric bimorph and piezoelectric bimorph with a proof mass at the
free end, respectively. With the aid of spring hardening effect, the operating bandwidth (BW) can be
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increased from 5 Hz to 16.4 Hz.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Energy harvesting has become an active field of research in
past few years and has showed tremendous applications in many
areas including implantable biosensors [1], consumer electronics
[2,3], military equipment [4] and wireless sensor networks (WAN)
[5-9]. Vibration based energy harvesting [10] is an alternative to
solar and thermoelectric energy harvesting for scenarios where
sun and thermal gradients are not readily present. These EHs are
designed to convert the vibrational energy available in the envi-
ronment into usable form to power small electronic devices and
eliminate the expense and inconvenience involved in replacing the
batteries periodically. To harvest ambient vibration energy, piezo-
electric [6], electromagnetic [7] and electrostatic [8] approaches
have been used by the researchers. Among these approaches, piezo-
electric EHs have garnered more attention because of its high power
conversion efficiency and simple operating mechanism [11-14].
Most of the reported piezoelectric EHs working on resonance based
mechanism typically use simple piezoelectric cantilever structure
and incorporate proof mass [15,16] to increase the average strain
in the piezoelectric layer [17] and thus enhance the power output.
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The frequency of ambient vibration sources, such as household
equipment, buildings [11], human body motion [12] and heart beat
[13], are typically less than 100 Hz. Therefore, it is necessary to
bring down the resonant frequency of EHs to match the ambient
excitation frequency. As the size of the energy harvesting device
decreases to a smaller form factor, the resonant frequency of the
device increases which makes it difficult to harvest low frequency
vibrations less than 100 Hz. The traditional solution for reducing
the resonant frequency of the EHs is to attach a proof mass at the
free end of the cantilever. Liu et al. [14] used an S-shaped beam
with a proof mass to achieve low frequency operating range of less
than 30 Hz. But the new beam shape results in a decrement in the
effective piezoelectric film area. On the other hand, a vibrational EH
has a very limited operating bandwidth (BW) nearby its resonant
frequency. To solve the narrow BW issue, Sari et al. [18] reported
an array of cantilevers with different dimensions and resonant fre-
quencies. The array of 35 cantilevers produced an overall voltage
and power output of 10 mV and 0.4 wW, respectively, within a wide
BW of 800 Hz (4.2-5 kHz). Eichhorn et al. [19] demonstrated a fre-
quency tuning approach by the application of an axial force at the
free end of a cantilever beam. Challa et al. [20] realized frequency
tuning by applying a magnetic force on a cantileverin the transverse
direction. Nguyen et al. [21] used electrostatic micromechanical
non-linear springs under colored noise vibrations which resulted in
awideband operating range. Soliman et al. [22] and Liu et al. [23,24]
used amplitude limiter or mechanical stopper which converted a
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Nomenclature

k1 spring constant of the piezoelectric bimorph

ko spring constant of the polymer beam

kefr effective spring constant of composite beam

mp proof mass

Me effective mass of the cantilever at end

f resonant frequency for the first mode of the oscilla-
tor

R radius of curvature of the beam

4 length of piezoelectric bimorph

I length of polymer beam

Ys Young’s modulus of substructure in bimorph

Ypiezo Young’s modulus of piezoceramic

Ypoly Young’'s modulus of polymer

Ipiezo area moment of inertia of piezoelectric part

Isup area moment of inertia of substructure part

Opiezo density of piezoceramic

Ppoly density of polymer

wy width of piezoelectric bimorph

Wy width of polymer beam

t1 thickness of piezoelectric bimorph

ty thickness of polymer beam

hpiezo height of piezoelectric layer in bimorph

hgup height of brass substructure in bimorph
distance between stopper and proof mass

h height of proof mass above the centerline of com-
posite cantilever

D; electric field displacement in ‘i’ direction

E; electric field in ‘I’ direction

Ft force at the end of the piezoelectric bimorph

M; moment at the end of piezoelectric bimorph

T; stress in the ‘7’ direction

& strain in the ‘i’ direction

Sij components of the compliant matrix

808§3 z-component of dielectric permittivity of piezoelec-
tric layer at a constant stress

Voc open circuit voltage generated by single piezoelec-
tric layer

Zp impedance of single piezoelectric layer in bimorph

Zr load resistance connected to the bimorph

Pay average output power transferred to the load resis-
tor

61 deflection at the end of the piezoelectric bimorph

1 current in the energy harvester circuit

Pay average power transferred to load resistor

linear oscillator into a piecewise linear oscillator for a widened BW
characteristics. Stanton et al. [25] demonstrated a wideband piezo-
electric EH which invoked both hardening and softening effect in
the EH by tuning nonlinear magnetic interactions. Arrieta et al. [26]
proposed a device using a bistable composite plate with bonded
piezoelectric patches for broadband non-linear energy harvesting.
Galchev et al. [27] demonstrated a parametric frequency increased
generator for harvesting low frequency and wideband vibrations.
The structure utilized three magnetically coupled structures to
induce high frequency oscillations in an electromechanical trans-
ducer.

Theoretically, the power output is proportional to the cubic
power of resonant frequency of the EH [28] for a constant proof
mass displacement. This results in a fundamental problem of low
power output for a low frequency energy harvester. Hajati and Kim
[29] reported a clamped-clamped type beam structure with proof
mass in the middle. Due to the non-linear behavior of stretching

strain, Duffing stiffening occurred in the reported design, which
resulted in increased power output of 45 pW. Guyomar et al. [30]
investigated a non-linear processing technique using active materi-
als. They reversed the polarity of charge on a piezoelectric element
by ringing the charge through an inductor as the element is in
stressed state (at maxima and minima of the displacement). It was
demonstrated that this approach resulted in increased voltage and
power output. All of these approaches endeavored to increase the
power output of EHs either by optimizing mechanical design or the
electrical circuit attached to EH. Kulah and Najafi [31] proposed
an energy harvester for low frequency energy harvesting which
converted low-frequency environmental vibrations to a higher fre-
quency by a mechanical frequency up-converter using a magnet.
Liu et al. [32] demonstrated a MEMS based piezoelectric EH by
using a high resonant frequency cantilever as a frequency up-
conversion stopper. The device achieved a peak power density of
159.4 pW/cm? at an acceleration of 0.8¢g at 25Hz. Lee and Car-
man [33] used a mechanical scrape through approach between
the tip of piezoelectric beam and superelastic ridges for frequency
up-conversion to harvest mechanical vibration at low frequencies.
In this paper, to overcome the challenge of low power output
at low operating frequency, we present a novel composite can-
tilever design by connecting a polymer cantilever in series with the
piezoelectric bimorph. This design leads to not only low operating
frequency but also considerable increment in the power output.
This approach demonstrates a simple and effective way to produce
more power at low frequencies for the same magnitude of external
excitation. Moreover, a stopper is used on one side of a composite
cantilever to address the problem of narrow BW problem.

2. Design and prototype

As shown in Fig. 1(a), the proposed piezoelectric EH configu-
ration, termed as PEH-S, consists of a composite cantilever and
a proof mass. To form the composite cantilever, a polymer beam
(made of polyethylene terephthalate) is firmly clamped to a piezo-
electric bimorph (5A Navy Type Il piezoceramic [34], Piezo Systems
Inc.) in the longitudinal direction with the help of metal strips and
epoxy adhesives. At the free end of the polymer beam, a proof mass
mp=0.72¢g is attached. The polymer material has a low Young’s
modulus of 0.5 GPa as compared to 66 GPa of the piezoceramic. The
significantly low Young’s modulus of the polymer results in a very
low spring constant of polymer beam than that of piezoelectric
bimorph. To provide mechanical excitation, PEH-S is clamped on
an electromagnetic shaker using a simple Perspex clamping setup
as shown in Fig. 1(b). In Fig. 1(c), an amplitude stopper is fixed at
one side of the composite cantilever to widen the operating BW
of PEH-S. The distance between the stopper and the top surface of
the proof mass is d, and the height of the proof mass above the
centerline of the composite cantilever is h.

Stewart et al. [35] has demonstrated that the maximum energy
is generated when the cantilever beam coverage area of the piezo-
electric layer is 2/3rd of the total cantilever length, under the
assumption of a linear strain distribution in piezoelectric cantilever.
Fig. 3 shows the simulation results of the voltage distribution in a
simple piezoelectric cantilever under a concentric force at the free
end. It depicts that the piezoelectric layer toward free end of can-
tilever has no contribution in energy generation due to negligible
strain, while the part toward the free end reduces the overall power
due to a redistribution of charge [35]. Therefore, in our present
PEH-S design, the piezoelectric bimorph as the energy generation
component, is near the fixed end of the composite cantilever and
comprises of 60% of total composite cantilever length. This enables
composite cantilever design to efficiently use the high strain region
to generate energy. For the comparison of PEH-S, two different
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Fig. 1. (a) Design of PEH-S with a polymer spring attached to piezoelectric bimorph.
(b) Device prototype assembled on an electromagnetic shaker with different parts
marked. (c) Fixed mechanical stopper on one side of PEH-S.
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Fig.2. Three configuration of piezoelectric energy harvesters (PEH, PEH-M and PEH-
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Fig. 3. Simulation results depicting voltage generated in high strain region respon-
sible for energy generation.
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Fig. 4. Schematic lumped parameter model of the device used to model frequency
characteristic of PEH-S.

prototypes of EHs namely PEH and PEH-M are characterized as well.
AsshowninFig. 2, PEH is a similar standalone piezoelectric bimorph
as the one used in PEH-S without any proof mass. PEH-M is a sim-
ilar piezoelectric bimorph with a proof mass of 0.72 g at the end,
which is equivalent to the proof mass of PEH-S.

3. Analytical model
3.1. Resonant frequency of the PEH-S system

The resonant frequency of a cantilever with a proof mass at the
nth mode is given by [12]:

2
_val [k
fu= 2 2\ me +my (1)

where k=3EI/13,  =wt3/12 and v'2 = v2,/0.236/3. w, t and [ are
the width, thickness and length of the cantilever, respectively. v, is
the nth mode eigenvalue. For the first mode (n=1), v, =1.875. The
value of v’ﬁ is calculated to be 0.986. When a cantilever is modeled
as a spring mass system, the governing equation for the first mode
resonance of the system can be expressed in the following form:

i k'
2w\ me+mp

f= (2)
where k'=(0.986)2k, mp is proof mass attached at the free end
and me is the effective mass of the cantilever at the free end
(me =0.236 x mass of the cantilever). Therefore, the spring constant
of a cantilever can be calculated as:

(0.986)*3EI 3EI

=0.972>~ (3)

k= [B [E

where E is the Young's modulus of the cantilever, I is the area
moment of inertia and [ is the length of the cantilever.

To study the first mode of PEH-S, it is simplified as a lumped
parameter spring mass model as shown in Fig. 4. The composite
cantilever is modeled as a piezoelectric bimorph of spring con-
stant k; and a polymer beam of spring constant k, connected in
series. The proof mass my is attached at the free end. The effec-
tive mass of the piezoelectric bimorph and the polymer cantilever
is neglected in the model, since it is much smaller than the proof
mass mp. The resonant frequency of the overall system is calculated
by the following equation:

_ 1 keff
F= e\ 22 4)

The effective spring constant for the composite beam of PEH-S
is given by:

1 1 1

ky kT ke ®)

From Eq. (5), if k, is much smaller than kq, then the term (1/k;)
is dominant in determining the effective spring constant of com-
posite beam. Hence it is clear that the softer spring predominantly
governs the resonant frequency, and thus results in a low resonant
frequency of the overall system. In fact, the dimensions and the
material of the soft spring can be further optimized to bring down
the operating frequency to even lower levels. The parameters for
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Table 1

Parameters for spring k.
Parameter Symbol Value
Young's modulus Epiezo 6.6 x 10'°Pa

Density Ppiezo 7800 kg/m?

Dimensions t1 xwy x |y 51 mm x 6.4mm x 31.88 mm
Table 2
Parameters for spring k.

Parameter Symbol Value

Young’s modulus Epoly 500 x 10° Pa

Density Ppoly 1390 kg/m3

Dimensions th x Wy x Iy 125mm x 13.2 mm x 21.33 mm

the spring ki and k; are given in Tables 1 and 2. Using Eq. (3), the
values of the spring constant k; and k, are obtained to be approxi-
mately 423 N/m and 34 N/m, respectively. According to Eq. (2), the
resonant frequencies in the first bending mode of PEH and PEH-M
are obtained to be 250 Hz and 110 Hz, respectively. However, the
resonant frequency of PEH-S is calculated to be 33 Hz using Eq. (4),
which is significantly lower compared to PEH and PEH-M.

3.2. Output voltage and averaged power

The piezoelectric constitutive equations [36] define the relation-
ship between stress, strain, electric displacement and electric field
for a piezoelectric material. When the piezoelectric layer operates
in d3; mode, the constitutive equations can be rearranged as Egs. (6)
and (7). The d31; mode refers to the situation when an applied stress
in x(1) direction induces electrical displacement in z(3) direction.
The axes convention is shown in Fig. 1(a).

& = Ty +dsiE3 (6)

D3 = d31Ty + €01, E3 (7)

where &7 is the strain, s11 is compliance at constant electric field, ds4
is the piezoelectric coefficient, E5 is the electric ﬁeld, D5 is the elec-
tric displacement, T; is the stress vector and 80833 is the dielectric
permittivity at constant stress. The subscripts 1, 2 and 3 associated
with the parameters denote the directions x, y and z, respectively.

In PEH-S, output voltage is generated only due to piezoelectric
bimorph part. As shown in Fig. 5, the effect of the polymer beam on
the piezoelectric bimorph is modeled using force F; and moment
M. Ft is the reaction force exerted due to inertial force of proof mass
and M; is the moment on the bimorph due to this inertial force. The
poling directions of two piezoelectric layers connected in parallel
are in the same direction. A piezoelectric EH is typically connected
with an external electrical circuit components like rectifier, capaci-
tor, resistor, etc. In this work, the piezoelectric layer in the bimorph
is modeled as a voltage source with an open circuit voltage V,. and
an impedance Z, in series. A load resistor of magnitude Z; is con-
nected to PEH-S. Thus the equivalent circuit of PEH-S is a voltage

7 A
F
=== Y,
I . ZL
| Base p———>x M,
1 ]
_____ 1
1 1
x-=0 x=L

|:| Brass Substructure Piezoelectric layer TPoIing direction

Fig. 5. Diagram representing piezoelectric bimorph with layers in parallel connec-
tion.

Equivalent
Voo circuit with
load
resistance
B

oc

Fig. 6. Equivalent electrical circuit of piezoelectric bimorph.

source Vo and an impedance Z,/2 connected with a load resistance
of impedance Z; (Fig. 6). The current I in the closed circuit can be
calculated using Ohm’s law for reactive circuits:

__ Vo
Zp/2+ZL

The average powered transferred to the load resistor can be
written as:

1122 — 1 Vgc

L 5 - o4
2 2(Z,/2+ 2,

(8)

Pal/ = (9)

As bimorph can be considered to be a fairly slender structure,
Euler-Bernoulli beam theory is applied to obtain strain distribution
in the bimorph (Appendix A) as given in Eq. (10).

661

S1av = (I +3L)P

h
(ll + 12 ) (hpzezo + szub) (10)

The open circuit voltage across the individual piezoelectric layer
can be calculated [28] as:

plezo plezo
Voc = / E1a(x =

80833

plezo pzezo(hplezo + hsub/z
~ eoes3 (1 +31p)

« (%Jrlz) 5 (11)

According to the maximum power transfer theorem, the maxi-
mum power occurs when the load impedance is equal to the source
impedance [37]. Therefore the optimum load resistance for the
PEH-S is equal to |Z,/2|. The average power transferred to the opti-
mum load resistance can be calculated as:

2 7 2
12z, = 1 Yo (l)=1ﬁ (12)

P“"‘z 2z, \2 47,

3.3. BW widening using mechanical stopper

The BW of PEH-S can be increased by using mechanical stopper
as shown in Fig. 1(c). The spring constant variation of the compos-
ite cantilever due to stopper is shown in Fig. 7. As the amplitude of
the proof mass increases more than d, the stopper halts its motion.

Force

keff keﬂ

Distance of stopper from
proof mass

Fig. 7. Variation of effective spring constant with respect to the displacement of
proof mass.
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Due to stopper, spring stiffening occurs and the effective spring
constant increases from kg to kéff. In this case, PEH-S can be con-
sidered as a piecewise linear oscillator, the equation of motion with
dimensionless parameters is given by [24,38]:

it + 2¢00 + u = r? sin(rr) + f (u, it) (13)

where wq =27fy; w1 =27f1; T=wet; r=wlwgy; 1 =wi/we; u=2|Y;
81=d]Y; fo and f; are the frequency characteristics of PEH-S and
stopper, respectively; z is the displacement at the free end of the
composite beam; Y is the amplitude of the mechanical excitation
provided in the form of y = Y sin wt; ¢ is the damping ratio for PEH-
S. The expression for fi(u, it) is given by the following equation:

—2r 5 —ru+r28;, u>d

0,

fi(u, i) = (14)

u<d

where ¢ is the damping ratio of stopper; and d is the distance of
proof mass from the stopper. The amplitude A of proof mass can be
expressed as a function of the dimensionless excitation frequency
parameter r as:

=22+ 22 (15)
Zy and Z, are given by the following equations:
Z1 = —250Arm — 11 §1Ar(m — 21 — sin 2¢q) (16)

Zy = wA(1 — %) — (0.5r2A(2¢; — sin 21 — 1) + 21287 cos @1} (17)

The frequency response given by Egs. (13)-(17) is simulated
using MATLAB for three different values d;=5.1 mm, 5.5 mm and
59mm (i=1, 2, 3) at an acceleration of 1g. In the simulation,
the value for &g, ¢1, fo and f; are assumed to be 0.02, 0.12, 28 Hz
and 150 Hz, respectively. The simulation result is shown in Fig. 8.
The proof mass initially moves freely and follows the frequency
response of a linear oscillator without stopper from point p to g;.
Once the proof mass moves more than d;, it engages with the stop-
per and the effective stiffness and damping coefficient increases.
Then the motion of the free end follows the piecewise linear model
from point g; to r;. After reaching point r;, the displacement abruptly
decreases and returns back to point s; and follows the frequency
response of that without any stopper from point s; to point t. For
more details about the theoretical explanation of the frequency
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Fig. 8. Simulated frequency responses of EH with stopper at one side for d=1.8 mm,
2.2mm and 2.6 mm.

response of the piecewise linear oscillator model, it is referred to
[38].

4. Experiments and discussion

The experimental setup used for the dynamic characterization
of the three EH configurations (PEH, PEH-M and PEH-S) is shown
in Fig. 9. The main components are dynamic signal analyzer (DSA),
electromagnetic shaker and accelerometer. The DSA (Model no: HP
35670A) acts as a signal source applied to the shaker and the out-
put signal obtained from the EH are acquired by the DSA through
Channel 1. The resistance of the DSA is 1 M£2, so the measured volt-
age by the DSA is actually the voltage across a load resistance of
1 MS2. The accelerometer (Briiel & Kjar, Type 4371) mounted on
the shaker (Linc Dynamic Systems, Model No. 406) is used to mea-
sure the acceleration of the driving vibration, which is then sent to
the DSA through Channel 2. To evaluate the frequency responses
of EH sine sweep was performed. For power response, rms output
voltage measurements were conducted at different load resistance.
The measured output voltage was then used to calculate the power
across the load resistor.

Shaker with energy harvester
mounted

Amplifier

Sinusoidal

DSA as signal
source

Accelerometer
(Type4371) Briiel & Kjser ﬁf

signal to
shaker

A\ 4

I
Iy Controller
— g
B St
— ~— LLI
2 § >
S T2
3 S 5
) s 3
8 o &
KS] g2
> a 8.
Dynamic Signal Analyze Channel 1 3 3
(DSA) Channel 2 b

Fig. 9. Schematic diagram of the experimental setup for EHs.
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Fig. 10. Frequency responses of PEH, PEH-M and PEH-S at acceleration of 0.2 g.

4.1. Frequency response

The frequency responses of all three configurations at an accel-
eration of 0.2 g are shown in Fig. 10. The resonant frequencies of
PEH, PEH-M and PEH-S are experimentally obtained to be 275 Hz,
125Hz and 36 Hz, respectively. By using a proof mass at the end
of the piezoelectric bimorph, the resonant frequency of PEH-M
decreases by a factor of 2.2 compared to PEH. Furthermore, by
connecting a polymer cantilever with proof mass, the resonant fre-
quency of PEH-S decreases by a factor of 7.6 and 3.47 compared
to PEH and PEH-M, respectively. The output voltages of PEH, PEH-
M and PEH-S at the resonant frequency are 1.25V, 1.9V and 3.3V,
respectively. The output voltage of PEH-S is significantly improved
as compared to PEH-M. As the impedance of a piezoelectric EH is
a function of frequency, the optimum load resistance and hence
optimum power generated is dependent on resonant frequency.
Therefore one more set of experiments were conducted to com-
pare the power output of all three configurations. The results are
discussed in the next section.

4.2. Power output comparison for three configurations

A comparative study was conducted for the power output of
three configurations (PEH, PEH-M and PEH-S) at two different
acceleration levels (0.1 g and 0.2 g). The maximum power occurs
when the load resistance matches with the impedance of EH. As
shown in Fig. 11a, the maximum power of PEH, PEH-M and PEH-S
at an acceleration of 0.1 g is 4.1 wW, 9.7 pW and 12.8 wW, respec-
tively. At an acceleration of 0.2 g maximum power output is found
tobe 15 wW, 35 wW and 40 pW for PEH, PEH-M and PEH-S, respec-
tively (Fig. 11(b)). From the measurement results, at alow operating
frequency of 36 Hz of PEH-S compared to 125Hz of PEH-M, the
power output of PEH-S is increased by 32% and 14%at0.1gand 0.2 g
respectively than those of PEH-M. It can be seen that, by integrat-
ing with the polymer beam as soft spring, PEH-S is able to harvest
more energy at an extremely low operating frequency of 36 Hz as
compared to PEH and PEH-M.

4.3. Widening of BW
The BW widening effect of PEH-S by employing mechanical

stopper as shown in Fig. 1(c) was studied at a constant acceleration
of 1 g (Fig. 12). Table 3 shows the operating BW and voltage levels of

(a)
121
10+
z
2 8
g
g ¢
41
2 T T T
0 100 200 300
Load Resistance (kQ)
a=02g
(b) 4o |
—~ 30 1

10 A

0 100 200 300
Load Resistance (kQ)

Fig. 11. Power output comparison of three configurations of EH at acceleration (a)
0.1gand (b)0.2g.

PEH-S at different stopper positions. The BW without stopper is cal-
culated at the same voltage level after which the stopper restricts
the increase in voltage output. The percentage change in BW is cal-
culated by taking the difference between the operating BWs with
and without stopper and dividing it by the operating BW without
stopper. For d = 1.8 mm, 2.2 mm and 2.6 mm, operating BW is 8.8 Hz,
6.9 Hz and 5.2 Hz, respectively (Table 3). As the value of d increases,

without stopper
10
—_ 8 7
2
)
S 64 «d=1.8mm
©
S
5
i3
5 44 Reference BW for
)
) d=1.8 mm
s \ l
14 5 | |
Widened BW for
d=1.8 mm
0 T T T T T
20 25 30 35 40 45

Frequency (Hz)

Fig. 12. BW widening of PEH-S at 1 g using stopper at one side at different positions.
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Table 3
Operating frequency BW for different stopper positions.

Stopper distance from Voltage level (V)

Operating BW with

Operating BW without Percentage change

proof mass (d) (mm) stopper (Hz) stopper (Hz)

1.8 6.2 28.7-37.5 28.2-33.2 76%
22 7.5 28.6-35.5 28.2-31.3 122.5%
2.6 8.7 28.4-33.6 28.3-29.9 225%

11

Accel level BW  Change
104 (Hz) in BW
94 0.75g 5.25 5%
S 1.5g 11 120%
o 8123 164 228%
o))
T 7
=
S 6
-
3 51
=
3 41
2 3
o 2]
Increasing acceleration
1 direction from 0.75g to 2.5g
0 T T T T T T

20 25 30 35 40 45 50
Frequency (Hz)

Fig. 13. Variation of the BW of energy harvester with increase in the mechanical
excitation level for d=1.8 mm.

the maximum output voltage increases due to the increment in the
maximum allowed amplitude. But the operating BW decreases as
the value of d increases. The experimental results show the same
characteristic behavior as obtained with the analytical simulation
for one-sided stopper.

Tests were also conducted to study the effect of acceleration
level on operating BW for a fixed value of d. Fig. 13 illustrates
the variation of operating BW as the acceleration changes (the
arrow depicts the direction of increasing acceleration). For a con-
stant value of d=1.8 mm, the acceleration was varied from 0.75g
to 2.5g with steps of 0.25g. Inset table in Fig. 13 shows the per-
centage changes in the operating BW at 0.75g, 1.5g and 2.5¢g are
5%, 120% and 228%, respectively. The reference BW for calculat-
ing the percentage change is taken as 28.2-33.2 Hz, which is the
BW at d =1.8 mm without using stopper at 1g. As the acceleration
increases from 0.75g to 2.5g, the BW increases from 5.25Hz to
16.4Hz.

5. Conclusion

In this work, a new PEH-S configuration with high power output
has been proposed for low-frequency piezoelectric energy harvest-
ing. The power output of PEH-S increases by 32% at 0.1 g while the
resonant frequency is decreased by a factor of 3.47, as compared
to PEH-M. Widening of operating BW for PEH-S has been achieved
from 5 Hz to 16.4 Hz by using mechanical stopper on one side of the
cantilever. As the stopper distance between the stopper and PEH-S
decreases, the operating BW of PEH-S increases but at the cost of
low output voltage level. The operating BW also increases as the
acceleration level is increased for a fixed stopper position.

The new composite cantilever design has shown to be promis-
ing to reduce the resonant frequency with a significant increase in
the overall output power. The proposed design efficiently uses the
high strain region to enhance the overall power output. It provides
an effective approach to overcome the limitation of low resonant
frequency and low power output. It also has potential to be applied
to MEMS devices to reduce the resonant frequency of device by

using soft springs e.g. serpentine spring or soft materials with low
Young’'s modulus. Optimizing the dimensions of the polymer can-
tilever is expected to further reduce the resonant frequency.
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Appendix A. Modeling of the strain distribution

To determine strain at a distance z from the neutral axis of the
beam, an elemental layer is considered at a distance z from the
neutral axis of the beam as shown in Fig. A.1a. The neutral axis in the
case of a symmetrical bimorph, is the centerline of the substructure
as depicted in Fig. A.1b. The initial length of the elemental layer is
x and the length after bending is x + Ax. The change in the length of
the elemental layer can be calculated by the following expression:

Adx = (R+z)df — RdO (A1)

where df is the angle enclosed by the element chosen as shown
in Fig. A.1b, R is the radius of curvature of the bended bimorph at
the location of element chosen, z is the distance of the elemental
layer from the neutral axis of the bimorph, Adx is the change in the
length of the elemental layer with initial length dx. Eq. (A.2) can be
used to calculate the stress at a distance z from the neutral bending
axis. The strain &; in x-direction in bimorph is a function of two x

Elemental layer

Neutral axis

Element section

Fig. A.1. (a) Parameters for PEH-S for calculation of strain distribution in piezo-
electric bimorph. (b) Element section indicating the elemental layer considered for
strain distribution calculation using beam theory.
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and z coordinates. The strain at a point with coordinates (x, z) is
calculated as:

Adx zdd z
X2 = "5 “Rdp TR

(A.2)
When the piezoelectric bimorph is considered as shown in 5, the

force and moment acting at the end of bimorph can be calculated
by Egs. (A.3) and (A.4).

Fr = mpa (A3)

M; = mpal, (A4)

where ais the excitation acceleration; I, is the length of the polymer
beam and m, is the proof mass. According to the Euler-Bernoulli
beam theory, the equation of motion for bimorph can be written
as:

ﬁ% = mpaly + mpa(l; - x) (A.5)

x2

where EI is the equivalent Young’s modulus of bimorph and is
equal to Epjezolpiezo + Esuplsups I1 and I are the length of piezoelec-
tric bimorph and polymer cantilever, respectively; Ej;.;o and Egp
are Young’s modulus of piezoelectric layer and substructure layer,
respectively; Iy, and I, are second moment of area for piezo-
electric and substructure part, respectively. Integrating the Eq. (A.5)
leads to Eq. (A.6). This expression delineates the profile of bimorph
when it is bended.

z=
El

_Mpa thtl  x].,
— [ 5 6})‘ (A.6)

The expression for the term mypa/YI can be calculated in terms
of the deflection at the end of piezoelectric bimorph (Point P1
(Fig. A.1a)), which is denoted as §;.

S1=z(x=1)= 12901, 4 3,2

= A7
12E1 A7)

Now, the variation of strain in x-direction (£ ) can be given by:

E1(x,2)= % = %ul +h—x)z (A8)

R
Using Egs. (A.7) and (A.8), the variation of &1 can be written as:

126,

&1x,2) = m

(h+L—-x)z (A.9)

The stress in the piezoelectric layer is a function of the coordi-
nates x and z. The electric displacement field in the piezoelectric
layer depends on the strain. So for the calculation of the average
electric displacement field D3 induced in the piezoelectric layer,
we calculate the average value of the strain along the z-axis as
in Eq. (A.10). The strain is now expressed as only a function of
x-coordinate:

h.:
1 iezo 128,

)= —mMmM X, z2)dz=——(l1 + 5 —X)

Stavl) hpeizo — (hsup/2) /hsub/z il ) (h +3lz)l%( ! >

h.
‘l piezo 66]
X zdz= ———=(l1 +15 —X)
hpiezo - (hsub/z) /hsub/z (L + 312)1% ! 2
h
X (hpiezo + %)

where hyie;, and hg,, are height of piezoelectric layer and brass
substructure, respectively.

(A.10)
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