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Abstract

Piezoelectric vibration energy harvesting (PVEH) has been emerged as an alternative solution for sustainable powering to
electronics. It has been well known that a PZT stack operating in 33-mode has higher mechanical to electrical energy conver-
sion efficiency and higher mechanical reliability, compared to a cantilevered PZT bimorph operating in 31-mode. However,
there are two challenges to improve the output performance of a PZT stack at a low frequency environment. First, the lower
tensile strength of a PZT stack compared to the compressive strength makes it difficult to fully utilize maximum strain at
harsh vibration conditions. Second, the relatively high stiffness of a PZT stack prevents being resonant with a base structure
vibrating at a low frequency. To solve these challenges, this study thus proposes a double acting compression mechanism
(DACM)-based PVEH stack operating in 33-mode. The DACM-based PVEH stack can convert mechanical vibration into
elevated two-way compressive loading. The analytic model is used to investigate the electroelastic behaviors of the DACM-
based PVEH device at given vibration conditions. The comparative study is performed to verify the effectiveness of the
DACM-based PVEH stack over other mechanisms. It can be concluded that the DACM-based PVEH stack enables to generate
higher power with the same volume of PZT using elevated two-way compressive loading.
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1 Introduction

Piezoelectric vibration energy harvesting (PVEH) refers to
a technology that can capture ambient, otherwise wasted,
vibration energy and convert it into usable electricity [1-11].
A typical type of a PVEH device is a cantilevered unimorph/
bimorph beam, which operates in 31-mode (the direction
of applied stress is perpendicular to the poling direction)
[12—17]. Another type is a stack, which operates in 33-mode
(the direction of applied stress is the same with the poling
direction). However, it is well known that a piezoelectric
stack is more durable in high force environments and has
higher mechanical to electrical energy conversion efficiency
[18-24]. Xu et al. [19] revealed that a piezoelectric stack has
35% energy conversion efficiency (mechanical to electrical),
which is over four times higher than other devices (less than
7.5%); and concluded that the output electric power is sig-
nificantly higher than that generated by a cantilevered PVEH
device with a similar weight and size at both resonance and
off-resonance modes due to high energy conversation effi-
ciency and larger equivalent piezoelectric coefficient. Feen-
stra et al. [20] developed a device to mechanically amplify
force input into a PZT stack for generating electric energy
from a backpack. Song et al. [21] showed that a thin mul-
tilayer ceramic in a stack configuration was beneficial to
charge the battery and to power a wireless sensor node since
it can generate the larger current by scarifying the voltage
and decrease the impedance of PVEH device by increas-
ing the number of piezoelectric layers. Lee et al. [23] and
Zhao [24] investigated the energy harvesting performance
of a PZT stack under a shock event and a random vibration
condition, respectively.

However, there are two challenges to improve the energy
harvesting performance of a PZT stack at a low frequency
environment. The first challenge is that the tensile strength
of a PZT stack is much lower than its compressive strength,
as shown in Table 1. The low tensile strength of a PZT stack
makes it difficult to fully utilize maximum strain at harsh
loading conditions. The second challenge is that the high
stiffness of a PZT stack prevents being resonant with base
structures vibrating at a low frequency. As an innovative

Table 1 Tensile and compressive strength of PZT materials

Material Tensile strength (MPa) Compres-
- - sive strength
Static Dynamic (MPa)
PZT-5A [25] 75.8 27.6 > 517
100 - > 600
PZT stack [26] 49 - 880
PZT-5H [27] - 14 -
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design, therefore, this paper proposes a double acting com-
pression mechanism (DACM) for PVEH in a stack (33-
mode) configuration. The DACM converts mechanical vibra-
tion into elevated two-way compressive loads.

In Sect. 2, a working principle of the DACM-based
PVEH stack and its analytical model to predict the output
electric power are presented. Section 3 provides a compara-
tive study between the DACM-based PVEH stack and a can-
tilevered bimorph. In Sect. 4, a comparative study between
the DACM-based PVEH and conventional PZT stacks is
described. Finally, the conclusion of this study is outlined
in Sect. 5.

2 Double Acting Compression Mechanism
(DACM)-Based Piezoelectric Vibration
Energy Harvesting

2.1 Working Principle of the DACM

Figure 1 shows a schematic of the DACM-based PVEH
stack, which consists of a cylindrical housing, a PZT stack,
a mass, a spring, a protector, guide caps, and guide blocks.
The cylindrical housing, which is attached to the top sur-
face of the vibrating structure, protects the PZT stack from
environmental hazards. The non-conductive protector joins
the PZT stack to the spring. The two guide caps are attached
to the top of the PZT stack and the bottom of the spring,
respectively. The guide blocks can be fastened on the mass
or the inner surface of the cylindrical housing. The guide
caps and blocks constrain a movement in a lateral direction,
and allow the DACM-based PVEH stack to move in a verti-
cal direction. The guide caps and blocks are assumed to be
made of low friction materials, such as Teflon, to minimize
the dissipation by coulomb friction.

Guide Cap
n

- Housing

- » Weight
= PZT Stack

-» Groove
-» Guide Block

-+ Protector

- Spring

__, Vibrating
Base

Fig. 1 Cross-section of the DACM-based PVEH stack
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Fig.2 Working mechanism of the DACM-based PVEH stack
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Fig.3 Free body diagram for a motion of the weight

Figure 2 illustrates a harmonic motion of the mass,
denoted by x(¢), relative to sinusoidal base excitation of
the vibrating base, denoted by Y(¢) = Y sin(w,t), where Y
denotes the maximum displacement of base excitation and
w,, denotes a driving angular frequency. Two-way compres-
sive loads, which are equal to the reaction forces of a com-
pressive spring, are applied to a PZT stack according to the
harmonic motion of the weight.

The applied dynamic force can be calculated by solving
the equation of motion for the weight. Figure 3 shows the
free body diagram about the motion of the weight, denoted
by x(#). The equation of motion for the damped SDOF sys-
tem can be expressed as:

M(t) + ci(t) + kx(t) = cYw,, cos(wyt) + kY sin(w,1), (1)
where M denotes the mass of the weight; ¢ denotes the
damping coefficient; and k is the stiffness.

By solving Eq. (1), the displacement of the weight,
denoted by x(#), can be obtained as [28]:

@ + (2{w,)?

(@? — @0})? + (2 ww,)?

2 ww,
] b
¢, = tan (aﬂ—wi)’

-l [ _D
¢z = tan (ZCwb>’

where @ and { are angular natural frequency and damping
ratio. The displacement transmissibility and the ratio of the
maximum force to the input displacement (force) can be
obtained, respectively, as:

5
x(t) = a)Yl ] cos(w,t — ¢y — ),

2

05
X _ * + (24 w,)?
Y l(co2 - w;)? + (2Ca)a)b)2]

@ + 2L w,)? ]0'5

3
Fr _ (&)2
kY No/ | (@0 - o})? + Q2ow,)?

where X and Y are the maximum displacement of x(¢) and
¥(#); and F is the maximum compressive load applied to a
PZT stack.

2.2 Electroelastically-Coupled Analytic Model
of the DACM-Based PVEH stack

Feenstra et al. developed an electroelastically-coupled analyti-
cal model of the PZT stack [20]. In this study, this electro-
elastically-coupled analytical model is used to elucidate the
electroelastic behaviors of the DACM-based PVEH stack. The
linear constitutive relations for PZT are given as:

Sy = 55,1 + dy3Es, (€]
Dy = dyTs + e4,E;, Q)

where S; is strain; T is stress; E; is the electric field; D5 is
the electric displacement; s§3 is the elastic compliance at
the constant electric field; ds; is the piezoelectric coupling
coefficient; and 5; is the dielectric permittivity at constant
stress. Both the poling and force directions are the three-
axis. By assuming that the force is uniformly applied on the
surface of the piezoelectric layer, the constitutive relations
can be simplified as:

_x0, 0

L A

[

F()
7T3 = A_

CS

w(®)

S3 9E3 = h ’ (6)

where x(f) is the displacement; 4 is the thickness of a piezo-
electric layer; A is the cross-sectional area; L is the length
of a PZT stack (L=nh); F(t) is the force applied to a PZT

@ Springer KE ;]E



684 International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:681-690

stack; Qj is the electric charge; and v(¢) is the output voltage.
By considering the number of piezoelectric layers, n, and
assuming that the applied compressive force to all piezo-
electric layers is identical, the capacitance, compliance and
Eq. (6) can be expressed as:

T % S — & — Q3,cs
33 h > P35t nh’ 3,st nAcs’ (7)

_ _ E _ E
T3 =T5 B3 = B3, 553 = 5330

C, =ne

where the subscript ‘st’ represents a PZT stack. By substitut-
ing Eq. (7) into Eqgs. (4) and (5), the linear constitutive rela-
tions for PZT can be rewritten in terms of the displacement
and the electric charge as:

57 dyL
5l) = ZEF 0 + ==, ®)
Q3’S[(t) = ndy3 F(t) + Cyv(2). 9)

It is assumed that the cross-sectional area of each piezoelec-
tric layer is the same with that of a PZT stack. The displace-
ment of a PZT stack by a dynamic load (F,) can be expressed
with the SDOF model as:

my () + cy iy (1) + F (1) = Fy(0), (10)
where m and ¢ are the mass and damping coefficient of a
PZT stack.

By applying Egs. (8), (10) can be expressed as:

A d,,A
; xg () — 23 = Q5 (D) = Fy(0),
A
33,st 33,5t st
(11)

when an external electrical resistance, denoted by R, is con-
nected to the PZT stack, an electric boundary condition can
be defined as:

v(t) = —RO(?). (12)
Then, Eq. (9) can be written by differentiating with respect
to time results as:

M iy (1) + eyl (1) +

1) + —

ds;A
v(t) + %X(I) =0. (13)
st 5335t st

In order to calculate the displacement of a PZT stack and
the corresponding output voltage, Eqs. (11) and (13) can be

@ Springer KE;E

Table 2 Material properties of the DACM-based PVEH stack

Property Value Unit
ds; 650 pm/V
kss 0.75 -

s§3 20 pm?*/N
es; /€0 3800 -

£ 8.8542 pF/m
Cy 1600 nF
Compressive strength 880 MPa
Tensile strength 4.9 MPa
Young’s modulus 44 GPa
Poisson ratio 0.34 -
Stiffness 58 MN/m

Table 3 Material properties of the cantilevered bimorph

Property Value

PZT-5H [26] dy, 320 pC/N
dss 650 pC/N
Density 7800 kg/m®
8373 33.65 nF/m
st 16.13 pm*/N
5 20

Center shim (Brass) [13]  Elastic modulus 126.5 GPa
Density 9133 kg/m’

rewritten in a state space form in terms of the state variables
as:

. 0 1 0
ol N [P - N |
X = mS‘LS§3,s1 mg hsfzis‘ms‘ X
v _ d33Acs L Vv
hsE, C,  RC,
' (14
0
1
+{ o HEL0).
0
Finally, the output electric power can be obtained as:
2
v=(1)
P(t) = —. 15
0 =— 15)
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Fig.4 Finite element model of the cantilevered bimorph

3 Comparative Study 1: DACM-Based PVEH
Stack and Cantilevered Bimorph

In this section, the output performances of the DACM-
based PVEH stack are compared with those of a cantile-
vered bimorph. It is assumed that the overall volumes of
piezoelectric layers are equal to each other for all cases.
In this study, PZT-5H (TS18-H5-104, Piezo Ceramic [26])
was used as a material of the piezoelectric layer. The mate-
rial properties of the DACM-based PVEH stack and canti-
levered bimorph are listed in Tables 2 and 3, respectively.
It is worth pointing out that the compressive strength
(880 MPa) of the PZT stack is about 180 times greater
than the tensile strength (4.9 MPa).

The electroelastically-coupled analytical model pre-
sented in Sect. 2 is used to calculate the output perfor-
mances of the DACM-based PVEH stack, while a finite
element (FE) model described in Fig. 4 is used to analyze
the cantilevered bimorph. The FE model is developed
by using ANSYS software. The piezoelectric layers and
center shim are modeled by using SOLIDS and SOLID45
elements, respectively. The poling direction of the piezoe-
lectric layers is modeled as shown in Fig. 4. The electrodes
covering the centre shim are grounded. The voltage degree
of freedom for the top and bottom electrodes are connected

Fig.5 Stress distribution of the cantilevered bimorph

to a resistor. As a tip mass, a copper block (length: 5 mm,
width: 25 mm, thickness: 0.7 mm) is modeled to make
the cantilevered bimorph be resonant with the excitation
frequency of 60 Hz.

The simulation cases considered in this study are summa-
rized in Table 4. For the cantilevered bimorph (case I), two
piezoelectric layers are used in a series connection. The ten-
sile stress constraint of 14 MPa is imposed to avoid mechani-
cal failure. On the other hand, for the DACM-based PVEH
device (cases II and III), the number of the piezoelectric
layers is 110. It should be noted that the compressive stress
constraint of 88 MPa is imposed in the case III, while it does
not in the case II. It is worth pointing out that the natural fre-
quency of the DACM-based PVEH stack can be controlled
by changing the magnitudes of the mass and stiffness to be
resonant with the excitation frequency of 60 Hz.

To satisfy the stress constraint for the case I, the accelera-
tion amplitude of base excitation is set to be 0.43 g, which
induces the maximum stress (14 MPa) of the cantilevered
bimorph near the clamping part, as shown in Fig. 5. For the
comparison, the acceleration amplitude of 0.43 g is applied
for the cases II and III, as well. For all cases, the damping
ratio is assumed to be 0.0198.

The simulation results for the cases I, II, and III are
summarized in Table 5. As the purely resistive impedance
matching condition to generate the maximum output electric
power of 0.488 mW, the optimal external electrical resist-
ances of the cantilevered bimorph (case I) and DACM-based

Table 4 Simulation cases:
cantilevered bimorph versus

DACM-based PVEH stack

Case | Case II Case III
Mechanism Cantilevered bimorph DACM-based PVEH stack
Geometric dimensions  Length: 55 mm Length: 5 mm
Width: 25 mm Width: 5 mm
Thickness: 0.127 mm Thickness: 0.127 mm
2 PZT layers 110 PZT layers stacked
Stress constraint 14 MPa (Tensile) - 88 MPa (Compressive)
Damping ratio 0.0198 [13]
Frequency 60 Hz [29]
Acceleration amplitude 0.43 g
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Table 5 Simulation results:

. . Case I Case II Case 111
cantilevered bimorph versus
DACM-based PVEH stack Maximum stress 14 MPa 2.02 MPa 88 MPa
Maximum compressive load - 535N 2323 N
Output voltage range +93V —-130V~+093V -58V~+40V
Output electric power (time average) 0.488 mW 0.488 mW 919 mW
600 e 1 Cycle
2 500 -=-- Case Il 0
S 'l”“\ /\
2 400 s A -10
o ’ \
: SN/ \
92 300 X
‘3 II’ \\‘ \ —~ =201 7
B 200 —~ LY &
= )
= o -30 1
£ 100 5
o B~
0 : ‘ -40+ 1
0.1 1 10 100 1000
External Electrical Resistance (kQ) =50+ 1
Fig.6 Output electri ith t to external electrical resist- -6 ’ ' ' ‘
g utput electric power with respect to external electrical resis 895 0.96 097 0.98 0.99 1

ances: Cases I and II

— Casel

500
==== Case Il

400

200

Output Electric Power (uW)

100

52 57 62 67
Excitation Frequency (Hz)

Fig.7 Frequency response for the output electric power: Cases I and
I

PVEH stack (case II) are 88 kQ and 1.13 kQ, respectively.
Figure 6 shows the output electric power with respect to the
external electrical resistance for the cases I and II. Here, it
is worth pointing out that the output electric power is calcu-
lated in an average sense for one cycle of the dynamic force,
rather than a peak value.

When the acceleration amplitude of 0.43 g is applied to
the DACM-based PVEH stack, the maximum stress of the
case II is 2.02 MPa, which is much smaller than that of the

@ Springer KE;E

Time (sec)

Fig. 8 Dynamic force applied to the DACM-based PVEH stack (case
m

case I. This implies that the DACM-based PVEH stack (case
II) is more reliable than the cantilevered bimorph against
mechanical failure, while achieving the same maximum
output electric power of 0.488 mW. Figure 7 shows the fre-
quency responses for the cases I and II. The cantilevered
bimorph (case I) has a relatively broader bandwidth than
the DACM-based PVEH stack (case II), which means that
the former would be robust to random excitation. It should
be noted that the values of the output electric power at each
excitation frequency in Figs. 6 and 7 are calculated by taking
a time average for one cycle.

Figure 8 shows the dynamic force applied to the DACM-
based PVEH stack (case II). The maximum compressive
load is 53.5 N. It is worth noticing that two peak values
of 53.5 N appear per one cycle, since the DACM converts
base excitation into elevated two-way compressive loads.
Figure 9 shows the simulation results of the case II. The
output voltage generated by the DACM-based PVEH stack
ranges from — 1.30 V to 0.93 V. Although the volume of the
piezoelectric layers for the case II is the same with those for
the case I, the total size of the DACM-based PVEH stack
might be larger than that of the cantilevered bimorph due
to the mass. However, the cantilevered bimorph requires
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Fig.9 Simulation results of the DACM-based PVEH stack (case II)

additional spaces for the clamping part and operating vol-
ume of the tip displacement.

For the case III, the maximum compressive load is
1930 N, which induces the maximum stress of 88 MPa
equal to the compressive strength of the PZT stack by con-
sidering a safety factor of ten. Under this compressive load,

the output electric power generated by the DACM-based
PVEH stack is 919 mW at the optimal external electrical
resistance of 1.13 kQ. In summary, the DACM-based PVEH
stack can exploits effectively the large magnitude of forces
under the stress constraint on the compressive strength of
the PZT stack, compared to the cantilevered bimorph that
is constrained by the tensile strength. This implies that the
DACM-based PVEH stack can operate reliably under harsh
environmental conditions, since the compressive strength of
the PZT stack is much higher than its tensile strength.

4 Comparative Study 2: DACM-Based PVEH
Stack and Conventional PZT Stack

This section is devoted to the comparison between the
DACM-based PVEH and conventional PZT stacks. The
DACM-based PVEH stack utilizes two-way compressive
loadings, while conventional PZT stacks employ one-way
compressive loadings directly [20, 23].

For the comparative study two, the simulation cases are
summarized in Table 6. The same volume of the piezoelectric
layers is used for the cases IV, V, and VI. The frequency of the
dynamic force is 2.75 Hz. Figure 10 shows the dynamic force
for the cases IV, V, and VI. For the case IV, a two-way com-
pressive loading can be achieved by the DACM, as explained
in Sect. 3. For the conventional PZT stacks, a one-way com-
pressive loading only with no tension is applied in the case
V, while, a compressive loading in a pre-strained condition is
applied in the case VL.

The simulation results are summarized in Table 7. The
mean values of the output electric power for the cases IV, V,
VI are 19.6 pW, 16.6 pW, and 12.3 pW, respectively. For the
cases IV, V, and VI, the optimal external electrical resistances
to generate the maximum output electric power are found
as 24.7 kQ, 43.7 kQ and 52.2 kQ, respectively, as shown in
Fig. 11. As shown in Fig. 11, compared to conventional PZT
stacks (cases V and VI), the DACM-based PVEH stack (case
IV) can generate the higher output electric power with the
same volume of the piezoelectric layers, since two peak values
of the dynamic force appear per one cycle by converting base
excitation into an elevated two-way compressive loading. The
superiority of the DACM-based PVEH stack can be also dem-
onstrated by the frequency responses for the cases IV, V, and
VI in Fig. 12. It should be noted that the values of the output
electric power at each excitation frequency in Figs. 11 and 12
are calculated by taking a time average for one cycle.

Figure 13 shows the simulation results of the cases IV, V,
and VI. For the case IV, the stress and voltage profiles are
similar to the dynamic force profile. For the case V, however,
the stress profile is different from the dynamic force profile
due to the stress release for the duration of zero force (no ten-
sion). For this duration, the output voltage generated by the
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Table 6 Simulation cases: DACM-based PVEH stack versus conventional PZT stack

Case IV Case V

Case VI

Mechanism DACM-based PVEH stack Conventional PZT stack

Geometric dimensions The number of PZT layers: 110
Size of a PZT layer: 5(L)x5(W)x0.127(T) mm

Frequency 2.75 Hz
Force amplitude Max. —50 N (two-way compressive load) Max. —50 N (one-way —25+25 N (one-way compressive load with
compressive load withno  pre-strain)
tension)
22
— w==e Case TV
20
i Y \\ — Case V
2 1s s Mo == Case VI
—~ QO- ';' \\\
é -2 16 ’/’ ‘\‘\
§ i § /I / \\‘ \
o 1 —_— 4 \
(a3 1y m 14 * \
i 2 7 AN
: E —_——
: S 12 = -
H o ~N
H 10
----- Case IV ! — - — Case VI 10 100
-608 8.2 8.4 8.6 8.8 9 External Electrical Resistance (kQ)

Time (sec)

Fig. 11 Output electric power with respect to external electrical
Fig. 10 Dynamic forces applied to the DACM-based PVEH stack resistances: Cases IV, V, and VI

(case IV) and conventional PZT stacks (cases V and VI)

= (Case TV
conventional PZT stack (case V) is affected by a time con- % 5 —_— Gase V
stant [2], which is the time required to charge the capacitor. = l,"\\ = = 458 VI
The time constant leads to the electrical damping effect [30], % ) / /\“\
thereby reducing the magnitude of the output voltage. < " % ‘\

In addition, the output electric power generated by the *;E
DACM-based PVEH stack (case IV) is higher than that by the m 10
conventional PZT stack (case VI) using the one-way compres- E_ / \\
sive load under a pre-strain condition, as shown in Fig. 13. S 3 '; g
Even though the range of the output voltage for the cases IV —,‘ i \ -
and VI is comparable to each other, the output electric power 0 ‘ ‘
255 26 265 27 275 28 28 29 2095

generated by the DACM-based PVEH stack (case IV) is larger
than that by the conventional PZT stack (case VI) because
the optimal external electrical resistances are different. It is

Excitation Frequency (Hz)

thus confirmed that without any amplification mechanism, the Fig. 12 Frequency response for the output electric power: Cases 1V,

V, and VI
Table 7 Simu%ation results Performance Case IV Case V Case VI
of the comparison between
the DACM-based PVEH and Optimal external electrical resistance 24.7 kQ 43.7kQ 52.2kQ
conventional PZT stacks Maximum stress 1.89 MPa 1.77 MPa 2.10 MPa
Output voltage range —-125V-~087V —-155V~148V -1.14V-~1.14V
Output electric power (time average) 19.6 pW 16.6 pW 12.3 W

@ Springer KE;E



International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:681-690 689

Stress (Pa)

) Cas ‘ Case VI
8 8.2 8.4 8.6 8.8 9
Time (sec)

(a) Magnitude of compressive stress

o —
W — wn

Output Voltage (V)
o

N — . = Case VI
g 8.2 8.4 8.6 8.8 9
Time (sec)
(b) Output voltage
X 10“ ====Case [V—— Case V. —-= Case VI
1 Cycle ]

z° '
&£
=] 4
83
m
3 2
&
=
O 1f

0 3 i F BN

8 8.2 8.4 8.6 8.8 9

Time (sec)

(¢) Output electric power

Fig. 13 Simulation results: Cases IV, V, and VI

DACM-based PVEH stack using two-way compressive load-
ings can generate more the output electric power in a time
average sense than the conventional PZT stacks.

5 Conclusion

This study newly proposes an innovative piezoelectric vibra-
tion energy harvesting (PVEH) mechanism for 33-mode
operation, namely a double acting compression mechanism
(DACM)-based PVEH stack. The DACM converts base
excitation into an elevated two-way compressive loading,
thereby exploiting effectively the large magnitude of forces
under the stress constraint on the compressive strength of the
PZT stack. The electroelastically-coupled analytical model
was used to predict the output performances of the DACM-
based PVEH stack under the assumption of the damped
SDOF system.

The comparative study is performed to verify the effec-
tiveness of the DACM-based PVEH stack over other mecha-
nisms. It can be concluded from the results that compared
to conventional PZT stacks, the DACM-based PVEH stack
can generate the higher output electric power with the same
volume of the piezoelectric layers, since two peak values of
the dynamic force appear per one cycle by converting base
excitation into an elevated two-way compressive loading.
In addition, since the compressive strength of the PZT stack
is much higher than its tensile strength, the DACM-based
PVEH stack can operate reliably under harsh environmental
conditions. This implies that the large magnitude of dynamic
forces can be applied to generate more the output electric
power.
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